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ABSTRACT"

During the period October 1, 2002 — December 31, 2002, Allegheny Energy Supply Co., LLC
(Allegheny) completed the first year of testing a the Willow Idand cofiring project. This
included data acquistion and anadlyss associated with certain operating parameters and
environmentd results. Over 2000 hours of cofiring operation were logged at Willow Idand, and
about 4,000 tons of sawdust were burned aong with dightly more tire-derived fuel (TDF). The
results were generdly favorable. During this period, dso, a new grinder was ordered for the
Albright Generating Station to handle oversized materid rejected by the disc screen.

This report summarizes the activities associated with the Designer Opportunity Fuel program,
and demongtrations a Willow Idand and Albright Generating Stations. It details the test results
a Willow Idand and summarizes the grinder program at Albright.
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EXECUTIVE SUMMARY

The Tenth Quarter of the USDOE-Allegheny Energy Supply Co., LLC (Allegheny)
Cooperative Agreement, October 1, 2002 through December 31, 2002, was characterized by
completion of the first year of testing & Willow Idand Generating Station, and the ordering of a
new grinder for Albright Generating Station. The primary results of the testing, which are the
focus of thisreport, are asfollows:

Nearly 4,000 tons of sawdust were cofired dong with over 5,000 tons of TDF.
Sawdust was fired at 0 to 9 percent of the fuel blend (mass bass), and TDF was fired
a 0to 7 percent of the fud blend (mass bass). Loads varied from 100 to 187 MW,
(net).

Operating results of the testing showed that adding sawdust to the fud blend increased
the cod feeder speeds on a percentage basis, however the unit never ran out of feeder
capacity. Boiler efficiencies were impacted dightly.  Cofiring did not increase the
excess O, or goichiometric ratio used in combugtion; further it did not increase the
temperature of the flue gas exiting the air heater. Cofiring did not cause the unburned
carbon content of the flyash to increase.  Cofiring did increase the losses associated
with moigure in the fuel and hydrogen in the fud. These increases were modest. When
cofiring was evauated in terms of impacts on net Sation heet rate, the impacts were on
the order of an increased NSHR of 32 Btw/kWh when cofiring a 10 percent sawdust
(mass basis). Cofiring did not cause a reduction in flame temperature within the cyclone
barrds, it did, however, contribute to a reduction in furnace exit gas temperature
(FEGT).

Environmenta results of the testing showed that cofiring contributed to reductions in
SO, emissons, dthough the norma variations in cod qudity made such andyses less
than robust. Reaults dso showed that cofiring reduced mercury emissons and
contributed a reduction of some 12,000 tons fossl CO, equivdent to Allegheny
Energy’s voluntary greenhouse gas reduction program. Expected NOy reductions did
not materidize, however. NO, emissons were not influenced by cofiring.



1.0. INTRODUCTION

Cofiring—the firing of two dissmilar fuds & the same time in the same boile—has been proposed for
using biomass in cod-fired utility boilers. In practice, this cofiring introduces a family of technologies
rather than asingle technology. The family of technologies includes blending the fuels on the cod pile or
cod bdt, and feeding them smultaneoudy to any processing (eg., crushing and/or milling) systems on
their way to the boiler; preparing the biofuds separatdly from the cod and introducing them into the
boiler in amanner that does not impact fossl fud ddivery; or converting the solid biofuels to some other
fud form (eg., producer gas) for firing in a cod-fired or naturd gas-fired inddlation. The Allegheny
project is designed to demongtrate both direct combustion approaches to cofiring.

11. THEWILLOW ISLAND DEMONSTRATION

Allegheny Energy Supply, LLC will demongrate blending wood waste and tire-derived fud to create a
new opportunity fue for cofiring in cyclone boilers, and integrating this fuel combination with a separated
overfire ar system for maximum NO, management. This project dso will demondrate the use of

biomass- TDF blends to reduce SO, and fossil CO, emissons dong with trace metd emissons. The
demondration will occur a Willow Idand Generating Station Boiler #2. It is a 188-M W, cyclone boiler
operated in a pressurized mode and equipped with a “hot Sde’ eectrodtatic precipitator (ESP). This
demondration, located in Willow Idand, WV, has numerous unique feetures to sgnificantly advance
cofiring technology. Allegheny Energy, usng Foster Wheeler Devel opment Corporation, has completed
afeashility study for the project and plans to move directly into Phase Il—construction and operation
of the demondration system.

Cofiring of wood wastes with coa has been demonsrated as an effective means for usng biomass in
cyclone boilers, demondrations have occurred a the Allen Fossl Plant of TVA, the Michigan City
Generating Station of NIPSCO, and the Bailly Generating Station (BGS) of NIPSCO. In these
demongtrations, NOy, SO,, and fossil-based CO, emissons reductions occurred. In each casg, the
volatility of the wood waste created the mechanism for NOy reduction, while the use of a sulfur-freefud
reduced SO, emissons Teding a BGS opened a new area of invedigaion: desgning blends of
opportunity fuels to optimize the impacts of cofiring. At BGS, urban wood waste is mixed with
petroleum coke a a specified blend to optimize NO, emissons management while accomplishing the
godls of foss| CO, emissions reductions. The NO, emissions reductions at BGS are ~30 percent when
firing the designed opportunity fud blend.



