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EXECUTIVE SUMMARY

The Electric Power Research Indtitute (EPRI) established a program in 1992 aimed at commercidizing
the cofiring of biomass fuels in cod-fired boilers. Through this program, with support from the
Tennessee Vadley Authority (TVA) and with some funding from the Office of Energy Efficiency and
Renewable Energy (EE-RE) of the US Department of Energy (USDOE), initid engineering studies were
completed dong with fud characterizations and specid studies. Cofiring tests were conducted at the
Allen Fossl Plant and the Kingston Fossl Plant of TVA. GPU Genco participated in this effort with
cofiring tests at the Shawville Generating Station. In 1996 EPRI and the Federal Energy Technology
Center (FETC)y—now the National Energy Technology Laboratory (NETL) of USDOE—established a
cooperative agreement to further the commercidization of cofiring biomass in cod-fired boilers.

Subsequently, EE-RE joined the Cooperative Agreement. This Cooperative Agreement has been in
place for 5 years, sponsoring and supporting tests and demongtrations, and aso supporting specia

studies required to promote commercidization of cofiring.

In esablishing the Cooperative Agreement, EPRI brought a going program and ggnificant
indugtrid/utility partrers. TVA, GPU Genco, Northern Indiana Public Service Company (NIPSCO),
Allegheny Energy Supply Co., LLC, Southern Company, Madison Gas & Electric, and others. The
EPRI program dready had sgnificant success in engineering and test programs, with completed test
programs a TVA and GPU Genco. USDOE-NETL brought project management skills to an ever-
growing program; and these skills were essentid to drive the program towards a successful
commercidization objective. USDOE aso brought fresh funding at a time when uncertainty regarding
utility deregulation made such outsde funding essentid to the continued success of the program.

The Cooperative Agreement was used to sponsor cofiring testing at the Seward Generating Station of
GPU Genco and the Michigan City Generating Station of NIPSCO. It was used to sponsor longer and
more substantid cofiring demondgtrations at Colbert Fossl Plant of TVA, Seward Generating Station,
Ballly Generating Station of NIPSCO, and the Albright Generating Station of Allegheny Energy Supply
Co., LLC. The Cooperative Agreement was used aso to provide supplementary, supporting, funding
to cofiring demondrations at Plant Gadsden of Alabama Power, a Southern Company, Blount St.
Station of Madison Gas & Electric, and Greenidge Station of New York State Electric and Gas
(NYSEG), now AES. Separate supplementary studies developed under the Cooperative Agreement
included the congruction of a fuels database and the evauation of gasification-based cofiring a Allen
Foss| Pant.

Taken together, the activities pursued under the cooperative agreement moved cofiring significantly
towards the objective of broad-based commercidization. These tests, demongrations, and studies
demonstrated that cofiring could be a cost-effective means for reducing NO,, SO,, and fossl-based
CO, dong with such trace metds as mercury. While virtudly al tests noted modest decreases in boiler
efficiency, some noted the ability to recover lost boiler capacity when the unit is encountering wet codl.
Further, these tests and demonstrations documented that cofiring could be employed in cregative waysto
achieve environmenta benefits without sacrificing the economics of plant operations. These tests and
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demondrations, dong with the changing regulatory framework applicable to utilities, documented the
issues remaining to be resolved by further research and demongration activities.

The entire EPRI cofiring program has been in existence of some 9 years. This report presents a
summary of the mgor ements of that program, focusing upon the following questions:

In pursuit of increased use of renewable energy in the US economy, why was
electricity generation congdered the most promising target, and why was cofiring
pursued as the most effective near-term technology to use in broadening the use of
biomass within the ectricity generating arena?

Wha were the unique accomplishments of EPRI before the development of the
Cooperative Agreement, which made developing the partnership with EPRI a highly
cost- effective gpproach for USDOE?

Wha were the key accomplishments of the Cooperative Agreement in the
development and execution of test and demongtration programs—accomplishments
which sgnificantly furthered the process of commercidizing cofiring?

The results shown in the chapters of this report document the answers to these questions.  Further, they
document severa of the unresolved issues that merit atention with future research.
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SUMMARY AND CONCLUSIONS

INTRODUCTION

Increasing the contribution and role of renewable energy sources within the US economy has long been
apolicy god of both Republican and Democratic Presidents, dating back to the Carter Administration.
The emphadis on this policy, today, comes from a dedire to reduce the generation of greenhouse gas
emissions, reduce other environmenta consequences of energy production and consumption, broaden
the base of energy supply, and promote locd economic activity. EPRI, USDOE, and numerous other
organizations have esablished dgnificant programs to accomplish this objective.  The Clinton
Adminigration put forth the god of tripling the use of biomass by the year 2020 as an articulation of this
objective. The Administration of Presdent George W. Bush has articulated its support for increased
use of renewable energy—incuding biomass cofiring—in the Cheney Report (Nationd Energy Policy
Development Group, 2001).

ELECTRICITY IN USENERGY SUPPLY, AND THE ROLE OF RENEWABLES

Increasing the role of biomass and the other renewable energy resources requires recognition of the
changing ructure of energy consumption in the US, both in terms of fuel supply and in terms of end use
patterns. Figures S-1 through S-4 highlight these changes. Figure S-1, energy consumption in the US
from 1850 through 2000 indicates that biomass was once the dominant fue in the economy.
Sivicultura fuel farms were used prior to 1850 as a means for fuding the iron industry (Walker, 1966).
And, dthough cod has logt rdative market share, it has become the dominant fuel of the dectricity
industry. Biomass, principaly wood, logt out to the fossil fuels because it had a lower energy density
and had to be harvested and gathered, rather than extracted and distributed. Figures S-2 and S-3 show
energy consumption by sector since 1950. Clearly dectricity generation shows the most growth, and
has become the dominant fud-consuming sector. Symbolicaly the eectric furnace-based mini-mill has
displaced the blast furnace as the representative of the sted industry. Thermomechanica pulping (TMP)
and its cousins (chemi-thermomechanicd pulping or CTMP) are beginning to chalenge kraft pulping for
pre-eminence in the pulp and paper industry. Figure S4 shows the growth in renewable energy
consumption since 1950. The use of wood and biomass now exceeds 3 Exgoules (EJ) or quads (1 EJ
= 1x10" Joules, 1x10" Btu (quad) = 1.05x10" J or 1.05 EJ). Biomass energy consumption now
exceeds hydrodectric energy consumption; together they about equa nuclear power consumption
(Energy Information Agency, 2000). Biomass usage has about doubled since 1970, exhibiting a
compound annua growth rate of about 2.5 percent.

EPRI, recognizing the growing use of biomass and the growing use of fuels for dectricity generation
from both an absolute and relative perspectives, developed a significant program to incorporate biomass
fiing in exiging cod-fired dectricity generating stations—cofiring.  Supplying fud to the dectricity
generding industry provides the most rapid means for increasing the use of biomass in energy supply;
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cofiring biomass in efficient, rehest, cod-fired boilers provides the mogt efficient method for using wood

and crop materias for dectricity generation. Further, only 7000 MW, of US dectricity generating

capecity is fuded with biomass; this arena provides a fertile fidld for wood and crop fue growth.
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Figure S-1. Energy Consumption in the USA, 1850 — 2000
(Enzer, Dupree, and Miller, 1975; Energy Information Adminigtration, 2000)
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Figure S-2. Energy Consumption by Sector in the US Economy
(Energy Information Agency, 2000)
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Figure S-3. Didribution of Energy Consumption in the US Economy
(Energy Information Agency, 2000)
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Figure S-4. The Growth of Renewable Energy Resources in the US Economy
(Energy Information Agency, 2000)

THE INITIAL EPRI COFIRING PROGRAM

EPRI congtructed its cofiring program through its renewable energy program. The effort was directed
by acommittee of utilities interested in the use of biomass including Southern Company, Northern States
Power, Tacoma Public Utilities, Wisconsn Power & Light, Tennessee Vdley Authority (TVA),
Northern Indiana Public Service Company (NIPSCO), GPU Genco, Madison Gas & Electric
(MG&E), and others. The initid EPRI Cofiring Program, co-sponsored by TVA and supported by
USDOE Office of Energy Efficiency and Renewable Energy (EE-RE) began with engineering sudies of
cofiring a dl TVA Fossl Plants. EPRI contracted with Ebasco Environmenta—now a part of Foster
Wheder—as its primary contractor to execute he cofiring program beginning with the enginesring
dudies. Theinitid studies led to detalled engineering evauaions a the Allen Fossl Plant, the Kingston
Fossil Plant, and the Shawnee Foss| Plant. These represented a cyclone boiler, a tangentidly fired (T-
fired) pulverized cod (PC) boiler and awal fired PC boiler. These initid engineering studies led to the
conclusion that cofiring could be a cog-effective approach to the voluntary globd climate chalenge
program. They led to specidized studies by Ebasco Environmentd and Reection Engineering
Internationa concerning the flow of wood-cod blends through bunkers, consstency among biomass
fuels available to power plants, the ability to sore biomass fuels without experiencing spontaneous
combustion, and other operationa issues necessary to proceed from studies to fidd testing of the
cofiring concept. These specid studies dso included an andysis by Reaction Engineering concerning the

Final EPRI Report.doc 19 10/31/01 9:18 PM



ability to use sawdust and other woody biofuels as reburn fue (see Harding and Adams, 2000).
Woody biomeass is virtualy equivaent to cod or naura gas as a reburn fue (Adams and Harding,
1996).

Testsat the Allen Fossil Plant

The test programs were the culmination of the EPRI cofiring program. Cofiring tests were conducted at
the Allen Fossil Plant, cyclone boailer ingdlation, during 1994, 1995, and 1996. Cofiring percentages
up to 20 percent by mass (10 percent by heat input) were tested. Base cod's employed included both
Illinois basin cod and Utah bituminous cod. Experiments were conducted varying the particle Sze of
the biomass from 6.25 mm (¥4’ x 0”) to 38 mm (1¥2" x 0”). Experiments were conducted varying the
excess O, percentage from 2.2 percent to 3.5 percent. Some experimentation was conducted varying
the primary ar/secondary arr ratio, and including tire-derived fue chips with the sawdust.

The Allen Fossil Plant tests set the stage for al subsequent tests in cofiring, and documented the ability
of this technology to reduce fossl GO, emissons dong with SO, emissons. Further, these tests
documented the ability of cofiring to achieve such reductions with modest efficiency pendties. The tests
were mogt sgnificant, however, in documenting the ability of sawdust cofiring to reduce NO, emissions.
When cofiring with <6.25 mm particles, tests a the Allen Fossl Plant resulted in the ability to reduce
NOx emissions conforming to the following equation:

NO, = 0.000423(FR) + 0.0904(EO,) + 1.554(FN) — 0.629(V/FC) — 0.752 [S-1]

Where NOy is measured in kg/GJ, FR is firing rae in GJhr, EO, is excess Qb expressed as a
percentage (total basis), FN is fud nitrogen expressed in kg/GJ, and V/FC is the volatile/fixed carbon
ratio from the proximate andyss. Alternatively:

NO, = 0.001(FR) + 0.210(EO,) + 1.554(FN) — 1.46(V/FC) —1.748 [S-2]

Where NO, is expressed in Ib/10° Btu, FR isfiring rate expressed in 10° Btu/hr, and FN is fuel nitrogen
expressed in 1b/10° Btu.

The biomass tested had alow fuel nitrogen content (typicdly 0.1 — 0.3 percent) and a very high V/FC
ratio (typicaly >4.0) particularly when compared to cod. Consequently it drives the results downward.
The coefficient of determination (r°) for this equation—in Sl or English measure—is 0.86. The
probabilities that these terms are random occurrences are as follows:

Equation: 5.14x10°®
FR: 0.108

EO,: 0.090

FN: 0.006

V/FC: 0.0002
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These data suggest a very robugt equation. The voldtility influence is particularly important, as shown in
Figure S-5.
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Figure S5. The Influence of Fue Voldility on NO, Emissons a the Allen Fossl Plant Cofiring Tests
(Tillman et. d., 1996)

Tedts a the Allen Fossil Plant dso confirmed that particle Sze had a significant influence on the ahility to
reduce NO, emissons. As particles became larger, the NOy reduction decreased. When particles
reached 25 mm in sze, there was no reduction in oxides of nitrogen. Under such conditions diffuson
effects reduced the practica voldility of the biomassin the cyclone barrd.

Testsat the Kingston Fossil Plant and the Shawville Generating Station

EPRI aso supported testing &t the Kingston Fossil Plant of TVA, and the Shawville Generating Station
of GPU Genco. The Shawville tests were dso partidly sponsored by the Federal Energy Technology
Center (FETC, now NETL) of USDOE. These tests involved blending woody biomass with cod on
the cod pile and then trangporting the blend to pulverizers before firing it in PC boilers.

The Kinggton Fossl Plant tests involved firing blends up to 5 percent by mass in a 200 MW, T-fired
boiler. Sawdust was the biomass fudl. These tests documented that low percentage cofiring has
minima impact on boiler efficiency or temperature didribution. However the practice of cofiring
decreased the Hardgrove Grindability Index (HGI) of the fuel blend, and it degraded the product of the
pulverizers. The seve andyss showed sgnificant problems with the product of bowl mills, particularly
as the blend approached 5 percent sawdust (mass basis).
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The Shawville tests involved firing blends of sawdugt, right-of-way trimmings, and hybrid poplar grown
on closed cod mines with cod. Tests occurred in boiler #2, a 138 MW, wadl-fired unit, and boiler #3,
a 190 MW, T-fired unit. Unit #2 was equipped with alow-NOy firing system. For these tests, cofiring
blends were prepared off-ste at ratios of 3 percent woody biomass/97 percent coal. The blends were
trangported to the power plant for combustion. The Shawville tests documented that, for generating
stations thet are pulverizer capacity limited, cofiring has a serious consequence. The 3 percent cofiring
blends caused reductions in boiler capacity of ~8 percent. The cause of boiler capacity lossin boiler #2
was the impact of biomass on table feeder speeds—and the fact that the feeders could not move more
fuel regardiess of speed. The cause of bailer cgpacity loss in boiler #3 was the degradation in mill outlet
temperature.  In both cases the cofiring increased the mill amps required for pulverizing, thereby
increasing the house load during cofiring.

Results of the Initial EPRI Program

The initid EPRI program, then, resulted in sgnificant engineering and specia studies dong with initid
parametric testing of cofiring. The program favorably resolved concerns including the ability of bunkers
to store and move woody biomass/cod blends successfully. The program successfully alayed fears of
gpontaneous combudgtion. It highlighted the potentid of cofiring in cyclone bailers, and highlighted
potentia problems with cofiring in PC boilers when introducing blended fuds through the pulverizers.
Such technology can be gpplied, but under limited conditions. This research pointed to the greater
potentid for cofiring in PC boilers by separatdly preparing the biomass for injection into the furnace,
rather than blending it with cod upstream of the PC. Additiona research led to the development of
fuels databases.

THE EPRI-USDOE COOPERATIVE AGREEMENT

EPRI and NETL (then FETC) constructed a cooperative agreement to further the commerciaization of
cofiring. EPRI brought a successful research and testing program to NETL. This program included
sgnificant utility partners:. TVA, GPU Genco, NIPSCO, New Y ork State Electric and Gas (NY SEG),
MG&E, Southern Company, and others. EPRI brought a program with significant momentum—a
program that had resolved many of the issues associated with cofiring.  NETL brought significant
financid resources to this research program. These financid resources would later be sgnificantly
grengthened with funds from the Office of Energy Efficiency and Renewable Energy (EE-RE). Equdly
sgnificantly, NETL brought project management skills to the program that enabled it to proceed from
engineering sudies and short-term parametric testing to the construction and implementation of cofiring
demondirations necessary for the commercidization of this technology.

The Cooperative Agreement led to testing, demondirations, and specid studies for cofiring biomass with
cod inwal-fired PC boilers, T-fired PC boilers, and cyclone boilers. At the same time the Cooperdtive
Agreement provided for analyses of inditutiona issues impeding the commercidization of cofiring: the
impacts of environmenta regulations (e.g., New Source Review) as they ae interpreted and applied,
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the impacts of deregulation on utility invesments and on various date regulations (eg., Portfolio
Standards), and the potentids for various tax incentives. These actions have led cofiring to the brink of
broad-based commercia deployment.

ACHIEVEMENTSOF THE COOPERATIVE AGREEMENT FOR COFIRING IN
WALL-FIRED PC BOILERS

Through the Cooperative Agreement, EPRI and USDOE pursued demonstration and commercidization
of cofiring a the Colbert Foss| Plant of TVA and the Seward Generating Station of GPU Genco; and
supported the test program at Blount St. Station of Madison Gas & Electric (see Plasynski, Cogtello,
Hughes, and Tillman, 1999; Hughes and Tillman, 1996).

Commercializing Cofiring at the Colbert Fossil Plant of TVA

During 1997, the Tennessee Vdley Authority performed the extensive pre-commercid testing required
to implement low percentage cofiring at its Colbert Fossl Plant (Rallins, Reardon, and Tillman, 1998).
Colbert isa~1,300 MW generating station with four 190 MW boilers and a 550 MW boiler. Cofiring
was largely tested and commerciaized using boiler #3, with a blend of 4 percent biofuel/96 percent
cod. In the process of commercidizing low percentage cofiring, TVA implemented a low cog, highly
effective materids handling sysem and conducted emissons testing required to commercidize this
practice. The consequence is an incubator utility for the cofiring of waste wood with cod in awall-fired
pulverized cod boiler. The Colbert ingalation involved ingdling a pole barn and a large trommel
screen.  The product from the trommel screen, sized at 55 tonne/hr (60 ton/hr), was blended directly
with coa on the belts feeding the bunkers. Figure S-6 depicts the materids handling facility.
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Figure S-6. MaeridsHandling at the Colbert Fossl Plant Cofiring Ingtalation

The impacts of cofiring at Colbert Fossil Plant were minima.  There was no impact on boiler capacity,
as the unit has spare pulverizer capacity. Mill amps did increase, however, by about 8 percent. There
was no consstent, measurable impact on boiler efficiency. During baseline (100 percent cod) tests,
boiler efficiencies ranged from 81.9 percent to 83.6 percent. When cofiring a 4 percent sawdug,
boiler efficiencies ranged from 82.9 percent to 83.5 percent.

There were no cofiring impacts on NO, or opacity emissons. It can be caculated that there was a 2
percent reduction in SO, emissons, dthough this was not shown by measurement. The cofiring
percentage was too smal. There was no impact on opacity. The impact on fossl CO, emissonsagan
could be caculated as areduction of 2 percent. The tests were sufficiently successful that cofiring was
commercialized at the Colbert Foss| Plant (Rallins, Reardon, and Tillman, 1998).

Testing and Demonstrating Cofiring at the Seward Generating Station

EPRI and USDOE, through the Cooperative Agreement, began a test program a the Seward
Generating Station in December 1996. Tests were conducted in 1996 and July 1997, leading to
congruction of a demondration facility and further testing (see Battista, Hughes, and Tillman 2000;
Battista, Tillman, and Hughes, 2000; Battista, Tillman, and Hughes, 1999; Tillman, 1999a). Seward
Station congists of three boilers (#12, #14, and #15) feeding two turbines. Boiler #12, which was
selected for the cofiring testing, is a 1950 vintage Babcock and Wilcox (B&W) front wal-fired bailer,
with a capacity of approximately 37.7 kg/sec (300,000 Ib/hr) of 45.9 atm/446°C (675 psig/835°F)
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deam. Along with Boiler #14, a twin to #12 except it has been modified with low NOx burners; it
feeds steam to a common header that, in turn, feeds a 64 MW (net) Westinghouse steam turbine (Unit
#4). The net heat rate for these units is approximately 14.98 MJkWh (14,200 BtwkWh). The third
boiler (#15) is a 147 MWe (gross) Combustion Engineering (CE) boiler built in 1957 which is a
tangentidly-fired pulverized cod boiler.

During the parametric tests, Boiler #12 was equipped with a biomass surge bin, metering augers, lock
hoppers, and trangport pipes. The transport pipes connected the biomass ddlivery system to the unused
centerpipes of the three top burners. Each burner was equipped with a separate metering auger, a
separate lock hopper, and a separate blower. Each such system could deliver 2.72 tonne/hr (6,000
Ib/hr) of sawdust to the boiler. As a practica matter, however, the unit was typicaly operated in the 2-
tonne/hr range. The demondtration project consisted of co-firing sawdust with pulverized cod in a 32
MWe wadll-fired pulverized cod boiler (#12) by utilizing separate injection of the wood a a rate of
approximately 2 tonnes per hour (up to 10 percent on a heat basis) for an extended period of time.

The initid tests were conducted with green sawdust (39 percent moisture), old sawdust (49 percent
moisture), and dry sawdust at 14 percent moisture. Cofiring levels ranged from O percent to 18 percent
on amass basis or 10 percent on a heat input basis. These tests demonstrated that there would be no
deleterious capacity impacts from cofiring, that efficiency losses could be modest and manageable, and
that emissons impacts would be beneficid. Table S 1 summarizes the test results from the July 1997
parametric tests used to trangtion from the parametric testing to the demonstration.

Table S-1. Test Results at the Seward Generating Station, July 1997

Test No | Wood Type Cafiring % Bailerh, % | LOI, % | NOx Emissons
Mass | Heat Kg/GJ | Lb/10° Btu
1 None 0 0 85.62 6.92 0.41 0.95
2 Fresh Sawdust | 3.4 | 1.47 85.79 4.61 0.37 0.85
3 Fresh Sawdust | 6.4 | 2.83 85.71 5.86 0.37 0.85
4 Fresh Sawdust | 9.5 | 4.31 85.47 6.02 0.36 0.83
5 Fresh Sawdust | 13.0 | 6.04 85.03 7.84 0.36 0.83
6 Fresh Sawdust | 16.1 | 7.60 84.21 8.68 0.34 0.80
7 Dry Sawdust | 13.8 | 8.11 85.74 5.09 0.35 0.82
8 Dry Sawdugt | 17.2 | 10.3 84.09 10.16 | 0.34 0.78
9 Fresh Sawdust | 17.9 | 8.53 84.65 5.89 0.34 0.80
10 Old Sawdust 44 | 161 86.13 5.50 0.37 0.87
11 Old Sawdust 8.2 | 3.05 85.26 6.70 0.37 0.85
12 Old Sawdust | 11.9 | 4.31 85.62 3.12 0.36 0.84
13 None 0 0 86.07 6.65 0.37 0.87

When the parametric tests were combined, they yielded an efficiency regression equation as follows (r?
=0.89)
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h = 87.6 — 0.14(EO,) — 0.16(UBC) — 0.11(W) [S-3]

Where EO, is percent excess O, measured on a wet basis, UBC is percent unburned carbon in the
flyash, and W is percent wood in the fuel mix on a heet input or Btu basis. The probabilities of the
equation, or any component, being random are as follows. tota equation, 0.000125; intercept,
4.24x10%* EO,, 0.77; UBC, 0.0027; and W, 0.00072. The impact of cofiring is to reduce boiler
efficiency by about 1 percent for every 10 percent on a heat input bass—or 1 percent for every 20
percent on amass input basis.

The parametric tests dso demonstrated that carbon conversion—combustion efficiency—was not
degraded by cofiring. Carbon monoxide measurements taken during the December 1996 tests showed
arange of 8.5 ppmv to 18 ppmv when cofiring percentages ranged from 0 to 20 (mass bass). Benefits
demonstrated during the December 1996 tests included the ability to recover some capacity lost due to
the impacts of wet coa on the pulverizer. These benefits were of particular economic significance.

NOx emissons reductions were pronounced a the Seward Generating Station parameltric tedts, asis
shown in Figure S7. Agan the driving variable, determined gatisticaly, was the volatileffixed carbon
ratio from the proximate andysis.
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Figure S-7. NOx Reduction During the Parametric Testing a the Seward Generating Station

The success of the parametric tests led to the congtruction of a demongration facility (see Figure S-8).
The demondration facility conssted of a walking floor unloader, capable of recalving sawdust from a
walking floor truck. This unloader fed a trommel screen producing a biomass fuel with a top particle
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gze of 6.25 mm. The screened sawdust was then stored in asilo. When reclamed from the sllo it was
trangported across aweigh belt feeder to the feed screws and rotary airlocks. It was then injected into
the centerpipe of the middle burner in each row of burners.

The results of the demongration were highly favorable. Capacity was not reduced as a function of
cofiring.  Efficiency reductions were modest until cofiring percentages exceeded 12, as is sownin
Figure S9. Operationdly there were no problems with opacity, unburned carbon or LOI in the flyash,
or CO emissons.

The most dramatic results again were in the area of NO, reduction, as is shown in Figure S 10. The
data underlying Figure S-9 resulted in the following regression equation (r = 0.93):

NO, = 18.92 — 647.4 (W) + 9.66(L) + 59.9(EO,) [S-4]

Where NO, = oxides of nitrogen, ppmvd at 3% O, (dry bass), L = load measured as main steam flow
in kg/sec, EO, = excess O reported in the control room (total basis), and W, = wood cofiring
percentage, mass basis. The equation is quite robust. The probability that the results as awhole are a
random occurrence is 4.3x10°®, the probability that the W, term is a random event is 8.3x107, the
probability that the L term occurs randomly is 2.1x10°, and the probability that the EO, term occurs
randomly is 2.3x10°. Significance of terms can aso be treated as 1 — the probability that any term (or
the equation as awhole) occurred as arandom event. The sgnificance of the equation and the W,,, term
exceed 99.999 percent. The sgnificance of the L and EO, terms exceeds 99.99 percent. Thisisavery
robust equation. The English measure equivaent is as follows:

NO, = 0.026 — 0.899(W,,) + 0.0017(L) + 0.083(EO,) [S-5]

Where NO is measured in 1b/20° Btu, Wi, is cofiring percentage, mass basis, L isload measured as
main steam flow in thousand pounds/hr (kpph), and EO, is excess oxygen (tota basis).

A similar pair of equations can be developed based upon biomass cofiring as a heat input percentage.
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Figure S-8. The Seward Generating Station Cofiring Demondtration Fecility
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Figure S-9. Efficiency Results from the Cofiring Demondration a Seward Generating Station
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Figure S-10. NO, Emissions Measured During the Seward Generating Station Demongtration

The Seward Generating Station Demondration promised consderable success. However the
economics of deregulation intervened. The station was sold by GPU to Sithe Energies, and then by
Sithe Energies to Reliant Energy. Further, its high heat rate and high inherent NO, emissions level made
it uneconomic to continue operations on a regular bass. Consequently the demondtration had to be
discontinued at the Seward location. It was relocated to the Albright Generating Station as will be
discussed subsequently.

Support for the Blount St. Station Testing of Switchgrass Cofiring

Under a grant from the Great Lakes Regiond Biomass Program, the Universty of Wisconsn and
MG&E conducted parametric tests of cofiring switchgrass with cod at the Blount St. Station. Thiswas
the firgt test cofiring switchgrass with cod in a utility boiler. EPRI, through the Cooperative Agreemernt,
became a cosponsor of the project along with Wisconsin Power & Light (now Alliant Energy) and
Nebraska Public Power Didtrict. USDOE-NETL adso participated directly in this test program
(Ragland and Aerts, 1996).

The cofiring testing a Blount &. Station was conducted in a 50 MWe nontreheat boiler generating
180,000 kg/hr (400,000 Ib/hr) of 8600 kPa/'510°C (1250 psig/950°F) steam. At full load this boiler
typicaly consumes 23.6 tonne/hr (26 torvhr) of bituminous cod. The combustion system includes ball-
and race pulverizers feeding pulverized cod to three rows of turners, each row has three individua
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burners. The test program employed the existing cofiring systlem which is normdly used to fire paper-
derived fud (PDF) into the bailer. Inthe test program switchgrass was reduced in particle szefirst by a
hammermill at the plant, and then by atub grinder off site. The switchgrass was then bunkered in surge
hoppers a the plant and reclamed for firing through separate injection ports between the first and
second (from the bottom) rows of burners.

The switchgrass at Blount Station was cofired at mass percentages of 7.1 to 15.3 percent (heat input
percentages of 4.3 to 10.2). The base cod was an lllinois Basin bituminous cod from Indiana. The
results of cofiring & Blount Station included a reduction in efficiency of about 1 percent, as shown in
Table S-2.

Table S-2. Boiler Efficiencies Measured at the Blount Station Cofiring Test

Test Load Efficency
Condition (MW) (%)
Cod 40.2 87.48
Cod 40.7 87.63
Cod 48.8 87.18
Cod 49.2 87.48
Co-fire 39.9 86.50
Co-fire 40.1 86.60
Co-fire 43.8 86.29
Co-fire 46.4 86.02
Co-fire 47.3 86.38
Co-fire 48.3 86.60
Co-fire 49.0 86.39
Co-fire 49.1 86.60
Co-fire 49.2 86.49
Co-fire 49.6 86.97

Source: Aerts and Ragland, 1997.

Effidency pendtiesincluded, particularly, increased air hegter exit temperature as a function of supplying
the switchgrass with ambient outside air, thereby reducing the quantity of ar passng through the ar
heater.

More sgnificantly than the efficiency reduction experienced, Aerts and Ragland (1997) report a 31
percent decrease in NO, emissions as a function of switchgrass cofiring. Again they attribute this NO,
reduction to the increased volatility of the fud as measured in the volatileffixed carbon rétio of the
combined switchgrass and coal feed.
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COFIRING TESTSAND DEMONSTRATIONSIN TANGENTIALLY FIRED
BOILERS

The Cooperative Agreement was used to test and demongtrate cofiring in T-Fired boilers as well as
wadl-fired bailers. Through the Cooperative Agreement, EPRI and USDOE provided some support to
the cofiring demongtration at Greenidge Station of New Y ork State Electric and Gas (NY SEG) and to
the cofiring testing at Plant Gadsden of Alabama Power, a Southern Company. USDOE aso relocated
the equipment from the Seward Generating Station to the Albright Generating Station of Allegheny
Energy Supply Co., LLC. and implemented ademondtration at that facility.

Results of the Greenidge Program, Partially Supported by the Cooper ative
Agreement

NYSEG (now AES) began testing cofiring a Greenidge Station, a facility located on Seneca Lake in
Dresden, NY. The unit selected for testing and demongtration was a 108 MWe T-fired boiler with a
net station heat rate of 10.34 MJkWh (9818 BtwkWh) (Benjamin, 1996a). NYSEG opted for
separate fud preparation and separate fuel injection based upon its own evauation of cofiring
dternatives (Benjamin, 1996b). Support for this project was largely interndly derived, with some
support from New York State Energy Research and Development Authority (NY SERDA) and the
EPRI-USDOE Cooperative Agreement.

The NY SEG project employed equipment obtained from the Rochester, NY refuse-derived fud (RDF)
project. After testing screening of biomass, the project opted for pulverizing al fuel to atop size of 6.25
mm, with adesred fud particle 9ze of 3.18 mm.

The project has been a sgnificant success, and operates now as a commercid unit, firing over 30,000
tons of dry biomasslyear. The initid test results indicated that the system had the potentid to reduce
NO, emissions by about 400 — 500 kg/day (0.4 — 0.5 ton/day). The system had the potential to reduce
SO, emissions as wel, while not causng problems with unburned carbon in the flyash (Benjamin,
1996a). Currently the estimates are that NO; is reduced, but modestly (Battista and Hughes, 2000)
while SO, emissions are reduced by 15 percent.

Results of the Gadsden Program, Partially Supported by the Cooper ative Agreement

Under separate contract with USDOE, Southern Research Indtitute and Southern Company have
evauated cofiring switchgrass a Plant Gadsden. This ingalation houses two 60 MW, nontreheat T-
fired boilers.  The unit is fired with eastern bituminous cod. The EPRI-USDOE Cooperative
Agreement provided additiond funding to this project. This project is described in progress reports; in
Bush, Boylan, and Bransby, 1999; and in Boylan, Bush, and Bransby, 2000).
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In the Plant Gadsden test program, the origind intent had been to co-pulverize switchgrass and cod
prior to feeding the materid to the boiler. However, bunker tests demongtrated that this would cause
sgnificant operationd problems. Consequently Southern Company opted for a separate injection
design.

In the Southern Company project, bales of switchgrass were stored outsde. Those stored bales of
switchgrass were then retrieved and fed into a tub grinder for particle size reduction. The chopped
switchgrass was then stored in a surge hopper prior to pneumatic transport to the boiler. It was blown
to the boiler and injected in opposite corners of the unit. Testing included evaluating the eevation of the
switchgrass injection (between the A and B eevation of cod buckets, or between the B and C eevation
of coal buckets). Figure S-11 depictsthis test program.

m\lm I i
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Figure S11. The Switchgrass Cofiring Facility at Plant Gadsden with the ractor Feeding aBde, and
the Pneumatic Transport Pipe Carrying the Switchgrass to the Boiler

Reaults of this test program are only now being andyzed. Data presented by Southern Company at the
Biomass Cofiring Project Review Mesting, June 21-22, 2001 (Boylan et. a., 2001) indicated that the
project did not achieve a NO reduction; however it did not experience aNO increase. SO, emissons
did decrease as a function of cofiring. The absence d a NOy reduction may have resulted from the
harvesting and storage practices associated with the switchgrass, rather than inherent properties of the
fud itsdf. While there were other operationd issues with this test program, no fatd flaws were
uncovered in the cofiring of switchgrass with cod in T-fired boilers.
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Demonstrating Woody Biomass Cofiring at Albright Generating Station

With the premature closing of the Seward Generating Station USDOE-NETL and EPRI worked with
Allegheny Energy Supply Co., LLC to develop a second cofiring demondration a the Albright
Generating Station.  Albright Generating Station is comprised of 3 boilers. 2 are 70 MW, wal-fired
units and boiler #3 is a 140 MW, T-fired boiler. Boiler #3 is equipped with a separated overfire ar
(SOFA) system, making it an idedl candidate for a cofiring demondtration focusing upon NOy emissons.
Recognizing that the mechanism typicaly identified with NOy reduction from cofiring involves volatile
flooding of the combustion zone, there was some question regarding whether this mechanism would
complement—or compete with—the use of a SOFA system for NO, reduction.

