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ABSTRACT

Research has been conducted under United States Department of Energy Contract DE-AC21-
86MC21023 to develop a new type of coal-fired plant for electric power generation. This new
type of plant, caled a Second Generation Pressurized Fluidized Bed Combustion Plant (2" Gen
PFB), offers the promise of efficiencies greater than 48 percent, with both emissons and a cost
of dectricity that are dgnificantly lower than those of conventional pulverized cod-fired (PC)
plants with wet flue gas desulfurization.

The 2" Gen PFB plant incorporates the partid gasfication of cod in a carbonizer, the
combustion of cabonizer char in a pressurized circulaing fluidized bed boiler, and the
combugtion of carbonizer syngas in a gas turbine combustor to achieve gas turbine inlet
temperatures of 2300°F and higher.

A conceptual design and an economic andyss was previoudy prepared for this plant. When
operating with a Siemens Westinghouse W501F gas turbine, a 2400psig/1000°F1000°F/2-1/2 in.
Hg. steam turbine, and projected carbonizer, PCFB, and topping combustor performance data,
the plant generated 496 MWe of power with an efficiency of 44.9 percent (cod higher heating
vaue bads) and a cost of dectricity 22 percent less than a comparable PC plant. The key
components of this new type of plant have been successfully tested at the pilot plant stage and
their performance has been found to be better than previoudy assumed. As a result, the
referenced conceptual design has been updated herein to reflect more accurate performance
predictions together with the use of the more advanced Siemens Westinghouse W501G gas
turbine. The use of this advanced gas turbine, together with a conventiona 2400
psig/1050°F/1050°F/2-%2 in. Hg. steam turbine increases the plant efficiency to 48.2 percent and
yields a totd plant cost of $1,079/KW (January 2002 dollars). The cost of eectricity is 40.7
millskWh, avaue 12 percent less than a comparable PC plant.
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Executive Summary
I ntroduction

The dectric utility industry needs a new generation of cod fueled plants that can operate with
subgtantialy improved efficiencies, accept lower qudity fuels, and easly meet present and future
New Source Performance Standards (NSPS). Experimenta tests have shown that pressurized
fluidized beds (PFB) can be excdlent vehicdles for combugting or gasfying cod. Since they
operate at elevated temperatures and pressures, their exhaust gases can be used to fuel/power gas
turbines as well as generaie seam for seam turbines. By integrating PFB gadfication with PFB
combustion, €ectricity producing, combined cycle, gas turbine-steam turbine plants can be
desgned with efficiencies greater than 48 percent based on the cod higher heating vaue (HHV).
The cost of eectricity generated by this new type of plant is calculated to be 12 percent less than
that of a pulverized cod fired (PC) plant with wet flue gas desulfurization and its emissons are
wel bdow NSPS limits. Since this plant incorporates the bet features of gadfication and
combugtion technologies, it is congdered a technology hybrid; the plant is named a Second
Generation (2" Gen) PFB Combustion Plant.

A team of companies|ed by Foster Whedler Development Corporation (FWDC) and consisting
of:

1.) Foster Wheder Power Group Inc.

2.) Foster Whedler USA Inc.

3.) Inditute of Gas Technology

4.) Parsons Infrastructure and Technology Group Inc.

5.) Siemens Westinghouse Power Corporation (SWPC)

has conducted R&D for the development of the technologies required by this new plant. The
work was conducted in three phases under United States Department of Energy (DOE) Contract
No. DE-AC21-86MC21023. In the first phase, the proposed plant was conceptualy designed
and its performance, economics, and emissons were determined @ a nomind 500 MWe sze
[ES-1]". The R&D needs of the plant were aso identified and, in the second phase of the project,
its key components eg. the PFB gadfier, PFB combustor, and gas turbine combustor were tested
separately at a pilot plant scale. The separate tests were al successful and in the third phase the
PFB gadfier, PFB combustor, and the ceramic candle filters that stripped their gases of entrained
particulate were tested successfully as an integrated subsystem, again a a pilot plant scde. The
key component tests yielded performance levels that were higher than originaly projected. As a
result the Phase 1 conceptua plant design, cdled the basdine plant, has been updated herein to
reflect that pilot plant experience and the use of newer, commercialy avalable gas turbines and
deam turbines. In addition the effects of dternative operating conditions on plant performance
and economics were investigeted in a sendtivity study.

Study Results

The updated 2' Gen PFB plant design incorporates a Siemens Westinghouse W501G gas turbine
and a 2400psig/1050F/1050F/2-% in. Hg. steam turbine. Table ES-1 summarizes 2" Gen PFB

" brackets designate references listed in Section 9



plant performance and economics and compares it to a comparable PC plant designed for the
same high sulfur Rttsburgh No 8 cod, limestone, sulfur capture efficiency, NOx emisson rate,
and steam cycle conditions. The comparison, which is based on 2% Gen PFB Sensitivity Study
Case 4, continues to show the attractiveness of this new type of plant. The 2" Gen PFB

Combustion Plant has.
1.  a24percent higher efficiency.........cccecvevieennne 48.2 versus 38.9 percent (HHV)
2. al0percent lower total plant codt................. $1,079 versus $1,202/KW
3. al2 percent lower cost of eectricity.............. 40.7 versus 46.4 millgkwh
4. a4l percent lower water consumption.......... 359 versus 606 gd/MWe
5. al9 percent lower SO, emission................... 0.99 versus 1.22 Ib/hr/MWe
6. al9 percent lower CO; emissons................. 1,458 versus 1,819 Ib/hr/MWe
7. a92 percent lower particulate emission.......... 0.021 versus 0.263 Ib/hr/MWe

The 2" Gen PFB and PC plants have been designed to operate with 97 percent sulfur capture
efficiency. Since the PC plant scrubber operates with a higher sorbent utilization factor, the 2™
Gen PFB plant requires a 35 percent higher limestone feed rate. Depite this, the plant waste
flow rates are essentidly the same because of the efficiency advantage (less cod and cod ash) of
the 2" Gen PFB plan.