The Willow Idand demongration will blend sawdust with TDF to create a new opportunity fue for
cofiring in a cyclone boiler equipped with a separated overfire ar sysem. This demongtration will cregte
a second opportunity fue blend that maximizes NO, emissions reductions from the combustion process
and that can be integrated into the overdl NO, emissions management drategy using overfirear. At the
same time, SO, emissons will be reduced aong with fossl CO, emissions and heavy metd emissons.
The Willow Idand plant “hot-sde’ ESP requires the use of a sodium additive to enhance the restivity
of the flyash particles. This demondration will examine the potentid of biofue cofiring to obviate the
need for such additives in the control of particulates and opacity—capitdizing upon the potassum and
sodium content of the biomass ash.

The demondration program involves optimizing the sawdust- TDF-coa blend for maximum impact in the
cyclone combustion process. Further, it involves optimizing this blend to capitdize upon the overfire ar
system for NO, management. It is estimated that the project will fire at least 10 percent wood waste,
aong with about 10 percent TDF in the project.

While this demondration involves integrating paest successful programs, it provides a sgnificant
enhancement of cofiring and the use of biomass. If successtul, it will be the first demondration where
cofiring has been explicitly integrated into an overdl NOy control strategy as a sgnificant contributor.
Further, if successful, it provides a means for cyclone boiler owners and operators to consider NOy
management drategies other than end-of- pipe solutions or expensive fossl-based combustion strategies
to achieve compliance with current and proposed regulations.

Further, this will be the fira cofiring demondration where the boiler is equipped with a “hot sde’
electrogtatic precipitator—an ESP instaled between the economizer and the air heeter rather than after
the air hester. Such “hot sde’ ESP' s conventiondly use sodium additives to improve the resstivity of
the flyash and enhance its capture. Biomass, with its concentrations of potassum and sodium, may
reduce or diminate the need for such additives. This demongtration will address that condition and, asa
consequence, advance the use of cofiring in cod-fired boilers.

12. THE ALBRIGHT DEMONSTRATION

The Albright Generating Station demondiration provides a means for comparing the NOy reduction
results obtained a Willow Idand Generating Station—in a cyclone boile—to those that can be
obtained in a pulverized cod boiler. The Albright Generating Station Boiler #3 is a 140 MW, bailer,
comparable in capacity to the Willow Idand boiler. It burns a smilar eastern bituminous cod. Of
critica importance, the Albright boiler is equipped with alow-NOy firing system including a separated
ovefirear sysem.

The Electric Power Research Ingtitute (EPRI) has developed a demondtration of sawdust cofiring in a
PC boiler a the Saward Generating Station. A favorable biomass fud supply potential and the favorable
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technology potentid has led Allegheny to decide to relocate the cofiring demondtration to the Albright
Generating Station.  The relocation of the separate injection demondration from Seward Generating
Station to Albright provides opportunities to extend the knowledge base concerning cofiring—
capitalizing upon the configuration of Albright Boiler #3. Specifically cofiring has not been applied to a
generating dation equipped with low NOy firing separated overfire ar sysem. In relocating the
demondtration from Seward to Albright, Allegheny Energy and USDOE have capitdized upon such an
opportunity.

1.3. THE COMBINED RESULTS

The combination of the Willow Idand demondration a the cyclone boiler and the comparétive data
developed a the Albright demondration in a tangentialy-fired pulverized cod boiler will provide
definitive data concerning the emissions reduction potentia of biomass cofiring in units aready equipped
with low NOy firing sysems. As such, these data will help define the potentid, and limits, of biomass
cofiring as an emissions reduction srategy. At the same time these demongtrations will provide ameans
for evaluaing biomass cofiring as a cost-effective strategy for voluntary fossi CO, emissons reductions.
Findly these projects will demongtrate additiona environmenta benefits of cofiring.
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2.0. TECHNICAL PROGRESS

Overdl progress has included concluding contract negotiations with Foster Wheder and, consequently,
with the specidty subcontractors. With these contracts in place, progress has been significant on both
projects.

2.1. TECHNICAL PROGRESSON COMBUSTION AT WILLOW ISLAND
GENERATING STATION

Allegheny Energy Supply Co., LLC. (Allegheny Energy), under contract to the US Department of
Energy (USDOE) to perform a long term demondtration of biomass cofiring at its Willow Idand and
Albright Generating Stations, contracted with Foster Whedler to design, construct, and test sawdust
cofiring facilities a these locations. Testing was performed a the Albright Generating Station in 2001,
while the sysem a Willow Idand was condructed. Biomass cofiring testing a Willow Idand
Generating Station commenced in 2002. This report summarizes the results of that test program.