The demondtration was congtructed a Albright including a waking floor unloader supplying sawdust to
adisc screen for removad of oversized particles. The screened sawdust would then be transported to a
dlo for sorage. Upon reclam from the silo, the sawdust would be transported through a weigh belt
feeder to metering screws and rotary airlocks. The sawdust would be blown into opposite corners of
the boiler. There are four elevations of cod injection in boiler #3; the sawdust is injected between the B
and C rows—right in the middle of the firebal.

The capacity of the cofiring facility was increased relative to the Seward project. The system is capable
of delivering 6 tonnes/hr of sawdugt, or over 10 percent (mass basis) of the fud fired in the unit. The
unit was dedicated June 29, 2001. Theribbon cutting is depicted in Figure S-12.

Figure S-12. Ribbon Cutting at the Albright Cogeneration Facility Dedication
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To date there have been over 200 hours of operation on this demongtration, cofiring between 3 and 6
tonnes’hr into the boiler. Boiler operations have ranged from 90 MW, to 138 MW, (gross) during
basdline testing and between 120 MW, and 138 MW, when cofiring sawdust.

Reaults from this testing have been generdly favorable. SO, emissons have followed percentage
cofiring on a heat input basis (0 to 5 percent). Opacity has been unaffected by cofiring, and CO
emissons have aso been unaffected by cofiring.

NO, emissons have been reduced as a function of cofiring, and the biomass injection system can be
used to work with the SOFA system. With 68 test hours of data, the following regression equation has
been developed (% = 0.87):

NOy = 0.097 + 3.19x10°(H) — 0.0036(W,) + 0.0126(EO,) — 0.00023(SOFA) [S-6]

Where NOy is measured in kg/GJ of heat input, H is heat input in GJhr, W, isthe sawdust feed rate in
tonnes’hr, EO; is the excess O, measured in the cortrol room (total basis), and SOFA is the total of the
three levels of SOFA damper positions expressed as a percentage.  This equation, with 67 degrees of
freedom, has a probability of random occurrence, rather than as a consequence of the variables, of
2.49x10%". The intercept has a probability of random occurrence of 0.045. The heat input has a
probability thet its influence is random of 0.209; it may not be a sgnificant variable in this boiler. The
probability that the influence of sawdust input is arandom occurrence is 6.6x10°. The probabilities that
the influence of excess O2 and SOFA damper positions are random occurrences are 0.00098 and
5.26x10% respectively.

The English equivdent of thisequation is asfollows
NO, = 0.225 + 7.83x10°(H) — 0.0008(W,) + 0.029(EO,) — 0.005(SOFA) [S7]

Where NO, is measured in Ib/10° Btu, H is measured in 10° Btu/hr, and W, is measured in tons’hr. The
datistica measures are identica between equations [S-6] and [S-7].

The Albright cofiring demondration is on going. 1t will be operated for 720 test hours over a range of
loads and a range of cofiring percentages. Additiondly, the SOFA damper positions will be used as a
ggnificant varidble. Sieve andyss of the sawdust will aso be trested as a Sgnificant variable. The
results to date, however, are sufficiently promising that the NO reductions are expected to continue
through future test hours.

COFIRING TEST AND DEMONSTRATION PROJECTSIN CYCLONE BOILERS

The research at the Allen Fossil Plant documented the significant potentia for cofiring in cyclone boilers.
There no pulverizers cause inherent limitations, and the biomass can be blended with cod on the cod
belts without limiting the cofiring percentage. Foster Wheder, conducting the cofiring tests at Allen
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Foss| Plant, demonstrated congstent cofiring at 20 percent (mass basis) sawdust with coa—equivadent
to 10 percent on a heat input basis.

NIPSCO is a utility with sgnificant cyclone capacity, and with capacity dedicated to the firing of
western and Powder River Basin (PRB) cods. NIPSCO has a significant commitment to reduction of
fossl CO, emissons, a the same time it faces the pressures of a deregulated eectricity generaion
market. NIPSCO undertook extensive cofiring testing in cyclone boilers a Michigan City Generating
Station and Bailly Generating Station.

Cofiring Testing at the Michigan City Generating Station

The #12 boiler at Michigan City is a basdoad power plant. It has a gross nameplate capacity of 540
MW, and a net capacity of 469 MW, The boiler was converted from Illinois basin bituminous cod to
western and PRB coas. Net capacity is a function of boiler condition, due to the use of PRB cods.
Net capacities involve derating the unit based upon the condition of the boiler. At the time of testing,
430 MW, was conddered to be the cagpacity of the unit. Economizer exit temperature limited boiler
capacity, as it measured the extent to which the boiler had tenacious deposits that could only be
removed during an outage. Tegting a Michigan City, described by Tillman €. d. (1997) and Tillman et.
a. (1998a), was designed to address the following concerns:

Cofiring in alarge (e.g., >400 MWe) boiler

Cofiring in asupercritica boiler generating 24.1MPa (3500 psig) steam
Cofiring in aboiler with flue gas recirculation

Cofiring biomassin abailer fired with PRB cod.

The biomass supply for the Michigan City Generating Station tests was clean urban wood waste—
urban woody materid that did not include any treated lumber. It was ground to <3.18 mm (<%7")
particles and then blended with Shoshone cod in the cod yard. This blend was then mixed with either
Black Thunder or Cabalo Rojo cod on the belts feeding the power plant bunkers. The blend of cod
used for besdine testing was 60 percent PRB/40 percent Shoshone cod. The blend of fud used for
cofiring testing was 50 percent PRB/40 percent Shoshone/10 percent urban wood waste (mass basis).

Tegting cofiring with a PRB cod blend presented some chalenges. The cod done had alower caorific
vaue than bituminous cod. Typicdly the cod blend contains 22 — 23 MJKg; this compares to
bituminous cod at about 27.9 MJkg (12,000 Btw/lb). The blend of wood waste and coa at Michigan
City had a cdorific vaue of 21.3 MJkg. Typicaly the cod blend had a volatileffixed carbon retio of
0.95; thisis dramaticaly higher than the V/FC ratio for even high volatile bituminous cod. The blend of
wood waste and coas a Michigan City Generating Station had a V/FC ratio of 1.25—1.45. The coas
fired a Michigan City, then, exhibited many of the properties typicdly measured for bituminous
coal/biomass blends.
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The tests were conducted in September 1997. Nine tests were conducted; 3 basdine tests and 6
cofiring tests made up the suite of runs available for analyss. The cofiring level was 10 percent (mass
bass) in dl cases. Vaiables included load, excess O,, and blend. Points examined included
operationd issues, efficiency, and emissons.

From an operationd perspective, the practice of cofiring a Michigan City was a qudified success. The
boiler operated stably. Cyclone temperatures increased dightly when cofiring, rdative to firing the
basdine coal blend. Furnace exit gas temperatures (FEGT) decreased dightly. Cofiring did not impact
economizer exit temperatures. However the practice of cofiring did speed up the cyclone feeders as is
shown in Fgure S-13. Feeder speeds approached 95 percent. Essentidly 425 MW, was the
maximum cgpeacity thet the unit could achieve with thisfud blend. While the boiler was not derated asa
consequence of cofiring, the potentia existed for such a derate condition.
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Figure S13. Impact of Cofiring on Cyclone Feeder Speeds When Cofiring Wood Waste and PRB
Coadl a Michigan City Generating Station

The impact of cofiring on boiler efficiency was predictable, and consstent with al other cyclone cofiring
teds. This impact is shown in Fgure S 14. There was a modest decrease in efficiency as a
consequence of uban wood waste cofiring. Efficiency calculations are made somewhat complex by the
fact that NIPSCO switched from Caballo Rojo to Black Thunder PRB cod during the test program.

On average, the cofiring of 10 percent urban wood waste (mass bass) caused a decrease in boiler
efficiency of about 0.3 percent. The efficiency decrease would have been larger if Black Thunder had
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been used throughout as the PRB cod. The efficiency decrease, further, was minimized by the fact that
the average moisture content of the urban wood waste was 26 percent, rather than the typical 38 —45
percent for fresh green sawdust.
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Figure S-14. Boailer Efficiencies Cdculated for the Michigan City Generating Station Cofiring Tests

The environmentd impact of cofiring a the Michigan City Generating Station was quite favorable. SO,
emissons decreased, dthough less than experienced in other tests due to the low sulfur content of the
western and PRB cods. Opacity, on average, decreased modestly when cofiring—athough the highest
readings aso occurred during one cofiring test. Mogt sgnificantly, despite the fact that the western and
PRB cods are low in nitrogen and high in volatile matter, cofiring achieved an average 9.5 percent
reduction in NO, emissons while cofiring & 10 percent by mass or 6.5 percent on a heat input basis.
Figure S-15 summarizes the NO, reduction achieved by cofiring at Michigan City.
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Figure S-15. NO, Emissons a the Michigan City Cofiring Tests
The equation which best describes the NOx resultsis as follows (r? = 0.89):
NOy = 0.00039(FEGT) — 0.0027(Wr,) — 0.08 [S-8]

Where NOy is measured in kg/GJ, furnace exit gas temperature or FEGT is measured in degrees K,
and W, iswood cofiring percentage on a mass basis. The probahilities that the calculated vaues for
each term are random events are as follows. equation as a whole, 0.0012; FEGT, 0.00047; and W,
0.024. Thisis a reasonably significant equation despite the few observations. The English equivaent
equation is asfollows:

NO, = 0.04 —0.0063(W,,) + 0.00051(FEGT) [S-9]
Where NO, is measured in Ib/10° Btu and FEGT is measured in °F.

The clear inference from the data is that the biomass increases the completeness of combustion in the
cyclone barrd, reducing the combustion in the primary furnace and thereby reducing the FEGT. This
appears to be the dominant mechanism from the Michigan City test program.

Foss| CO, emissons dso were reduced sgnificantly during the Michigan City cofiring tets.  Direct
reductions of 25 — 27 tonne/hr of fossil CO, occurred during this program.  The overal environmenta
results of the Michigan City cofiring tests were most favorable.

The Bailly Generating Station Triburn Test Program

Recognizing the potentid for cofiring, yet mindful of the potentid capacity limitations and efficiency
issues, NIPSCO worked with EPRI and the Cooperative Agreement to define a project that would
capture the benefits of cofiring without encountering some of the difficulties previoudy experienced. The
Ballly Generating Station triburn program resulted from this assessment, as described by Tillman (1999),
Tillman and Hus (2000), and Hus and Tillman (2000).

NIPSCO developed a demongtration of opportunity fuel cofiring at the Ballly Generating Station Boiler
#7. Boiler #7 is a 160 MW, (net) cyclone boiler generating about 545 tonne/hr (1.2x10° Ib/hr) of 16.5
MPa/810 K/810 K (2400 psig/1000°F/1000°F) steam. It is fired with a blend of 70 percent Illinois
Basin coa/30 percent Shoshone coal. It is equipped with a Pure Air scrubber for SO, management.
NIPSCO, working with Foster Whedler, developed a program for testing the triburn concept: designing
an opportunity fuel blend comprised of clean urban wood waste and petroleum coke. This opportunity
fuel blend was then integrated with the cod blend for firing in the cyclones.

The triburn program was designed around multiple objectives including generating green power—
environmentaly friendly renewable energy—from clean (untrested) urban wood waste without
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decreasing Wit capacity or increasing the cost of dectricity generation. The objectives dso included
generding green power without increasing airborne emissons or other environmental impacts. If these
were achieved, the totd program sought improvements in unit performance. Specific targets were
improved boiler efficiency, reduced fud cost, reduced NO, emissions, and reduced metas emissons.

To achieve the overdl programmatic goas, the design objective was to be able to fire a least 10
percent wood waste dong with at least 20 percent petroleum coke (mass bass) in the fuel blend. From
a mechanica engineering perspective, the program objectives were to develop a smple system that
could be readily integrated into the totd fud handling scheme of the Ballly Generating Station.
Simplicity, ease of control, and ease of maintenance were critical design objectives of the program.

The Bailly triburn program took advantage of two sets of testing that occurred previoudy: the Allen
Fossl Plant triburn tests with wood and tire-derived fuel, and the Blount Station triburn tests with
switchgrass and paper-derived fud. In both of those cases the test periods were very short, and only
hinted a the advantageous synergies that could be derived. The Ballly program explored those
advantages with afull-scale effort.

The mechanicd system designed for the Bailly demongtration included a wood waste preparation area
and an opportunity fuel/cod blending syslem. The wood waste preparation area consisted of a pole
building housing a 20 ton/hr trommel screen. The screen produced acceptable product sized to <19.05
mm (<%4") particles. These biomass particles were then blended with petroleum coke in mass ratios of
1:1, 2.1, and 3:1. Blends were then trucked to a reclaim areawhere a Stamler reclaimer was ingtaled.
The Stamler reclamer fed a short ar-dide trandtion conveyor, bringing the opportunity fud to the main
cod bt for the plant. The Stamler reclamer was equipped with variable speed drives, consequently
the plant could “did in” the gppropriate blend of opportunity fuel/cod. Typicd ratios ranged from 20
percent opportunity fuel/80 percent cod to 30 percent opportunity fuel/70 percent cod. The cod itself
was maintained as a blend of Illinois basin/ Shoshone western low sulfur codl.

The system was indaled in 1999 and tested extensively that year. The demonstration was operated

from March through July, with subsequent short-term testing in December of 1999. FiguresS-16 — S-
17 depict this system.
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Figure S-16. The Pole Barn at Bailly Generating Station With a Pile of Blended Opportunity Fuel

Figure S-17. Operation of the Reclam and Opportunity Fue/Cod Blending Sysem a Bailly
Generating Station
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Some 56 tests were conducted at the Bailly Generating Station, representing over 200 test hours. In
total, over 1000 hours were logged on the system firing blends of wood waste and cod, petroleum
coke and cod, and triburn blends of wood waste/petroleum coke/coal. The basic anadyticd tool used
for testing was the congruction of heat and materid baances, complemented by measurement of
emissons a theinlet of the ar heaeter. Emissions measured included NOy, CO, and SO,. Stack testing
was ds0 performed by Clean Air Engineering, measuring NOy, CO, total hydrocarbons (HC's), and
SOs.

Operationdly there were no difficulties with the triburn project. The blends of opportunity fuels did not
impact boiler capacity or operability; they did not decrease the temperatures in the cyclone or cause
problems with dag tapping. From an efficiency perspective, the blends tended to improve operations
since the most favorable blends were 2:1 and 3:1 petroleum coke/urban wood waste. Based upon dl
of the testing, the following efficiency equation was corstructed:

h = 86.75 — 0.068(%\W) + 0.051(%PetC) [S-10]

%W is the mass percentage of wood waste in the blend, and %PetC is the mass percentage of
petroleum coke in the blend. The r? vaue for this equation, with 56 degrees of freedom, is 0.86. The
equdtion itsdf, and the individud terms in the equation, has sgnificance vaues 3 99.99%; the probability
that it occurred randomly was <0.0001. The unburned carbon in the flyash increased with the addition
of petroleum coke, and decreased with the addition of wood waste. What became obvious was the
fact that the wood waste brought the volatiles to the new fuel, and the petroleum coke provided the hest
content.

From an emissions perspective, the triburn project was a success. Figure S-18 depicts the emissons of

CO, THC, and SO; as measured by Clean Air Engineering. Note the very low emissons of dl three
pollutants.
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Figure S18. Emissons of Carbon Monoxide, Totad Hydrocarbons, and Sulfur Trioxide a the Bailly
Generating Station Triburn Demonstration (valuesin ppmvd corrected to 3% O,)

NO, emissons decreased with every opportunity fud, but particularly with the fue blends. The
equation describing the NOx reduction phenomenon is as follows:

N Ox(ppmvd @ 3%02) = 479 — 6.4(%W), - 6.8(%PetC)+ 0.79(L ) + 23.0(%0,) [S-11]

NOy is expressed in ppmvd a 3% Q (dry basis). Ly isload, or main steam flow, expressed as
tonne’hr of main steam, and %0, is percent excess O, on atotd basis, recorded by plant instruments at
the economizer exit.

Alterndtivey:

NOybicsry = 0.691 — 0.0101(%6W) — 0.0098(%PC) + 0.0005(Lo) + 0.0255(E0;)  [S-12]

Where NO, is measured in 1b/10° Btu, and L. is load, expressed in 10° Ibvhr of main steam flow. Al
other terms are as defined in equation [S-11]. The load term is deceptively low; however the range of
steam flows for the unit during the tests was typically 502 tonne/hr (1.1x10° I/hr of main steam). Ther?
for the equations is 0.70. The significance of the %W is 99.999% (the probability thet it is a random
occurrence is <0.00001) and the significance of the %PetC term is 99.9999% (the probability that it is
arandom occurrence is <0.000001). The significance of the total equation is about equa to that for the
%PetC term. The fud blend, with the fuels reported on an individual bass, and the load and excess O,
terms can be used to explain 70% of the NO, emissons. Included in the 30% unexplained impacts on
NOy emissons are the synergies between the wood waste and the petroleum coke, as shown in Figure
S-19. Note that the equation generated from the triburn test line shows that the minimum NOx
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formation will be generated a 40 percent cofiring of the desgned opportunity fue blend. The
combination of the two fudls exceeds the additive vaue of the two fuelstaken individualy.

The Bailly program aso documented that the triburn program could be used to reduce mercury, lead,
and other metd emissons. The Ballly triburn test program, then, provided sgnificant additiond
information regarding the process of cofiring.
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Figure S-19. NOy Emissons Measured During the Bailly Triburn Tests

CONCLUSIONSFROM THE TEST PROGRAM OF THE COOPERATIVE
AGREEMENT

The testing and demonstration sponsored by EPRI, and then supported by the EPRI-USDOE
Cooperdive Agreement, documented the following:

Cofiring can be used as a cost-€effective means for reducing greenhouse gas emissons,
providing utilitieswith alow capital cost option
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Cofiring can be accomplished in a manner that does not negatively impact the
operability or operations of a given power plant, provided that the most gppropriate
cofiring technology is applied

Cofiring virtudly aways reduces the power plant boiler efficiency, however the
reductions can be managed as an economic issue rather than as atechnica barrier

Cofiring can be used to reduce virtudly dl arrborne emissions, and has a particularly
beneficia impact on NOy emissons.

With respect to the NO, emissions, the evidence of impacts is substantial. Figure S-20 depicts
the NO, emissions from dl tests sponsored by the EPRI-USDOE Cooperative Agreement.
Note the line indicating where a 1 percent cofiring percentage (heat input basis) would equad a1
percent NOx reduction. This line represents the subgtitution effect of alow nitrogen fud. Note
that over 67 percent of al tests are well above that line. Figure S20 shows considerable
oread in the data. This spread is caused by variations in firing technology, biomass fud used,
percentage of biomass fuel used, base cod fired, and combustion conditions (e.g., load, excess
0O,). Degite this varigbility, however, the impact of cofiring on NOy emissons is highly

gonificart.
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Figure S-20. NOy Reduction Caused by Cofiring—All Tests Sponsored by the EPRI-USDOE
Cooperative Agreement
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SPECIAL STUDIESASSOCIATED WITH THE EPRI-USDOE COOPERATIVE
AGREEMENT

In addition to the cofiring tests and demondtrations, the EPRI-USDOE Cooperative Agreement was
used to support sgnificant engineering studies used to expand the potentia of cofiring. These studies
included:

An assessment of gadficationbased cofiring a the Allen Fossl Plant, evduating the
ability of gadfication to address issues of flyash contamination from biomeass, the ability
of gadfication to further promote NOy reduction, and the ability of gadfication to
broaden the base of appropriate biomass resources (Foster Whedler Devel opment
Corporation, 1998). The fuel supply data developed during this study included not only
sawdust but also non-recyclable paper, clean urban wood waste, bark, cotton gin trash,
and other locdly avalable materids. The study consdered integrating biomass
gasfication with the use of wastewater trestment gas to be supplied to the plant. This
was followed by a Request for Proposals by TVA to construct and test gesification
based cofiring. The project was not pursued beyond the RFP stage.

The development of detailed fuels databases, including some rudimentary modeling of
cofiring combugtion (see Prinzing, 1996). This database development included
information on biomass and various types of cod, sufficient for initid anadyses of
cofiring.

The development of a survey of dl cofiring testing by utilities—including those that did
not participate in the EPRI-USDOE Cooperative Agreement (see Battista, 2001). A
previous sudy (Wiltsee, 1998) included cofiring in a broader survey of biomass
technologies.

FUTURE RESEARCH REQUIREMENTSTO COMMERCIALIZE COFIRING

The current status of cofiring has been well documented (see Plasynski, Goldberg, and Chen, 2001;
Tillman, 2000; Tillman, Plasynski, and Hughes, 1999; Tillman, Hughes, and Plasynski, 1999; Freeman,
Goldberg, and Plasynski, 1998). The EPRI-USDOE Cooperative Agreement has moved the
technology towards full commercid deployment. Certain issues remain that must be addressed by
additional demongtrations, testing, or research. These include:

Broadening the useful biomass fuel base either by technologies to make more difficult
resdues more useful (e.g., gagfication, fluidized bed combustion) or by pre-trestment
technologies

Addressing the issues associated with biomass ash including the potentid for catdyst
deectivation in sdective cataytic reduction (SCR) systems, the problems associated
with marketing flyash, and related consderations
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Integrating biomass cofiring into gas-fired technologies, particularly combined cycle-
combustion turbine generation, as a means to ensure long-term viability of this fud
source

Developing a deeper understanding of the properties of biomass fuels—including crops
proposed as fues—to ensure compatibility with cod and to ensure the ability to
maximize the benefits from these biofuels

Developing and demondtrating technologies that have specid gpplications for biomass
(e.g., the use of biomass or producer gas from biomass as a reburn fue)

While the Cooperative Agreement has served a highly useful purpose of advancing cofiring to the point
of initid commercidization, additional research can profitably be employed to broaden the gpplication of
this technology. And, given therole of dectricity in the US energy arena, broadening the application of
cofiring may be the best near-term gpproach to increasing the contribution and role of biomass as a
renewable energy resource.
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1.0. INTRODUCTION

1.1. THE BASISFOR FOCUSING ON COFIRING

Increasing the use of renewable fues in the US economy—~both in absolute and relative contributions—
has long been a god of energy planners and policy makers in both the public and private sectors.
Achieving such increases requires recognizing long term trends shown in Figures 1-1 and 1-2, indicating
that the US economy increasingly has focused upon energy dense fossil fuels to meet the economy’s
need for low cost, abundant energy supplies. It aso recognizes the need to continue the trends shown
in Table 1-1, documenting the fact that biomass fuels have consstently increased their contribution to
the US economy since 1970, both in absolute and relive terms.

The god or objective of increasing the use of renewable fuels in the US economy aso requires
recognition of trends within the digtribution of energy use in the US. The dominant trend is increased
eectrification, as shown in Figure 1-3. Energy use for dectricity generation has grown dramatically—
particularly as a percentage of totd energy use. On an absolute basis, fud use for non-dectricity and
non-transportation applications has remained somewhat gatic and, in many sectors, has declined. In
1970 the US consumed 51.9x10™ Btu/yr for non-electricity uses and 16.4x10" Btu for electricity
generation. In the year 2000, energy consumption for non-electricity purposes grew to 61.3x10™
Btu/yr, with mogt of the growth coming in the transportation sector. Energy consumption for ectricity
generation in the year 2000 was 35.1x10™ Btu/yr. Biomass, which now supports some 7,000 MW, of
electricity generating capacity, has grown dowly in this marketplace. In 1960 and 1970, some 0.3x10™
Btuyr of wood, agriculturd materids, and municipd refuse was used to generate eectricity. 1n 1980
that number had increased to 0.4x10" Btu, in 1990 it was 0.6x10" Btu, and at the turn of the century it
had increased to 0.7x10™ Btu. Much of that biomass was fired in cogeneration applications within the
pulp and paper industry, dthough smdl stand-adone wood-fired power plants have been built in
Vermont, Washington, Maine, Cdifornia, Virginia, and other locations.

Electricity generation, then, provides a highly useful target market for increasing the use of renewable
energy resources within the US. Further, dectricity generating stations firing, or cofiring biomass can be
dispatched to meet demand; dispatchability makes biomass a useful energy source for utilities. Biomass
cofiring in exising power plants is one of two generd pathways for increasing the use of this family of
fudsin the eectricity sector. The other pathway is the congtruction of stand-aone biomass-fired power
plants. Trends in the congtruction of generating stations favor aofiring. Individua steam boiler-steam
turbine combinations have increased in capacity over time, as shown in Figure 1:4. By 1996, the
average new boiler ordered was 650 MW, (UDI, 2000). Typicaly boilers constructed since 1980 are
either 2400 psig/1000°F/1000°F drum boilers or 3500 psig/1000°F/1000°F supercritica boilers.

These are very large indalations. Comparable trends are being experienced in the combustion turbine-
combined cycle (CCCT) arena, where new ingtalations >500 MW, are now common aswell. Biomass
ingdlations >70 MWe are not practica due to logistical and fuel supply issues; a such low capacities it
isvirtualy impossible to judtify, economicdly, the efficiency enhancements associated with rehest cycles
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Rehest is virtudly awaysingdled on new steam power plants, and is being designed into hest recovery
steam generators (HRSG's) for CCCT ingtallations as well.

Energy Consumyption in the US
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Figure 1-1. Higtorica Trendsin US Energy Consumption by Fue
(Sources. Energy Information Agency; 2000; Enzer, Dupree, and Miller, 1975)
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Energy Consumption Percentage by Fuel
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Figure 1-2. Higtorical Trendsin Percentage Digtribution of US Energy Consumption
(Sources: Energy Information Agency, 2000; Enzer, Dupree, and Miller, 1975)

Table 1-1. Biomass Contribution to US Energy Production and Consumption

Year US Enegy | US Energy | Energy Biomass Biomass
Production Consumption Production Energy as a|Energy as a
(10" Btu) (10" Btu) and Percentage of | Percentage  of
Consumption | Totd US| Totd us
From Biomass | Energy Energy
(10" Btu) Production | Consumption
1960 42.0 45.8 1.2 2.9 2.6
1970 61.4 68.3 1.2 2.0 1.8
1980 58.2 76.4 1.8 3.1 2.4
1990 70.7 84.1 2.7 3.8 3.2
2000 71.8 96.4 34 4.7 35
Sources.  Energy Information Agency 2000; Energy Information Agency, 2001; Norwood and
Warnick, 1982; Schreuder and Tillman, 1980; Tillman, 1977; Tillman, 1978; Enzer, Dupree, and
Miller, 1975
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Fuel Consumption by Use
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Figure 1-3. Importance of Electricity Generation in US Fuel Consumption
(Source: Energy Information Agency, 2000)
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Figure 1-4. Average Capacity of Steam+Electric Generating Systems Ingtalled, 1940 — 1995.
(Source: Utility Data Ingtitute, 1996)
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Cofiring offers the advantages of being able to use biomass in acceptable quantities, where logistics can
be accommodated. Cofiring can capitaize upon the efficiencies of existing fossl fud-fired generating
dations, thereby improving the efficiency with which dectricity is generated from wood and other
biofuds. Cofiring can capitaize upon the exiding infrastructure—switchyards, transmisson systems,
dispaich systems and techniques—and it capitaizes upon the exiging, highly skilled and trained labor
force in the current fleet of US power plants. Consequently it offers a near-term gpproach to increasing
the role of biomass and renewable energy suppliesin the US economy.

1.2. THEEPRI -—USDOE COFIRING PROGRAM

The Electric Power Research Indtitute (EPRI), working with the Tennessee Valey Authority (TVA) and
supported partidly by the US Department of Energy (USDOE) initiated a cofiring program in 1992.
Beginning with engineering studies and expanding through tests and demongtrations, this program was
designed to evauae, demondrate, and commercidize cofiring as a Srategy for immediately increasing
the use of biomass in utilities. The program was based upon recognition thet the utility fleet of dectricity
generating stations had the potentid to support sgnificant cofiring. The UDI Equipment Database,
covering about 65 percent of al eectric utility generating stations, illustrates this point. This database,
summarized in Table 1-2, shows that of the 1101 utility boilers built between 1940 and 1995—and
documented by UDI—nearly two thirds are coa-fired. Further, during every time period between
1950 and 1995, more coal-fired boilers were constructed than any other type of steam generator.

Table 1-2. The Digtribution of Utility Boilers by Fuel Typein the UDI Database

Number of | Number of Qil- [Number of Gas-| Coal-Fired Boilers
Number of Coal-Fired Fired Boilers | Fired Boilers | asaPercentage of
Time Period| Boilers Built Boilers Built Built Built All Boilers
1940-1945 11 3 3 5 27.3%
1946-1950 52 18 9 25 34.6%
1951-1955 161 120 5 36 74.5%
1956-1960 179 106 19 54 59.2%
1961-1965 140 73 17 50 52.1%
1966-1970 155 93 18 44 60.0%
1971-1975 172 97 32 43 56.4%
1976-1980 129 101 13 15 78.3%
1981-1985 72 69 1 2 95.8%
1986-1990 22 22 0 0 100.0%
1991-1996 8 8 0 0 100.0%
TOTAL 1101 710 117 274 64.5%
Source: Utility Data Indtitute, 1996
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The gpproximate digtribution of boiler capacity by combustion technology is as follows (Utility Data
Ingtitute, 1996):

Wall-fired pulverized cod: 47 percent

Tangentidly-fired pulverized cod: 42 percent

Cyclone boilers. 9 percent

Other (fluidized bed, circulating fluidized bed, stoker): 2 percent

The cod-fired boilers have materids handling systems and firing systems that can be readily adapted to
the addition of another solid fudl. Firing sysems include front wall fired boilers, opposed wall fired
boilers, sngle furnace tangentidly fired (T-fired) boilers, twin furnace T-fired boilers, and front wall
cyclone boilers and opposed wall cyclone boilers. All of these firing systems can be reedily adapted to
biomass cofiring.

Beyond materids handling and firing systems, these cod-fired boilers have sootblowing cgpability dong
with ash removd and ash handling sysems. Thear post-combugtion pollution controls—typicaly
electrodtatic precipitators (ESP's) and, to a lesser extent fabric filters or baghouses—can manage the
particulates that form the primary airborne emissions from the combustion of biomass.

The EPRI Cofiring program expanded to incorporate other utilitiess GPU Genco, Northern Indiana
Public Service Company (NIPSCO), Madison Gas & Electric, New York State Electric and Gas
(NYSEG), Northern States Power, Duquesne Light, Centrd and Southwest Utilities, Demarva,
Allegheny Energy Supply Co., LLC, and many others. These utilities consdered cofiring with
conceptud engineering studies, test programs, or other related activities. The EPRI Cofiring program
was pat of an overdl thrust towards increased biomass usage, and it included the design and
assessment of dternative generating technologies as well.  Cofiring quickly became the focus of the
program, as it offered utilities the most readily developed technology for the use of biomass residues
and, potentidly, crops grown for their energy content.

The EPRI Cofiring program was designed specificdly to develop cofiring—the incorporation of a
modest stream of an dternative energy source into the total fue supply of a given boiler. Cofiring was
consdered as a means for addressing the generation of greenhouse gases ether from the combustion of
fossl fues or the production of methane in landfills. It was dso viewed as a means for modestly
reducing other airborne emissons including SO, and NO,. These emissions reductions were projected
based upon the subgtitution of biomass for fossl fud, thereby not increasing the quantity of carbon in the
biosphere (see Figure 5). Carbon not in the current globa carbon cycle, such as carbon from use of
fosdl fuds, only adds to the tonnages being utilized and emitted. These emissons reductions from
cofiring were aso projected on the basis that the most promising biofuels have very low concentrations
of sulfur, and many such as the woody biomass fuds have relatively little nitrogen.
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Because of the near-term potentia of biomass cofiring, it was dso seen as having the benefit of
developing a biomass supply/ddivery infrastructure. Currently biomass fuds are outside the norma
commercid energy arena; a strong cofiring technology was viewed as having the potentid to develop
that commercid trade in wood fuels and other biomass fuels.

The Nationa Energy Technology Laboratory (NETL), then the Federa Energy Technology Center
(FETC) became an active partner with EPRI in 1994, bringing an infusion of funding capaility and
project management to the program. The Office of Energy Efficiency and Renewable Energy (EE-RE)
of USDOE became an active partner in 1997, providing further momentum to the cofiring initiative of
EPRI and NETL. The entire effort became a Cooperative Agreement between EPRI and USDOE.
EPRI brought a technology to be commerciaized—aofiring—aong with sgnificant indugtrid partners
such as TVA, GPU Genco, NIPSCO, Allegheny Energy Supply Co., LLC, NYSEG, Southern
Company, and others to the cooperative effort. EPRI adso brought a technology development
company—Foster Wheeler—to the cofiring development program. Ebasco Environmenta began
working with EPRI at the inception of the cofiring effort. Ebasco Environmentd ultimately was acquired
by Foster Wheder, and became Foster Whedler Environmenta. Foster Whedler Environmental, and
then Foster Whedler Development Corporation, served as the primary contractor throughout the 9-year
development period. Foster Wheder Development Corporation and Foster Whedler Energy
Corporation became involved when the projects reached the demonstration phase. USDOE, through
NETL and EERE, brought an infusion of financia resources and project management resources to the
program. Such resources became criticd to the trangtion of the cofiring commercidization effort from
engineering sudies and short term testing to the long term testing and demondtration required to
commercidize this biomass technology.