The basis of the program a Willow Idand was the contract with USDOE to evaduate desgner
opportunity fuelsin cyclone boilers—desgner fues that may be sngle dternative fuels (e.g., sawdust) or
combinations of dternate fuels (e.g., wood waste with petroleum coke, wood waste with tire-derived
fud). As a consequence, the program was designed to test cofiring of sawdust adone, and in
combination with tire-derived fud (TDF) at thisWest Virginialocation.

The test program deveoped for Willow Idand Generating Station is unique. It is a commercial
demondtration, with testing occurring over a 2-year timewindow. The cofiring is integrated into overdl
plant operations, rather than tested as a Sngle event or series of events. Consequently it combines the
commercia operations with the data gathering associated with test programs.

2.1.1. TheWillow Island Cofiring System

The TDF cofiring sysem a Willow Idand was previoudy inddled by Allegheny Energy, and is not
described here. The sawdust cofiring system was designed and indtalled by Foster Whedler. It consists
of a waking floor truck receiving dtation, a disc screen to Sze the biomass at ¥4’ x 07 particles, a
grinding system to reduce oversized particles to the desired Sze, a live bottom or walking floor bin to
gtore the biomass, a variable speed twin auger system for transporting reclamed sawdust to the feed
belt connecting the sawdust to the main cod belt, and that feed belt which is equipped with aload cdl to
meter the sawdust feed at desired rates.

The criticd capacities of the sawdust cofiring system are asfollows:

Truck recalving: 2.5 truckshr
Sawdust screening: 50 tonvhr
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Sawdust storage: 400 tons!
Sawdust reclam maximum flow rate 75 torvhr?

The ingdlation was completed in the first quarter of 2002, with the replacement of motors on the twin
augers. Following ingalation, and the spring outage for the plant, testing commenced. Figures1 —4
depict the sawdust cofiring system.
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2.1.2. Test Program Parameters

The test progran was based upon extensve preiminay research induding extensve fud
characterization, furnace modeling, and reviews of cofiring results a other test programs involving
cyclone boilers. Bailly Generating Station of NIPSCO, Michigan City Generating Station of NIPSCO,
and Allen Foss| Plant of TVA. Thetest resulting program developed for the Willow Idand Generating
Station involved evauating both operationa and environmental concerns. Operationd issues included
the fallowing:

Theinfluence of cofiring on the ahility of the Willow Idand #2 boiler to achieve capacity

The impact of sawdust cofiring, and combined sawdust/ TDF cofiring, on boiler efficiency—
induding an assessment of the influence of cofiring on the factors influencing boiler efficiency
such as excess O, or stoichiometric retio, ar heater exit temperature, and unburned carbon
in the flyash or loss on ignition (LOI)

The impact of sawdust cofiring, and combined sawdust/ TDF cofiring, on net station heat
rate (NSHR) expressed in BtwkWh, including the critica concern of the influence of cofiring
on main steam temperatures

The impact of sawdust cofiring, and combined sawdust/ TDF cofiring, on flame temperatures
and furnace exit gas temperatures (FEGT)

The environmenta issues associated with the cofiring testing included the following:
The influence of cofiring sawdust and combined sawdust/ TDF on NO, emissons
Theinfluence of cofiring sawdust on mercury emissons

The influence of cofiring sawdust on reductions of greenhouse gas (fossl CO, equivaent)
emissons

The influence of cofiring sawdust, and the combination of sawdust and TDF, on CO
emissions and opacity

The test program was designed not only to measure these influences but dso to determine datisticaly
sgnificant trends, and to explain specific results as measured.
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2.2. TEST METHODOLOGY
2.2.1. Test Program Overview

During the year 2002, Allegheny Energy fired dmost 4,000 tons of sawdust a the Willow Idand
Generating Station, aong with over 5,000 tons of TDF. The sawdust cofired was more than any other
USDOE-funded cofiring test program to date. It resulted in the generation of 3.7x10° kWh of green—
renewable—electricity. Table 1 summarizes the consumption of sawdust by month at the Willow I1dand
Generating Station.

Table 1. Consumption of Sawdust a Willow Idand Generating Station in 2002

Month Tons of Sawdust Consumed
January — May 283.7

June 373.8

July 732.3

August 534.0
September 637.4

October 532.0
November 652.8
December 238.3

TOTAL 3984.3

During these months 55 test periods were obtained, when the boiler was operating in a condition
facilitating the development of test data. These 55 test periods represent some 200 hours of operation.
During these test hours, the basic test parameters were varied significantly as shown in Table 2.

Table2. Variability of Basc Test Parameters During the Willow Idand Test Period

Percent Sawdust | Percent TDF | GrossLoad (MW) | Net Load (MW)
Average 5 2 166.3 157.2
Minimum 0 0 108.3 100.3
Maximum 9 7 196.6 186.7

These tests represent a broad range of conditions for evauating the commercia implications of biomass
cofiring and designer opportunity fuelsin cyclone boilers.