Final EPRI Report.doc 53 10/31/01 9:18 PM



1.3. SPECIFIC PROJECTSFOR THE COOPERATIVE AGREEMENT

The cooperative agreement, as it was origindly configured, contained numerous projects. Some of
these projects did not relate to cofiring. Some of these projects did not materialize. The projects that
did relate to cofiring, and that proceeded to maturity were as follows:

Teding and demondrating the cofiring of sawdust in pulverized cod boilers, usng
separate injection of the sawdust into the boiler (rather than blending the sawdust with
cod on the cod pile) a Seward Generating Station of GPU Genco and, later, at the
Albright Generating Station of Allegheny Energy Supply Co., LLC.

Tegting and demondrating the cofiring of sawdust in wall-fired pulverized cod boilers
blending the sawdust with cod in the cod yard, at the Colbert Foss| Plant of TVA.

Teding and demongrating the cofiring of urban wood waste with western cod
(including Powder River Basin cod) a Michigan City Generating Station of NIPSCO,
and the trifiring of urban wood waste with Illinois Basn and western cod aong with
petroleum coke a the Bailly Generating Station #7 boiler of NIPSCO; both boilers
employ cyclone combustion technology.

Developing fud preparation systems for cofiring wood waste with cod, usng separate
injection, at the T-fired boiler at Greenidge Station of NY SEG

Tegting the cofiring of switchgrass with cod at the Blount St. Station of Madison Gas &
Electric, afront wall fired pulverized cod boiler.

Tegting the cofiring of switchgrass with cod at the T-fired boiler at Gadsden Station of
Alabama Power, a Southern Company project.

Evaduaing gesfication-based cofiring a the Allen Fossl Plant of TVA, a cyclone boiler
dation.

Performing supporting studies including developing detailed andyses of biomass fuelsto
be cofired dong with base cods, developing a fudls database, and developing a cofiring
experience database.

In addition to these programs within the framework of the cooperative agreement, EPRI brought
sgnificant previous projects that had been conducted prior to the cooperative agreement; severa of
these dso had USDOE participation. These included:

Engineering evauations of cofiring potentids and cogs a dl TVA fossl plants
Extengve cofiring testing with sawdug, 1llinois Basin cod, western bituminous cod, and
other fuds at the Allen Foss| Plant of TVA
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Cofiring testing with sawdust, using blended feed, at the Kingston Fossil Plant of TVA

Cofiring testing with sawdust, logging residue, and hybrid poplar, using blended feed, a
the Shawville Generating Station of GPU Genco

Fud bunker performance studies, conducted by Reaction Engineering Internationd,
regarding the ability of blends of cod and sawdugt to retain their blend characteristics
and to flow through bunkers

Fud dorage safety studies focusng upon sdf-heating and spontaneous combustion,
sponsored by TVA and supported by EPRI

Deveopment of amplified cofiring modds to provide for rapid evaudion of the
gpplicability of thistechnology a any given power plant Ste

Application of dternative combustion technologies—particularly dagging combustion—
as a way to increase the cofiring percentage and to manage biomass fuels with high

dagging potentid.

The EPRI program adso took advantage of extensve cofiring research that was being conducted
amultaneoudy a Southern Company. This research included testing at Plant Hammond, Plant Kraft,
and other locations (see Boylan, 1993), akali deposit research at Sandia Nationa Laboratories (see,
for example, Baxter et. a., 1996a; Baxter et. d., 1996b), and other related research programs. The
program capitalized upon feedstock research at the Oak Ridge National Laboratory (see, for example,
Downing et. d., 1998; Wright and Cushman, 1997; Wash and Becker, 1996) to evauate potentia
additions to the biomass fud supply.

While there was a breadth of research involved in the cooperative agreement, in the Sudies that EPRI
brought to the cooperative agreement, and in the pardld research by other organizations; the focus of
the coopertive agreement was on the cofiring combustion tests and demondtrations.  All of the studies
and tests, however, contributed sgnificantly to the launching of cofiring as a biomass technology that
could significantly increase the use of this renewable energy source in the US economy.

Because of the breadth of the cooperative agreement, there is extensive coverage of numerous cofiring
issues. Fuels covered by the research include sawdust from primary sawmills and wood processing
fadilities, urban wood waste from mobile home and recrestiond vehicle manufacturing, tree trimming
activities, and utility poles and crossarms; short rotation woody crops (SRWC) including hybrid poplar
and willow; herbaceous crops focusing upon switchgrass, and other biofuels. The introduction of
designer opportunity fuels brought project coverage to petroleum coke and tire-derived fud (TDF) as
well, and petroleum coke-wood blends plus TDF-wood blends.

The program provided coverage of al types of combugtion systems including cyclone boilers (Allen

Fossl Flant, Michigan City Generating Station, Ballly Generating Station), wall-fired pulverized cod
boilers (Seward Generating Station, Blount &t. Station, Colbert Fossl Plant) and tangentiadly-fired
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pulverized cod boilers (Albright Generating Station, Plant Gadsden, Greenidge Station). Some
atention was given to fluidized bed combustion and stoker firing as well. One boiler, Michigan City
#12 cyclone boailer, was a supercritical unit (3500 psig/1000°F/1000°F steam). All other boilers were
subcritical, with pressures ranging from 850 psig to 2400 psig. Both reheat and non-reheat boilers were
tested.

The supporting studies provided coverage of materials handling issues, safety issues, and environmental
consequences of cofiring, and related consderations. Both long-term and short-term issues were
addressed. These supporting studies were geared to addressing the questions of power plant managers,
and to addressing long-term issues of policy makers as well.

14. ORGANIZATION OF THISREPORT

The focus of the EPRI-USDOE cooperative agreement program has been on bringing cofiring towards
commercid implementation. It capitaized upon prior research by EPRI and member utilities, and upon
a momentum that had been built up by the EPRI program. The breadth of the research, development,
and demongtration associated with the program has been focused upon addressing the practicd and
theoretica technica issues aong with the economic and environmental considerations. The fina report
is organized, therefore dong the following lines

Review of the EPRI Cofiring Research and Testing Conducted Prior to the Cooperative
Agreement

Review of the GPU Genco Cofiring Testing at Seward Generating Station Boiler #12
and other Wall-Fired PC Boiler Tests

Review of the Allegheny Energy Supply Co., LLC Cofiring Testing a the Albright
Generating Station Boiler #3 and other Tangentidly-Fired PC Boiler Tests

Review of the NIPSCO Cdfiring Testing and Demongration a Michigan City Station
Boiler #12 and Bailly Station Bailer #7 for Cyclone Combustion

Review of Supporting Research and Collatera Studies

From these data conclusions regarding the cofiring program can be drawn. Further, the find research
efforts required to fully commercidize this technology can be identified.
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2.0. EPRI COFIRING RESEARCH PRIOR TO THE COOPERATIVE
AGREEMENT WITH USDOE

2.1. THE EPRI BIOMASS COFIRING PROGRAM

EPRI initiated its cofiring program with a Request for Proposals and subsequent award to Ebasco
Environmental in 1992. The concept of cofiring various resdue biomass fuels with cod in cycdone and
pulverized cod boilers was viewed as having the following benefits (see McGowin and Gold, 1992,
McGowin and Hughes, 1992):

Providing efficient generation of dectricity from biomass by capitdizing upon larger
boilers with highly efficient high pressure rehest cydes, having typicad steam conditions
of 2400 psig/1000°F/1000°F or 3500 psig/1000°F/1000°F

Providing a means for utilities to reduce greenhouse gas emissons, subgtituting carbor:
neutral biomass for cod

Providing a means to develop infrastructures necessary for the introduction of biomass
crops grown for energy purposes, including hybrid poplar, willow, and switchgrass

Providing utilities with sulfur-free and low nitrogen fuels to begin addressing criteria
pollutants

2.1.1. Industry Experience With Cofiring When Program Was I nitiated

At the time when EPRI initiated its cofiring program, there was little utility industry experience with the
concept. Utilities were evduding blending dissmilar cods—e.g., Powder River Basin (PRB) cods and
eagtern bituminous coas—with varying degrees of success (see, for example, Bryers and Harding,
1994). This practice was replete with problems of bailer derating, mill difficulties, dagging and fouling,
and reduced boiler efficiency. At the time when EPRI initiated its cofiring program, however, uilities
were regulated and cogts of such programs could be recovered in the rate structures.

Few utilities pursued fud blending and cofiring beyond the blending of dissmilar cods to the blending or
cofiring of unusud fueds. The experience of cofiring refuse-derived fud (RDF) with cod a Union
Electric, Wisconsn Electric Power Company, Batimore Gas & Electric, and other locations had not
been universdly successful. Otter Tail Power Co. had some success cofiring up to 12 percent RDF
(mass basis) with 6200 Btu/lb lignite at its Big Stone cyclone boailer, dthough they experienced a 1.8
percent decrease in boiler efficiency due to handling problems and their consequence for cyclone
operation (Pawlowski, 1993). Northern States Power had more favorable experience with RDF,
however most was fired in dedicated boilers (Brobjorg, 1993). Tacoma City Light in Tacoma, WA,
successfully fired a blend of RDF and wood waste with cod in two bubbling fluidized bed boilers
(Gamble, 1993; Tillman and Leone, 1990).
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Otter Tail Power had successfully experimented with cofiring of sunflower seeds and other avallable
biofuels. Associated Electric Cooperative conducted a very brief test cofiring railroad ties a a cyclone
boiler. Utilities such as lllinois Power, Wisconsin Power and Light, Ohio Edison, New York State
Electric and Gas (NYSEG) and TVA experimented with cofiring tire-derived fue (TDF) in cyclone
boilers, stoker-fired boilers, and in on PC boiler as wdl (for more information see Gillen and
Szempruch, 1993; Stopek, et. d., 1993; Nagt, 1993; Murphy and Teda, 1993). Wisconsin Power &
Light congructed their own TDF production facility supporting this effort.

Northern States Power (NSP) had developed a successful biomass cofiring program with Andersen
Windows. At this location, dry (e.g., <10 percent moisture) finely divided sawdust was pneumdticaly
transported from the Andersen factory to the Allen S. King Generating Station in Bayport, MN. The
King dation is a 598 MWe cyclone boiler ingdlation fired with PRB cod. The sawdust was
pneumatically introduced into the secondary air location on three of the 12 cyclone barrels. The
biomass being cofired contained >7500 Btuw/lb and was not amgjor fuel supply. It had very little, if any,
impact on operations. NSP dso experimented with blending small amounts of crushed pdlets and other
materias into the coa supply on the cod pile. They evauated other cofiring fuels aswell.

Southern Company initiated biomass cofiring testing a Plant Hammond Unit 1.  This 100 MWe
Babcock & Wilcox boiler was fired with 9.7 to 13.5 percent (mass basis) sawdust and ground tree
trimming wadte. Bark was initidly, and unsuccessfully, attempted as well. The cofiring levels were
equivaent to 6.5 percent on a heat input basis. The wood had a heat content of 6946 Btu/lb compared
to the cod heat content of 12,877 Btu/lb. There was only a minor loss in bailer efficiency measured
during these tests—largely as a result of moisture in the wood waste. There was a 5 percent reduction
in SO, emissons, however there was no decrease in NOy emissons.  Mill peformance was
ggnificantly impacted. Mill amps were increased by 15 percent, and mill fineness deteriorated dightly
(see Boylan, 1993 for details). The tests were sufficiently successful that Southern Company continued
cofiring at Plant Hammond and Plant Y ates on alimited basis.

Santee Cooper dso experimented with cofiring at Jeffries Station, burning wood chipped from its
forests. The wood burned was downed timber as a result of Hurricane Agnes. The boiler where
cofiring occurred was a Riley boiler equipped with Atrita pulverizers. Atritamills are essentidly hammer
mills, and somewhat suited to combined feed of wood chips and cod. However officids of Santee
Cooper indicated that, at >8 percent biomass (mass basis) the unit suffered sgnificant derating as a
conseguence of cofiring.

The experience base for cofiring, then, was very limited. EPRI recognized these limitations and, with
support from numerous utilities led initidly by TVA, dructured a program to achieve widespread
commercidization of the cofiring technology.

2.1.2. Structuringthelnitial EPRI Cofiring Program

The initid program, focusng upon TVA Fossl Pants, was designed to identify the criticad issues
associated with cofiring and then to address those issues. At the time it was congructed, the TVA
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program was based upon a 5-year commercidization timetable. Consequently it was developed around
initial engineering studies followed by detalled studies and short cofiring test programs. The initid EPRI-
TVA cofiring program was developed with a competitive solicitation; Ebasco Environmental (now part
of Foster Whed er) won the competition with ateam including Reaction Engineering Internationd.

Subsequent to the TVA studies and tests, EPRI sponsored or participated in cofiring assessments and
short cofiring tests a other utilities including GPU Genco, Union Electric, and Northern Indiana Public
Service Company (NIPSCO). Of these, the mogt significant effort was the cofiring testing a the
Shawville Generating Station of GPU Genco. The Shawville test was sponsored largely by GPU, with
support from EPRI and USDOE-FETC (now USDOE-NETL). Smultaneoudy, EPRI met with and
surveyed cofiring possibilities with other utilities incduding the following:

Centra Louigana Electric Co
Arkansas Power & Light
Northern States Power
Ddmarva

East Kentucky Cooperative
Northeast Utilities

EPRI aso cooperated closely with Southern Company. This experience provided considerable impetus
to the overd| cofiring initiative.

2.2. THE EPRI-TVA COFIRING PROGRAM

The initid EPRI program, cosponsored by Tennessee Valey Authority (TVA) and partialy supported
by USDOE, included an assessment of the TVA generating gations. From these assessments, one
cyclone boiler was sdlected for detailed engineering andyss. At the same time one wall-fired pulverized
cod (PC) boiler was sdected dong with one tangentidly-fired (T-fired) PC boiler. The overal program
is summarized by Tillman, Hughes, and Gold (1993). Engineering was performed by Ebasco,
supported by Reaction Engineering. Fuel supply studies were performed in complementary research for
TVA by the Universty d Tennessee (see Noon, 1993) and by Oak Ridge Nationa Laboratory (see
Downing and Graham, 1993).

The initid engineering experimentation led to the development of supporting studies and to short term
testing at the Allen Fossl Plant, the Kingston Fossil Plant, and the Colbert Fossil Plant of TVA. These
plantsincluded a cyclone boiler, a T-fired boiler, and awall-fired bailer.

2.2.1. TheEngineering Studies

Theinitid engineering studies were divided into two parts. 1) evauating cofiring in cod-fired boilers and
2) evduating cofiring usng gadfication as the biomass technology and cofiring (or firing producer gas
exclusvely) in combined cycle combustion turbine (CCCT) gpplications. The genera engineering
parameters used to select boilers for engineering evaduation included the program objectives. cofire at
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10 — 15 percent (heat input basis, equa to ~20 — 30 percent on a mass bags), design sysemsfor a 20
year project life, and design systems to handle unprocessed wood residues. Taking aconservative
design approach (requiring <1/16” x 0" fuel particles <15 percent moisture for PC firing, and <1/4”
particles at <50 percent moisture for cyclone firing) the capital cost estimates were $517 - $640/kW for
PC boilers using separate injection d the biomass into the boiler, and $150 - $200/kW for cyclone
boilers. These edimates were in 1993 dollars (see Tillman €. d., 1993). Given the economic
assumptions, cofiring a the Allen Fossl Plant—the cydone ingalation—was consdered most
favorable.

What was more important than the caculated economics was the identification of unresolved issues.
Recognizing that the practice of biomass cofiring was in its infancy, questions arose including the
fallowing:

The ability of fuel blends to be stored successtully in bunkers without sratification

The ability of biomass/cod blends to flow from bunkers without hanging up

The ability of biomass to be stored in bunkers, or in fuel yards, without spontaneous
combustion

The consstency of biomass fud qudity (Btw/lb, moisture, ash, chemigtry)

The potentid for specid uses of biomassin cofiring settings

The biomass materid of choice was sawdust. Given the infancy of cofiring, each of the issues identified
was addressed by ashort sudy. To evauate the Storage issues, Reaction Engineering Internationa built
a cold flow bunker. This bunker was used to resolve the issues of drdification and the ability to
discharge blends of coa/wood chips, cod/sawdust, and cod/sawdust/ TDF without difficulty. The
research was successful.

The issue of spontaneous combustion was addressed explicitly by research sponsored by TVA (Foster
Wheder Environmenta, 1994a). Initidly an extensive literature search was performed. This was
followed by experimental research. Blends of various bituminous cods and woods were used; both
green (52 percent moisture) and dry (5 percent moisture) wood ground to <1/4” x " particle Sze was
used in the testing. Table 2-1 identifies the fuels selected. Table 2-2 identifies the fue blends tested.
Note that the cod's employed were varied as a function of sulfur content and moisture content. Samples
indicated in the table document that the sdf-heating tests were performed on cod done (pure),

coal/wood blends, and wood aone.

In this test, a sample was placed in a reaction chamber and subjected to a stream of moist oxygen
heated to 165°F (74°C) for time periods ranging from 6 hoursto 24 hours. The temperature of the fuel
blend dong with the off-gas composition was measured.  In the off-gas, the experiment measured
concentrations of O,, CO, and CO,. The tests, conducted by Hazen Research of Golden, CO,
provided a relative measure of storage reactivity of fues. They measure reactivity under the most
severe conditions. The standard—PRB coa—typicaly ignitesin 1 hour under the test conditions.
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Table 2-1. Fudls Used in Assessment of Spontaneous Combustion Assessment

Fudl Source Sufur | Moisture Samples
Utah Basin Codl Allen Foss| Plant 0.6% 3.9% Pure, Blends
Eagtern Tenn. Coal | Kingston Foss| Plant 1.3% 5.5% Unusd
“Low-Sulfur” Cod | Colbert Foss| Plant 1.0% 10.6% Unusd
“High-Sulfur” Cod | Colbert Foss| Plant 2.2% 5.7% Pure, Blends
W. Kentucky Coa | Gallain Fossl Plant 2.8% 10.1% Pure, Blends
Green Wood Memphis-Area Sawmiill 0.05% | 51.6% Pure, Blends
“Dry” Wood Memphis-Area Manufacturing Fecility | 0.07% 28.4% Pure
Kiln-Dried Wood Memphis  Hardwood Flooring | 0.06% 5.5% Pure
Company

Source: Foster Wheder Environmental, 1994a.

The results of this test program were mogt Sgnificant, and favorable. Although the conditions of the test
congtitute a severe, wordt-case self-hesting environment, none of the samples, ether the pure fuels or
the fue blends exhibited a tendency to sdf-heat under the test conditions. Sight temperature
fluctuations in the bed were observed, and determined to be indgnificant. They were likely associated
with fluctuations in the oven temperature. Similarly, only trace amounts of CO and CO, were detected
during the test, and these levels were determined to be indgnificant. With the exception of the pure
green sawdust sample (52 percent moisture), each sample was tested for a duration of six hours. The
andysis of the green sawdust sample was extended to 24 hours, which is the expected duration in a
day-bin or fud storage bunker at a power plant. Even over the extended duration, the wood sample
did not exhibit a tendency to self-heat under the severe test conditions.

The greatest temperature increases were observed with the driest fuels. A 13°F rise was observed for
the pure Allen Utah bituminous cod with 4 percent moisture, and a 14°F rise was observed for the pure
kiln-dried sawdust with 6 percent moisture. These dight temperature increases are not considered to be
ggnificant indications of saif-heating tendencies under the test conditions, particularly when compared
with responses from fuels like the Powder River Basin cod. Again this research was confined to woody
biomass, and did not include herbaceous biomass. However it demonstrated the potential for successful
storage of biomass—and biomass/coa blends—in power plant settings.

Studies of fuel consstency among the woody biofuels available in the Tennessee Vdley demondrated
that the inherent properties of the softwoods and hardwoods were sufficiently smilar thet the primary
concern would be the wood processing technologies applied to the incoming logs. Sawmills vary in
their use of water for cooling headrigs, with bandsaws producing the fines—and wettest—dust.
Resdues from secondary processes (hardwood flooring, furniture manufacturing) aso showed
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ggnificant variaion in moisture and ash content when compared to sawmill resdues. However, on a
moisture and ash free (MAF) bads, the woody biomass was sufficiently consistent that species or
genera posed no issues for biomass cofiring (Prinzing, Harding, and Tillman, 1993; Tillman and Prinzing,

1994).

Table 2-2. Fud Blends Used in Spontaneous Combustion Assessment

Coal/Power Plant Source | Wood Blend (Percent Hesat Input)
Allen 0.6% Sulfur 100% Coa
Allen 0.6% Sulfur Sawdust 52% Moisture | 5% Wood
Allen 0.6% Sulfur Sawdust 52% Moisture | 10% Wood
Allen 0.6% Sulfur Sawdust 52% Moisture | 15% Wood
Allen 0.6% Sulfur Sawdust 52% Moisture | 50% Wood
Colbert 2.2% Sulfur 100% Cod
Colbert 2.2% Sulfur Sawdust 52% Moisture | 2.5% Wood
Colbert 2.2% Sulfur Sawdust 52% Moisture | 5% Wood
Colbert 2.2% Sulfur Sawdust 52% Moisture | 10% Wood
Gdlain 2.8% Sulfur 100% Cod
Gdlain 2.8% Sulfur Sawdust 52% Moisture | 2.5% Wood
Gdlain 2.8% Sulfur Sawdust 52% Moisture | 5% Wood
Gdlain 2.8% Sulfur Sawdust 52% Moisture | 10% Wood
Gdllain 2.8% Sulfur Sawdust 52% Moisture | 15% Wood
Gdlain 2.8% Sulfur Sawdust 52% Moisture | 50% Wood
Sawdust 6% Moisture 100% Wood
Sawdust 22% Moisture | 100% Wood
Sawdust 52% Moisture | 100% Wood

Source: Foster Wheder Environmental, 1994a.

The issue of specid gpplications of biomass in cofiring settings focused upon using biofues in reburn
systems for NOy control.  The Southeast Regiond Biomass Energy Program (SERBEP), dong with
TVA and EPRI, funded research on woody biomass as a reburn fudl. This research, conducted by
Reaction Engineering International, was reported by Brouwer et. d. (1995), Brouwer et. a. (1994),
Adams and Harding (1996) and more recently updated by Harding and Adams (2000). This research
preceded, and then paraleled research at lowa State University (see Sweterlitsch and Brown, 1999)
and EER-GE Corporation (see Zamanski €. a., 1998) conducted outside of the EPRI program. Their
research demonstrated that woody biomass could be about as effective as natural gas or cod in reburn
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gpplications, as shown in Figures 2-1 and 2-2. Further, biomass reburn is not very sendtive to particle
Sze, carrier gas, or moisture content when the particles are < 12 mesh (<1.68 mm). The carrier gas
issue shows a preference for an inert gas (either nitrogen or flue gas) in order to maintain appropriate
goichiometries, however the use of ar is influentid only in the sense that it @n impact the locd

stoichiometric ratio used to drive reburn reactions. Softwood appeared to be somewhat more effective
as areburn fud than hardwood, largely as aresult of higher nitrogen in the hardwood samples. Specid

gpplications can be useful cofiring Srategies.

100 =
90 3
3 —8— SoftWood
= 803
c 1 —8— Coal
< 703
- 3 —&— Hardwood
Z 603
z 3 —4— Gas
3 A0 3
S A0 Residence Time 0.4 seconds
S 30 Injection Temperature 1720 K
B 003 Main Burner 35 kW
S Inlet NO 500 ppm,dry
103
03
075 08 085 09 095 1 105 1.1

Reburn Stoichiometry (SRr)

Figure 2-1. Reburn Effectiveness of Wood Fud Rdative to Cod and Naturd Gas at 2600°F (1720 K)
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Figure 2-2. Reburn Effectiveness of Wood Fuel Relative to Coa and Naturd Gas at 2060°F (1400 K)
Source: Harding and Adams, 2000.

2.2.2. Cofiring Testing at the Allen Fossil Plant

Given the assessment of cofiring a the Allen Fossl Plant and the favorable resolution of questions
concerning fuel quality, fuel storage, and fud trangport, EPRI and TVA developed a test program for
this cyclone ingdlation. Because the Allen Fossl Plant uses cyclone combustion technology, the
sawdust was screened and then blended with the cod on the main belt feeding the bunkers. The blends
of fud then were trangported from the bunkers through the Stock feeders and to the cyclone barrels.
The reaults of this Allen Fossil Plant cofiring test program have been well documented in the literature
(see Foster Wheder Environmenta Corporation, 19958 Foster Wheder Environmental Corporation,
19%4b; Tillman et. d., 1995; Tillman, Reardon, and Rallins, 1996; Tillman, e. d., 1996a; Tillman,
Rollins, Reardon, and Hughes, 1997; Foster Whedler Environmental Corporation, 1997a). The testing
was extensive, consdering the following variables:

Percentage of biomass fired on amass and heat input basis

Base cod for the power plant (Illinois basin cod and Utah bituminous cod)
Particle Sze of the biomass being fired

Power plant operating parameters (load, excess O,)

The test program addressed the issues of capacity, efficiency, operability, and emissons. Emissons of
concern included SO, emissons reductions and greenhouse gas—fossil CO, emissions reductions. It
demongtrated that capacity could be maintained when cofiring up to 20 percent biomass. Operability
problems such as boiler sability and temperatures were virtuadly non-exigent. Efficiency reductions
associated with cofiring biomass in cyclone boilers were modest, and could be managed as an economic
issue. SO, emissions reductions were typicaly about 0.5 percent when cofiring & 10 — 15 percent
(mass bass).

The test effort quickly demondrated the ability to reduce SO, and fossl CO, emissons. These
provided an economic and policy incentive to continue pursuing cofiring.  The focus of the program,
however, became the ability of biomass cofiring to reduce NO, emissons from cyclone bailers. This
resulted from the fact that, when firing eastern coa and sawdust, NOy reductions as shown in Table 2-3
resulted.

Table 2-3. NO, Reductions a the Allen Fossil Plant When Firing Illinois Basn Cod and Sawdust

Percent Percent Sawdust | NO, Emissions (Ib/10° Btu) | Percent NO, Reduction
Sawdust (Btu basis)
(mass basis)

0 0 1.973 0

5 2.5 1.862 5.6

5 2.5 1.915 2.9

10 5 1.710 13.3
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| 20(*) | 10 | 1.374 30.4
(*) Minor loss of load
Source: Foster Wheder Environmentd, 1994b

Tests when cofiring with Utah bituminous coa in 1995 showed NOy reductions up to 25 percent when
cofiring 15 percent sawdust (mass basis) with lesser reductions when cofiring a higher percentages
(Foster Whedler, 1997). Such reductions have significant economic vaue and therefore became the
focus of much of the test effort described below.

The Allen Foss| Plant conggts of three identical cyclone boilers, each with a nomina capacity of 275
MWe (gross), or about 260 MWe (net). The design of the plant includes stacked boilers for space
management. Each boiler has seven cyclones in an opposed firing configuration: three barrels are
located on the north side and four are located on the south Side. All cyclones are on a single eevation.
The cyclones employ vortex feeders and are consequently sengitive to fines in the fuel supply. Airborne
emissions are controlled with dectrodatic precipitators. Each boiler has its own stack. Each stack is
equipped with a continuous emissons monitor (CEM) which logs data concerning flue gas flow plus
NOy, SO,, and opacity emissons. Each boiler is equipped with a distributed computer control (Bailey)
system, and with an on-line diagnogtic monitoring system (OLDMS) for information gathering.

Between 1994 and 1995, TVA began the process of converting from eastern bituminous coa to
western bituminous coad as a means of reducing SO, emissons.  This switch occurred while the plant
was evauating both wood waste and TDF as dternate fuds. Consequently the cofiring testing
capitaized upon the opportunity to evauate differences in the base cod. During this period of time
TVA ds0 evauated cofiring TDF with cod; some initid testing of tri-firing sawdust, TDF, and cod was
briefly tried(see Tillman et. d., 1996b).

Tests of the Allen Fossl Plant were conducted in boilers #1 and #2, over arange of load, fud blend,
and firing rate conditions. Typicaly these tests occurred over 3 to 4 hour periods. During these tests,
the fuels varied in compostion and heating vaue. Data acquired during eech test were sufficient to
cdculate heat and materid balances and to eval uate airborne emissons.

During dl tests, sawdugt was received in the cod yard, screened through a tromme screen, and then
metered onto the cod belts through metering conveyors (see Figures 2-3 and 2-4). Table 2-4 provides
andyses of the fuels burned. During the tests, load was varied between full bad (272 MW,) and
minimum load (~100 MW,). Excess O, was varied between 2.4 percent and 3.3 percent. Cofiring
percentages were varied between 5 percent and 20 percent (mass basis) with a high concentration of
tests between 10 and 15 percent cofiring. Indl, over 40 individua tests were conducted representing
some 140 test hours. Of these, 2 days of trifiring tests with sawdust and TDF were performed to obtain
a perspective on what might occur by blending these two opportunity fuels.
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Figure 2-3. The Tromme Screen Inddled at the Allen Fossl Plant
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Figure 2-4. Managing the Biomass Fud Supply & the Allen Fossl Plant

Table 2-4. FudsUsed for Cofiring Tests a the Allen Fossl Plant

Andytica Parameter lllinoisBasn | Utah Coal Sawdust Sawdust Tire
Cod Burned with | Burned With Derived
lllinoisCod | Utah Coal Fuel
Proximate Andysis
(Wt percent)
Moisture 8.79 9.60 45.49 40.84 2.95
Ash 8.26 7.33 0.63 3.70 4.79
Volatles 33.22 39.06 45.85 46.36 60.82
Fixed Carbon 49.73 44.01 8.03 9.10 31.44
Ultimate Andyss
(Wt percent)
Carbon 68.60 66.91 27.16 28.50 81.63
Hydrogen 4.64 4.86 3.29 3.32 7.03
Oxygen 6.23 9.58 23.32 23.53 1.06
Nitrogen 1.23 1.15 0.09 0.08 0.54
Sulfur 2.24 0.58 0.03 0.05 2.02
Moisture 8.79 9.60 45.49 40.84 2.95
Ash 8.26 7.33 0.63 3.70 4.79
Higher Heaing Vdue
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| (Btulb) | 12305 | 12029 | 4563 | 4739 | 15332

All tests from three years of testing have been accumulated into a single database of inputs and results.
Criticd variables were then anayzed over the ertire range of tests, with particular emphasis on the
factors influencing NOx emissons  The andyticd techniques employed induded multiple linear
regresson analyses and curve fitting andyses. Fue variables consdered included fud volatility
expressed as volailefixed carbon (V/FC) ratio derived from the proximate andlyss, heat content in
Btuwb, fuel nitrogen content in lb N/10° Btu fud, fuel ash and moisture contents in 1/10° Btu, and fuel
oxygen content expressed as stoichiometric Ib-moles O, from ar required per million Btu fud fired.
Firing conditions evauated included excess O, at the outlet of the economizer, firing rate expressed as
10° Btu/hr, and furnace exit gas temperature (FEGT). Specid tests were aso conducted to determine
the influence of biomass particle Sze on the NO reduction mechanisms.

The variables selected for analys's were based on consdering two fundamenta pathways for formation
of NOx in cyclone bailers: 1) conversion of the fud nitrogen to NO; and 2) converson of nitrogen in the
combustion air to NO through thermal processes. The analysis produced provides an explanation of

why the aternate fudls reduced NOx emissions, expressed in Ib NOy/10° Btu fud input. Further, it
provides analytical tools to evaluate means of optimizing the contributions of dternate fuds to control

oxides of nitrogen emissons.

Two influences dominate the issue of NOx contral through fud blending and fud switching — fud
influences and firing condition influences. These two influences are treated separately, and are followed
by consideration of combined influences.

2.2.2.1. Fud Influences on NO, Emissions

Fue influences include fud nitrogen content and fud volatility. Figure 2-3 presents the impact of fuel
nitrogen on NOy emissions & the Allen Fossil Plant. Note the following observations with respect to
Figure 25: 1) fud nitrogen is a dominant force (* = 0.63), but not the complete cause of NOx
emissons, and 2) there appears to be a lower limit of about 0.9 Ib N/10° Btu fud, bdow which
reducing fud nitrogen has virtudly no further impact. At this base low point, other mechanisms may
dominate the NO, emissions.
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Figure 2-5. The Influence of Fud Nitrogen Content on NOx Emissons a the Allen Fossl Plant
Cofiring Tests

Fud voldtility is the second force of significance, as this governs the way the fud burns. Volaility,
coupled with the temperature & which pyrolyss is initiated, governs the mechanisms of combustion in
the cyclone barrel.  Typicaly, about 15 percent of the combustion air going to the cyclone is primary
and tertiary air and 85 percent is secondary air. Volatiles evolved in the burner section of the cyclone
exig, a least temporarily, in a reducing environment. The extent to which fud N evolvesin volatilesin
this environment influences the NOx reduction pathways, with cregtion of reducing environments
becoming more prominent with highly volatile fuels where pyrolysisis eeslly initiated.

Wood wadte is a highly volatile fud that readily devolatilizes a reatively low temperatures. The
temperature a which devoldilization is initiated in wood is about 700°F to 1,000°F (648 — 811 K)
depending on wood component (e.g., extractives, hemicdluloses, cdlulose, lignin) and depending upon
the paticle 9ze. Devoldtilization is facilitated by smdler particles with higher surface/mass ratios and
with low aromaticity. The temperature of devolatilizetion is lower than the temperature a which cod
devolatilization is initiated. Further, devoldilization is essentially completed when wood particles reach
internd temperatures of 1830°F (1273 K).