2.2.2. Test Identification and Data Gathering

The test methodology involved operating the boiler with norma operating procedures, no specific
conditions were required of the operators. The tons of al fuels loaded to the bunkers were reported in
the coal logs for dl days. The cod logs determined what days were considered test days. As an
operating assumption, if a particular blend of cod was loaded by 1200 hours on a given day, it was
assumed that the blend—or reasonably close to the blend--would be in the boiler by 1800 hours on that
day. The Willow Idand bunkers, like most bunkers, rathole; and the materid loaded at the top rapidly
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decends to the discharge sysem. To the greatest extent possible, periods of time anayzed were
selected if a given blend was loaded into the bunkers on consecutive days. While this assumption leads
to uncertainty in the data, it is necessary given the fact that the cod is flowed through the bunkersto the
cyclones, separate injection is not possible. Further, given the operating conditions a the station and the
uncertainties of fue supply, it was not practica to hold asingle blend for 5 days.

The basc methodology then involved leaving the unit in automatic generation control (AGC), and
acquiring operating data during the entire time frame of the testing. Acquistion of the data was by
computer program; electronic data were stored and retrieved as needed, consstent with the cofiring
percentages reported in the cod logs. The retrieved data were then reviewed to determine periods of
gable operating loads. Operating periods chosen were typicaly on the order of 2 hours with many
being aslong as 4 hours and one being over 8 hours.

2.2.2.1. Operational Data Acquisition

The operational data acquired were those associated with constructing heat and materia balances.
Specific dataincluded the following:

Feedwater pressure, temperature, and flow

Main steam pressure, temperature, and flow

Cold reheat steam pressure and temperature

Hot reheat steam pressure, temperature, and flow

Reheat attemperation pressure, temperature, and flow

Excess O, a the furnace

Excess O, a the air heater exit

Temperatures of the flue gas exiting the economizer and exiting the air heater
Temperatures of the ambient air, air entering the ar heeter, and ar exiting the air heater
FEGT

Coal feeder speeds (percentage basis)

Certain assumptions were made to augment these data. Cold reheat flow was assumed to be equa to
hot reheet flow minus reheat attemperation flow. The temperature of the flue gas entering the air heater
was assumed to be equd to the temperature of the gas exiting the economizer minus 50°F. This
correction is the assumed temperature loss in the hot-sde ESP. During low load conditions, the rehest
steam flows reported by the control system are typicdly higher than the main seam flows. In these
cases, the hot reheat steam flow was assumed to be 89.6 percent of the main seam flow; this
assumption was based upon an andysis of the boiler heat balance drawing.

Because FEGT was consdered a criticd parameter, a Diamond Power Gastemp? probe was

purchased and ingtdled at the nose of the boiler. The Gastemp? probe was then connected to the
Bailly control system for continuous recording of FEGT data.
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In addition to the acquisition of continuous operating data, the andyses were based upon extensve
characterization of the sawdust, cod, and TDF burned at the Willow Idand Generating Station. These
characterizations were performed at the beginning of the program. Bottom ash (dag) unburned carbon
was assumed to be almost 0—0.15 percent. Unburned carbon in the flyash was based upon the LOI
measurements for the week during the test period. Since flyash contains only 30 percent of the solid
products of combustion from cyclone firing, and since the LOI values were reasonable in dl cases, this
parameter was not extensvely andyzed. Feedwater and steam enthapies were caculated using the
ASME Steam Properties software.

2.2.2..2. Environmental Data Acquisition

Once the test period was determined, Certified Emissons Monitoring Sysem (CEMS) data were
obtained consistent with the test period. The CEMSS data obtained were asfollows:

NOy, ppmv
NO, 1b/10° Btu
SO, ppmv
SO, Ib/10° Btu
Opacity

Load

CO data dso were obtained, but not from the CEMS. It was recognized that NO, values reported
from the CEMS as Ib/10° Btu are based upon an FFactor, obtained from USEPA literature and
ingalled in the monitoring equipment. It was aso recognized that the FFactor is based upon the
ultimate analyss of the fud as fired, and the most precise FFactor is calculated for each blend. F
Factors for lower rank fuels are lower than those for higher rank coa's, consequently blends of cod and
sawdust can have lower FFactors than the cod done. When using CEMS data, this can result in
overstating the NO, and SO, emissions. In order to determine whether the F-Factor would unduly bias
results upward when cofiring sawdust with coa, ~Factors were caculated for the coa done, and for
al coal/sawdust/TDF blends. Using the O-based FFactor caculation, an operationd equation for
corrections was devel oped:

Fwi = 36028.99 — 262.76(%C) — 263.96(%W) — 266.38(%TDF) [1]

Where Ry, isthe F-Factor for Willow Idand cod, %C is the mass percent cod in the fud blend, %W is
the mass percent sawdust in the fud blend, and %TDF is the mass percent TDF in the fud blend. This
is an operationa equation only; its parameters have no fundamenta basis. However the equation shows
that the sawdust and the TDF both have the potentid to reduce the F-Factor used to calculate NO, and
SO, emissions in 1b/10° Btu. Given equation [1], the NO, emissions reported by the CEMS were
adjusted for the specific fud blend and then compared to the origina vaues reported by the CEMS.
The results of this comparison are shown in Figure 5. Note that there is dmaost no correction associated
with the fud-specific F-Factors. On this basis the CEMS data are used directly throughout the
remainder of this report.
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Figure 5. Comparison of NOx Reported by the CEMS, and NOy Reported, and Corrected for Fuel-
Specific F-Factors

Fossl CO, emission reductions were andyzed based upon the tons of sawdust fired. Mercury
emissions were anayzed based upon a comparison of the sawdust with reportsto USEPA by Allegheny
Energy.