Subsequent research by Pennsylvania State University on the kinetics of devoldtilization provides kinetic

parameters for low and high temperature devolatilization of sawdust and Illinois basin cod, as shown in
Table 2-5. The kinetics were developed to conform to the Arrhenius equation.
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Table 2-5. Kinetic Parameters for Devolatilization of Sawdust and 1llinois Basin Cod

Fuel Regime Temperature Range | Pre-Exponentia Activetion Energy
(K) Constant (1/sec) (kcal/mal K)

Sawdust Low Temp | 673- 873 1.17 0.681

Sawdust HighTemp | 873- 1273 5.74 3.42

lllinois cod Low Temp | 873-1273 5.88 4.08

lllinois cod HighTemp | 1273 - 1773 338 14.6

Source: Johnson &t. al., 2001

Figure 26 shows the influence of fud blend volatility on NOx emissons when sawdugt is the biomass
source, and using the volatileffixed carbon (V/FC) ratio from the proximate anaysis to measure
volatility. Note again that the function is norlinear, and thereisaminimum value. That minimum value
appears to be when V/IFC @1.0. Again, the increase where V/FC > 1.0 appears to be caused by the
efficiency consequences of wood fud addition to the cod, resulting in somewhat higher firing rates.
Note, aso, that the coefficient of determination, F, is not totaly dominant; however it represents a
sgnificant force in managing emissons of oxides of nitrogen.

Clearly the increase in volatility comes from the biomass and, in sawdust form, it contributes to NO
reduction. The research on particle size influences included cofiring chips a %2’ x 0" with sawdust and
cod, and cofiring 1" x 0" chips with sawdust and coad. Chips made up 25 to 50 percent of the biomass
feed. Under those conditions, the Foster Wheder (1997) report concludes:

“With the exception of the test on June 28, the data suggest that the use of larger wood particles
reducesif not diminates the benefits of cofiring biofuels with cod in achieving NO reductions.”

Apparently the diffuson effects associated with larger particles effectively reduced the rate of volatiles
released in the combusgtion process, thereby minimizing their benefit in NOy reduction. A one-cyclone
test of 132’ chips demonstrated that these particles are too large for effective firing in cyclone boilers.

Prior work has shown that nitrogen evolution in volatile compounds from sawdust and other smal wood
particle pyrolysis proceeds more rapidly than that of carbon evolution in volatile compounds or of tota
volatile rdlease (Tillman and Smith, 1982; Tillman, 1991). Fgure 2-7 shows more recent data
developed by Pennsylvania State University confirming this phenomenon.  Such wood particles release
virtudly dl of ther nitrogen as volatile matter, and release it under fud rich conditions. This contributes
to NOy reduction, rather than NOy formetion.
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2.2.2.2. Firing Condition Impactson NO, Emissions During Allen Fossil Plant Tests

Hring conditions of sgnificance indude furnace exit temperatures, firing rate, and excess air use. These
rlate to driving the Zddovich mechanism. Furnace exit gas temperaiure (FEGT) provides
measurement of the activation energy available for driving the formation of therma NOy. Measurements
of furnace exit temperatures at the Allen Fossl Plant were made using optical pyrometry. Optica
pyrometry is used to measure the temperature of a solid surface, and the furnace exit temperature as
measured is estimated to be 50 to 75°F lower than the furnace exit gas temperature (FEGT).

NOyx emissons are a curvilinear function of FEGT & the Allen Fossl Plant, as shown in Figure 2-8.
Note that the combustion of Illinois basin cod results in higher FEGT vaues than the combustion of
western bituminous cod.  Note, dso, that the NOx emissons are rdatively uninfluenced by FEGT
below about 2000°F; however when FEGT temperatures exceed about 2200°F, NO, emissons rise
sharply. Thetesting indicated that cofiring sawdust with coa could drop FEGT vaues by 100 — 200°F,
when firing ether 1llinois Basin or western codl.
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Figure 2-8. NO4 Emissons at the Allen Foss| Plant as a Function of Furnace Exit Gas Temperature

Firing rate, expressed as 10° Btu/hr of fud input, is a second variable of significance. Firing rate dearly
influences furnace exit temperature, and the various fud varigbles as previoudy shown. It is, inturn, a
function of boiler efficiency and capacity requirement. Because of the many interrelationships between
firing rate and fuel sdection, overal regression caculations are meaningless. However, there is generd
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recognition that increased firing rates cause increased NOx emissions in cyclone bailers, and that smal
changes in firing rates at or near maximum continuous rating (MCR) can cause dramatic increases or
decreases in emissons of this pollutant. The firing rate, however, is as much a consequence of fue
sdection and boailer efficiency asit is an independent parameter. Similarly, boiler efficiency is afunction
of fuel composition, excess ar usage, air heater exit temperature, and related parameters, it, too, is a
consequence of conditions rather than an independent parameter.

Excess air, measured as excess O, @ the outlet of the economizer, is the second firing condition of

sgnificance. Higher percentages of excess O, resulted in higher concentrations of NOx since there

were increasing oxygen available. The gatistica relationship was as follows, as shown in Figure 2-9:
NOX(Ib/MMBtu) = 18324(02) -3.325 [1]

Where O, is the excess oxygen measured at the exit of the economizer, and expressed as a decimdl.
The satigticd rdationship is sufficiently strong that a coefficient of determination of 0.94 was achieved.
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Figure 2-9. NO, Emissons as a Function of Excess Oxygen a Allen Foss| Plant

2.2.2.3. Combined Influences of Fue and Firing Conditionson NOx Generation at the Allen
Fossi| Plant Tests

The combined impacts of cod switching plus aternative fuels with cod were analyzed through the use of
multiple linear regresson technique. The regression equation developed depicted the various influences,
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as they are interrdated, recognizing that many of the factors, by themselves, exert non-linear influences
on NOy formation. Note that regresson anayss was not used to ded with the influence of particle size.

The mogt useful regression equation resulting from the Allen Fossl Plant testing, and related to the test
conditions experienced, is presented below:

NOy iymmsw = 5.73(0;E) + 1.62(0,A) + 0.0007(FEGT) -1.34(V/FC) -7.83 2]

Where O;E is the oxygen content of the flue gas at the economizer exit, expressed as a decimd, and
O,A is the stoichiometric Ib-moles of oxygen required per 10° Btu of fud input. The coefficient of

determination for this equation is relaively high: ¥ = 0.83.  Essentidly, this equation suggests that
decreasing the excess air, increasng the oxygenation (hence reactivity) of the fud, decreasing the
furnace exit temperature, and increasing the fud volatility will, in combination, cause areduction in NOx
emissons. The cofiring of biomass with cod does increase the oxygenation of the fuel while it increases
the V/FC ratio and decreases the FEGT. Cofiring does not require increasing the excess oxygen

associated with firing a cyclone. Consequently it can drive three of the four terms while not negetively
impacting the fourth term.

The combined influences of cofiring biomass on NOy emissions at the Allen Fossl Plant dso can be
represented graphicaly, as shown in Figure 210. Note the more pronounced impact when cofiring
agang lllinoisBasin Cod.
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Figure 2-10. Summary Impacts of Cofiring on NO, Emissons & the Allen Foss| Plant
The paramelric tests a the Allen Fossl Plant suggested that the impact of cofiring biomass fuds

provided some potentid for reducing the formation of oxides of nitrogen emissons in cyclone boilers.
Cofiring biomass can be coupled with changes in firing conditions to minimize the formation of NOx.
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These benefits were achieved while reducing SO, emissons, fossl CO, emissions, and achieving other
environmental benefits.  Further, they demonsrated that cofiring could be successfully deployed in
cyclone boilers under the right economic conditions.

The cofiring tests a the Allen Fossl Plant were Sgnificant as astarting point for dl cofiring testing. They
edtablished a basis for other tests within and outside TVA in both cyclone and PC boilers. Further, the
2-days of tri-firing tesing with sawdust and TDF gave impetus to the concept of desgning an
opportunity fuel blend for cyclone bailers by using biomass in combination with other dternative fuels.

2.2.3. Cofiring Testing at the Kingston Fossil Plant

The cofiring testing at the Kingston Fossl Plant of TVA aso employed blending wood waste with cod
prior to itsintroduction into the fuel supply system of the boiler. The sawdust was blended with coa on
the primary belt feeding the crusher and the bunkers. The blend of fuds then was introduced into the
pulverizers on their way to the boiler. In al, nine cofiring tests were conducted.

The Kingston Foss| Plant has nine T-fired boilers. Units#1 - #4 are 136 MWe single furnace boilers
with four eevations of burners, Units #5 - #9 are ~200 MWe twin furnace boilers. Coal isreceived by
rail and truck, crushed, and either sent to the bunkers or to reclam. Either directly received cod or
reclamed cod is bunkered. Upon demand, the cod is discharged from the bunkers into CE Raymond
bowl mills and then exhausted into the boiler. The bowl mills are operated under negative pressure.

The results of this program are documented in Foster Wheder Environmental Corporation (1995h).
During this test gpproximately 600 tons of hardwood sawdust were cofired with cod in Kingston Unit
#5, atwin furnace boiler. The boiler has ample pulverizer capacity, necessary to support this type of
testing. Tests were conducted a biomass cofiring levels of 0 to 4.6 percent (mass basis). Tests were
conducted under full capecity (e.g., up t0192 MW, generation) and low load conditions (101 — 103
MW,). The low cofiring percentage was based upon previous one-pulverizer tests suggesting potentia
problems with Hardgrove Grindability Index and sieve analyses of the pulverized cod.

The low percentages of cofiring resulted in no impact of firing wood waste with cod on boiler capacity
and operability. There were inconclusive, and minima, impacts on boiler efficiency. However these
tests documented pulverizer problems when blending wood waste with coa and then pulverizing the
blended fud. These problems include reduction in the Hardgrove Grindability Index (HGI), indicating
increasing difficulties with the pulverizer process. The tests dso documented problems with the seve
andysis of the fud from the pulverizers when cofiring was practiced.

Samples of the blended feed to each of the pulverizers were obtained and subjected to HGI testing by
TVA laboraories. The results of the average among pulverizers for any given test are shown in Figure
2-11. Note that the HGI was highest when only cod was fed to the pulverizers, and that modest
decreases in HGI occurred beyond that point. Wood and sawdust, being fibrous, does not pulverize
well in traditiond bowl mills or ball-and-race mills.
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Figure 2-11. Hardgrove Grindability Index for Cofiring Tests at Kingston Foss| Plant

Seve andyses were performed on samples of the pulverized fud from three mills—A mill, C mill, and E
mill—during each of the tests. The Seve andyses were made measuring the percentage of fud passing
50 mesh, 100 mesh, and 200 mesh. Figures 2-12 through 2- 14 document the results. Note that, with a
gtandard specification of 70 percent of the fud passing 200 mesh, cofiring caused serious falure on one
mill and the start of falure on a second mill before 5 percent mass bad's cofiring—equivaent to 2.5
percent cofiring on a heat input bass—was achieved. The loss of pulverizer product qudity
experienced by TVA was consstent with the experience of Southern Company at Plant Hammond
(Boylan, 1993).

Interesting, the degraded grind did not cause a Sgnificant increase in the rgect rate from the mills. The
unburned carbon in the flyash did increase, however. When cofiring a 2 to 4 percent biomass (mass
bass), the unburned carbon or loss on ignition (LOI) increased by dightly greater than 2 percent. When
cofiring a 4.6 percent a full load, the LOI increased by 4.5 percent. While the sample of tests is
aufficiently smdl that the results are rot satigticdly sgnificant, they indicate the potentid for a Sgnificant
problem when blending biomass with cod for firing in PC boilers.  Further, these results are the
predictable consequence of the Seve anayses measured.

The Kingston tests, then, demonstrated that low percentage cofiring could be performed by blending the
sawdugt with cod prior to pulverizing the fud; however this approach is limited and could cause
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problems with the mills as cofiring gpproaches 5 percent (mass basis). The mill problems can cause
degradation of other performance measures.
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Figure 2-12. Percent Fuel Passing 50 Mesh at Kingston Fossil Plant as a Function of Cofiring Level
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Figure 2-13. Percent Fud Passing 100 Mesh at Kingston FossiI Plant as a Function of Cofiring Leve.
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2.2.3. ConclusionsRegarding the EPRI-TVA Program

The EPRI-TVA program, then, was a sgnificant pioneering effort in cofiring. It ducidated many of the
opportunities, issues, and condraints impacting cofiring of biomass with cod. While it focused only on
the woody biofues—and only on resdues—it highlighted opportunities for emissons reductions and
plant operations. At the same time it began to identify some of the problems with cofiring in PC boilers
by feeding ablend of fudsto the pulverizers.

The EPRI-TVA program dso permitted the integration of science with engineering in evauating sdf-
heeting and spontaneous combustion. It highlighted the benefits of certain andytica techniquesinduding
extengve computationd fluid dynamics modeing (CFD) of boilers (see Tillman, Rallins, Reardon, and
Hughes, 1997) and made extensive use of in-furnace video cameraandysis. These techniques provided
ggnificant indghts into the impacts of cofiring, and benefited subsequent test programs funded under the
USDOE-EPRI Cooperative Agreement.

2.3. COFIRING RESEARCH AT GPU GENCO

Prior to the initiation of the Cooperative Agreement between USDOE-FETC and EPRI—which
became the USDOE-EPRI Cooperative Agreement administered by NETL—GPU Genco initisted a
cofiring research program complementing the efforts of TVA. The motivation for this program was an
evauation of cofiring to address voluntary CO, reduction targets in a cost- effective manner. Secondary
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benefits of customer service aso were consdered as motivating factors in the development of the GPU
cofiring program.

2.3.1. Initial Research Efforts

The initid research at GPU was an assessment of the cofiring potentid at its three samdler western
generating dations. Seward, Shawville, and Warren.  Plants were evaluated with respect to the
following parameters:

Fud avallability within aradius of 50 miles
Pant layout
Ability to integrate cofiring into the overdl operations

Both the Seward and Shawville generating stations showed significant potentid for cofiring. Further the
economics of cofiring were not consdered prohibitive when initid engineering and associated cost
estimates were made. The resource base around Shawville was considered to be somewhat stronger,
initidly, resulting in the design of atest program for that facility.

2.3.2. The Shawville Generating Station Test Program

The Shawville Generating Station test program has been wel documented in the literature (Prinzing,
Hunt, and Battista, 1996; Prinzing and Hunt, 1996; Battista, Tillman, Prinzing, and Hunt, 1996). In this
program, 3 percent (mass bass) sawdugt, right-of-way (ROW) trimmings, and ground hybrid poplar
was blended with codl for firing in Shawville Units#2 and #3.

The Shawville Generating Station is comprised of four units and has a total generating capecity of 623
megawatts dectric (MW,). This station has certain diginctive festures, however, impacting cofiring
potential:

it hasasmdl cod yard, with tight fue management requirements and significant physica
congraints

it haslon-NO, burnerson dl boilers

it uses cod from both surface and underground mines, and the surface mines are
typicdly reclamed by planting trees, this facilitates the concept of coa industry/biofuel
industry dliances

it is operated at the limit of physica capacity, in this case set by pulverizer capacity; as
such it is operated a production levels wel in excess of the nomina design capacity
origindly reported for the individua boilers of the plant
Shawville Unit 2 is a 130 MW, (net) Babcock and Wilcox (B&W) front wall-fired pulverized cod
boiler that typically generates 900,000 Ib/hr of 1850 psig/1020°F steam at full load. It aso typicaly
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generates 390 psg/ 950°F reheated steam. The unit is equipped with four rows of four low-NOx
burners stuated on the front wal of the boiler. There are four B&W Bal and Race mills, each
supplying pulverized cod to four burners. There is essentidly no oare capacity inthe mills. If one mill is
out of service, boiler capacity declines from 130 to 103 MW,.. Shawville Unit 3 is a 180 MW, (net)
Combustion Engineering (CE) tangentidly-fired, twin-furnace pulverized cod boiler that typicdly
generates 1,200,000 Ib/hr of 2450 psig/1020°F steam at full load. It aso typically generates 475
psSig/980°F reheated steam. The unit is equipped with four rows of eight low-NO burners situated at
the corners of the twin furnaces. There are four CE Raymond Bowl mills, each supplying pulverized
cod to eight burners. There is essentidly no spare capacity in the mills. If one mill is out of service, the
boiler capacity declines from 180 to 135 MW.. If two mills are out of service, ail is used to maintain
cgpacity in the unit (Prinzing and Hunt, 1996).

The test program was designed to test the following issues:

The economics of off-gte blending of cod and woody biofuels rather than incorporating
blending into plant operations

The impacts of ground right-of-way trimmings, and ground hybrid poplar grown on
reclamed cod strip mines as biomass feedstocks

Potential impacts on the pulverizer circuit and consequences for the operation of the
power plant

Impacts—if any—on low NOx burnersingdled in Shawville Generating Station

The tests were conducted in 1995 with primary funding from GPU Genco, supported by EPRI and by
USDOE-FETC. Wood was procured from three different sources, ground and screened at an off-dte
location. 1t was brought from this location to the Tanoma Cod Tipple, and blended with cod to make
up the fud supply to Shawville Generating Station.

Biofuds were processed prior to blending with cod by grinding (if necessary) in a tub grinder and
screening with a combination auger screen/trommel screen to ensure a particle size of less than Y inch.
The processed sawdust had a bulk density of 19 lbs/ft* and the processed ROW materia had a bulk
density of 20 Ibg/ft®. The processed short rotation woody crop (SRWC) hybrid poplar had a bulk
density of 12 Ibsft, indicative of arapid growth species. The coa had abulk density of approximately
50 Ibg/ft. Chemical compositions of the fudls are shown in Table 2-6.
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Table 2-6. Characterigtics of Individua Fuels Burned During the Shawville Tests

Parameter | Cod | Sawdus | ROW | SRwC
Proximate Andyss (Weight Percent)
Moisiure 7.5% 38.6% 42.3% 45.4%
Ash 13.0% 0.4% 14.5% 5.4%
Volatile Matter 22.7% 52.5% 35.7% 41.4%
Fixed Carbon 56.8% 8.5% 7.5% 7.9%
Ultimate Analyss (Weight Percent)
Carbon 69.4% 31.0% 22.5% 25.5%
Hydrogen 4.0% 3.6% 2.6% 3.0%
Oxygen 2.5% 26.4% 17.8% 20.6%
Nitrogen 1.2% 0.0% 0.3% 0.1%
Sulfur 2.1% 0.0% 0.0% 0.1%
Chlorine 0.1% 0.0% 0.0% 0.0%
Ash 13.0% 0.4% 14.5% 5.4%
Moaisture 7.5% 38.6% 42.3% 45.4%
Higher Heating Vdue (Btu/Ib):
HHV | 12035 | 5046 | 3659 | 4172

The test program evauated the impact of cofiring on pulverizer performance; and on boiler capacity,
efficiency, operability, and airborne emissons. These results have been developed for both Unit #2 and
Unit #3. Indtitutiond results included the following:

There was sgnificant evidence that the coa and biofud industries could team in the arena of fud supply,
producing a blended feedstock; this process, involving blending the wood with the cod, was anadogous
to blending of different cods to meet a specific specification, however this would provide for a more
expengve biomass supply due to the multiple handling operations the “just-in-time’ delivery sysem
required by the tight fuel yard impacted the test through more complex and intricate logigtics, and this
crested test limitations; it had significant impacts on the operation of the cod yard as well asthe biomass
deivery system.

The main impact of cofiring occurred in the pulverizers, both with respect to Unit #2 and Unit #3. Mill
fineness was largely not impacted by cofiring at 3 percent by mass biofuel/97 percent cod. Despite
difficulties in grinding wood waste, about 80 percent of the pulverized blended fud dways passed 200
mesh, and there was little difference between the coa aone and the wood/cod mixtures.

Mill Amps were impacted both by load and by fudl blend. Three regresson equations define these
impacts for Unit #2:

TMA #2.4 = 0.0194FR + 105.6 [3]

Final EPRI Report.doc 82 10/31/01 9:18 PM



TMA #2004 & row = 0.0143FR + 117.6 [4]
TMA #2c04 & sancus = 0.206FR + 110.7 [5]

Where TMA istotal mill amps for four mills, and FR is unit firing rate in 10° Btwhr. Similar regressions
exig for Unit #3, as shown below:

TMA #3wq = 0.0524FR + 76.3 [6]
TMA #3c0ae sawdust = 0.0482FR + 83.6 [7]
TMA,#3 CO&I,ROW,Sa\NdUSt,pOp'aI’ = OOGlFR + 671 [8]

In &l cases the coefficient of determination () exceeds 0.92 and in most cases the r* exceeds 0.98.
Theimpact of cofiring on mill ampsfor Unit #2, as an example, is shown in Figure 2-15

Impact of 3% Wood Cofiring on Mill Amps
Shawville Unit 2 - Ball & Race Mills
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Figure 2-15. Impact of Cofiring on Mill Amps a Shawville Unit #2 During Cofiring

For Unit #2, the more significant impact of the cofiring process was to impact mill feeder capacity, asis
shown in Table 2-7. Note that mill feeder capacity, reflected in feeder peeds, in turn impacted steam
flow and gross unit load. The biofud, in effect, made the blended fud behave like very wet cod and
reduced overal boiler capacity as afunction of mill feeder performance and feeder capacity.
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Table 2-7. Unit 2 Average Feeder Speeds and Boiler Capacities Achieved at the Shawville Test

Test GrossLoad | Steam Flow | Heat Input |Feeder Speed
Fud Blend Number (MW) (kpph) (10°Btu/hr) (%)
Full Load Tests
Basdline Coal (100%) 1 132.6 895.7 1,500 72.0
Baseline Coa (100%) 2 133.1 899.9 1,610 78.6
Coal + 3% Sawdust 5 129.0 877.3 1,430 88.3
Coa + 3% Sawdust 6 128.8 880.6 1,370 93.9
Coa + 3% Right-of-Way 9 130.0 874.1 1,460 101.6
Cod + 3% Right-of-Way 10 128.7 858.0 1,390 105.1

The maximum capacity againg which the find two tests should be compared is 138 MWe for Unit #2.
Cofiring with the biofue, then, reduced unit capacity by about 9 MW,, or about 6 percent. Thisis
depicted in Figure 2-16.

Impact of 3% Wood Cofiring on Average Feeder Speed
Shawville Unit 2 - Ball & Race Mills with Table Feeders
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Figure 2-16. Impact of Cofiring on Bal-and-Race Mill Feeder Speeds a Shawville Generating Station
Unit #2

A smilar capacity limitation occurred with the mills when firing Unit #3, athough the phenomenon

caudng the limitation was a reduction in mill outlet temperature rather than maximizing feeder soeed.

This outcome is shown in Figure 2-17 and Table 2-8. The desired mill outlet temperature for Unit #3 is
154°F. At this temperature, the mill accomplishes the reguisite fud drying, while maintaining negative
pressure in the pulverizer. Losses in temperature impact the pressure in the pulverizer, and cause the
fuel carrier gas (air) to approach dew point. When the carrier gasis below dew point, feeders plug and
the unit shuts down.
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Maximum Achievable Capacity as a Function of Mill OQutlet Temperature
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Figure 2-16. Impact of Cofiring on Mill Outlet Temperatures and Capacities a Shawville Unit #3

Table 2-8. Unit 3 Mill Outlet Temperatures at the Shawville Cofiring Tedt.

Fud Blend GrossLoad (MW) | Fud Moigure | Mill Outlet Temp. (°F)
(%0)

Basdine Coal (100%) 180.0 7.3 154

Coa + 3% Sawdust 177.2 8.0 154

Coal + 2% ROW + 1% Sawdust 175.0 9.1 151

Note that the blended fud with ROW materid in it caused about a 5 MW, loss in capacity, or a 3%
lossin capacity. This reduction is proportiond to the percentage biofud in the fuel blend. The reduction
in capacity caused by sawdust, 3 MW, or 1.6 percent of capacity, is less severe. Alternatively, the
capacity function can be expressed as two regression equations:

GCuw = 1.056MOT: + 338.0 [9]
GCMW =1.1M OTF + 341.5 [10]

Where GC is gross capacity of the unit expressed in MW, and MOT is mill outlet temperature
expressed in °F.  Equation 9 reates to the coa/sawdust blend while equation 10 relates to the
cod/sawdust-ROW-poplar blend. Through these equations, one can obsarve that maintaining 154°F
mill outlet temperature reduces unit capacity by 3 MW, or 1.6 percent, when cofiring with 3 percent
sawdust; and maintaining 154°F mill outlet temperature while cofiring a 3 percent blend induding ROW
and hybrid poplar causes an 8 MW, reduction in capacity or a 4.4 percent reduction in unit capacity.
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The Shawville tests dso demondtrated that there could be modest impacts on Seve andysis. However
the cofiring percentage—3 percent by mass—was sufficiently low that these impacts were limited.

Boailer performance of the Unit #2 and Unit #3 boilers was largely unaffected by the cofiring of a
biofuel/cod blend. Boiler efficiencies were caculated within 0.1 percent of the basdine cases, and this
is wel within the error of esimate. Furnace exit gas temperatures did not decrease sgnificantly. The
reduction in SO, emissons was proportiond to the change in fud, however the 3 percent biofud/97
percent cod blend was sufficiently close to the basdine that measurement was within the datistica
accuracy of the ingruments. NO, emissons were largdy not impacted by firing the blend, athough
there was one test where indications were that the biofud supported early ignition of the cod, increasing
the oxides of nitrogen concentration in the flue gas dightly. CO emissons did not change with the
cofiring testing.

The conclusion of the Shawville test, then, was to provide the final evidence that the most appropriate
method for cofiring woody biofuelsin PC boilersis to employ separate injection of the biomass into the
boiler. The practice of blending the biomass with the cod prior to introducing it into the pulverizers has
ggnificant consequences for mill amps and boiler capacity. Further, these tests demongtrated the high
costs associated with off-site blending of the biomass and cod, when double handling isinvolved.

24. OTHER ELEMENTS OF THE INITIAL EPRI COFIRING PROGRAM

The test programs formed the mgjor eements of the EPRI cofiring program, however other research
was pursued smultaneoudy. Further, the EPRI cofiring effort coordinated its analyses with other
independent cofiring research.

Under contract to EPRI, Foster Wheder Environmentd evauated dagging combustion as a means for
achieving high percentage (>25 percent, Btu basis) cofiring, and as a means for using biofuds with a
high dagging potentid. Such fuds include switchgrass and the fertilized energy crops. Miles et. d.
(1993) identify biomass materials with high Sagging potential as having an akali content > 0.8 1b/10° Btu
and biomass materias with probable dagging potentia as having an akai content > 0.4 1b/10° Btu.
Among those with the highest dagging potentia as identified by Miles et. d. (1993) are dmond shdlls,
refuse derived fuel, switchgrass, wheat straw, and rice straw. Whole tree hybrid poplar chips, urban
wood waste, and tree trimmings are among those biomass energy sources identified as having probable
dagging problems. The problem is the foca point of research by Baxter (1996a, 1996b) collaborating
with Miles and others in andyzing dagging and fouling from biomass combustion.

The concept behind the dagging combustion investigation was to capitdize upon the dagging tendencies
of such fuels, usng ether Babcock & Wilcox cyclones modified to manage a high percentage of
biomass in the feed or using one of the more recently proposed dagging combustion technologies.

Investigetions were made into the use of Cod Tech technology, dagging technology owned by
TransAltaof Canada, TRW, and other technology developers.

Final EPRI Report.doc 86 10/31/01 9:18 PM



The technology was proposed in combination with biomass-based reburning for NOx control. It was
proposed both fr repowering existing generating stations and for congruction of new stand-aone
generating dations.  Unfortunately the andyses led to the concuson that dagging combustion of
biomassis not economicaly feasble a thistime.

Additiona research included developing the initid screening modes for evauating cofiring a exiging
power plants. These modes were based upon the engineering studies and tests performed from 1992 —
1995. They provided screening tools, however the unique features of each candidate power plant led
to the conclusion that such screening tools would not be profitable to pursue. As part of the screening
modeling effort, however, Foster Wheder began the development of a biomass fudls database. This
database was completed under the USDOE-EPRI Cooperative Agreement (Prinzing, 1996).

The initid EPRI Cafiring program aso involved discussons with a wide range of utilities to summarize
thelir experiences in cofiring, and to pursue potentid opportunities in this area.  Ultilities that were
involved in this phase of the program included Northern States Power, Minnesota Power, Centra

Louisana Electric Co., Arkansas Power & Light, Union Electric, Delmarva, East Kentucky Electric
Cooperative, Northeast Utilities, and Colorado Public Service. EPRI coordinated its efforts with
Southern Company in the cofiring testing a Plant Kraft. EPRI aso coordinated its efforts with the initid
design studies and programs of New Y ork State Electric and Gas (NY SEG) a Greenidge Generating
Station. EPRI adso maintained involvement with researchers evaduatiing and developing biomass
feedstocks at Oak Ridge Nationd Laboratory and State University of New York at Syracuse.

2.5. CONCLUSIONS CONCERNING THE INITIAL EPRI PROGRAM

The EPRI program in cofiring developed prior to the cooperative agreement with USDOE, but with the
support of USDOE, achieved numerous objectives:

It developed necessary engineering concepts to design and congtruct either test or
permanent cofiring facilities at cyclone and pulverized coa boilers.

It developed sufficient background data on fudl properties, fud transport and storage
issues, and on spontaneous combustion-safety issues to provide a basis for promoting
tegting of cofiring.

It sponsored or participated in many of the initid test programs of cofiring, and
documented the benefits and limitations of various cofiring goproaches; this included
documenting problems associated with blending biomass and coa for trangport into PC
boilers through pulverizers, which showed thet this technology has limited potentid.

It developed research programs investigating additiona gpproaches to cofiring including
gasfication-based cofiring, dagging combustionbased cofiring, and related approaches.

It initiasted the development of screening modding tools that ultimeately led to the
development of a biomass fudls database.
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EPRI, through this aggressve program, developed numerous active utility partnerships with such
organizations as TVA, GPU Genco, Northern States Power, Southern Company, Northern Indiana
Public Service Company (NIPSCO), and other strong utilities investigating cofiring as a means for cost-
effective greenhouse gas emissons reduction, SO, reduction, and other emissons management. The
research results, and the utility partnerships, provided a strong base for commercidizing the biomass
cofiring technology.
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3.0. COOPERATIVEAGREEMENT DEVELOPMENT OF COFIRING
IN WALL FIRED PULVERIZED COAL BOILERS

3.1. OVERVIEW

With the initiation of the cooperative agreement between the Federd Energy Technology Center
(FETC)—now the Nationad Energy Technology Center (NETL)—and EPRI, a cooperative agreement
joined by the Office of Energy Efficency and Renewable Energy (EE-RE) of USDOE, cofiring
commercidization proceeded. EE-RE would become a major partner in this cooperative agreement,
providing the necessary funds for cofiring commercidization. Because wal fired PC boilers are more
common than any other type of cod-fired boiler, they became a focus for cooperative agreement
activity. Test and demondiration activities occurred &t the following locations:

Colbert Fossil Plant, TVA
Seward Generating Station, GPU Genco
Blount &. Station, Madison Gas & Electric

These three test and demondtration sites completed commercidization of low percertage cofiring (eg.,
<5 percent biomass, mass bags) of woody biomass by blending sawdust and coal in the cod yard,
demondtrating the benefits of 10 — 20 percent cofiring of woody biomass on emissons management,
and demongrating the cofiring of switchgrass as a biofuel in PC boilers. EPRI and the cooperative
agreement played a dominant role in the Colbert and Seward demongtrations, and played a supporting
role in the Blount St. Station switchgrass demongration.

3.2. THE COLBERT FOSSIL PLANT COFIRING INSTALLATION

The commercidization of low percentage cofiring a the Colbert Fossil Plant has been documented in
severd publications (see, for example, Tillman, Stahl, and Therkelsen, 1997; Roallins, Reardon, and
Tillman, 1998). This represented the fina step in blending wood waste with coa on the cod pile—using
this gpproach in a boiler where sufficient excess pulverizer capacity exisds and where cofiring
percentages are held sufficiently low to avoid causing problems with the Seve andysis.

The Colbert Fossl Plant (see Figure 3-1), located near Muscle Shods, AL, is located near one of the
Tennessee Vdley's larger sources of wood wagte from the furniture industry. This is both green
hardwood sawdust from primary sawmills and dry wood waste from the furniture manufacturers. Key
to this cofiring indalation was adequate integration of the cofiring system into the cod yard. This plant
has five boilers; four are 192 MW, Babcock & Wilcox subcritical units and the fifth is a 550 MW, wall-
fired supercritica boiler. Cofiring was demongtrated and commerciaized in Boiler #3, one of the 192
MWe, units.
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Figure 3-1. The Colbert Foss| Plant of TVA

The Colbert cod yard is stocked with coa supplied from single conveyors that deliver coa from each of
two barge unloaders. There is no cod crusher and dl szing is done on the cod belt that moves cod

from the barge unloader to ether the stockpile or directly to the belt lines supplying the coabunkers.

Two stockpiles of cod are maintained. Oneisalow sulfur cod stockpile for the 192 MW, units, while a
separate high sulfur cod stockpile is maintained for Unit 5 (550 Mwg). A reclam hopper is aso
provided for each stockpile. Each of the reclaim hoppers consist of two adjacent hoppers covered by a
grizzly or sted grate with a vibrating feeder located under each hopper. Each of the two feeders for the
reclaim hopper feeds a common reclaim conveyor belt. This conveyor belt then feeds ether one of two
pardld cod bt lines on the North side of the cod yard. Each of the two cod bdt linesis designed to
provide 700 tons of coa per hour. They may be used one at atime or together.