2.3. Analytical Techniques

The data were then analyzed by congtructing a series of smplified heat and materid baances about the
Willow Idand #2 boiler. These baances were integrated with the CEM S data to depict the emissons
smultaneoudy with the operating data. Note that the percentage sawdust and TDF shown in the heat
balances is on a heat input basis.

In addition to the heat and materia balances, theoretica flame temperatures were caculated using CET-
89, the thermodynamic combustion code developed by NASA and used widdy throughout the
combustion industry.  Theoretica flame temperatures were calculated, in absolute temperatures, based
upon the andysis of the fud blend, the stoichiometric ratio, and the temperature of the air exiting the air
heeter. The estimate of actud flame temperature within the cyclone barrel was taken to be 90 percent
of the theoretica flame temperature on an absolute basis. This etimate is consistent with cyclone firing
literature, and consstent with measurements made at both the Allen Fossil Plant and Paradise Foss|
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Pant of TVA during extended combustion tests. Additiond cyclone modeling was performed using a
Foster Wheder amplified model to evauate additiond issues.

Once the basic andyses were performed, trends in the data were then evaluated using datistical
andysis, focusng upon regression andyss and curvefitting. In this way, the influences of cofiring could
be readily depicted.

2.3. OPERATIONAL RESULTSFROM COFIRING AT WILLOW ISLAND

Operationd results from cofiring sawdust, and combinations of sawdust and TDF, included the
influences of these fuels on the ahility of the unit to make capacity, to operate in an efficient manner, to
achieve desired temperatures, and to impact fud cogs. In dl of these cases the cofiring system met or
exceeded expectations.

2.3.1. Impact of Cofiring on System Capacity

As expected, the cofiring of sawdust modestly increased the use of boiler feeder capacity asis shownin
Figure 6. The sawdugt, having both a lower cdorific vaue, and a lower bulk densty, speeds up the
feeders to the cyclones. However the increases in feeder speeds never caused the unit to experience a
capacity limitation. The scetter in the data shown in Figure 7 reflect the influenc
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Figure 6. The Influence of Sawdust Cofiring on Fud Feeding Capecity
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Because the fuel feeding capadity is a function of both fuel quality (Btu/ft> of fud) and load, asmplified
regression equation was created as shown below:

CF = 2.281 + 0.505(%W) + 0.462(MW,) [2]

Where CF is percentage coa flow, %W is percent sawdust cofiring on a mass basis, and MW isthe
load expressed in gross megawatts generated. The coefficient of determination (r%) for this equation is
0.96. The probability that the %W term occurs randomly is 0.00014 and the probability that the
influence of load occurs randomly is 6.2x10.

2.3.2. Impact of Cofiring on System Efficiency

The impact of cofiring on system efficiency includes both boiler efficiency, expressed as a percentage,
and net dation hest rate expressed as BtwkWh. Evauations of efficiency include both assessments of
specific operating parameters—excess O, or stoichiometric ratio, air heater exit temperature, and loss
on ignition—and on efficiency asawhole.

2.3.2.1. Boiler Efficiency

Bailer efficiency was evaduated by cdculating a heat and materia bal ance about the boiler for each test.
Heat and materid baances were caculated usng molar caculations and the “losses’ methodology. The
overdl influence of sawdugt cofiring, and sawdust/TDF cofiring, on boiler efficiency is very sndl.
Regresson andysis shows that the maximum degradation in boiler efficiency caused by cofiring is 0.03
percent efficiency loss/percent wood cofiring on amass bass. When cofiring at 10 percent (mass basis)
the maximum efficiency loss would be 0.3 percent. The regresson analysis was not robust, however;
vaiability in the cod being fed, dong with other factors, contributed to a low coefficient of
determination.

The influence of specific parameters on efficiency became of sgnificance for andytica purposes.
Factors analyzed included excess O, or stoichiometric retio, air heater exit temperaure, loss on ignition,
and then sdected components of the losses caculation: dry gas loss, fud moisture content, and
hydrogen content in the fuel.

Excess O, a the furnace exit, or soichiometric ratio (SR) for combugtion, was the firg variable
andyzed. The use of excess ar as a function of fuel was again andyzed by regreesson andyss. A
specific function was created showing that the SR decreased by 1.6x10° for every percent wood
cofired in the fud blend. The SR decreased by 0.0005 for every percent TDF in the fud blend. Ther?
for the equation creeted is 0.81, and al factors are satigicaly sgnificant. The percentage wood and
the percentage TDF in the fud blend has virtudly no influence on the SR.