3.2.1. CofiringMaterialsHandling Design

The location chosen for wood fuel storage, processing, and handling was on the Northeast corner of the
cod yard adjacent to the high sulfur cod stockpile and reclaim hopper. It was next to a roadway that
alowed easy routing of ddivery trucks from the truck scales. Introduction of the wood fud was through
the reclaim hopper where, it could be easily conveyed to either cod belt line.
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When cofiring is practiced, sawdust is ddivered to the Colbert Plant via trucks with waking floor van
trailers. The trucks were weighed on truck scales located at the plant. They were then unloaded in the
cod yard. Unloading was accomplished in aout ten minutes. A 40' x 200 pole barn was constructed
next to the reclam hopper as shown in Figure 32. It was covered on three sides and the top with
gdvanized sding. This alowed for easy access by the front-end loader and trucks. The height of the
building was designed to permit operation of a front-end loader indde of the building and to alow trucks
to back into the building. Concrete barriers were used dong the sides of the building. This provided
some protection to the building sides and provided a backing surface for the front-end loader when it
was picking up sawdust. Lights were provided to support operations during the non-daylight or cloudy
conditions. The West Side of the pole building had an opening for a wood fuel conveyor. The wood
fue conveyor angle was adjusted such that wood fuel could be placed into the reclam hopper or the
reclam hopper could still be used for its primary design function of feeding cod to the plant.

The materid handling design placed the ddlivered fud on the cod yard. A front-end loader then placed
the sawdust in a 60 ton/hr trommel screen fitted with %4 screens placed pardld to the open sde of the
pole building. A conveyor was located between the sawdust discharge conveyor of the trommel screen
and the South feeder. The tromme screen hydraulic pump powered the conveyor. This dlowed direct
feeding of the cod belts from the tromme screen. The ddivery trucks delivered the fud directly into the
pole building. From the pole building, the materid was handled only once and placed directly into the
tromme screen for processing and feeding into the reclaim hopper. This design alowed for operation
during periods of light rain. The wood fuel was only moved outdoors for screening and feeding to the
reclaim hopper.
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Figure 3-2. Colbert Fossil Plant Cofiring Ingtalation

3.2.2. Cofiring at Colbert—Test Results

A test program was configured to determine the results of this agpproach at Colbert. Thetest program
was designed to evauate the impacts of cofiring on boiler operations and on the formation of emissons.
Mill performance, aong with boiler capacity, efficiency, and emissons formation became the focus of
the effort.

The test approach was to have the plant firing wood waste on a continuous bass, and to conduct
periodic parametric tests to determine the impact of cofiring. Parametric tests included sampling the
fuds, obtaining control room and CEMS data, and analyzing these data with respect to the critica
parameters. A blend of 4 percent biofuel/96 percent coa (by mass) was chosen as the target cofiring
leve.

The test results documented that there was no impact of low percentage cofiring on boiler
capacity. The boiler had sufficient pulverizer capacity to overcome any impacts of sawdust on total
systemn capacity.

3.2.2.1. Pulverizer Impacts

While tota plant capacity was not impacted, pulverizers did experience some consequences of cofiring.
Mill amps did increase by about 8 percent when cofiring, and mill feeder Speeds dso increased when
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cofiring.  The plant had sufficient spare pulverizer capacity to handle the biofuel/cod blend without
problems.

While mill amps and feeder speeds increased, cofiring had no sgnificant impact on seve andysis of the
product fud, as shown in Table 3-1. Thisresult may be the result of using bal and race mills. Tests a
Kingston Fossl Plant, where bowl mills are employed, indicated some deterioration of Seve anadyss
with increasng percentages of wood waste firing, even at low percentages.

Table 3-1. Impact of Cofiring on Seve Andyss a Colbert Fossl Plant

Screen Size Baseline Test 4 Per cent Cofiring Test
Passing 50 mesh 99.6% 99.7%
Passing 100 mesh 95.2% 95.9%
Passing 200 mesh 67.1% 67.8%

3.2.2.2. Cofiring Impactson Boiler Efficiency at Colbert Foss| Plant

Cofiring did not impact boiler efficiencies  Table 3-2 shows efficiencies measured during some
parametric tests. It illustrates the fact that low percentage cofiring did not degrade boiler efficiency
relative to cod-only firing at this location. The impacts at 4 percent cofiring are below accurate and
preci se messurement.

Table 3-2. Impact of Cofiring on Boiler Efficiency at Colbert Foss| Plant

Test Number | Date | Percent Wood Main steam flow (kpph) Efficiency (%)
0 2/10 0 870,9 82.6
1 3/6 4 1,236.2 83.5
2 3/6 4 1,087.3 82.9
3 3/7 4 927.8 83.5
4 3/7 0 925.8 83.6
5 3/8 0 695.0 81.9

Subsequent parametric tests o demondrated that the variability in efficiencies caused by other factors
such as coa moisture, excess Q, and air heater exit temperatures was greater than the varigbility
induced by cofiring 4 percent biomass.

Cofiring did not impact emissons. NO, and SO, emissons were monitored through the CEM S system,
aong with opacity. Variability in these emissons was sufficient to bracket the results obtained during
the cofiring tests.  Further, there was insufficient biomass in the fud supply to create the types of
combustion mechanisms conventionaly associated with NO reduction through cofiring. An evauation
was made concerning the impact of cofiring on the Toxic Release Inventory, with favorable results.
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Based upon the cofiring results experienced at Colbert Fossil Plant, TVA commercidized the cofiring
operation &t that location. Such commercidization has provided TVA with benefits in the area of fue
diversty and fuel cost management, customer service, and the ability to initiate programs associated with
portfolio tandards. Cofiring is now practiced when biomass can be obtained at favorable prices.

3.3. COFIRING AT THE SEWARD GENERATING STATION

The Seward Generating Station was used to pioneer cofiring using separate injection of sawdust into a
wadl fired PC boailer, with cofiring percentages reaching 20 percent (mass basis). Initia parametric
testing of this concept was performed in December 1996. Subsequent parametric testing in July 1997
led to the design, congtruction, and testing of a demondtration facility.

The Seward testing and demondtration program has been well documented (see, for example, Foster
Wheder Environmenta Corporation, 1997b; Battista, Tillman, and Hughes, 1998; Tillman, Battista, and
Hughes, 1998; Battista, Tillman, and Hughes, 1999; Tillman, 1999a; and Battista, Hughes, and Tillman,
2000; Battista, Tillman, and Hughes, 2000; Battista, Hughes, Tillman, and Prinzing, 1996). It involved
designing and developing a materias handling system, modifications to the cod burners, and controls
integrated into the tota boiler controls package. It then involved extensve testing of the system, and its
impacts on plant operations.

The Seward Generating Station located in Seward, PA and shown in Figure 33, consists of three

bailers, two (Boilers #12 and #14) are 330,000 Ib/hr front-fired units supplying seam to a single 64
MW, turbine; the third (Boiler #15) isa 147 MW, T-fired boiler.
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Figure 3-3. Seward Generating Station

Seward #12 boiler, a 330,000 Ib/hr wall-fired unit with two rows of burners, was chosen for testing and
demondtration. Each row of burners contained 3 conventional PC burners with Eagle Air registers. The
concept of cofiring involved sdlecting the top row of burners and modifying those burners to accept
sawdust prepared separately and pneumeatically transported separately to the bailer.

3.3.1. TheParametric Test Program at Seward Generating Station

The concept of the cofiring syssem designed for parametric testing a Seward Generating Station
involved screening the wood in a trommel screen to ensure <¥2” biofud particles. The sawdust was
then loaded into a surge bin. From the surge bin it was metered into 3 rotary airlocks, and these rotary
arlocks supplied known quantities of biomassto 3 trangport lines. Anindividua blower supported each
transport line. Each blower transported the biofuel from a single rotary air lock to a burner on the top
row of coa burners.

3.3.1.1. System Design for Parametric Testing

The biomass was not mixed with cod in the burner. Rather, the sawdust was blown down the center
pipe of the burner and then diffused into the cod flame in the furnace. The modifications to the burner
included flexible piping to connect the wood transport system to the center pipe of the burner, and
diffusers in the end of the center pipe to transport the sawdugt into the cod flame. Air flow was held
constant, to achieve a velocity of 5,000 ft/min. Biofuel feed rates were changed using variable speed
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screws in the surge bin, feeding the rotary air locks. Figures 34 and 3-5 show the design of the
transport system and burner modification. Figure 3-6 is a photograph of the burner tip modification.
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Figure 3-5. Design of the Burner Tip Modifications at Seward
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Figure 3-6. Photograph of the Burner Tip Insert for Biomass Cofiring at Seward

During the initid testing in December 1996, the trommel screen wasindaled in a paved area adjacent to
the power plant, outside. The sawdust, once screened, was stored under alarge tent and reclaimed by
abobcat. In July of 1997, the testing used the same trommel arrangement but did not store the sawdust
under atent. Rather, open piles were used. Tables 3-3 and 3-4 are the origind equipment and motor
ligs for the parametric tests.

Table 3-3. Equipment List for Parametric Testing at Seward Generating Station

Equipment Quantity | Capacity/Basis/Data

Truck scde and scae house 1 Exiding

Front-end loader 1 Exiging

Fud storage and reclaim tent 1 Tent- 100'L x 80 W

Trommel Screen 1 <Y, screening, 20-30 tons per hour output

Fines conveyor 1 20-30 tons per hour output

Fud Storage & Metering Bin 1 256 cu ft capacity, ~ 5600 |bs.

Discharge Screws 3 9" - variable speed, 2 tons of wood fue
per hour each

Rotary Airlock 3 2 tons of wood fuel per hour each

Podtive  Displacement Blower 3 291 cfm, 2 tons of wood fuel per hour

Package each
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Table 3-4. Motor Ligt for the Origind Seward Cofiring Tests

Number of HP Total

Equipment Quantity Motors Each HP
Truck scae and scale house 1 N/A
Front-end loader 1 N/A
Fud storage and reclaim tent 1 N/A
Trommel Screen 1 N/A
Fines conveyor 1 N/A
Fud Storage & Metering Bin 1 N/A
Discharge Screws 3 3 2 6
Rotary Airlock 3 3 1/2 15
Pogtive Displacement Blower Package 3 3 30 90

TOTAL 97.5

3.3.1.2. Seward Generating Station Parametric Test Results

The Seward tests conducted in December 1996 and July 1997 documented the benefits and impacts of
separate injection cofiring. These impacts occurred with respect to capacity, efficiency, and emissons
reduction. In order to evauate these impacts it is important to consgder the fuds burned, as shown in

Table 3-5.

Table 3-5. Composition of Fuels Burned at Seward Generating Station

Parameter Fud

Fresh Sawdust Dry Sawdust Old Sawdust Cod
Proximate
Andyss (wt %)
Moisture 38.82 13.47 48.47 5.04
Ash 0.37 7.81 2.72 17.01
Volatile Matter 51.86 68.16 41.35 19.33
Fixed Carbon 8.96 10.56 7.46 58.62
Ultimate Andyss
(wt %)
Moisture 38.82 13.47 48.47 5.04
Carbon 31.66 40.90 26.09 70.06
Hydrogen 3.46 4.43 2.67 3.60
Nitrogen 0.09 0.10 0.10 1.20
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Sulfur 0.02 0.02 0.02 1.74
Ash 0.37 7.81 2.72 17.01
Oxygen 25.60 33.27 19.93 1.29
Chlorine 0 0 0 0.07
HHV (Btu/lb) 5048 6496 4137 11778

The capacity impacts of cofiring a Seward Generating Station were favorable, with particular attention
to firing with wet cod. Under norma conditions, cofiring had no impact on capacity. However the unit
experienced forced capacity reductions in winter when firing with wet cod. During the December 1996
tedts, the unit experienced a sgnificant “wet cod” occurrence. On that day the unit was brought to
maximum cgpacity on cod only—240,000 Ib/hr of seam. This compared to a norma maximum
capacity of 330,000 Ib/hr of steam. After being brought to maximum capacity with wet cod, sawdust
was added to the fud supply. The steaming capacity of the Seward Boiler #12 increased to 280,000
Ib/hr.  No capacity was added to the boiler. However some capacity lost due to wet cod was
recovered. The capacity recovered represented nearly 4 MW..

The efficiency impacts of cofiring a Seward Generating Station were modest, and managesgble.
Dominant factors impacting efficiency include excess oxygen in the flue gas, moisture in the flue gas from
the fud moisture and from the fud hydrogen, flue gas exit temperature, and unburned carbon in the
flyash and bottom ash. The practice of cofiring did not impact excess oxygen in the flue gas or flue gas
exit temperature. Although there was some burning in the dry bottom ash pit, the impact of cofiring on
unburned carbon in the bottom ash was negligible.

The impact of cofiring on unburned carbon in the flyash is shown in Figure 3-7. Although there was a
genera dight upward trend, it was not satisticaly sgnificant.
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Figure 3-7. Unburned Carbon in Flyash During the Seward Parametric Tests

No practicad linear regresson or polynomid equation could be constructed with a coefficient of
determination (r*) greater than 0.38. Note that, until cofiring exceeds 12 percent (mass basis), there is
an gpparent decrease in unburned carbon (UBC) or loss on ignition (LOI), followed by an increase
when cofiring reaches the 14 — 20 percent region.

Moidure in the flue gas was the dominant actor in causng an efficiency reduction. That efficiency
reduction, over dl tests conducted in December 1996 and July 1997, is shown in Figure 3-8. Note that
the efficiency losses are modest until cofiring exceeds about 15 percent (mass badis). Thisexperienceis
consgent with that shown previoudy for the Allen Fossil Plant.
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Figure 3-8. Boiler Efficiency Measured During the Seward Parametric Tests
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The efficiency results, with a coefficient of determination, ¥ = 0.76, document the fact that numerous
other variables besides cofiring level were impacting boiler performance. These variables included (not
exhaugtive) biomass moisture content, cod moisture content, boiler load and the operating conditions
required to satisfy load, and other amilar consderations. Unburned carbon in the flyash was a

condderation in the lost efficiencies when cofiring at or above 16 percent (mass basis).

A pardld efficiency graph can be shown measuring cofiring on a heat input or Btu basis, asisshownin
Figure 3-9. Note that the coefficient of determination declinesto 0.70, based upon variability in the Btu

content of the biomass and the moisture content of the biomass or sawdust.
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Figure 3-9. Boiler Efficiency a the Seward Tests as Influenced by Cofiring Leve (Btu Basis)

12

The issue of efficiency is accompanied by the consderation of cofiring impacts on flame temperature.

Using Gibbs Free Energy caculations, flame temperatures were caculated during the December 1996
tests as shown in Table 3-6. The Gordon-McBride code, CET-89 (Gordon and McBride, 1976), was
used to perform these cdculaions. Thereisvery little flame temperature impact from cofiring.

Table 3-6. Caculated Flame Temperatures During December 1996 Seward Tests

Test No. | Percent Cod* | Percent Wood* | Excess O, % Adiabatic Est. Actud
mass | heat mass heat (plant deta) | FameTemp | Hame Temp
) )
1 100 | 96.9 0 0 4.49 3440.9 2660.8
2 90.3 | 933 9.7 3.7 4.32 3329.3 25715
3 823 | 90.1 | 17.7 7.2 3.90 3466.1 2681.0
4 909 | 942 9.1 2.9 4.46 3424.7 2678.9
5 833 | 917 | 16.7 5.7 4.02 3552.5 2750.1
6 79.3 | 887 | 20.7 8.7 4.49 3431.9 2653.6
7 852 | 911 | 148 5.9 5.16 3356.3 2593.1
8 795 | 899 | 205 7.2 4.64 3323.9 2567.2
9a 100 | 96.5 0 0 6.95 3248.0 2506.7
9% 811 | 904 | 189 6.5 4.95 3206.9 2473.6
10 100 | 96.6 0 0 5.93 3323.9 2567.2
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The difference between the total heat input, and the heat input from the cod and the wood,
isthe heat input from the combustion air exiting the FD fan.

Resuiting from al of the efficiency calculationsis the following equation (r* = .89):
h = 87.6 —0.14(EO2) — 0.16(UBC) — 0.11(W) [11]

Where EO2 is percent excess O, measured on a wet basis, UBC is percent unburned carbon in the
flyash, and W is percent wood in the fud mix on a heat input or Btu basis. The probahilities of the
equation, or any component, being random are as follows. totad equation, 0.000125; intercept,
4.24x10%* EO2, 0.77; UBC, 0.0027; and W, 0.00072. The excess O2 did not show as statistically
sgnificant Imply because of the narrow range of observed vauesin the tests. Given these probabilities,
the equation is congdered to be robugt, and the impact of cofiring isto reduce boiler efficiency by about
1 percent for every 10 percent on a heat input basis—or 1 percent for every 20 percent on amass input
bass. However the interrdationships between variables, particularly at high levels of cofiring (eg.,
higher UBC or LOI values when cofiring >16 percent on a mass basis) creates the curves shown in
Figures 3-8 and 3-9.

The emissions impacts of cofiring during the parametric tests a the Seward Generating Station
included impacts on opacity, SO, emissons, CO emissions, and NO, emissons. These arein addition
to the benefits of reducing fossl CO, emissons by subgtituting sawdust for coa and reducing sawdust
disposal.

Opeacity was largely not impacted by cofiring & Seward Generating Station. SO, emissons were
reduced in proportion to the heat input of biomassinto the boiler, adjusted for efficiency impacts. These
results were consistent with previous parametric testing.

Carbon monoxide emissons were measured during the December 1996 tedts, as shown in Table 3-7.

Table 3-7. Carbon Monoxide Emissions from Cofiring Tests at Seward Generating Station

Test | Percent Coal* Percent Excess O, CO
No. Wood* %

Mass | Hesat Mass | Heat | (Plant) ppmv

1 100 | 96.9 0 0 4.49 11.5

2 90.3 | 93.3 9.7 3.7 4.32 10.5

3 823 | 90.1 177 | 7.2 3.90 13.0

4 90.9 | 94.2 9.1 2.9 4.46 12.5

5 833 | 917 16.7 | 5.7 4.02 16.0

6 79.3 | 887 20.7 | 8.7 4.49 12.0

7 85.2 | 911 148 | 59 5.16 13.0

8 795 | 89.9 205 | 7.2 4.64 17.5
%a 100 | 96.5 0 0 6.95 12.0
9 | 811 | 904 189 | 6.5 4.95 18.0
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10 | 100 | 966 | 0 | o | 593 | 8.5

The difference between the total heat input, and the heat input from the cod and the wood,
is the heat input from the combustion air exiting the FD fan.

Note that there was no impact of cofiring on CO emissions. This is condggtent with the LOI results
shown previoudy. There were dightly elevated CO emissions only when cofiring was practiced at levels
>16 percent (mass basis). Even then, CO emissons were <20 ppmv. Cofiring did not impact fuel

burnout in any sgnificant way.

N O, emissons decreased as a function of cofiring, asis shown in Figures 3-10 and 3-11. Note that the
boiler was not equipped with lon-NO, burners, and the consequent baseline emissions were quite high.
The decreases experienced were on the order of the NO, reductions measured previoudy at the Allen
Foss| Pant.

It is useful to evauae the mechaniams asociaied with NOx emissons in wall-fired PC boilers to
determine ther amilarities and differences from the mechanisms operating in T-fired PC boilers and
cyclone bailers. Again the tools used for andlysis were satistical caculations. Comparisons were made
to reduced fud nitrogen content as well.

e
©
a

>

o
)
@

NOx Emissions (Ib/MMBtu)

1 4
y =-0.0066x + 0.9039 *

R%=0.83

0 5 10 15 20 25

Percent Cofiring (Mass Basis)
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Figure 310. NO, Emissons Measured at the Seward Parametric Tests as a Function of Cofiring
(mass basis)
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Figure 3-11. NO, Emissons Measured at the Seward Parametric Tests as a Function of Cofiring (heat
input or Btu basis)

The initid mechanism examined was reduction in fud nitrogen of the totd fud. This resulted in the
following regression equation:

NO, = 0.5834FN + 0.2556 [12]

Where NO; is measured in 1b/10° Btu, and FN is fue nitrogen in I/10° Btu. However the r* for this
equation isonly 0.235. The probability of the outcome being random is only 0.041, indicating that fue

nitrogen impacts the emissons, however it is not the dominant actor. When fud nitrogen is combined
with traditiond parameters—firing rate, excess O,, and fud voldility, the resulting regression equation is
asfollows

NO, =1.36 + 0.000265(FR) + 0.0161(EO2) — 0.38(FN) — 0.741(V/FC) [13]
Where NOx is measured in 1b/10° Btu, FR is firing rate (10° Btu/hr), EO2 is percent excess O, on a

wet basis, FN is fud nitrogen messured in [b/10° Btu, and V/FC is the volatileffixed carbon ratio from
the proximate analysis. The I for this equation is 0.75. The probability that the equation is a random
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occurrence is 0.000721. The probahilities of the individua components are interesting, however, as
shown below:

Probability that the intercept occurs as arandom event: 0.0008
Probability that FR occurs as arandom event. 0.65

Probability that EO2 occurs as arandom event: 0.35
Probability that FN occurs as arandom event: 0.30
Probability that V/FC occurs as arandom event: 0.0009

The equation, taken as awhale, is robust. Of the variables, however, only the volatility of the fud is
highly sgnificant. The influence of the voldility of the fue is a function of mass percentege, rather than
heet input percentage. It is shown in Figure 3-12.
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Figure 3-12. NO, Emissions as a Function of Volatile/Fixed Carbon Ratio During the Parametric Tests
at Seward Generating Station

Basad upon the analyses made during the parametric testing at Seward Generating Station, significant
NOy reductions occurred as a consequence of cofiring, as is summarized in Figure 313. These
reductions resulted largely from flooding the cod flames with voldiles, cregting a strong reducing
environment a the base of the flame. Previoudy it was shown that sawdust releases its volatiles
rgpidly—and its nitrogen volailes even more ragpidly—causing them to be rdeased in a fud-rich
environment (see Figure 27). This contrasts with the paitern of nitrogen voldtile release from eastern
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bituminous cod (see Baxter et. d., 1996¢). Further, it is important to note the kinetics of sawdust
devolatilization and char oxidation relaive to eastern bituminous cod devoldilization and char oxidation.
Arrhenius equation parameters for devoldtilization and char oxidation are shown in Table 3-8.
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Figure 3-13. Percentage NOy Reductions Measured During Parametric Testing at Seward Generating
Stetion.

Table 3-8. Kinetic Parameters for Sawdust and Pittsburgh Seam Bituminous Codl

Fud Reaction Pre-exponentid Activation Energy E
Congtant A (1/sec) (kca/moal)
Sawdust Low Temperature 1.17 0.681
Devolatilization (400 —
600 °C)
Sawdust Higher Tenperature 5.74 3.42
Devolatilization (600 —
1000 °C)
Pittsburgh Seam Cod | Devoldilization (1000 — 66.2 10.3
1700 °C)
Sawdust Char Oxidation 1.63E+5 25.7
Pittsburgh Seam Cod Char Oxidation 3.27E+9 40.4

Source: Johnson &t. d., 2001.
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The ability of sawdust to devolatilizes rapidly, and a low temperatures, has the potentia to creste
ignition of the entire fue mass in a fud rich environment. This process can result in staging of
combustion within the flame, thereby reducing NO, emissons. Because the fud nitrogen is dso
released early, and in the fud rich environment, it converts to N, asthereisinsufficient oxygen avalable
to oxidize this nitrogen to NO.

The parametric tests at Seward Generating Station of GPU Genco were considered highly successful.
They documented the potentia for increasing the cofiring percentage by separate injection into wall fired
PC boilers. They documented potentia beneficia impacts when cofiring with wet cod, and additiona
emissons benefits. They dso documented the fact that efficiency impacts would be modest, and could
be managed. The success of this test program led to the decision on the part of GPU and the EPRI-
USDOE Cooperative Agreement to pursue a demonstration at that Ste.

3.3.2. The Seward Generating Station Demonstration

Based upon the success of the parametric testing, Seward Generating Station proceeded with the
development of a cofiring demondration facility utilizing separate injection of the sawdug into the #12
boiler. The design of the facility was based upon maximum use of the parametric test equipment.
Further, the design was based upon the following principles:

Providing a separate pressurized line, with positive air and fud flow control, to each
injection point in the boiler

Preparing the fuel by screening, rather than grinding, with only overszed materia being
ground to <¥4’ x 0" particle Szes

Complete integration of the controlsinto the power plant Bailly control system

The test program was designed to conform with, and amplify, the parametric tests. Again the emphasis
was on cagpacity, efficiency, and emissons.

3.3.2.1. Design of the Seward Generating Station Demonstration System

The design of the Seward facility caled for equipment to receive sawdugt in waking floor vans, and to
unload that sawdust in a manner that would minimize exposure to weether. The sawdug, therefore,
would be unloaded into awalking floor unloader (see Figure 3-14). Once unloaded the sawdust would
be immediately transported by means of aincline screw conveyor to a trommel screen (see Figure 3
15) for processing. The sawdust, screened to <%4' particle size, would then be pneumatically
transported into a Harvistore Silo shown in Figure 3-14.
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Figure 3-15. Ingtdlation of the Tromme Screen for Sawdust Preparation at Seward Generating Station
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Sawdust was to be reclaimed from the sllo using a Laidig unloader, and would be transported to a surge
hopper wth a paddle conveyor, then from the surge hopper across a weigh belt feeder, and then
deposited into alive bottom bin where metering screws would transport the sawdust to rotary air locks.
The rotary air locks would discharge the sawdust into pneumatic transport lines. Each transport line
would be supplied by an individud blower. Each burner of the boiler would be fed by a separate
pneumatic trangport line in order to control the flow of sawdust to each combustion system.

The sawdust, once transported, would be injected down the centerpipe of the selected burners. While
the parametric test program involved firing the sawdust into each burner in the top row of burners,
difficulties with the flame scanners resulted in a change during the demondration. The sawdust was
blown down the centerpipe of the two center burners—feeding sawdust to one burner in each row (see
Figure 3-16). Once the sawdust entered the centerpipe, it was transported to the burner front. There
the sawdust was diffused into the cod flame usng the same diffusers and techniques employed during
the parametric tests (see Figures 35 and 36 as previoudy shown). The transport velocity of the
sawdust to the burner is 5,000 ft/min in order to overcome the flame speed of wood waste. The angle
on the diffuser is st a 130° compared to a burner basket angle of 120°. This creates a“flanewithina
flame’ for sound combustion of the sawdust as previoudy discussed.

Figure 3-16. Fexible Pipe Connections for the Sawdust at the Seward Burner Front

The facility was congtructed during the last quarter of 1998 and the first quarter of 1999. At that time
GPU Genco expressed dgnificant interest in expanding the project to Boiler #15, a 147 MW,
tangentidly-fired unit. Foster Wheder designed specid inserts for pneumdtic injection of sawdust
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through unused oil gun ports between the A and B rows of cod burners. These inserts permit the
sawdust injectors to follow burner tilts as controlled by the operators. Additiond piping was ingtaled.
A fourth transport line was ingtdled to provide for reaching dl corners of the T-fired boiler. Therotary
ar locks and blowers were replaced with larger, more robust systems to facilitate pneumatic transport
to al corners of Boiler #15.

The entire facility was originaly constructed for $988,000. The expansion cost $687,000. The
expanson included an expanded capacity truck dump, increased capacity rotary airlocks, an additiona
rotary airlock, additions to the capacity of the surge bin, an additiond metering screw, increased
capacity blowers and an additiona blower, additiond piping and additiond controls. Table 3-9
presents the capital codts of the initial Seward cofiring system, the expansion, and the totd.

The origind system was capable of firing 2.5 torn/hr of sawdust to boiler #12. At 10x10° Btu/ton, the
sawdust is capable of ddivering 25x10° Btu/hr to the boiler. Seward Generating Station boiler #12 isa
32 MW unit that was ingtdled in 1946, and has a net station heat rate (NSHR) of ~14,000 Btu/kwWh.
On this basis, the system supports the generation capacity of 1,785 kW of eectricity. For this

ingalation, the capita cost is $553/kW of biomass-supported capacity. A modern generating station
would have a NSHR of about 10,000 BwkWh. On that basis, the ingalation would have a capitd

cost of $395/kW supported by biofuel. Note, however, thet the boiler is very small, and consequently
the capitdl cost is very high. Severd items were purchased a a minimum size, regardless o the boiler
capacity. Consequently, as noted previoudy, engineering for modification of this sysem to cofire in

Boiler #15 was initiated.

The Seward #15 project was sized for 10 ton/hr, or the support of 10 MW, of capacity. Operationally
the unit probably would have fired 6 — 8 ton/hr of biofud. The modified system increased the capitd
cost to $1,646,000. Because Seward Unit #15 was much larger than Seward #12, the totd capital
cost was equivaent to $165/kW supported by biofuel. Note the dramétic differencein capitd cost on a
HKW basis; thisis the consequence of economies of scale between 32 MWe and 147 MWe.

3.3.2.2. Seward Demonstration Test Results

Once the Seward system, as origindly configured, was constructed it was reedy for testing. Difficulties
arose because of awarm winter; there was little need for the capacity of Boiler #12. Because thisisan
old unit, congtructed in the late 1940's, it is low on the digpatch ladder. When the unit was ready for
firing, additiond problems were encountered with the flame scanners, necessitating the change from
injecting biofud in the three top burners to injecting biofud in the two center burners. Delays were
encountered with the origind truck unloading design, causing the modification previoudy noted. Trucks
required >1 hour to unload.

Table 3-9. Capital Cost Breakdown for the Seward Demonstration System

COST CATEGORY Cost (*)

INITIAL INSTALLATION
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Powerscreen Trommel (20 ton/hr) | $120,000
Weigh Belt Feeder Supply | $33,000
Fuel Barn Supply | $90,000
Fud Silo Supply | $175,000
Electricad Design, Supply, and Erection | $75,000
Control Room Supply Subcontract | $15,000
Incline Conveyor Supply | $80,000
Surge Bin Supply | $15,000
Motor Control Center | $10,000
Other Vendor Costs (Mechanica Erection, Misc.) | $133,000
Totd of Vendor Costs $843,000
All Other Cogts | $145,000
TOTAL SYSTEM COSTS FOR THE INITIAL INSTALLATION $988,000
TOTAL SYSTEM COSTS FOR THE EXPANSION $687,000
TOTAL SEWARD DEMONSTRATION CAPITAL COSTS $1,675,000(**)
(*) Totas may not add due to rounding
(**) Totds do not include cogts incurred for the injectors and equipment associated with the
parametric tests, however there was sufficient rework of those items to make this a reasonably
representative number.

When those issues were addressed, the system was ready for intensve testing. Cagpacity implications
could not be tested because of the warm weather. However, efficiency and emissons could be
addressed.  Such testing occurred in April 1999. Table 3-10 documents the composition of sawdust

and coa obtained for the cofiring demondration testsin April 1999.

The testing was conducted cofiring up to 15 percent by mass (7 percent by heat) in Boiler #12. Load
was varied between about 65 percent and 100 percent. Excess O, varied between 3 percent and 4.5
percent. The tegting followed the conventiond form of obtaining fue samples for andyss, obtaining
flyash and bottom ash samples for andyss, and taking data in the control room. Data taking was
accomplished both manualy and with plant computers. For analyticd purposes, the computer-
generated data set was used. Test conditions used during the Seward Demondtration Boiler #12 tests

areshown in Table 3-11. Basic reaults are shown in Table 3-12.

Table 3-10. Composition and Characteristics of Fuels Used in Seward Cofiring Demongtration

| Parameter | Fuel |
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Sawdust Cod
Proximate Analyss (weight percent
Fixed Carbon 11.46 57.63
Volatile Matter 49.27 21.66
Ash 0.31 14.81
Moisture 38.96 5.91
Ultimate Andyss (weight percent)
Carbon 30.27 71.27
Hydrogen 3.61 4.05
Oxygen 26.62 0.68
Nitrogen 0.11 1.30
Qufur 0.01 1.99
Ash 0.31 14.81
Moisture 38.96 5.91
Higher Heating Vdue (Btu/lb) 5,165 12,179
Performance Parameters
Volaile/Fixed Carbon Retio 4.30 0.375
Lbs Fuel/10° Btu| 193.61 82.11
Lbs Moisture/10° Btu| ~ 75.92 4.84
LbsAsV10°Btu|  0.60 12.16
Lbs Fuel Nitrogen/10° Btu 0.21 1.07
Lbs Fud Sulfur/10° Btu 0.04 3.26

Table 3-11. Test Conditions at the Seward Generating Station Demonstration

Test | Man Steam | Excess O, % Cofiring Rate Cofiring Percentage
No. | How (kpph) (total basis) (tong/hr)
MassBass | BtuBass

1 309.76 3.50 0.00 0.00 0.00
2 300.14 4.42 0.75 4.89 2.16
3 297.30 4.18 1.50 9.63 4.37
4 286.49 4.43 2.10 13.60 6.32
5 299.36 3.90 2.25 13.86 6.45
6 319.20 3.77 2.40 13.89 6.47
7 319.70 3.76 2.56 14.66 6.86
8 255.29 4.29 0.00 0.00 0.00
9 235.52 5.53 1.50 11.74 5.39
10 277.25 4.21 1.65 11.10 5.08
11 272.88 4.04 1.80 12.19 5.62
12 283.16 3.83 1.95 12.62 5.83
13 286.37 3.73 2.10 13.43 6.24
14 283.08 4.05 2.25 14.42 6.74
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Table 3-12. Basc Results at the Seward Generating Station Demonstration

Test | Man Steam | Cofiring Percentage Totd Heat | Ussful Heat | Boiler NOy
No. | Flow (kpph) Input to | Generated by | Effidency | Emissons
Boiler (10°| Boiler (10° | (percent) | (Ib/10° Btu)
Btwhr) (*) | Btuhr)
MassBass | BtuBads
1 309.76 0.00 0.00 361.57 311.06 86.0 0.796
2 300.14 4.89 2.16 350.97 301.38 85.9 0.832
3 297.30 9.63 4.37 346.75 297.23 85.7 0.782
4 286.49 13.60 6.32 335.62 287.16 85.6 0.763
5 299.36 13.86 6.45 352.22 300.83 85.4 0.751
6 319.20 13.89 6.47 374.75 319.51 85.3 0.742
7 319.70 14.66 6.86 376.90 320.74 85.1 0.735
8 255.29 0.00 0.00 304.30 261.79 86.0 0.779
9 235.52 11.74 5.39 280.85 241.17 85.9 0.811
10 277.25 11.10 5.08 328.00 281.16 85.7 0.739
11 272.88 12.19 5.62 323.64 276.91 85.6 0.699
12 283.16 12.62 5.83 337.87 288.58 85.4 0.703
13 286.37 13.43 6.24 340.09 289.96 85.3 0.735
14 283.08 14.42 6.74 337.33 287.07 85.1 0.744

(*) Calculated by Hesat L osses Method

The efficiency implications of cofiring at the Seward Demondration are shown in Figures 3-17 and 3-
18. Note that the efficiency degradation is <1 percent when cofiring a about 14 — 15 percent (mass
bass), and is <0.4 percent when cofiring at about 10 percent (mass basis). The efficiency pendties are

modest and economically managegble.
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Figure 3-17. Boiler Efficiency Loss as a Function of Cofiring Percentage (Mass Basis) a the Seward
Generating Station Cofiring Demondration
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Figure 318. Boailer Efficiency Loss as a Function of Cofiring Percentage (Heet Input Basis) at the
Saward Generating Station Cofiring Demonstration
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The determinants of efficiency were largely moisture in the fud and hydrogen content in the fud. The
influence of cofiring on excess G, requirements is shown in Figure 319; the influence of cofiring on
unburned carbon in the flyash is shown in Figure 320. Note that there is a downward trend in the
excess O, used as a function of increased cofiring levels. Note, aso, that the gpparent dight upward
trend in unburned carbon or loss on ignition in the flyash is modest indeed—and not Satidicdly
sgnificant.