Cofiring does not influence the use of excess air, as shown above. Cofiring aso does not influence the

ar heater exit temperature If anything, there was a dight (favorable) downward trend in air heater exit
temperature as a function of sawdust cofiring. That trend is not Sgnificant, however; essentialy there is
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no influence. Further, The incluson of sawdust into the fuel blend had no influence on unburned carbon
in the flyash, or losson ignition (LOI.

The heat and materiad baances for operations above 177 MW, gross load were used to evaluate the
influences of dry gas loss, moisture in the fuel, and hydrogen in the fud. These cases indicate that the
influence of sawdust and TDF is the increase in moisture in the fue and hydrogen in the fuel. The latter
results from the higher hydrogen/carbon atomic ratios associated with the sawdust and the TDF-.

2.3.2.2. Impact of Cofiring on Net Station Heat Rate

The overdl impact of cofiring on net dation hest rate is not readily apparent from operating data; the
influences are quite minor.  Of sgnificance to the heet rate determination is the influence of cofiring on
main steam temperatures. In summary, cofiring did not reduce main steam temperatures when operating
a any condition. In virtudly al cases the main steam temperature was between 1000°F and 1020°F,
regardless of fud blend or load. Hot reheat steam temperatures dso were not influenced by cofiring
sawdust or sawdust/TDF blends as well.

The only method for analyzing the impact on net sation heet rate, then, is to analyze based upon a
theoretical turbine heet rate and gpply the boiler efficiency to that. Assuming aturbine heet rate of 8900
BtwkWh and a typical boiler efficiency when firing only cod of 87.7 percent, an ided NSHR of 10,150
can be caculated. At 10 percent sawdust, and an efficiency loss of 0.29 percent (based upon equation
[3]), and a congtant turbine heeat rate, the caculated NSHR would be 10,182; there would be an
increase in NSHR of 32 BtwkWh. As a practica matter, the measurements made do not provide
aufficient information to quantify this with test data. However it is congstent with other tests conducted
a Albright Generating Station Boiler #3, and at other locations as well.

2.4. Temperature Influencesof Cofiring at Willow I sland #2 Boiler

Both flame temperatures (Ty) and furnace exit gas temperatures (FEGT) are of concern when cofiring
sawdust and sawdust/ TDF blends. Flame temperaiures are essentid to maintaining the dag in a
condition where it will readily flow through dag taps to dag tanks. Furnace exit gas temperatures
sgnificantly influence depogtion of inorganic matter in the boile—and particularly influence where that
deposition will occur.

2.4.1. Flame Temperature Influences of Cofiring at Willow Iland #2 Boiler

Hame temperatures experienced minimad impact from cofiring activities. T vaues are not readily
measured directly, however they can be cdculated wsng the combustion code developed by NASA.
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These cdculations employ Gibbs Free Energy minimization caculations to account for dissociation of
CO; into CO and O, and other smilar high temperature reactions. Experience with one HVT probe
direct measurement of T; values at Pearadise Fossl Plant showed that estimated actud flame
temperatures are about 90% of the theoretically caculated T¢ vaues resulting from the CET-89
computer code, on an absolute temperature bass.  Experiments measuring the dag temperaturesin a
cyclone using optica pyrometry at the Allen Fossl Plant confirmed this as a reasonable approximation.

Theoretical and estimated actud flame temperatures have been caculated for 10 full load cases where
the sawdust cofiring ranged from O to 9 percent (mass bass), and the TDF cofiring ranged from O to 6
percent (mass basis). These cases are shownin Table 3.

Table 3. Edimated Hame Temperatures for Full Load Firing a Willow Idand #2 Boiler

Case Load % Cofiring Theoretical T; Est. Actud T
Date Time (MW)* | Sawdust | TDF K °F K °F
03/11 0304 194.71 0 6 2335.1 | 3744.2 2100 3325
07/02 1826 183.52 3 0 23454 | 3762.7 2110 3340
07/23 1738 183.00 4 0 2349.5 | 3770.1 2115 3350
08/02 2000 190.14 0 0 2356.2 | 3782.2 2120 3360
09/20 0935 189.44 7 4 2355.5 | 3780.9 2120 3355
09/22 1730 184.05 6 3 2346.0 | 3763.8 2110 3340
09/23 1620 188.07 6 5 2357.9 | 3785.2 2122 3360
10/10 0954 188.81 8 0 23429 | 3758.2 2110 3335
10/30 0906 189.52 8 0 2356.6 | 3782.7 2120 3360
11/04 0911 189.48 9 0 2350.7 | 3772.3 2115 3350

* Gross Megawatts e ectric generated

Note that there is very little variation in flame temperature as a function of fud at full load. Two
regresson equations have been congructed to estimate flame temperature a Willow Idand #2 boiler,
as shown below:

Ti= 3670 + 5.9*%C) + 4.8(%W) + 6.2(%TDF) + 3.7(%L) — 617(SR) + 0.38(Ta) 13
And
T = 4248 — 579(SR) + 0.30(T4) .

Where T; is theoretica flame temperature (°F), %C is percent cod in the fud blend (mass basis), %W is
percent sawdust in the fud blend (mass basis), %TDF is percent tire-derived fud in the tota fud blend
(mass basis), %L is percent limestone in the total fud blend (mass basis), SR is stoichiometric ratio, and
Tar is temperature of the combustion air F). Theoretica flame temperatures, rather than estimated
actua flame temperatures, were used for these caculations because theoretica flame temperatures are
the basis for esimating actual flame temperatures. The ¢ for equation [3] is 0.999 and the ¥ for
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equation [4] is0.937. Interestingly, the caculation of the Sgnificance vaues for the fud variables shows
that these are not significant contributors to flame temperature. Table 5 presents the probabilities that all
variables in equation [3] occurred randomly. Probabilities <0.05 are sgnificant; probabilities <0.01 are
highly sgnificant.

It isinteresting that the higher moisture biomass has little impact on flame temperature depite its lower
cdorific vdue and its moisture content. The reason is fued volatility, and the consequent rete of weight
loss. Shafizadeh and DeGroot (1977) devel oped the necessary explanatory equation as shown below:

F: = (dw/dt)h 5]

Where F is flame intendity, dw/dt is the rate of weight loss of a smple of fud with respect to time,
when being subjected to thermogravimetric andysis (TGA) at a hegting rate of 20°C/min, and histhe
heat content of the fud (cd/g). This equation shows that, while the biomass fuds are lower in cdorific
value and higher in moidure, the rate of weight loss resulting from ther high voldility is sufficient to
compensate and to generate high flame temperatures. Consequently, in al casestested at Willow Idand
Generating Station #2 boiler the flame temperatures were sufficient to support good dag formation. In
no case did was the flame temperature compromised by the practice of cofiring.

2.4.2. Furnace Exit Gas Temperature Influences of Cofiring at Willow 1dand #2 Boiler

The practice of cofiring a Willow Idand caused adecrease in FEGT asis shown in Figure 7. Note the
trend shown in this figure based upon sawdust addition.
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Figure 7. The Influence of Sawdust Cofiring on Furnace Exit Gas Temperaure
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Note that the trend is quite flat as the percent sawdust exceeds 5 percent. It is useful to observe that,
while this trend occurred, the main steam and reheat steam temperatures did not decrease dso. That
was caused by amodest increase in flue gas volume when sawdust was added to the fudl blend.

Operationdly, then, the cofiring project has demondtrated benefits without incurring sgnificant capacity,
efficiency, or temperature penalties.
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2.5. ENVIRONMENTAL CONSEQUENCESOF COFIRING AT WILLOW ISLAND
#2BOILER

Cafiring biomass—sawdust—and TDF has the potentid to accomplish environmentd benefits for
Willow Idand Generating Station. Specific congderations include:

SO, reduction

NOy reduction

Mercury reduction
Greenhouse gas reduction

Some of these benefits were obtained; others remained eusive during the first year of sawdust cofiring
a Willow Idand Generating Station.

2.5.1. SO, Reduction from Cofiring at Willow I sland #2 Boiler

Biomass cofiring is expected to reduce SO, emissons sawdudt is virtudly sulfur free. Fgure 8
summarizes the SO, emissons as afunction of biomass cofiring. Note that thereis atrend towards SO,
reduction, however there is Sgnificant scatter in the results as a consequence of natura variability in the
cod being burned. Consequently the r? for the trend line is weak—about 0.27.
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Figure 8. SO, Emissons as a Function of Sawdust Cofiring at Willow Idand #2 Boiler
A multiple linear regression equation can be created, however it lacks any hint of robustness. What is

clear from these data is the fact that coal composition has anatura variability. Further, as sources vary
from day to day as a function of reclaim, a precise assessment of SO, reduction can not be satiticaly
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quantified. It is sufficient to note that the biomass is sulfur-free, and the TDF is relatively low in sulfur;
and these will contribute to a reduction in this pollutant.

2.5.2. NOx Emissions Resulting from Cofiring at Willow Island #2 Boiler

Cofiring sawdust, and combinations of sawdust and TDF, did not achieve the expected reductions in
NOy emissons. The sawdust and TDF both reduced the fuel nitrogen entering the cyclone barrd. The
sawdust and TDF did not increase, or decrease, flame temperatures sgnificantly but they did decrease
FEGT. NOx data showed significant variability, and regresson andysis yielded no equations that were
robust. The variability in the NOy emissons could well be a function of the inherent variability of the
cod. The concluson wasthat can be said is that cofiring did not reduce NO, emissions.

It is useful to attempt to understand why NO, emissions did not respond to cofiring at Willow 1dand
Generating Station, given the success in using cofiring for NO trim a Albright Generating Station, and
a such cyclone bailers as Bailly Generating Station Unit #7, Michigan City Generating Station Unit #12,
and Allen Fossil Plant Units#1 and #2.

Previous research has demongrated that the NO, reduction mechanism associated with sawdust
cofiring involves cregting a highly volatile fud-rich region to enhance staged combustion. For cyclone
boilers, this mechanism has worked because such boailers typicdly are fired with significantly more
excess ar—and consequently higher gdoichiometric ratios—than is practiced a Willow Idand
Generating Station.