44

43 \ 3

42

41 ’

39

Excess O2 at Economizer Exit
\ 4

38

37 T T
0 2 4 6 8 10 12 14 16 18 20

Percent Cofiring, Mass Basis

Figure 3-19. Influence of Cofiring on Excess Oxygen Used in Combustion
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Figure 3-20. Influence of Cofiring on Unburned Carbon in the Flyash

Cofiring had a favorable impact on airborne emissions at the Seward Generating Station Demongtration.
Opacity was not impacted. SO, was reduced proportiona to the cofiring percentage on a heat input
bass. NOx emissons were dramaticaly reduced asis shown in previoudy in Table 3-12. . Figures 3-
21 through 3-23 aso graphically depict the trends in NO, emissons as afunction of cofiring. Figures 3-
21 and 3-22 depict NO, emissions as afunction of cofiring level. Figure 3-23 relates NO, emissonsto
volatilefixed carbon ratio, documenting the influence of volatility on NO, formation. V/FC ratios
increase with increased cofiring.
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Figure 321. NOy Emissons During the Seward Demongiration as a Function of Cofiring Percentage
(MassBasis)
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Figure 322. NO, Emissions During the Seward Demondration as a Function of Cofiring Percentage
(Hest Input Basis)
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Figure 3-23. NO, Emissons a the Seward Generating Station Caofiring Demongtration as a Function of
Volatile/Fixed Carbon Ratio

These NO, data lead to two NO, reduction equations.

NOy = 0.030 + 0.0017(L) + 0.082(EO2) — 1.917(W},) [14]

Where NO, = oxides of nitrogen, 1b/10° Btu, L = load measured as main steam flow in kpph, EO2 =
excess O, reported in the control room (total basis), and W, = wood cofiring percentage, heat input
basis. The coefficient of determination for equation [14] is very high; r* = 0.93. Further, the probability
that any term is a random occurrence is extremely smal. These probabilities are as follows L =
2.09x10°; EO2 = 2.53x10°; W}, = 8.39x10"; and the equation as awhole = 4.36x10°.

NO, = 0.026 + 0.0017(L) + 0.083(EO2) —0.899(W,,) [15]

Where W, = wood cofiring percentage, mass basis. Again the F = 0.93. The probabilities are
essentialy identical in equation [15] to those of equation [14].

The data presented above demondtrate that biomass cofiring in wall-fired pulverized cod boilers, when
properly managed, can have a dgnificant benefit in NO, reduction. These NOy reductions are not
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aufficient to preclude using other NO, control strategies. However they can be used in association with
other technologies to control these emissons.

The Seward Generating Station cofiring demonsgtration was successful.  Unfortunately it was truncated
as a consequence of the fact that the boiler was old, smal, and inefficient. It wasidled, and used quite
sparingly. Its capacity factor fell to <10 percent. Seward Generating Station Unit #15 houses a hybrid
Sdective Cataytic Reduction/Selective Non Catalytic Reduction system for NO, control, and therefore
could not be used for cofiring demondration due to the catalyst deactivation issue.

3.3. THE BLOUNT ST. STATION SWITCHGRASSCOFIRING TEST

The test program a Blount St Station of Madison Gas & Electric, described by Aerts and Ragland
(1997) and Ragland, Aerts, and Weiss (1996), was the first cofiring test usng switchgrass as the
biomass fud. Testing was sponsored by the Great Lakes Regiona Biomass Program with support from
EPRI through the Cooperative Agreement, Wisconsin Power & Light (now Alliant Energy), and the
Nebraska Public Power Didtrict. The test program was conducted by the Universty of Wisconsn
Department of Mechanicd Engineering under Professor Kenneth Ragland.  Again the basis of this test
program was separate injection of the biomass without impacting the cod delivery system.

The objectives of the program were to demondtrate that switchgrass could be cofired successfully at up
to 15 percent (mass bass) without impacting boiler capacity. The objectives included evaduating the
dagging and fouling consequences of cofiring switchgrass, aong with determining the impact of cofiring
on arborne emissions including opacity, SO,, and NO,.

3.3.1. TheBlount St. Station Facility

The Blount St. Station boiler used for this test program is unit #8 a 50 MW, front wall fired unit
generating some 400,000 Ib/hr of 1250 psig/950°F steam. It is not a reheat unit. The boiler is
equipped with 3 rows of burners, with each row containing 3 burners. Essentidly this boiler is one size
larger than the Seward #12 boiler. Figure 3-24 depicts Blount S. Station Unit #3 boiler. Unit #8, like
its sgter unit #9 has been modified to fire paper-derived fud (PDF). It has a PDF processng facility
which ultimately injects the opportunity fuel between the first and second row of burners.

The PDF facility was used to handle the switchgrass. While the switchgrass wasiinitidly shredded in the
PDF facility, this proved impractica. Consequently the switchgrass was shredded in a tub grinder off
gte, and then trucked to the dternate fuel handling system a Blount S. where it was bunkered and then
fed into the bailer. Figure 325 depicts the PDF handling system used to manage the switchgrass.
Note that the figure shows a shredder/hammermill in the process. This was used only in some
preliminary runs.
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3.3.2. Characteristics of the Switchgrass

The University of Wisconsin consdered switchgrass from Chariton Vdley, |A and switchgrassgrown in
Wisconsin. The Wisconsin grass, obtained on aresearch basis from CRP lands, was ultimately used for
the bulk of the testing. The ultimate analys's of the switchgrass is shown in Table 3-13. Notethat itis
ggnificantly drier than sawdust, and dso contains subgtantidly more nitrogen and ash or inorganic
materia than the typical woody biomass used in cofiring.

Steamn Drum Alr To Precipitator
8)) Superheater Inler

2 P P Y Econcrizer :| ",

Crdone
Codl Air
4]
Heamer
Bunker <: Induced Draft Fan
108 ft | (Fumaee
Burners

T@ Undergrate
Afr Blower

Figure 3-24. Boiler #3 at Blount St. Station, Used for Switchgrass Cofiring
(Source: Aerts and Ragland, 1997)
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Table 3-13. Typicd Proximate and Ultimate Andyss for Switchgrass

Parameter Switchgrass
As-Recelved Basis Dry Basis
Proximate Anayss (wt %)
Fixed Carbon 9.5 10.68
Voldtile Matter 74.69 83.97
Ash (Inorganic Matter) 4.76 5.35
Moisture 11.05 0.00
Ultimate Andyss (wt %)
Carbon 42.31 47.57
Hydrogen 5.12 5.76
Oxygen 35.97 40.44
Nitrogen 0.71 0.80
Sulfur 0.16 0.18
Chlorine 0.03 0.03
Ash (Inorganic Matter) 4.65 5.22
Moisture 11.05 0.00
Higher Heating Vdue (Btu/lb) 7067 7945

Source: Aerts and Ragland, 1997.

The ash andysis is particularly interesting, as shown in Tables 3-14 and 3-15. Note that the base/acid
ratio determined from the data in Table 3-14 is 0.45. Thisis sgnificantly higher than the B/A ratio for
typica bituminous cods. The reatively high concentration of potassum in the switchgrass ash is the
dominant contributor to the increased B/A ratio; it further suggests the potentid for dagging and fouling
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problems (see Baxter et. d., 1996b). Note, adso, that the ash fusion temperatures reported in Table 3-
15 are subgtantialy lower than those typically associated with bituminous cods.

Table 3-14. Ash Elementd Analysis of Switchgrass Inorganic Matter

Element, in Oxide Form W1 Percent (dry basis) in Ash

SO, 61.31
AlLO; 0.72

TiO, 0.05
Fe,03 0.48

Ca0 9.62

MgO 5.53
N&aO 0.38

K,O 11.91

SO; 2.34

P,Os 7.07
Mn;O, and Other 0.59
Base/Acid Ratio 0.45

Source: Aerts and Ragland, 1997.

Table 3-15. Ash fuson temperatures for Switchgrass(°F)

Switchgrass Ash
Reducing Oxidizing
Initid Deformation 1905 1995
Softening 2175 2230
Hemispheric 2235 2275
Huid 2365 2380

Source: Aerts and Ragland, 1997

3.3.3. Test Program and Results

The test program was conducted over severd time periods. Basdline tests were conducted from June
21 — 26, 1996 and July 9 — 16, 1996. Cofiring tests were conducted April 30 —May 15, 1996, May
30 — June 27, 1996, October 1 — 5, 1996, March 7, 1997, and April 24 — 30, 1997. The maximum
cofiring percentages achieved were 15.3 percent on a mass basis or 10.2 percent on a heat input basis.
These test conditions are shown in Table 3-16.
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Table 3-16. Test summary - co-fire conditions.

Load Duration Cafiring Percentage Excess
Date (MW) (hr) Mass (%) Btu (%) O, (%)
5-30-96 34.5 2.5 14.1 9.8 na
6-27-96 48.5 3.0 7.1 4.8 na
10-1-96 39.9 3.5 15.3 10.2 6.4
10-2-96 46.4 4.0 11.6 7.9 2.8
10-3-96 43.8 55 9.2 6.0 3.1
10-4-96 47.3 4.5 7.8 5.1 3.0
10-7-96 40.1 4.0 10.3 6.6 2.6
3-7-97 48.0 2.0 na na na
4-24-97 48.3 9.0 10.4 6.4 2.8
4-25-97 49.6 8.0 10.6 6.6 2.6
4-28-97 49.1 8.0 10.5 6.2 25
4-29-97 49.2 8.0 10.4 6.5 2.6
4-30-97 49.0 8.5 10.4 6.5 2.1

na- datanot available
Source: Aerts and Ragland, 1997

Data were obtained from these tests measuring the impact of cofiring on boiler capacity, efficiency,
emissons, and dagging and fouling.

Capacity Impacts. Cafiring did not impact the cagpacity of the boiler. Because cofiring added a fue
stream without impacting the cod delivery system, the only area where capacity could be impacted was
ID fan capacity. Thiswas not compromised.

Efficiency Impacts. The cofiring tests increased auxiliary loads by 236 kW, or about 9 percent of the
total house load for the boiler. This decreased net efficiency by about 0.5 percent. The boiler thermd
efficiency decreased by an average of 1.1 percent during the cofiring tests. This decrease in efficiency
resulted from increased air heeter exit temperatures (the opportunity fud is delivered by ambient air) and
consequently increased dry gas losses. Because ambient air ddlivered the biomass to the bailer, less
combustion air was passed through the air heater. This resulted in less heat being transferred from the
flue gas to the incoming combustion air—decreasing the thermd efficiency of the boiler. The decrease
in efficiency was aso caused by increased hydrogen in the fud. While there was some increase in LOI
in the flyash in some—~but not al—tests, there were also tests where LOI decreased as a consequence
of cofiring.

Slagging and Fouling Impacts. The tests conducted were short term in nature. At the same time,
however, obsarvations were made visudly. These were supported by measuring the rate of
temperature increase at various points (e.g., economizer gas outlet). NETL engineers inserted a water
cooled deposition probe in the superheater section during the testing as well. There was no evidence
that dagging and fouling would be an operationa problem as a consequence of these tests.
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Airborne Emissions Impacts. The impacts on arborne emissons were generdly quite favorable as
shown in Table 317. For al tests—basdine and cofiring tets—CO emissions were <50 ppmv.
Opacity decreased by a factor of 2, from an average of 21.6 percent during the basdline tests at 40
MW, to an average of 10.5 percent during cofiring tests a 40 MW,. At 49 MW, of capacity the
opacity was 28.6 percent when firing cod during basdine tests, and 11.1 percent when cofiring
switchgrass and coa. The opacity results may be a result of precipitator power requirements, however
(see Table 3-17). Precipitator power consumption was significantly higher during cofiring than during
basdine testing. Interestingly, athough a 6 percent reduction in SO, emissions was expected, no
definitive trend of SO, reductions was achieved. NO, emissions, however, were reduced by an
average of 31 percent!

The NOy reductions are dramatic indeed. Aerts and Ragland attribute these results largdly to the
volatility of the switchgrass asis shown in Figure 3-26.

The Blount &. Station test dso demondtrated that, while tota CO, emissons increase during cofiring
when compared to baseline operations, fossl fud-based CO, emissions do decrease as a consequence
of cofiring.

The net result of the switchgrass test by the University of Wisconsin is the extension of previous cofiring
results from woody biomass to switchgrass. These results further demondrate the ability to use
separate injection cofiring in wal-fired PC boailers to achieve sgnificant environmenta gains without
compromising boiler cgpacity and with only minor impacts on boiler efficiency.

Table 3-17. Average measured flue gas emissions at 3% excess oxygen.

Test Load Co-fire Measured Measured Measured | Precip.| Precipitator
Condition |[(MW) | Mass(%) | SO, Ib/10° Btu|NO, 1b/10° Bty Opacity (%) | (kV?) | Power (kW)
Coal-only |40.2 0.0 2.417 0.511 17.9 1849 10.34
Coal-only |40.7 0.0 2.188 0.509 25.3 1980 4.87
Coal-only |48.8 0.0 2.487 0.574 26.8 1936 5.22
Coal-only |49.2 0.0 2.233 0.544 30.5 1980 4.92
Co-fire  |39.9 15.3 3.040 0.471 8.7 1806 14.41
Co-fire  |40.1 10.3 2.291 0.371 12.2 1980 9.21
Co-fire  |43.8 9.2 2.340 0.411 15.3 1980 7.03
Co-fire  |46.4 11.6 2.300 0.422 14.1 1892 9.97
Co-fire  |47.3 7.8 2.431 0.462 15.5 1936 6.55
Co-fire  |48.3 10.4 2.375 0.496 11.7 1849 10.75
Co-fire  |49.0 10.4 1.843 0.364 11.0 1681 17.22
Co-fire  |49.1 10.5 2.286 0.432 15.1 1849 8.19
Co-fire  |49.2 10.4 1.995 0.364 9.9 1681 17.98
Co-fire  |49.6 9.9 2.303 0.411 8.0 1936 14.88

Source: Aerts and Ragland, 1997.
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Figure 3-26. NO, Emissionsin g/MJat Blount St. Station as a Function of Volatile/Fixed Carbon Ratio
of the Combined Fuel Feed
Source: Aerts and Ragland, 1997.

3.4. CONCLUS ONSREGARDING COFIRING INWALL FIRED PULVERIZED
COAL BOILERS

The EPRI-USDOE Cooperative Agreement proved highly useful in promoting commercidization of
biomass cdfiring in wall-fired PC boilers. It was used to commercidize low percentage oofiring a the
Colbert Fossl Plant of TVA, and to demondrate its ussfulness in cofiring at higher percentages usng
direct injection technologies. Cofiring did cause modest declines in boiler efficiency in the Seward and
Blount St. Station tests. However it was instrumentd in reducing arborne emissons including NO.
The tesing demondrated that the voldile yidd of biomass can be ingrumenta in modifying the
combustion process in wall fired PC boilers to the advantage of operations.
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4.0. COOPERATIVE AGREEMENT SUPPORT FOR COFIRING IN
TANGENTIALLY-FIRED PULVERIZED COAL BOILERS

4.1. INTRODUCTION

The process of combugtion in T-fired PC bailers is fundamentdly different from the process of
combudtion in wdl-fired PC boilers.  While wall-fired boilers employ discrete burners with distinct
flames and combustion zones, T-fired boilers employ a single firebdl in the center of the furnace. T-
fired boilers have been conceptualy viewed as operations where the furnace is the burner, and the
burner has multiple fuel and air injection points. Typicaly Ffired boilers have lower furnace heat
release rates (Btw/ft>-hr of furnace volume) than wall-fired boilers. Typicaly, aso, T-fired boilers have
lower NO, emissons than wall-fired boilers.

The fact that T-fired boilers have asingle firebal, as opposed to discrete flames from individud burners,
has made them an gppedling technology for cofiring. They have been congdered to be highly flexible in
the application of cofiring. Consequently EPRI supported theinitid tests at the Kingston Fossil Plant of
TVA. Through the Cooperative Agreement, EPRI and USDOE supported cofiring demondrations at
Greenidge Station of New Y ork State Electric and Gas (NY SEG — now AES), the Albright Generating
Station of Allegheny Energy Supply Company, LLC (Allegheny), and Plant Gadsden, a Southern
Company. In the Greenidge and Gadsden tests and demongtrations, EPRI and the Cooperative
Agreement had aminor supporting role. In the Albright Generating Station demondiration of Allegheny,
EPRI funded the test program.

4.2. DEMONSTRATING BIOMASS COFIRING AT GREENIDGE STATION

The Greenidge Station project is described by Benjamin (1995) and Benjamin (1996). Beginning in
1994, NY SEG began invedtigations into cofiring biomass a their Greenidge Station in Dresden, NY.
This program ultimately resulted in the development of a commercid demondration of biomass cofiring.
The project originaly obtained funding from New York State Research and Development Authority
(Benjamin, 1995). Subsequently it obtained significant corporate funding. EPRI provided supporting
funds as a secondary participant. This project is summarized by Battista and Hughes (2000).

Greenidge Station, located on the shores of Lake Seneca, houses three boilers: Units#6, #7, and #8.
Unit #6, chosen for cofiring, is a 750,000 Ib/hr Tfired boiler connected to a 108 MW, turbine-
generator (Battista and Hughes, 2000). The plant islocated in reasonably close proximity to forests and
wood products industries in New York, and to numerous farms capable of growing willow or hybrid
poplar as energy crops. It has good truck access and rail access.

This unit was equipped with a separate injection cofiring system capable of supporting 30 percent

cofiring on a mass input bass. Much of the equipment came from Rochester, NY—from the former
refuse-derived fued (RDF) plant inddled a that location. Initidly NY SEG evauated ingdling ether a
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Sseparate pneumatic injection of ¥4’ x 07 maerid to be burned in suspenson, or a system for
pneumdicaly injecting 2” x 0 wood chips, with the latter system requiring a dump grate as well as a
fud trangport system. NY SEG chose to ingdl the first option capable of deivering 7.5 ton/hr of findy
divided woody biomass to the bailer.

The unit receives dry wood waste and fires this materia 16 hours/day. The wood wadteis received and
ground to a ¥4 x 0" paticle 9ze in two hammermills. Every pound of biomass goes through the
hammermills, rather than screens. Following grinding, the wood particles are blown through two
separae transport lines to the boiler. Typicaly the unit cofires at 15 percent (heat input basis), and fired
over 30,000 ton of dry wood waste in 1999. This wood waste typicaly has 10 — 40 percent moisture
and 4,500 — 8,000 Btuw/lb. Thetarget materid contains little moisture and 7,800 Btu/lb.

Cofiring a Greenidge Station is an economic propostion. Typicaly the unit experiences an efficiency
decrease of 0.8 percent. Particulate emissons and carbon monoxide emissions from the unit have not
increased as a consequence of cofiring. SO, emissions decreased by about 15 percent, consistent with
the firing of alow sulfur fud.

Initid indications were that there would be a modest NO, reduction (Benjamin, 1996), athough the
early tests were not conclusve. Operating data continues to show some NOy reduction, athough that
reduction is not consdered significant (Battista and Hughes, 2000).

The Greenidge program, then, shows that cofiring can be peformed in a cost-effective manner,
depending upon the relative cogts of wood and cod, and depending upon the performance of the unit
when cofiring.

4.3. COFIRING AT THE ALBRIGHT GENERATING STATION OF ALLEGHENY
ENERGY SUPPLY CO.,LLC.

Allegheny Energy Supply Company, LLC initiated a cofiring demondration a its 140 MW, (net)
tangentialy-fired Albright Generating Station boiler #3 in 2000. Funding for congtruction of the facility
was supplied by USDOE-EERE and USDOE-NETL. Funding for the testing portion of the
demongtration was supplied by EPRI through the Cooperative Agreement.  This program has been
described in severa recent papers and presentations (see Payette and Tillman, 2001; Tillman and
Payette, 2001; Tillman, Payette, and Battista, 2000).

The objective of the biomass cofiring sysem a the Albright Generating Station was emissons
reduction—particularly NOy emissons reduction. It provided a means for evauating cofiring as an
approach to the “3P Strategy” — addressng smultaneoudy the emissons of NOy, SO,, and mercury.
Because Albright Unit #3 is equipped with a 3-level separated overfire air (SOFA) system, particular
attention has been given to the ahility to integrate sawdust cofiring into the staged combustion Strategy
for NO, control. The initid investigations of this demongtration were quite favorable; sawdust could be
obtained in a cost-competitive manner for this demongtration.
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4.3.1. Design of the Albright Generating Station Cofiring System

The cofiring system was designed around the following principles:

Screening of dl sawdust to aparticle sze of ¥4’ x 0"

Separate pneumatic lines, and separate blowers, for each injection point

Maximum aitention to safety issues, including check vaves on injection lines and high
velocity transport of the sawdust to the boiler

The equipment origindly inddled a the Seward Generating Station was relocated to Albright and
upgraded (see Figure 41). Sawdust is recelved in the walking floor unloader (see Figure 4-2). It is
then transported to the screen. The trommel screen indtdled at Seward was replaced with adisc screen
to minimize dust generation (see Figure 43). Screened materid is then transported to the slo for
dorage. Itisreclamed from the slo, metered using the weigh belt feeder (Figure 4-4), and injected into
the pneumatic transport lines through rotary airlocks. The sawdust, blown to the bailer, is injected into
the boiler through two specialy designed biomass injectors (see Figure 4-5) that are inddled in
opposite corners of the furnace. There are four rows of cod injectors in Albright Unit #3; the sawdust
injectors are indtdled between the B and C levels. The entire system is controlled in the control room
(see Figure 4-6). The operator can set the desired cofiring level congstent with operating conditions at
thetime.
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Figure4-1. Overview of the Cofiring Ingtalation at Albright Generating Station
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Figure 4-2. Sawdust Being Trangported Up the Walking Floor Unloader
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Figure 4-5. The Sawdust Injector in the Albright Boiler #3
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Figure 4-6. Controlsfor the Cofiring System at Albright Gerati ng Station

This design reflects the basic gpproach of screening rather than grinding every particle. It isdesigned to
incorporate grinding of oversized particles, should that become economicaly desirable.

The project was congtructed in late 2000 and early 2001. It was commissioned for cofiring operations
on June 19, 2001 and dedicated on June 29, 2001.

4.3.2. Demonstration Results

Extengive testing of this cofiring system has been conducted during the period May, 2000 — July, 2001.
Some 68 test hours have been completed with extensve data acquistion. Fuels have been
characterized, along with operaing parameters and airborne emissons. Test variables have included
load, excess O,, cofiring percentage, and extent to which SOFA has been employed. The results have
been favorable, with an indication that cofiring can address the 3 P s—S0O,, NOy, and mercury—in a
cost-effective manner.

Table 41 summarizes the ultimate analys's of the cod and sawdust burned at the Albright Generating
Station. Note the low nitrogen, sulfur, and ash concentrations in the sawdust. Table 41 presents
averages. There is inherent variability in both the cod and the sawdust burned at the Albright
Generating Station, and this variability influences the measurement of emissions and emissions reduction.
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Table4-1. Typicd Anayses of the Cod and Sawdust at Albright Generating Station

Element/Compound (wt %) Coal Sawdust
Carbon 70.10% 29.87%

Hydrogen 4.30% 3.51%

Oxygen 4.38% 26.66%

Nitrogen 1.30% 0.12%

Sulfur 1.50% 0.01%

Chlorine 0.00% 0.00%

Moisture 7.40% 39.53%

Ash 11.02% 0.30%
Tota 100.00% 100.00%

Higher Heating Value (Btu/lb) 12302 5087

Coafiring at Albright Unit #3 was performed at levels up to 10 percent (mass basis, or 4.7 percent on a
heat input bads). This is equivdent to firing 6 torvhr of sawdust a full bad operations. Excess O,
varied from 2.5 percent to 4.9 percent during the test program. There are three SOFA levels at
Albright Unit #3, with each level having dampers with 0 — 100 percent open capability. During the
testing, SOFA damper positions ranged from 15 percent open (dampers were opened only on one
level) to 240 percent open (from atotal of 300 percent).

Cafiring did not sgnificantly impact either opacity or CO emissons, asis shown in Figures 4-7 and 4-8.
These emissons dso are an indication of carbon converson efficiency. Note that there is a dight
gpparent upward trend in opacity largely as aresult of one 4-hour period of time.  For the vast mgority
of operations, opacity remained between 3 and 4 percent. It is useful to note that cofiring did not
increase unburned carbon in flyash or bottom ash gppreciably, dso supporting the data in Figures 4-7
and 4-8.
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Fgure 4-7. Opecity Emissions (Percent) as a Function of Cofiring a Albright Generating Station.

250
L
200
S y =-0.3637x + 39.609
g R?=0.0014
o
2 150
(7]
c
o
(7))
2]
e
L 100 ’ ’ ‘
0
© 'S
5o§ 4
\ 4
i .
¢ s $ ¢
O T T T T T T
0.00 2.00 4.00 6.00 8.00 10.00 12.00

Cofiring Percentage, Mass Basis

Figure 4-8. Influence of Cofiring on Carbon Monoxide Emissons a Albright Generating Station

The data presented in Figures 4-7 and 4-8 rdates to normd full load (130 MW, net) operation. There
was no evidence of increased opacity or CO emissons at part load operation.

SO, emissons generdly decreased as a function of fud subgtitution. The inherent variability in the fud

qudity resultsin some scetter in the data generated. These SO, results are presented in Figures 4-9 and
4-10 on appmv bass.
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The cofiring demongration a Albright Generating Station has reduced NOy emissons as a function of
cofiring level and the management of other known NO, — causing variables. excess O2 and SOFA
usage. Figure 4-11 depicts the NOy reductions achieved. Note that the variability implied by the data
results from the numerous variables employed to achieve NO, reduction.
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Figure4-11. NO, Reduction from Cofiring at the Albright Generating Station

The data generated during the testing were converted into asingle, robust, regression equation as shown
below. Ther? for this equation is 0.873 with 68 data points, or 67 degrees of freedom.

NO, (Ib/10° Btu) = 0.361 — 0.0043(W9%) + 0.0217(0,%) — 0.00055(SOFA) [16]

Where, W% is sawdust percentage in the fud on a mass basis, O,% is the percentage excess oxygen
measured at the furnace exit, and SOFA isthe total percentage of the three SOFA dampers expressed
as percent open. Note that the range of W termsis 0 — 10, the range of O,% termsis2.5-4.9, and
the range of SOFA termsis 15— 240. Thismay explain the difference in the coefficients.

Table 42 demondrates the robustness of equation 16. It presents the probabilities that any given

cdculated vaue occurs randomly. Any probability <0.05 can be considered significant; any probability
<0.01 can be consdered highly sgnificant.
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Table 4-2. Probability That The Equation, or any Term, Occurred Randomly

Number | Parameter Evauated Probability  of
Randomness
1 Total Equation 4.17x10%
2 Intercept 5.23x10%
3 Sawdust Percentage 3.13x10°
4 Excess O2 Percent 8.20x10"
5 SOFA Dampers Percent 2.58x102%

Figure 412 compares the observed NO, emissions to those predicted by this equation. Note that
there is some deviation from the trend predicted; the equation clearly lacks dl explanatory terms. Note,
aso, that the equation explains the vast mgority of the NO, reduction observed during the test program.

Predicted NOx Emissions (Ib/MMBtu) from
Equation [16]
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Figure 4-12. Comparison of Observed and Predicted NO, Emissons Based Upon Equation [16]

The NOy reduction observed was, therefore, consstent and substantial. To further understand the
mechanisms of NOy reduction involved in cofiring a Albright Generating Station, fud characterization
experiments were conducted a Pennsylvania State Univergty evauaing the pettern of nitrogen
evolution from the sawdust and cod at Albright Generating Station (Johnson et. ., 2001a; Johnson &t.
a., 2001b). These experiments were patterned after work by Baxter et. a. (1996¢) concerning the
evolution of volatile nitrogen from cods. Both the sawdust and Albright cods were andyzed. Thefuds
were reacted in a drop tube reactor (DTR) at temperatures ranging from 400°C to 1700°C. Thetotd
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volatile matter evolution was measured, dong with the tota nitrogen evolved as volatile matter and the
total carbon evolved as volatile matter. Figures 413 and 414 present the results for the sawdust;
Figure 415 presents the results for the cod burned a Albright. Note that Figures 413 and 4-15
present the data in terms of DTR temperature.  Figure 14 normalizes the volaile evolution from the
sawdust to the totd volatile evolution from the cod as another means of andysis.
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Figure 4-13. Nitrogen Volatile Evolution from Sawdust as a Function of Temperature
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Figure 4-15. Nitrogen Voldtile Evolution from Cod Burned at Albright Generating Station

Severd factors become significant.  the volatile evolution from sawdust is complete by 1000°C or
1800°F. Further, over 90 percent of the dry wood evolves as volaile maiter. The volaile evolution
from cod burned at Albright Generating Station does not reach completion until 1700°C or 3092°F.
Further, only 52 percent of the dry cod matter evolves as volatile matter. The nitrogen volatiles evolve
from the sawdust more rapidly than the carbon volatiles—or the total volatile maiter. For the Albright
cod, like virtudly al bituminous cods, the nitrogen volatilization lags behind the carbon volatilization—
and totd volatile matter evolution—until the fina stages of the pyrolysis process. Further, some 95
percent of the sawdust nitrogen evolves as volatile matter while only 62 percent of the coa nitrogen
evolves as volatile matter.

The sawdudt is injected into the center of the firebal in atrangport air stream where the stoichiometric
ratio is substantidly below 1.0. The volatiles from the sawdust evolve rapidly, contributing to fue

daging in the fireball. The nitrogen volatiles aso evolve rapidly and are readily converted to N,. This
use of volatile flooding has been shown with the testing a the Allen Fossl Plant and the Seward
Generating Station. 1t works synergistically with the management of excess O, and the use of a SOFA
system to maximize NOx reductions without compromising combustion/carbon conversion efficiency.

The influence of cofiring on mercury emissions can be inferred from available data in the literature.

DeVito, Rosendde, and Conrad (1994) show mercury concentrations at 0.11mg/kg in the total coa

from 10 Pittsburgh Seam mines. This is equivaent to 3.67 mg/10° Btu. Thisis consistent with research
reported by Clarke, Sloss, and Grant (1992). Toxic Release Inventory data developed by Allegheny
Energy from 1999 and 2000 show some variability in the mercury concentrations in cod burned at
Albright; however it shows a consstent average of 0.18 mg/kg or 0.18 ppmw in dry codl.
Measurements made by Foster Wheder concerning cofiring at the Albright Generating Station place the
concentration of mercury in wood waste at 0.003 — 0.009 mg/kg or ppmw in dry fud. These datawere
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developed from clean sawdust samples of fuel burned at the Albright station. They indicate a Sgnificant
contribution of cofiring to the reduction of mercury emissons & this generating Sation. These trends are
congstent with a comparison of mercury concentrations in bituminous cod and sawdust (see, for
example, Finkelman, 1994; Envirosphere, 1984; Tillman, 1994).

The cofiring a Albright Generating Station, then, makes sgnificant contributions to a 3P strategy, and on
al fronts. It achieves reductions in SO,, NOy, and mercury emissions without increasng CO or opecity
emissons.

4.4. SWITCHGRASSCOFIRING TESTING AT PLANT GADSDEN

Plant Gadsden is the third T-fired cofiring test supported through the EPRI-USDOE Cooperative
Agreement. This project was largely supported by USDOE-EERE directly, however EPRI provided
some supplementary funding through the Cooperative Agreement. This project is described in severd
publications (Boylan &t. d., 2001; Boylan, Bush, and Bransby, 2000; Boylan, Zemo, and Eastis, 2001).
This was the only switchgrass cofiring project in a T-fired boiler that was participated in by the
Cooperative Agreement. The switchgrass was ddivered to Plant Gadsden in round bales and they were
stacked 3-high and stored in the wegather for about 6 months. This switchgrass was grown locdly in
Alabama

The cofiring system a Plant Gadsden conssted of a tub grinder for particle Sze reduction of the
switchgrass. The switchgrass was ground and blown into a surge bin. From there it entered a sngle
trangport pipe through an exhaugter. 1t was blown to Plant Gadsden Unit #2, a 70 MW, T-fired boiler
with three elevations of coal burners. Figures 4-16 through 4-21 depict the switchgrass cofiring system
ingaled at Plant Gadsden and its operation.