Operation of the cyclone boiler a Willow Idand causes the cyclone to be operated in a fud staged
condition. Thisis further augmented by the split damper ingdlation & Willow Idand. Internd staging
within the cyclone barrel is maximized, as is the purpose of the split damper design common to many
cyclone inddlations. To evaduate this possibility, Foster Wheder applied a smplified cyclone mode to
consder the stoichiometric and temperature profile of a Willow Idand cyclone barrel when operated at
ful load. Further, results were compared to temperature modeling by Reaction Engineering. The model
employed by Foster Whedler was developed to evauate biomass cofiring at other ingtdlations. Inputs
to this modd include the fuds, the stoichiometric ratios, and al vaues associated with caculating heat
and materid baances. Further inputs include the physical dimensions of the cyclone barrdl.

The modd used by Foster Wheder smplifies cyclone combustion by using a zoning gpproach. It
makes the assumption that the gas moves with plug flow between regions, and is well mixed within each
region. These assumptions do not hold for cyclones as a whole, however they adequately describe the
center of the cyclone where the gas is passing through the cyclone barrel towards the re-entrant throat.
These assumptions are more gppropriate when cofiring is employed, because cofiring improves mixing
in the cyclone barrdl. Upon development, the temperature aspects of the model were caibrated with
messurements at both Paradise Foss| Plant and Allen Foss| Plant.

The temperature profile of the Willow Idand cyclones is depicted in Figures 9 and Figure 10. By
comparison, the REI temperature profile for the 90 percent coa/10 percent sawdust case is shown in
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Figure 11. Note the smilarities of the temperature profiles between Figures 9, 10, and 11. All show
the highest temperature very close to the re-entrant throat. These data indicate the fact that the cyclone
barrels a Willow Idand employ sgnificant internd gaging, achieving many if not most of the benefits of
staged combustion by the methods employed with norma operaions. This accounts for a Sgnificant
number of full load operating hours when NO, emissions a Willow Idand Generating Station are at or
below 1.0 Ib/10° Btu. Many of the benefits normally brought through cofiring biomass in a cyclone
boiler are aready being achieved by current operating procedures.
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Figure9. Single Cyclone Barrd Temperature Profile for Willow Idand #2 Boiler
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Figure 11. Reaction Engineering Temperature Profile of the Willow Idand Cyclone Boiler Firing 90
Percent Coal/10 Percent Sawdust

2.5.3. Mercury Emissions I mpacts of Biomass Cofiring at Willow I sland

Careful tegting of the sawdust being fired a Willow Idand Generating Station shows that the sawdust
contains 0.003 — 0.009 mg/kg of mercury. This compares to 0.18 mg/kg of mercury in the cod, as
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reported in the Toxic Reease Inventory data. Cofiring reduces mercury emissons by reducing the feed
of mercury to the bailer.

2.5.4. Greenhouse Gas Emissions | mpacts of Biomass Cofiring at Willow I sland

It has been shown that cofiring reduces fossl CO, emissons directly by 1.0 — 1.1 tons CO,/ton
biomass burned. Further, it has been shown that cofiring reduces fossl o, equivdent emissions by an
additiona 2 tons for every ton of sawdust burned in a power plant—avoiding methane formation in
landfills and other land applications.

The cofiring of sawdust a Willow Idand has reduced greenhouse gas emissions by >4,000 tons CO,
directly, and by a total of over 12,000 tons fossl CO, equivdent in the year 2002. Since Allegheny
Energy has committed to a voluntary reduction of greenhouse gases, this project has made a
contribution to the overd| corporate target.

2.6. CONCLUSIONS

The firg year of cofiring a Willow Idand Generating Station has involved over 2000 hours of firing
sawdust and sawdust/TDF mixtures. Assuch, it has demonstrated that there are no negative impacts on
boiler capacity, only minor impacts on boiler efficiency, potentidly positive impacts on combustion and
furnace temperatures, and favorable impacts on fud costs.

The firg year of cofiring a Willow 1dand Generating Station has demondtrated that the use of sawdust
and TDF can reduce SO, emissons, however it has not had the beneficid impact on NOx emissions
that were anticipated. Cofiring, however, has had favorable impacts on mercury emissions and
greenhouse gas emissons.

3.0. PROGRESSAT THE ALBRIGHT GENERATING STATION

Progress at the Albright Generating Station involved placing an order with Industria Biomeass, Inc. for a
2-gage grinder to be indaled during the first calander quarter of 2003. This grinder will reduce
oversized materia rgected by the disc screen and should resolve many of the operating difficulties a the
Albright ste.

4.0. EXPECTED PROGRESSDURING THE 11" QUARTER OF THE
ALLEGHENY ENERGY COFIRING PROGRAM

The eleventh project quarter, from January 1, 2003 through March 31, 2003 is expected to see the
following progress, as shown in Table 4.
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Table 4. Anticipated Progress at Willow Idand and Albright Demondiration Sites

Progress at Willow Idand Progressat Albright
Continued testing of cofiring Ingtalation of new grinder
Continued testing of trifiring Resumption of testing
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