Figure 4-16. i tchgrass Burned at Plant Gadsden
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Figure 4-17. Trangporting Switchgrassto the Tub Grinder at Plant Gadsden

Figure 4-18. Loading the Tub Grinder with Baled Switchgrass
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Figure 4-20. The Pneumatic Transport Pipe for SNtr a Plant sden
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Figure 4-21. The Splitter for Transporting Switchgrass to Opposite Corners of #2 Boiler

Switchgrass was cofired againg synthetic fue, with properties essentialy identical to bituminous cod.
Cofiring rates as high as 10 percent were achieved during this cofiring test. The switchgrass was
extengvely characterized and shown to have 8,000 — 8,135 Btu/lb and ash fuson temperatures of
1844°F — 2264°F. Most ash fusion temperatures reported were <2,100°F.

The objectives of the test were to demondtrate direct injection cofiring of switchgrassin a T-fired bailer,
determine the maximum cofiring percentage that could be cofired, and examine the impact of cofiring on
arborne emissons, and boailer efficiency. The test was successful in demondirating cofiring a 10
percent, and determining the impacts of cofiring on emissions and efficiency. Some 40 tests were
completed over a 5-week period. Variables tested included percent cofiring, excess O,, unit load, and
injection level (between the first and second row of burners, and between the second and third row of
burners).

The testing showed that cofiring switchgrass—a dry biofue—does cause a modest decrease in boiler
efficiency. At the same time it causes no increase in opacity, and causes a modest decrease in SO,
emissons. Subdtituting a sulfur-free biomass for cod caused the latter emissions reduction.

Interestingly, the test showed no reduction in NO, emissons. This is unusud, particularly when
compared to the sawdust testing at other generating station. 1t aso conflicts with the results obtained by
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Aerts and Ragland (1997) a Blount St. Station. However there are severd potentid explanations for
the results at Plant Gadsden. Because the bulk density of the fudl is typicaly ~5 Ib/ft®, it may be more
difficult to achieve stoichiometric ratios <1.0 between the grass and the transport air. The T-fired
bailer, with its angle firebdl, could possbly make this more problematica. The switchgrass fired at
Fant Gadsden dso functions fundamentaly differently from the sawdugt fired a Albright Generating
Station.

A sample of the switchgrass was obtained from Southern Company and tested at Pennsylvania State
Univergty (see Johnson et. d., 20018). The switchgrass was prepared in the same manner as the
sawdust—air-dried and ground to 70 x 140 mesh. The particle sze digtributions were essentialy
identicd. The switchgrass was then subjected to drop tube reactor (DTR) testing. While its maximum
voldtile yield was comparable to that of sawdust—91 percent—it did not reach maximum volatile yied
until 1500°C. It volatilized more dowly then sawdust. Further, its nitrogen volaile release was
comparable to a young cod, rather than a sawdust as is shown in Figures 4-22 and 4-23.
Conseguently the switchgrass may have behaved just like cod in the Plant Gadsden bailer.
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Figure 4-22. Evolution of Nitrogen from Switchgrass Obtained From the Plant Gadsden Tests
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Figure 4-23. Evolution of Nitrogen Normalized to Total Volatile Yield from Switchgrass Obtained from
the Plant Gadsden Test

The tests at Plant Gadsden, then, were successful in documenting the ability to cofire switchgrassina T-
fired boiler. They highlighted potentias and issues in the aress of efficiency and emissons.

4.5. CONCLUSIONSREGARDING COFIRING IN TANGENTIALLY-FIRED
PULVERIZED COAL BOILERS

The EPRI-USDOE Cooperative Agreement was highly successful in promoting cofiring of biomassin
T-fired boilers. It contributed to the successful commercidization of the technology in an initid
ingalation at Greenidge Station. 1t demonstrated that cofiring could be a significant contributor to a 3P
drategy at Albright Generating Station—and that cofiring could be used synergidticaly with staged fud
and staged air combustion technologies such as separated overfire air. 1t contributed to the successful
testing of switchgrass cofiring a Plant Gadsden in Alabama.  In these actions, the EPRI-USDOE
Cooperative Agreement moved biomass cofiring Sgnificantly towards full commercid implementation.
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5.0. COOPERATIVE AGREEMENT SUPPORT FOR COFIRING IN
CYCLONE BOILERS

5.1. INTRODUCTION

Cofiring in cyclone boilersis unlike cofiring in PC boilers. Cyclones accept crushed cod, typicaly sized
to ¥4 x 0". The cod is fed directly to the cyclone barrd where it is swept into a cyclonic action by
primary air fed to the burner section of the cyclone. Secondary air fed to the cyclone barrd maintains
the cyclonic action. The fud is flung to the walls of the cyclone where it is trgpped in the dag layer and
burns. Air digtributions in cyclones are fundamentdly different from PC boilers; typicaly ~85 percent of
the air fed to the cyclone is as secondary air. Primary and tertiary air make up ~15 percent of the
combustion air. Hest release rates are on the order of 500,000 — 850,000 Btw/ft>-hr in the cydone
barrd. Unlike PC boilers, where 80 percent of the solid products of combustion exit as flyash, ~70
percent of the solid products of combustion from cyclone boilers exits as bottom ash—dag which flows
from the cyclones to the bottom of the furnace where it exits through dag taps into quench tanks. The
quenched dag is ground and ultimately typicaly sold. Cydones typicaly generate rdatively high NO,
emissons—a factor contributing to the decline of this technology. The eectricity generating industry has
not ingtalled a new cyclone boiler since 1975. At the same time cyclones comprise about 9 percent of
US dectricity-generating capacity, with a high concentration being located in the upper Midwest. They
are an optimum target for cofiring because of the absence of pulverizers. At the same time, however,
atention has to be paid to issues of maintaining dag viscosty and lower furnace temperatures to
promote dag tapping. Further, manipulating the combustion process in a cyclone barrd is sgnificantly
different from manipulating the combustion processin a PC bailer.

Cofiring in cyclone boilers has been tested by other utilities including King Generating Station of
Northern States Power, La Cygne Generating Station of Kansas City Power & Light, and Thomas Hill
Energy Center outsde of Columbia, MO, owned by Associated Electric Cooperative. The King
Station cofired dry sawdust from Andersen Windows, pneumaticaly trangporting it into three of 12
cyclones a that 600 MWe unit. Both the La Cygne and Thomas Hill cofiring tests successfully cofired
gpent railroad ties in cyclone boilers (Battista and Hughes, 2000). Both of these were very short tests
of cyclone cofiring. Cyclone boilers had aso been used to cofire tire-derived fud (TDF) at Badwin
Station of Illinois Power; Rock River, Edgewater, and Nedson Dewey Generating Stations of Wisconain
Power & Light; and elsewhere. Cyclones gppeared to be ided candidates for biomass cofiring.

Despite the flexibility of cyclone boilers, certain issues remained: Would the NO, reductions achieved
when cofiring with Midwestern and western bituminous coa's be reproduced when cofiring with Powder
River Basn (PRB) cods? Could multiple opportunity fud blends be developed to obtain the
advantages of biomass cofiring without suffering the efficiency pendties? Northern Indiana Public
Service Company (NIPSCO)»—now part of NiSource—addressed these questions with test programs
a the Michigan City Generating Station and the Bailly Generating Station.
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5.2. COFIRING TESTING AT MICHIGAN CITY GENERATING STATION

Cofiring was tested at NIPSCO Boiler #12, a the Michigan City Generating Station.  This project is
described in numerous papers and publications (Tillman et. d., 1998a; Tillman &t. d., 1998b; Tillman et.
d., 1997). The test implemented a Michigan City involved receiving 1,000 tons of clean (untreated
wood bass) urban wood waste and kiln dried wood waste. The wood came largely from the
manufactured housing indudry, the RV manufacturing industry, and the pdlet industry.  Kiln dried
sawdust was aso obtained from southern Indiana. This materid was screened to fud particlesy2” x 07
and immediatdly blended with Shoshone cod on a 1:1 volumetric bass. Screening was performed using
alarge deck screen rented by NIPSCO (see Figure 5-1). Blending was performed by bucket blending
in the cod yard.

Figure5-1. Screening Urban Wood Waste a Michigan City Generating Station

This blend was stocked out and stored during the summer of 1997 as shown in Figure 5-2. Storage of
the blend during the hot, humid days of summer was monitored closdy to ensure no incidents of
spontaneous combustion. Storage occurred safely.
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Figure 52. The Blend of Urban Wood Waste/Shoshone Coal Stocked Out in the Michigan City
Generating Station Cod Yard

During the cofiring combudtion tests the blend shown in Figure 52 was blended with PRB cod to
achieve atotd fuel mixture of 50 percent PRB, 40 percent Shoshone, and 10 percent wood waste on a
mass basis. Thiswas equivaent to cofiring wood waste a about 6.5 percent on a heat input basis. The
PRB cod used was ether Cabdlo Rojo (used during the basdline tests) or Black Thunder (used during
the cofiring tests).

5.2.1. Characteristics of the Fuels

Table 51 summarizes the proximate and ultimate analysis for the four different fuels used. The urban
wood waste and dry wood waste from Southern Indiana are combined into a single fud, since the
separate andyses show the only materid difference being the moisture content.  After the fact,
representative samples of the various cods were analyzed by Pennsylvania State University to provide
indghts into the structurd and behavioral characterigtics of these fuels. Carbon 13 Nuclear Magnetic
Resonance (**C NMR) testing was employed to evauate the structural characteristics of the fuels
(Clifford, 2001). DTR tedting as previoudy discussed was employed to evauate devolatilization and
char oxidation kinetics, and to evauate the nitrogen evolution patterns of the various fuds. Table 52
presents the results of these analyses. The data were developed to fit the standard Arrhenius equation.
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Table 5-1. Proximate and Ultimate Andlys's of Fuds Burned a Michigan City Cofiring Tests

Fuel
Wood Waste Black Thunder Cabdlo Rojo Shoshone
Proximate (Wt %)
Moisture 27.64 27.89 31.05 16.41
Ash 0.74 5.38 4.63 5.48
Voldile Matter 61.61 33.06 33.04 36.93
Fixed Carbon 10.01 33.66 31.28 41.20
Ultimate (Wt %)
Carbon 37.40 53.80 48.41 62.05
Hydrogen 4.13 2.89 3.45 3.98
Oxygen 29.90 10.95 11.26 10.04
Nitrogen 0.18 0.78 0.81 1.44
Sulfur 0.02 0.40 0.38 0.61
Moisture 27.64 27.89 31.05 16.41
Ash 0.74 5.38 4.63 5.48
Higher Hesting 5944 8888 8424 10474

Value (Btulb)

With respect to the values shown in Table 5-2, it should be noted that sawdust and Cabalo Rojo cod
exhibit low temperature devolatilization which is more reactive than that shown. For wood waste
devolatilizing in the 400 — 600°C region, the pre-exponentid constant (A) is 1.17 and the activation

energy is 0.681. For Cabalo Rojo cod devaldtilizing in the temperature region of 600 — 1000°C, the
pre-exponentid congtant (A) is 5.33 and the activation energy is 3.68. Note that dl of these fuels are
far more reactive than the typical eastern bituminous cod with an arométicity of ~0.7, 13 — 15 aromatic

carbong/clugter, and with higher activation energies for both devolatilization and char oxidation.
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Table5-2. Structura and Kinetic Data Representative of Fuels Burned at Michigan City Cofiring Tests

Fud
Wood Waste Black Cabdlo Rojo | Shoshone
(***) Thunder
Aromaticity (Number of Aromatic Carbon 0.08 0.57 0.64 0.61
Atoms/Total Number of Carbon Atoms)
Average Number of Aromatic 6 10 10 11
Carbong/Cluster
Devolailization Kinetics (*)
Temperature Range (°C) 600-1000 800-1700 | 1000-1700 | 800-1700
Pre-exponentia Constant (A) (1/sec) 5.74 59.1 89.3 36.2
Activation Energy (E) (kcd/mol) | 3.42(****) 9.53 10.8 8.06
Char Oxidation Kinetics (**)
Pre-exponential Constant (A) (1/sec) 1.63x10° 7.61x10" 1.83x10" 3.24x10°
Activation Energy (E) (kca/mal) 25.7 27.4 26.2 29.0

(*) Determined by Drop Tube Reactor Measurements

(**) Determined by Thermogravimetric Anaysis of Chars Generated at 1700°C or 3092°F

(***) Vdues are for Sawdust and Considered Representative of the Wood Waste Burned at Michigan

City

(****) Determined for the temperature range 600 — 1000°C; Activation energy is 0.681 for the

temperature range 400 — 600°C

Source: Johnson et. al., 2001b.

The data developed dso indicated different nitrogen volatile evolution patterns as illugtrated in Figures

5-3 through 5-5.
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Note that the nitrogen volatile evolution lags behind the carbon volatile evolution, and the totd volatile
evolution, for al three cods—but that the lag shown is not as pronounced as that measured for eastern
bituminous cod (see Figure 415). The lag is most pronounced for the Shoshone cod, and least
pronounced for the Black Thunder cod. Cofiring at Michigan City, with western and PRB codls as the
base fud, is quite different from cofiring with eastern bituminous cod's as the base fudl.

5.2.2. The Cofiring Tests

Because the Michigan City #12 boiler had been fired for some time on the conventiond blend of 60
percent Black Thunder/40 percent Shoshone, it had been derated to 430 MW, based upon economizer
exit temperatures. Consequently, tests were run at full load—nomindly 425 MWe—and a minimum
load of 300 MW.. Tests were performed over 3 to 4 hour periods. Variables, other than load,
included cofiring vs. basdine tedting, excess O, percentages, and related operating parameters.
Extensive data sets were taken in the control room, and at the inlet and outlet of the air heater, in order
to evauate the impact of 10 percent cofiring on boiler capacity, efficiency, operability, and emissons.
Samples of al fuds were taken for proximate and ultimate andys's, samples of flyash were taken from
the flue gas stream and from the precipitator hoppers to determine the influence of cofiring on unburned
carbon. Deposition was evauated by consdering the impact of cofiring on temperatures at the exit of
the air heater between sootblowing cycles. These efforts provided a complete data set for test andysis.
The test conditions were generdly consistent throughout the entire time of cofiring. However one critica
parameter impacted the testing, and the interpretation of results. The test was conducted during a
period of time when utilities serviced by the Union Pecific Railroad were having difficulties with cod
shipments. The plant had only 8 days of cod on the ground when testing commenced. Consequently
the basdline was performed using Cabalo Rojo as the PRB cod. The cofiring testing, however, was
conducted usng Black Thunder as the PRB cod. Interpreting the results, and documenting the
differences between the basdine and the cofiring tests, required calculation techniques documenting the
influence of PRB cod type. The tests were conducted in September, 1997. They focused upon issues
of capacity, efficiency, temperature impacts, and environmental impacts.

5.2.2.1. Capacity Impacts

Table 53 presents the overdl conditions existing during the 3 basdline tests and the 6 cofiring tests.
Note that there was no loss of |oad associated with cofiring; and steam flows with biofud in the total fue
blend were within 30,000 Ib/hr (1.5 percent) of steam flows during basdine testing.

The data in Table 53 suggest no impact on capacity. However, feeder speeds were also measured, as
shown in Figure 56. Feeder speeds to the cyclones averaged about 8 percent higher when cofiring
than when operating the unit only on cod. The difference in feeder speeds can be attributed both to the
lower heat content of the wood waste relative to the cod, and the lower bulk densty of the wood waste
reldive to the cod. The feeder speed data indicate that cofiring would result in a maximum plant
capacity of ~430 MW, when cofiring regardiess of the cleanliness of the bailer. This cgpacity limitation
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results from the fact that the boiler was originally designed for Illinois Basin cod and was converted to
lower sulfur, lower Btu, lower efficiency PRB-western coa blends.

Table5-3. Test Conditions at the Michigan City Cofiring Test Program

Parameter Cofiring Test

1 2 3 4 5 6 7 8 9

Date| 9/23 /24 | 924 | 9/24 | 9/25 | 925 | 9/25 9126 | 9/26

SatTime| 1400 | 0400 | 0915 | 1700 | 0400 | 0900 | 1400 | 0715 | 1030
EndTime| 1800 | 0700 | 1015 | 2000 | 0645 | 1200 | 1645 | 1015 | 1300

Load | 425.73 | 306.08 | 426.6 | 425.85| 306.42 | 425.92 | 424.75 | 424.38 | 424.64

MW,
Percent Cofire 0 0 0 10 10 10 10 10 10
ManSeam | 2914 | 2015 | 2918 | 2878 | 2020 | 2880 | 2881 | 2865 | 2872
Flow kpph

O, Percent | 2.42 2.79 2.40 2.48 2.88 2.82 2.38 242 2.29

100

95 o
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Urban Wood/Coal Cofiring Feeder Speed Trendline /
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Figure 5-6. Impact of Cofiring on Cyclone Feeder Speeds at Michigan City Cofiring Tests
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5.2.2.2. Efficiency Impacts

Efficency impacts of cofiring are shown in Table 54. There is no gpparent impact associated with
cofiring, however, Cabalo Rojo cod at 8424 Btw/lb was used in the basdline testing and Black Thunder
cod was used during the cofiring tests. Additiona calculations show that, if the PRB cod type is held
congtant, there may be an efficiency loss of ~0.3 - 0.5 percent when cofiring at 10 percent wood waste
by mass (6.5 percent biomass on a heat input basis). It is sgnificant, however, tha cofiring did not
cause an increase in unburned carbon in the flyash, cause an increase in excess O, required, or cause an
increase in ar heater exit temperature.

The gpparent increase in boiler efficiency associated with Test 2 and Test 5 is an artifact of low load
teting. Under low load testing the air heater exit temperature declined dramaticaly, creating this
phenomenon. The efficiency number is an economic number, limiting the economic vaue of biofud. As
PRB cod has demondrated, low cost fuels having a modest negative impact on hest rate can ill be
economicaly desirablein cod-fired boilers.

Table 5-4. Efficency Measurements During Cofiring Tests a Michigan City Generating Station

Parameter Test
1 2 3 4 5 6 7 8 9
Dae| 9/23 | 9/24 | 9/24 | 9/24 | 9/25 | 9/25 | 9/25 | 9/26 | 9/26
Sat Time| 1400 | 0400 | 0915 | 1700 | 0400 | 0900 | 1400 | 0715 | 1030
End Time| 1800 | 0700 | 1015 | 2000 | 0645 | 1200 | 1645 | 1015 | 1300
Load (MW,) 425.7 | 306.0 | 426.6 | 425.8 | 306.4 | 425.9 | 424.7 | 424.3 | 424.6
3 8 5 2 2 5 8 4
Percent Cofire 0 0 0 10 10 10 10 10 10
Main Steam Fow | 2914 | 2015 | 2918 | 2878 | 2020 | 2880 | 2881 | 2865 | 2872
(kpph)
O, Percent 242 | 279 | 224 | 248 | 288 | 282 | 238 | 242 | 229
AHTR Exit °F 366 318 372 368 316 372 372 372 368
AHTR Inleskege| 525 | 890 | 740 | 720 | 530 | 740 | 650 | 880 | 9.50
(%)
Unburned 075 | 057 | 1.18 | 065 | 062 | 0.76 | 0.69 | 0.93 NA
Carbon (%)
Boller Efficency| 846 | 853 | 844 | 846 | 857 | 844 | 847 | 845 | 846
(%)
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5.2.2.3. Temperaturelmpactsof Cofiring.

The economizer exit temperature and the air heater exit temperature were not impacted by cofiring.
Similarly, the recirculated flue gas temperature was not impacted by cofiring. Figure 5-7 illudrates the
impact of cofiring on caculated combustion/flame temperatures while Figure 5-8 illustrates the impact of
cofiring on measured furnace exit gas temperature (FEGT). Note that there is an gpparent dight risein
flame temperature potentialy caused by the volatility of the biofuel and the switch in PRB cods. Note,
a0, that there is a decrease in measured FEGT when cofiring.

The phenomenon creating the drop in FEGT s typicdly that the highly volatile wood waste ignites
rapidly in the exit of the scroll section of the cyclone barrd, helping to ignite the cod and thereby
increasing the relative percentage of combustion occurring in the cyclone barrd.  This decreases the
combustion in the primary furnace, thereby reducing FEGT.
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3420 4
3400 A
3380
3360 1
3340 A
3320 - : : : : : : : :
1 2 3 4 6 7 8 9

Test N5umber

Estimated Flame Temperature (F)

Figure 5-7. Edimated Flame Temperatures During Cofiring a Michigan City Generating Station
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5.2.2.4. Environmental Impacts of Cofiring at Michigan City Generating Station

Cofiring a Michigan City Generating Station reduced SO,, NOy, and opacity emissons as shown in
Table 5-5. The primary environmental impacts of consequence are impacts on NOy formation and on
fossl CO, mitigation. Figures 59 and 510 illugtrate the impact of cofiring on NO, emissons, with
Figure 5-10 focusing on FEGT influences.

Table 5-5. Airborne Emissons From Cafiring at Michigan City Generating Station

Parameter Test

1 2 3 4 5 6 7 8 9

Date| 9/23 | 924 | 9/24 | 9/24 | 9/25 | 9/25 | 9/25 | 9/26 | 9/26

Sat Time | 1400 | 0400 | 0915 | 1700 | 0400 | 0900 | 1400 | 0715 | 1030

End Time | 1800 | 0700 | 1015 | 2000 | 0645 | 1200 | 1645 | 1015 | 1300

NO, (Ib/10°Btu) 128 1 105 | 119 | 116 | 103 | 1.16 | 1.13 | 1.14 | 1.16

SO, (Ib/10°Btu) 087 | 086 | 0.87 | 0.84 | 0.86 | 0.85 | 0.86 | 0.81 | 0.81

Opacity (%) 25.05 | 12.86 | 24.98 | 25.73 | 12.41 | 27.55 | 22.20 | 18.64 | 19.66
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There was an apparent 9.5 percent decrease in NO, emissions caused by a 6.5 percent cofiring (heat
input bass). This decrease was consstent with numerous other test experiences as presented
previoudy. The impact of cofiring on NO, emissons can be directly atributed to fud volaility, and its
impact on the combustion process as shown in equation [17].

NOy = 1.764(FN) + 0.041(0,) + 0.0006(FEGT) -2.21 [17]

Where NO, is measured in Ib NO, (as NO,)/10° Btu, FN is fud nitrogen in Ib/10° Btu, O, isthe
percentage of oxygen in the gaseous combustion products measured at the economizer exit, and FEGT
is furnace exit gas temperature, messured in °F. The i for this equation is 0.979. The probability of
random occurrence for each variable isasfollows. intercept, .0023; FN, .0007; O,, .2832; and FEGT,
.0001. Only the O, term isweak. The wood waste reduced the fud nitrogen content and, because of
its volatility, reduced the FEGT. It is dgnificant to note, however, that the reduction in FEGT did not
cause any reduction in main steam or reheat steam temperature.

The tests a Michigan City demondtrated the potentid of cofiring as an environmentd tool, while dso
documenting some of the operationd benefits and concerns. The potentid shown from these tests led to
atriburn demongration at the Bailly Generating Station of NIPSCO.

5.3. THE TRIBURN DEMONSTRATION AT BAILLY GENERATING STATION

The Ballly Generating Station triburn project has been reported extengvely in the literature (Hus and
Tillman, 2000; Tillman and Hus, 2000; Tillman, 1999 Tillman, 1999b; Tillman, 1999¢). In this
demondgration, NIPSCO sought to obtain the benefits of biomass cofiring while overcoming the
efficiency pendty that has been common to most biomass cofiring programs.

To pursue this opportunity, NIPSCO worked within the framework of the EPRI-USDOE Cooperative
Agreement and developed along term demondration firing biomass and petroleum coke with cod & its
Ballly Generating Station boiler #7, a 160 MW, (net) cyclone boiler. The NIPSCO demonstration
program—the triburn program—involved designing and congructing a fud preparation and blending
facility. It then involved extensve testing of firing clean urban wood waste—biomass—with cod, firing
petroleum coke with coal, and firing various blends of urban wood waste and petroleum coke with cod.
Reaults of the extensive testing program have shown that the triburn blends of biomass and petroleum
coke with cod have accomplished the following: 1) increased boiler efficiency, 2) reduced fud costs,
and 3) reduced emissions of oxides of nitrogen (NOy), mercury, and fossl carbon dioxide (CO,). At
the same time, the triburn program has not increased other emissions.

5.3.1. Overview of the Program

Bailly Generating Station Boiler #7 is a 160 MW, (net) cyclone boiler generating about 1.2x10° Ib/hr of
2400 psig/1000°F/1000°F steam. It is typicaly fired with a blend of 70 percent Illinois Basin coal/30
percent Shoshone cod. It is equipped with a Pure Air scrubber for SO, manegement. This boiler was
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chosen for the long-term demondtration because of the availability of the SO, scrubber coupled with the
sze and flexibility of the unit.

The triburn program was designed around multiple objectives including generating green power—
environmentaly friendly renewable energy—from clean (untreasted) urban wood waste without
decreasing unit capacity or increasing the cost of dectricity generation. The objectives dso included
generating green power without increesing arborne emissons or other environmentd impacts. If these
were achieved, the total program sought improvements in unit performance.  Specific targets were
improved boiler efficiency, reduced fud cost, reduced NO, emissions, and reduced metas emissons.

To achieve the overdl programmatic gods, the design objective was to be able to fire a least 10
percent wood waste dong with at least 20 percent petroleum coke (mass basis) in the fud blend. From
a mechanical engineering perspective, the program objectives were to develop a smple system that
could be readily integrated into the totd fue handling scheme of the Bally Generating Station.
Simplicity, ease of control, and ease of maintenance were critical design objectives of the program. It
was clear from previous Michigan City test program that the biofud, in addition to providing the green
power—the environmentaly friendly renewable energy—identified in the objectives, would provide an
impetus for NO, and sdected metals emissions reductions. The addition of petroleum coke provided a
means to compensate for the concerns associated with biofuels: lower caorific vaue and potentidly
higher moisture content.

5.3.2. System Design and Construction

The system, designed for and condtructed a Bailly Generating Sation, included a pole barn housing a
tromme screen, an above-ground reclam system for metering opportunity fud into the plant, and a
conveyor linking the above ground reclam system to the main cod supply. These facilities are shown in
Figures5-11, 5-12, and 5-13.

Fud was received at the pole barn housing the Powerscreen trommel screen. The pole barn provided
protection for the tromme from wesether; a the same time it provided for dust control on the Ste.

Biomass—clean urban wood waste from the manufacture of mobile homes and recreationd vehicles—
was received at the pole barn after having been processed to remove non-combustible materids and
after having been screened and misted with water for dust control. Petroleum coke was aso received a
the pole barn area. The biomass was then screened on the Ballly Steto asize of %4 x 07, This clean
wood was then blended with the petroleum coke on a specified volumetric ratio using bucket blending.
The blended opportunity fue was then transported to the reclaim area.

The reclam system was the heart of the project. 1t conssted of an above-ground reclamer and an air-
dide conveyor linking the reclam to the main coa bets supplying the crushers and the subsequent
bunkers. The above-ground reclam system had the capacity to supply 800 tor/hr of fud. The typical
operating rate of this unit is on the order of 240 torn/hr, or 30 percent of the total feed rate of the main
cod belt.
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Figure5-11. The Pole Barn at Bailly Generating Station With a Pile of Blended Fuel

Figure 5-12. The Tromme Screen Inddled at the Bailly Generating Station Cofiring Project
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Figure 5-13. The Above Ground Reclaim and Convor stem Used for Cofiring a Bailly Generating
Station

Note from the figures that there was a sgnificant amount of labor involved in this demondration. The
system was not designed for full commercial operation on an automated bass. Note, however, that the
coa yard control room operator could set the belt speeds (in ton/hr) for both the main cod bt on the
right of Figure 513, and the opportunity air-dide conveyor shown with the above ground reclaim
sysem.

The capitd cost for the Bailly Generating Station opportunity fuel cofiring system is $1,186,000. Table
5-6 provides a s breskdown for this syssem. It is important to note that this syssem currently
supplies ~30 percent of the energy required in Boiler #7, and therefore has an ingtdled capitd cost of
some $25/kW. The system is capable of supplying fud to both Boiler #7 and the 320 MWe (net)
Boiler #8. Consequently it has an indaled capitd cost of $8/kW when itsfull capacity is utilized.

While the system was not fully automated, it should be noted that automation in terms of truck recaiving,
wood waste screening, and metering to the reclaimer would have capital costs aong the lines of those
experienced at the Seward Generating Station demondtration.  This would gpproximately double the
capital costs in $kW to gpproximately $50/kW. Note, aso, that capital costs are highly site-specific.
The Bailly Generating Station cod yard had ample red estate conveniently located, reducing the cost of
condruction. Further, the system designed did not require substantial foundation work in the form of
piling or related provisons.

Final EPRI Report.doc 163 10/31/01 9:18 PM



Table5-6. Capitd Cost of the Bailly Station Cofiring System

Cost Category Cost
Vendor Supplied Equipment
Trommel Screen $117,000
Above Ground Reclaim $257,000
Air Slide Conveyor $218,000
Design and Installation
Electrical Design and Installation $124,000
Civil/Mechanical Design and Installation $203,000
Other Costs $267,000
TOTAL $1,186,000

5.3.3. Triburn Testing and Associated Results

Once the triburn system was congtructed and commissioned, it underwent extensive testing to determine
the operationa impacts of the blend of biomass and petroleum coke. Impacts evaluated included boiler
capacity, efficiency, formation of airborne emissons, and fates of trace metas.

5.3.3.1. Test Program and Fued Characteristics

The testing program involved 57 discrete boiler tests.  Independent variables evauated included fuel

blend, load (measured as main steam flow), and excess O,. Fud blends employed are shown in Table
5-7. Each fud type was tested separately in a cofiring mode prior to the trifiring blending. Load was
varied between 720,000 and 1,210,000 Ib/hr of main steam flow, and excess O, was varied between 2
percent and 3.6 percent measured on a total flue gas badsis rather than a dry flue gas basis. The
fundamentd technique involved congtructing heat and mass baances about the boiler during 2.5 — 4
hour test periods. Control room data were taken, dong with fud samples, flyash samples, and dag

samples. FHue gas samples were taken for the heat baances, and for the emissions measurements made
and analyzed within the context of the heat balances.

Table5-7. Fud Blends Tested at Bailly Generating Station

Fud Test Blend Mass Percentage of Each Fuel
Coal Pet Coke | Wood Waste
Blend 1 (Basdine) 100 0 0
Blend 2 90 10 0
Blerd 3 85 15 0
Blend 4 80 20 0
Blend 5 75 25 0
Blend 6 95 0 5
Blend 7 92.5 0 7.5
Blend 8 90 0 10
Blend 9 80 15 5
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Blend 10 70 20 10

Blend 11 70 22.5 7.5

The fuels as tested characterized in Tables 5-8, 5-9, and 5-10. Note that the clean urban wood waste
is comparable to sawdust except thet it islow in moisture and high in fuel nitrogen. Further it ishigher in
ash than typicd sawdust or wood processing waste. At the same time, however, it is low in sulfur
content and lower in trace meta content than the cods. Equaly interesting is the fact that the petroleum
coke contains the lowest concentration of fud nitrogen among dl of the fuds burned, when
concentration is expressed in 1b/10° Btu. Like the wood waste, it contains lower concentrations of trace
metds than the cods used as a base fue, with the exceptions being nickel and vanadium. The low
concentration of voldile metds (eg., mercury, arsenic) results from the refining process and the
extendve thermd treatment of crude oil—driving the volatile metds off with the lighter fractions from the
feedstock.

Table 5-8. Proximate and Ultimate Analyses of Fuels Burned During Bailly Demondration

Proximate Andyss Urban Wood High Sulfur Cod | Low Sulfur Coa | Petroleum Coke
(weight percent) Waste (*)
Fixed Carbon 12,5 41.95 42.15 78.27
Voldile Matter 52.56 34.43 37.56 13.90
Ash 4.08 9.66 5.63 1.34
Moisture 30.78 13.97 14.66 6.48
Ultimate Andlyss
(weight percent)
Carbon 33.22 62.30 63.17 81.11
Hydrogen 3.84 4.34 4.68 3.39
Oxygen 27.04 5.07 9.67 1.32
Nitrogen 1.00 1.22 1.44 1.23
Suifur 0.07 3.45 0.74 511
Ash 3.99 9.66 5.63 1.34
Moistiure 30.84 13.97 14.66 6.48
Higher Heating Vaue, 5788 11113 10900 14308
Btuwlb

(*) Clean urban wood waste from the manufacture of mobile homes and recrestion vehicles, rather than
virgin sawdust from sawmills. This causes the higher ash and nitrogen contents, and lower moisture
content.

Table 5-9. Some Characteridtics of Fuels Burned During the Bailly Demongtration

Performance Parameter Wood Waste | High Sulfur Cod | Low Sulfur Pet Coke
Codl

Volatile/Fixed Carbon Ratio 4.17 0.82 0.89 0.18

L bs Fuel/10° Btu 173 90 92 70

L bs H,0/10° Btu 53.29 12.57 13.45 4,53
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Lbs Ash/10° Btu 6.90 8.69 5.16 0.94
Lbs N/10° Btu 1.73 1.10 1.32 0.86
Lbs S/10° Btu as SO, 0.23 6.20 1.36 7.14

Table 510. Sdected Trace Metd Concentrations in Fuels Burned During the Ballly Demondtration

(mg/kg)

Trace Metd in As- Wood Waste | High Sulfur Cod | Low Sulfur Cod | Pet Coke
Received Fud

Arsenic 2.145 2.194 1.402 0.337
Chromium 6.570 20.361 8.250 4.676
Lead 2.922 3.154 4.267 2.182
Mercury 0.0126 0.0330 0.0200 0.0160
Nickel 2.645 12.33 7.396 134.04
Vanadium 3.06 17.21 11.95 326.37

Samples of representative fuels were dso sent, after the fact, to Pennsylvania State University for
subsequent testing.  The testing described above for the Michigan City Generating Station fuds was
aoplied to the Bailly Generating Station fuds. Results for the high sulfur cod and petroleum coke are
shown in Table 511. The low sulfur coa—Shoshone coa—was previoudy presented in Table 52

aong with the wood waste.

Table 511. Structura and Kinetic Data Representative of High Sulfur Coa and Petroleum Coke
Burned at the Ballly Generating Station Triburn Demondration

Parameter Fuel
[llinois#6 Petroleum Coke
Aromaticity (Number of Aromatic Carbon 74 81
Atoms/Total Number of Carbon Atoms
Average Number of Aromatic Carbons/Cluster 13 21
Devalatilization Kinetics (*)
Temperature Range (°C) 1000 — 1700 1000 - 1700
Pre-exponentiad Congtant (A) (1/sec) 338 104
Adtivation Energy (E) (kca/moal) 14.6 11.5
Char Oxidation Kinetics (**)
Pre-exponential Congtant (A) (1/sec) 1.72x10’ 9.26x10°
Activation Energy (E) (kca/moal) 35.7 42.2

(*) Note: Devolatilization kinetics for the Illinois #6 cod include alow temperature range
of 600 — 1000°C. The pre-exponentid constant for this range is 5.88 and the activation

energy is4.08

(**) Chemica reaction kinetics from TGA experiments

Source: Johnson et. d., 2001b.
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Note that the Illinois #6 cod is quite reactive a lower temperatures and, as its volatiles are stripped
from it, becomes consderably less reactive. Note, also, that both of these fuels are considerably less
reactive than the Shoshone cod or wood as presented in Table 5-2.

This testing dso demondrated that the maximum volatile yidd for the petroleum coke is only 50.2
percent and it is 62.2 percent for the Illinois cod. This comparesto 68.9 percent for the Shoshone coal
and 70 percent for the Black Thunder and Cabdlo Rojo cod. The maximum nitrogen volatile yields for
petroleum coke, Illinois #6 coal, and Shoshone coal are 63.8 percent, 75.6 percent, and 77.8 percent
respectively. These are consderably lower than the values for the biomass fuels or for the PRB coals.

5.3.3.2. Test Results: Operating | mpacts of the Triburn Program

The analysis of results from 57 tests over 11 fud blend conditions and a variety of load and excess O,
conditions were heavily dependent upon caculated heat and materid balances about Boiler #7. The
accuracy of those baances was determined by calculating closure. The heat balance equations were
established to solve for solid fue flow, given the blends measured in the cod yard control room. The
boiler control room also reported fud flow to each cyclone, and to the plant asawhole. Closure, then,
was defined as follows:

Closure (%) = (CFF/MFF) x 100 [18]

Where CFF is cdculated fud flow (tonshr) and MFF is measured fud flow in the main control room
(tong’hr). Closure about the various heat and materia baances was more than acceptable asis shown
inTable5-12. Closureisdso shown in Figure 5-14 for every test conducted during the Bailly program.

Table 5-12. Summary of Heat and Materia Baance Closures

Parameter Value
Mean Closure Percentage 99.63
Standard Deviation (Percent) 311
95 Percent Confidence Interva (Percent) 0.87
Minimum Closure Percentage 93.38
Maximum Closure Percentage 109.60

Capacity and Stability Impacts. The triburn program had no impact on boiler capacity. Main steam
flows in excess of 1.2x10° Ib/hr were achieved with dl fud blends. Testing occurred through three
cgpecity derts without incident. Similarly there was no impact of the triburn program on boiler sability.
Stability was evauated by taking readings in the control room every 10 minutes over 2.5 — 4 hour
periods. Parameters evaduated included air heater exit temperature; excess O,; feedwater, main steam,
cold reheat, and hot reheat pressures, temperatures, and flows, furnace pressures; fud feed rates to
each cyclone; and related values. The data taken were then statigtically evauated. Mean values were
cdculated dong with standard deviations and confidence intervas. In no case was the standard
deviation vaue greater than 2 percent of the mean for any given parameter. The 95 percent confidence
intervals caculated also supported the stability of the operations.
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Beyond the datidtical anays's, operations were observed during dl tests, including tests during very hot
wesather. In no case were the cyclone feeders compromised; feeder speeds never exceeded the 90 —
92 percent range. There was ample capacity in the ID fan as well, indicating that the parameters that
cofiring could impact were not negatively impacted.
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Figure 5-14. Satisticdl Andyssof Closure for al Tests at the Bailly Generating Station Demonstration

Efficiency Impacts. The impact of the triburn program on boiler efficiency was a function of the fue
blend, the load, and the excess O, and air heater exit temperature parameters. The data from the 57
heat and materia balances lead to an overall regresson equation describing the triburn impact on boiler

effidency:

h = 86.75 — 0.049(%W) + 0.059(%PC) [19]

where h is boiler theemd efficiency during triburn testing (including cofiring testing), %W is percent
wood in the blend on a mass basis, and %PC is percent petroleum coke in the fuel blend on a mass
bass. The coefficient of determination—r>—for this equation is 0.86. The probabilities of random
occurrence of the results shown in equation [19] are asfollows: overal equation, 2.28x10%°; Intercept,
1.9x10™%; %W, 2.73x10°; and %PC, 5.42x10™"". Clearly thisis arobust equation.
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The influence of cdfiring on unburned carbon in the flyash—or loss on ignition (LOI) in the flyash—is
illugrative. Table 5-13 summarizes the results obtained during the testing.

Table 5-13. Average Unburned Carbon Percentages in Hyash a Bailly Generating Station

Percent Coal | Percent Opportunity Fuel Percent Unburned Carbon in Flyash
Wood Waste | Petroleum Coke
100 0 0 9.1
90 0 10 135
80 0 20 22.6
90 10 0 2.3
80 5 15 8.9
70 7.5 22.5 11.3

Clearly the firing of wood waste decreased the unburned carbon or LOI. There were exceptiona
events where LOI was quite high regardiess of opportunity fue, however the biomass did tend to
decrease LOI in the flyash. Unburned carbon was virtudly non-existent in the bottom ash or dag
regardless of fud. Tedting of the dag demondtrates a consistent 0.13 percent to 0.16 percent unburned
carbon content regardless of fue blend.

The drivers on boiler efficiency were fue moisture content which increased with incressing wood waste
and decreased with increasing petroleum coke; fuel heat content which follows the moisture trends, and
unburned carbon. It is clear from the evidence at hand that petroleum coke increased the unburned
carbon content in the flyash while wood waste decreased the concentration of unburned carbon in the
flyash. However, only 30 percent of the solid products of combustion report as flyash while 70 percent
report as dag. Consequently, while petroleum coke increased unburned carbon in the flyash, it till had
an overdl bendfica impact on boiler efficiency.

There was virtudly no influence of opportunity fud firing on flame temperature, as calculated by Gibbs
Free Energy technique (Gordon and McBride, 1976 as updated in 1993). The average caculated
flame temperature was 3,470°F. The minimum caculated flame temperature was 3,440°F and the
maximum calculated flame temperature was 3,520°F. There was no apparent corrdation (r*=0.16)
between caculated flame temperature and fuel blend—even with adjustments for excess O? and
adjusments for combustion air temperature.

5.3.3.3. Environmental Impactsfrom the Triburn Program

During the extensve teding a Bally Generating Station, condderable atention was pad to
environmenta impacts. The focus was on formation and control of airborne emissions including opacity,
NOy, CO, tota hydrocarbons (THC), and the fate of trace metas. SO, emissonswere not of concern
to the test program because of the presence of the Pure Air scrubber.
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NO,_Emissons Impacts. The triburn project had an immediate and dramatic impact on NOy
emissions from the Ballly Generating Station Boiler #7. Because the NO, impacts were centra to the
testing, and because NO, reductions had been observed in other cofiring test programs, three andytica
methods were used to evaluate this outcome. The Ib/hr of NO,, were determined first by calculating 10°
Btwhr of heat input from the heat balances, and then calculating Ib/10° Btu from the two factors as
derived (heat balance NO, emissons). They were then determined by usng the USEPA FFactor
cdculaion, deriving an F-Factor for each fud blend usng the USEPA formula (F-Factor NO
emissons). Findly they were determined by using a statistical relaionship between ppmvd NOy at 3
percent O, in the gaseous combustion products (ppmvd-based NO, emissons). The closure between
techniques can be observed from Figure 515, a comparison of the NOx emissions determined by
methods 1 and 2.
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y =1.0072x
R?=0.9999

0.9

NOX Emissions from F-Factor Calculatior

0.8
0.8 0.9 1 11 12 13 14 15

NOX Emissions from Heat Balance Data

Figure 5-15. NO, Emissonsin Ib/10° Btu Calculated from Hest Balances and F-Factor Computations
NOy regression anayses were then performed, leading to the following equations:

NOy = 390 — 6.2(%W) — 6.8(%PC) + 0.38(L) + 45.97(EO2) [20]

NOy = 0.845 — 0.011(%W) — 0.010(%PC) + 0.0005(L) + 0.0255(EO,) [21]
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In equation [20], NOy is expressed in ppmvd @ 3% O, in the dry flue gas. In equation [21], NOy is
expressed in 1b/10° Btu. In both equations L isload, expressed in 10° Ib/hr of main steam flow and EO,
IS excess oxygen measured on a total basis and reported in the control room. With 56 degrees of
freedom, equation [20] has an ¥ = 0.73; and equation [21] has an r* of 0.700. The probability that
these equations, and their terms, occurred randomly is shown in Table 514. Note that dl terms in
equation [20] are highly significant except excess O,, which is margindly significant. In equation [21]
the intercept is margindly dgnificant and excess O, isinconsequentid. However in both cases the %W,
%PC, and L terms are highly sgnificant—as are the total equations.

Table 5-14. Sgnificance of Totd Equaions and Individua Terms for Equations [20] and [21]
Expressed as Probability that the Term Occurred as a Random Event

Equation or Term Equation [20](*) Equation [21](*)
Tota Equation 9.87x10™ 6.57x10™
| ntercept 0.0026 0.077
Percent Wood Waste (mass) 0.0063 0.0008
Percent Petroleum Coke (mass) 1.36x10™ 6.66x10™
Load (10% Ib/hr main steam) 2.04x10” 1.32x10°
Excess O, (total basis) 0.083 0.895

(*) The vaues reported are the probabilities that the equation, or the individua term, could have occurred
as arandom event. Vaues <0.1 are somewhat sgnificant, <0.05 are significant, and <0.01 are highly
sgnificant.

The r* terms can be considered as the degree to which the equations explain the outcome. For equation
[20], the equation explains 73 percent of the outcome and for equation [21], the equation explains 70
percent of the result. While 70 - 73 percent of the NO, emissions can be explained by these equations,
nearly 30 percent remain unexplained. Included in the 30 percent is the synergigtic effects between the
wood waste and the petroleum coke. These synergies are shown in equation [22].

NO, = 1.352 + 0.0002(OF?) — 0.0162(OF) [22]

Where NO, is measured in Ib/10° Btu and OF is percent opportunity fuel. For this equation to work,
both wood waste and petroleum coke must be in the opportunity fuel blend, the wood waste must be at
least 5 percent of the total fud mix (mass bass), and the petroleum coke must be present in at lesst
twice the concentration of wood waste (but not more than three times the concentration of wood
waste). According to equation [22], the triburn benefits continue until 40 percent opportunity fuel/60
percent cod is the blend fired. Further, note that the triburn regression equation [22] has an r* = 0.87,
indicating arobust relationship given the number of tests employed.

The NOy reaults a the Bailly demondration were sufficiently sgnificant that both the fud andyses
previoudy reported and datistica investigations were made into possible mechanisms. Clearly the
wood volatility causng the mass of fue to burn sooner—and the nitrogen volatiles to be released in a
fud-rich environment—contributes to the reduction in NO,. The fud nitrogen concentration of the
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petroleum coke, and the fact that the coke burnsin the dag layer rather than in the primary furnace, dso
contributes to the reduction in NO,. Both of these phenomena contribute to more complete combustion
in the cyclone barre—reducing the combustion in the primary furnace and the therma NO, formed in
that furnace environment. Hame temperatures were not a factor as shown previoudy. Statigtica
andysis of the data shows that moisture in the fuel was dso not afactor in NO, reduction.

CO, Hydrocarbon, and SO; Emissons. As noted in the objectives, it was important to achieve the
benefits of renewable energy without increasing other emissons. The results of testing for these three
emissons are shown in Figures 516 and 5-17. They generdly show little if any change between fue
types. CO emissons were within a range of 2 to 6 ppmvd, hydrocarbon emissons were within the
range of 1.5 to 4.5 ppmvd, and SO; emissons were within the range of 6 to 13 ppmvd. If the
vaiations are other than random, then the CO emissons are dightly reduced with biomass and
increased with petroleum coke. The reverseistrue with hydrocarbons. The mechanisms operating with
SO; emissions, if the variations are other than random, are more complex and relate to sulfur availability,
resdence time, and SO; capture or absorption. The very low measured vaues—typicaly <10
ppmvd—however, indicate that the variation is probably random and can not be definitively explained
asthe result of combustion mechanisms.

The SO; reaults are interesting, dthough the emissions range of 6 to 13 ppmvd a 3 percent Q
demondtrates that cofiring or trifiring did not produce unacceptable SO; emissons.  SO; is commonly
injected into precipitators at 20 ppmvd to improve their performance on western low sulfur cods. At
this time there is no satisfactory explanation regarding why SO3 emissions increased during the triburn
teding.
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Figure 5-17, Concentrations of CO, THC, and SO; as afunction of fuel blend, with vaues expressed in
Ib/10° Btu

Trace Metal Emissions Management. Theimpact of triburn practices on trace metd emissons can
be seen in terms of the concentrations of metas in the fuel feed. Table 5-15 documented the
concentrations of trace metals in the basdine cod, and in the triburn blend. Clearly the triburn process
reduces the trace meta concentrations available to form emissons, with the exception of nickd and
vanadium.
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Table 515. Trace Metd Concentrations in the Basdline Coa Blend and in the Triburn Fud (7.5
Percent Wood Waste/22.5 Percent Petroleum Coke/70 Percent Coal) Expressed in [b/10° Btu

M etal Concentration in Concentration in Triburn
Baseline Coal Blend in Blend in 1b/10° Btu
Ib/10° Btu
Arsenic 1.77x10* 1.41x10*
Chromium 1.51x10° 1.17x10°
Lead 3.16x10* 2.77x10*
Mercury 2.63x10° 2.19x10°
Nickel 2.03x10* 2.81x10°
Vanadium 1.41x10° 7.44x10°

Particular attention was paid to mercury emissons as shown in equations [23] and [24]. Both of these
document concentrations of mercury in the fuel blend as afunction of the particular opportunity fudl.

HY (mgkg) = 0.292 —0.00016(%6W) — 0.00013(%PC) [23]

And

HY mmety) = 2.64x10° — 2.9x10°(%W) — 1.9x10°%(%PC) [24]
%W is percent wood on a mass basis and %PC is percent petroleum coke on a mass bass. While the
petroleum coke plays more of arole in reducing mercury concentrations in the fud fed to the bailer, the
biomass—the wood waste—aso contributes to a reduction in mercury in the feedstock. Subsequent
testing has demondtrated that the triburn process indeed results in reduced mercury emissions. These
mercury emissions results showing reductions caused by biomass are consgtent with the results from
Albright Generating Station.

Vanadium and nickel are the final metals of consderation. As expected, the petroleum coke increased
the concentrations of these metals while the wood waste decreased the concentrations of these metas
as shownin Table 5-16.

Table 5-16. Concentrations of Vanadium and Nicke in the Fuds Burned at Bailly Generating Station
(valuesin mg/kg or ppmw)

Metal Fuel
Wood Waste Petroleum Coke | High Sulfur Coal | Low Sulfur Coal
Vanadium 3.06 326.37 17.21 11.95
Nickel 2.65 134.04 12.33 7.40

Equations [25] and [26] document the influence of each opportunity fue on the blended fud

concentration of vanadium and nickd.
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V (mgkg) = 15.63 — 0.126(%W) + 3.11(%PC) [25]
And

Ni (mgkg = 10.85 — 0.081(%W) + 1.23(%PC) [26]
It is important to note that the partitioning of nickel and vanadium reduce the potentid for emissons of
these materids. Tedting at Ballly indicated that some 75 percent of the nickel reports to the dag and is

essentidly “glassfied” there, and only 25 percent reports to the flyash; the vanadium is about evenly split
between the dag and the flyash. Figure 5-18 documents this partitioning.
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Figure 5-18. Partitioning of Vanadium and Nickd During Triburn Testing at Ballly Generating Station

Because of the potentid issues associated with vanadium in the flyash occurring as vanadium pentoxide
(V20s), X-Ray diffraction of samples with the highest concentrations of vanadium was performed over
a period of 16 hours to maximize the pattern. The results of the andyss indicated that the most
prominent forms of vanadium were V,O3 and V,0,; there were substantia concentrations of vanadium
in asociation with carbon, and these concentrations of vanadium typically do not oxidize completely to
V,0s. However there were significant concentrations of V,Os in the sample aswell. Figures5-19 and
5-20 are the X-Ray diffraction results from two runs on the flyash.

Final EPRI Report.doc 175 10/31/01 9:18 PM



990708

P T T |

3 £ 8 88 3 8 8
il

I»ALI&HL!R H{:'! l‘l v..i ‘}q 1! g ',‘.L,l;;;., (S ;u}k}u! Jl 'l l*. A 41 ‘.._)_;A;L'!' A ,J’ ~~Lvl‘;r‘

20 0 40 80 ™ L

2-Theta - Scale

mmm - File: Fly ash-A.raw - Type: 2Th alone - Start: 18.700 * - End: 82.900 ° - Step: 0.025 * - Step time: 30000.0 s - Temp_: Room - Time Started:
Operations: Background 2.570,0.000 | Smooth 0.150 | Background 2.570,0.000 | Smooth 0.150 | Background 18.197,0.000 | import

@19—1398(N)—Vm¢dium0n’do—\1204-V:Zoo.w%-dxby:1.000-WL:1.78897

EZB—OWQ(N)-VnmdiumOﬁde-V?O:i—V:m.m%-dxby:1.(m—WL:1.78897

[4]42-0225 (C) - Iron Sulfate - Fe2(S04)3 - Y: 8.33 % - d x by: 1.000 - WL: 1.78897

[¥]43-0784 (Q) - Silicon Oxide - Si02 - Y: 0.00 % - d x by: 1.000 - WL: 1.78897

E‘]25-0021 (1) - Aluminum Silicate - A2Si4010 - Y: 10.42 % - d x by: 1.000 - WL.: 1.78897

|

Figure 5-19. X-Ray Diffraction Run #1 on Bailly Generating Station Hyash for Forms of Vanadium

Final EPRI Report.doc 176 10/31/01 9:18 PM



990708

I
Lady)

g 88885888
FEE SR NN SN SRS SN A |

Lo ta bt b b da il

Lin (Counts)

g8 38 8 ¥ 88 EE B OEE

| 1 | ;}: ‘ ) i | A | { ﬁ i
v i {\ 1 ’f“ J4i :&q,‘i‘. 1 g "x.'i"h". lﬂ!’- Ve % ‘. l A: Ll b Au. 2 nad -A ?.k N J ¥

30 40 80 0 L] w0
2-Theta - Scale

[)980708 - File: Fly ash-A.raw - Type: 2Th alone - Start: 18.700 * - End: 82.900 ° - Step: 0.025 * - Step time: 30000.0 s - Temp.: Room - Time Started:

Operations: Background 2.570,0,000 | Smooth 0,150 | Background 2.570,0.000 | Smooth 0.150 | Background 18.187,0.000 | import

[=]45-1074 () - Vanadium Oxide - V205 - Y: 50.00 % - d x by: 1.000 - WL: 1.78887

[4]42-0225 (C) - Iron Sulfate - Fe2(SO4)3 - Y: 8.33 % - d x by: 1.000 - WL: 1.78897

[¥)43-0784 (Q) - Silicon Oxide - SIO2 - Y: 0.00 % - d X by: 1.000 - WL: 1.78807

[4]25-0021 (1) - Aluminum Silicate - AZSI4O10 - Y: 10.42 % - d x by: 1.000 - WL: 1.78897

@41-1426(‘)-m,mum-Y:1N1.ﬁ7$-dxby‘.1.ﬂn-WL:1.78&7

" fh
' 20

gure 5-20. X-Ray Diffraction Run #2 on Ballly Generating Station Flyash for Forms of Vanadium

Final EPRI Report.doc 177 10/31/01 9:18 PM



Fossil CO, Mitigation. One of the primary benefits sought by the program involved greenhouse gas
mitigation—generaion of environmentdly friendly renewable energy. Greenhouse gas mitigation is
measured in terms of fossl CO, emissions reduction, and three sources of reduction occurred through
this project: 1) displacement of cod burned for generation of dectricity, 2) improved boiler dficiency
from the use of petroleum coke, and 3) reduced landfilling of urban wood waste, with the urban wood
wadte being available to decompose and form methane.

The direct fossil CO, reductions result from a savings of 1.05 ton of fossl CO, for every ton of wood
waste burned a this plant. This includes the efficiency impacts of firing wood waste. Under these
conditions, when wood waste was 5 percent of the totad mass of fue, the direct annua fossil CO,
savings a this boiler, were on the order of 27,000 tons. When wood waste was 7.5 percent of the
meass of fud, then the annud fossl CO, savings are on the order of 41,000 tons from Boiler #7 aone.
When wood waste is 10 percent of the total mass of fud, then the annud fossl CO, savings are on the
order of 56,000 tons.

The Foss| CO, savings from this project, however, can be leveraged consderably. The wood waste
being burned would otherwise be sent to landfill. That is based upon current practices of the wood
waste supplier. On that basis, the wood waste not burned will decompose and create methane gas—a
far more sgnificant contributor to greenhouse gas emissons than CO,. The commonly accepted
caculation factors are that methane is 21 times as potent a greenhouse gas as CO,, and that only about
% of the methane generated in landfills is combusted in a flare or other device. Various cdculations
have been made documenting this leveraging effect. The leveraging can be a factor of 2.8 to 4.2.

Further, the increased boiler efficiency caused by the combustion of petroleum coke reduces fossl CO,
emissons. The annua savings from burning petroleum coke at Bailly Generating Station Boiler #7 are
about 7,300 tons.  The total leveraging effect is on the order of 3.0 to 4.4, yidding a tota fossl CO,
(equivdent) emissions reduction from this project of 81,000 to 119,000 tons/year when burning 5
percent wood waste and 15 percent petroleum coke, or 122,000 to 180,000 tons/year when burning
7.5 percent wood waste and 22.5 percent petroleum coke.

The Bailly triburn project, then, has demonstrated that biomass can be blended with petroleum coke to
form anew opportunity fud. This opportunity fuel achieved the objectives of generating environmentaly
favorable energy without causing negative impacts to the operating characteristics or emissons of the
unit. In prectice, the triburn project achieved boiler efficiency improvements while reducing NOy
emissons and trace metd concentrationsin the fue while significantly reducing fossl CO, emissons.

5.4. CONCLUSIONSREGARDING CYCLONE COFIRING

Thetesting a Michigan City, and the demondtration a Bailly, demonstrated the opportunities for cofiring
in cyclone boilers.  Properly managed, cofiring can be used to reduce emissons without undue
economic costs. Proper management, however, requires attention to the base cods being employed as
cofiring againg PRB cod is fundamentdly different from cofiring againgt bituminous cod. Designing
blends of opportunity fuels provides the most Sgnificant opportunities available.
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6.0. SUPPORTING STUDIES

6.1. INTRODUCTION

While testing and demondtrations were a the heart of the EPRI-USDOE Cooperative Agreement,
additiond studies were performed to broaden the base of cofiring by providing information to eectricity
generators concerning engineering studies and opportunities. At the same time the supporting studies
were used to investigate dternative approaches to cofiring.

6.2. DEVELOPING A COFIRING DATABASE

The Cooperative agreement was used to fund an extensve fuels-based database for cofiring (see
Prinzing, 1996). This database presented the following properties for biomass fuels dong with various
cods and other opportunity fuels.

Alfdfagems

Almond hulls

Almond shells

Auto shredder fluff

Bagasse

Bamboo

Banana gems

Miscanthus

Municipa waste, refuse-derived fud (RDF), and various RDF fractions
Non-recyclable paper

Olive pits

RPigachio shells

Pulp mill dudge

Railroad ties

Reed Canary Grass

Rice Straw

Right- of-way trimmings

Sawdust (hardwood)

Sawdust (softwood)

Sewage trestment dudge

Switchgrass

Tire-derived fue (TDF)

Utility (telephone) poles

Wheat Straw

Willow grown as short rotation woody crop
Wood—Various softwoods and hardwoods
Wood pyrolysis char
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Wood pyrolysisall

Blends of wood waste and agriculturd meterids
Eagtern bituminous cod

lllinois basin cod

Utah bituminous cod

Decker (PRB) coal

Spring Creek (PRB) coal

Orimulson

The database presented proximate analyses, ultimate analyses, heeting values, ash dementd anayses,
and trace meta contents wherever available. The database was compiled from secondary sources, and
from tests performed by Ebasco Environmental and Foster Whedler Environmenta as part of the EPRI-
USDOE Cooperative Agreement.

Using basic cdculations, the database provided additiond information, depending upon the basic data
availahility, induding;

Fud volatility

Inherent stoichiometric ratio (to account for high oxygen fuels)

Stoichiometric air required (Ib air/lb fuel)

Maximum theoreticd boiler efficiency a soichiometric ratio of 1.0 and air heater exit
temperature of 300°F

Adiabatic flame temperature

Ash dassfication (bituminous, lignitic)

Baselacid retio

Toso TEMpErature

Sagging and fouling indices

6.3. DEVELOPMENT OF COFIRING GUIDELINES

Based upon the early test programs, certain trends continued to be repeated as shown in the preceding
chapters. Through the Cooperative Agreement, Foster Wheder developed cofiring guidelines (Tillman,
1997). These guiddines summarized the testing and engineering that had occurred from 1992 — 1996.
They included smple modding of combustion processes cofiring goplications.

The Guiddines addressed the following issues.

Fud characterisics impacting cofiring including compodtion, particle sze, chemica
gructure, and ash chemidries

Fud management, handling, and preparation including methods of fud recaiving and
dorage, fuel preparaion (screening, grinding), fud blending as appropriate, and fudl
trangport to the furnace (for separate injection methods), and methods for measuring
fud feed rates

Final EPRI Report.doc 180 10/31/01 9:18 PM



Cafiring combustion including capacity, efficiency, and sability congderations

Combustion consequences of cofiring including boiler capacity, Sability, and efficiency
when cofiring

Environmenta consequences of cofiring including addressing criteria pollutants (SO,
NO,, particulates), trace metals, and greenhouse gas emissons

Economic issues induding capitd investment requirements, fud codts, and operating
costs

The Guidelines report was superceded by a review of dl cofiring experience to date (Battista and
Hughes, 2000) that summarizes the cofiring experience of 26 plants with cofiring testing. Plantsinclude
the Allen Foss| Plant, Bally Generating Station, Big Stone Unit #1, Branch (Harlee) Generating Station,
Colbert Fossl Plant, Dunkirk Steam Plant, B.L. England Station, Escdante Generating Station,
Gadsden Steam Plant, F.J. Gannon Generating Station, Greenidge Generating Station, Hammond
Generating Station, Jeffries Generating Station, Allen S. King Generating Station, Kingston Fossil Plant,
Pant Kraft, La Cygne Generating Station, W.S. Lee Station, Michigan City Generating Station,
NIOSH, Ottumwa Generating Station, Pittsourgh Brewing Company, Seward Generating Station,
Shawville Generating Station, Thomas Hill Energy Center, and Vermilion Power Station. The Battista
and Hughes (2000) report provides 2- page summaries of each cofiring experience.

6.4. ASSESSMENT OF GAS FICATION-BASED COFIRING AT ALLEN FOSSIL
PLANT

Gasficationbased cofiring has been well demondrated in Finland (see Raskin, Palonen, and Niemanen,
2000). Its potentid includes the following factors:

Separation of the biomass ash from coal ash to address the ash sales issue associated
with ASTM Specification C-618 concerning Pozzolan

Broadening the base of biomass avalable to a sngle location by using the gadfier asa
fud preparation technique

Provide a basis for NO, reduction through reburning—should that technique be
appropriate for any given boiler

Gadfication was evauated for the Allen Foss| Plant of TVA. The Allen Fossl Plant had severd unique
advantages. 1) consderable effort had gone into understanding the combustion processes at this
ingdlation (see Chapter 2), 2) the plant management was favorably disposed to cofiring and to
dternative fuds, and 3) the plant was planning to integrate a stream of 500 Btu/ft® wastewater trestment
gas into the fuel supply of one boiler. The biomass gasfication process could be integrated with the
wastewater treatment gas. This combination—initidly evauated at the Allen Fossl Plant—has broad
goplication to usng biomass gadification in concert with landfill gas.
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The initid phase of this investigation was a biomass fud study including not only the traditiond wood
wadtes that were cofired at Allen Fossil Plant, but aso the following:
- Cotton gin trash
Nontrecyclable paper
Non-recyclable cardboard
Pdlet wastes
Select, segregated, components of pre-commercia urban waste

Following successful identification of congderable biomass available in the region, the gasification design
studies proceeded.

The applicability of severd types of gasifiers was evauated including:

Fixed bed updraft (countercurrent) gasifiers
Fixed bed downdraft (cocurrent) gesfiers
Entrained flow gasifiers

Huidized bed gasifiers

Both atmospheric and pressurized gasifiers were congdered.  Air-blown and oxygen-blown gasfication
was reviewed. A survey was conducted of the various gasification systems offered by numerous
vendors. Gas clean-up systems were briefly consdered, however it was beieved that transport of hot
(>1500°F) gas to the boiler would be more economica and avoid cregtion of a wastewater treatment
problem with condensed tars.

A system was designed to evauate gasfication. While it was based upon a fixed bed updraft gasifier,
the design was sufficiently flexible that any type of hardware could ultimately be used. The system
design indluded the following dements.

Fud receiving and materials handling
The gadfication idand

The gas transport system

Andllary sysems

System controls

The study indicated that gasificationbased cofiring could achieve its objectives in terms of broadening
the resource base and separating the biomass flyash from the cod flyash. It could achieve other
environmental benefits a well. The results of the sudy were sufficiently interesting that TVA pursued
bids from severd gadification vendors for the inddlation of a sysem. The project, however, was not
pursued beyond the bid process.
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6.5. OTHER SPECIAL STUDIES

Other small, specia studies conducted under the EPRI-USDOE Cooperative Agreement included fuel
availability studies for selected utilities (e.g., Duguesne Light), fud characterizations (e.g., willow grown
as short rotation woody crop materid), and internationa gpportunities (e.g., the potentia for cofiring
wood waste with cod in New Zedand). The Cooperative Agreement sponsored a smal study of the
greenhouse gas mitigation impacts of cofiring a NIPSCO. These studies supplemented the larger
efforts such as the fudls database and the gadificationbased cofiring study. Further, they extended the
reach of the cofiring tests and demongtrations.

6.6. CONCLUSIONSREGARDING SPECIAL STUDIES

The specid studies buttressed the overdl| test and demondgtration program. They provided essentia data
for evaduating further cofiring opportunities, and provided analyses of aternative approaches to cofiring.
As such they complemented the entire effort to commercidize cofiring of biomass in cod-fired boilers.
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APPENDIX A. SELECTED ACRONYMS

Acronym Definition
A Pre-exponentid congtant in Arrhenius equation
CCCT Combined cycle combustion turbine
CO Carbon monoxide
CO; Carbon dioxide
CTMP Chemi-Thermomechanical Pulping
E Activaion energy in Arrhenius equation
EE-RE Office of Energy Efficiency and Renewable Energy, USDOE
EJ Exgjoule (10* J)
EO, Excess O, in gaseous combustion products
EPRI Electric Power Research Indtitute
FEGT Furnace exit gas temperature
FETC Federa Energy Technology Center, now NETL
FN Fud nitrogen
GJ Giggoule
Hg Mercury
HGI Hardgrove Grindability index
Kpph Thousand pounds per hour (typicaly of main seam)
kwh Kilowatt-hour
LOI Loss on ignition (treasted as gpproximately equa to unburned carbon) in
flyash
MG&E Madison Gas & Electric
MJ Meggoule
MW, Megawait dectric
MW, Megawatt thermd
MWh M egawatt- hour
NETL Nationa Energy Technology Laboratory, USDOE
NIPSCO Northern Indiana Public Service Company (Part of NiSource)
NOy Oxides of Nitrogen (including NO, NO,, N,O)
NY SEG New Y ork State Electric and Gas
NY SERDA New Y ork State Energy Research and Development Authority
PC Pulverized Coal
PDF Paper-derived fud
PRB Powder River Basin
RDF Refuse-derived fud
ROW Right-of-way (applies to trimmings from right-of-way maintenance)
SO, Sulfur dioxide
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SO; Sulfur trioxide

SOFA Separated overfire air system

SRWC Short Rotation Woody Crop

TDF Tire-derived fud

THC Totd hydrocarbon emissons

TMP Thermomechanicd Pulping

TVA Tennessee Vdley Authority

UBC Unburned carbon (typicdly in flyash; see LOI)
uDI Utility Data Indtitute

USDOE U.S. Department of Energy

V/FC Ratio of volatile metter to fixed carbon from the proximate andys's
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