Table ES-1 Comparison of Nomina 500 MWe 2" Gen PFB and PC Plants

2nd Gen PC 2nd Gen
PFB* with FGD  Advantage
Plant Performance
HHV Efficiency, % 48.2 38.9 24%
Net Power, MWe 469.5 506
Gross Power, MWe
Gas Turbine (W501G) 239.5
Steam Turbine (2400/1050/1050/2-1/2Hg) 250 547.4
Emissions
S02, Ib/hriMWe (After 97% Sulfur Capture) 0.99 1.22 19%
NOx, Ib/hr/IMWe 1.22 1.22**
CO2 1,468 1,819 19%
Particulate 0.021 0.263 92%
Plant Economics
Total Plant Cost, $/KW 1,079 1,202 10%
Cost of Electricity, mills’lkWh 40.7 46.4 12%
Other
Pittsburgh 8 Coal 568.5 704.8 19%
Limestone, Ib/hr/MWe 99.4 73.7 -35%
Waste, Ib/hr/MWe
Ash 177.5 68.4
Fixed Scrubber Sludge 107.9
Total 177.5 176.3 -1%
Water Consumption, gal/MWe 358.7 605.9 41%

* Sensitivity Study Case 4 Plant Configuration
**Low NOx Burners and SCR Provided to Match 2nd Gen NOx Rate

Peak Efficiency Plant Concept

The proposed pesk efficiency 2" Gen PFB plant is shown schematicdly in Figure ES-1. The air
required by the plant is supplied by the air compressor of a Siemens Westinghouse W501G gas
turbine operating with a nomina 19 to 1 pressure ratio. Approximately 55 percent of the
compressor air is exported from the gas turbine for use by the PFB gadfier and the PFB
combustor. The exported air is boosted in pressure by an externd axia flow compressor that
compensates for the air/gas pressure losses associated with the PFBs. The exported air ultimatdy



returns as two nominaly 1600°F dreams, the first is a low-Btu, cod derived syngas from the
PFB gadfier and the second is an oxygen rich flue gasivitiated ar from the PFB combustor/
boiler. The oxygen rich flue gas supports the combustion of the syngas in the gas turbine
combusgtor, called the topping combustor, and the plant incorporates a 2400psig/1050°F 1050°F/
2% in. Hg. seam turbine.

The plant operates asfollows:

Cod and limestone, both dried and crushed to a minus 1/8 inch size, are blended together,
pressurized via a lock hopper sysem, and pneumaticdly transported to/injected into a
jetting/bubbling bed PFB gadifier cdled the carbonizer. The carbonizer partidly gasfies the cod
and produces a low-Btu syngas and a char-sorbent resdue. After passng through a cyclone and
ceramic barrier filter that remove gas-entrained particulae and akai vepors, the syngas is
burned in a topping combustor to produce the energy required to drive the W501G gas turbine.

The gas turbine drives a generator and the compressor that feeds air to the carbonizer and the
PCFB boiler with its IntrexJ fluidized bed heat exchangers (FBHE). The carbonizer char is
burned in the PCFB boiler with 50 percent excess ar and the combugtion exhaust gasfflue gas
pases through its own cyclone and ceramic barier filter for particulate and akdi vapor
remova. The oxygen rich flue gas proceeds to the gas turbine and supports combustion of the
gyngas. Steam from the PCFB boiler and a heat-recovery unit (HRU) downstream of the gas
turbine drives the steam turbine generator that furnishes the baance of eectric power ddivered
by the plant. The waste from the plant is a mixture of spent sorbent and fly ash draned from the
bottom of the PCFB boiler and its filter vessels. The PCFB boiler bottom ash is cooled, mixed
with the filter fines, depressured via a regtricted pipe dischargellock hopper arrangement, further
cooled, and pneumatically transported to silos for landfill disposdl.

The low-Btu syngas is produced in the carbonizer by pyrolyssmild devolatilization of cod in a
fluidized bed reactor. Because this unit operates at relatively low temperatures, eg., 1600°F to
1800°F, it dso produces a char resdue. Left untreated, the syngas will contain hydrogen sufide
and aulfur-containing tar/light oil vgpors, therefore, lime-based sorbents are injected into the
carbonizer dong with the cod to catayticaly enhance tar cracking and to cepture sulfur as
cacium sulfide. Sulfur is captured in Situ, and the syngasis fired hot.

The char and cacium sulfide produced in the carbonizer and contained in the syngas as dutriated
particles are captured by high-temperaiure filters, rendering the syngas essentidly particulate
free and able to meet NSPS. The captured particulate and carbonizer bed drains are collected in
a centrad hopper and injected into the PCFB boiler through a steam-aerated non-mechanica
vadve. The ar in the PCFB boiler supports the combustion of the char and trandforms the
cadcium aulfide to sulfate.
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Figure ES-1 Simplified Schematic of 2™ Gen PFB Combustion Plant



The burning char heets the combustion air-flue gas to 1600EF and the surplus hest is transferred
to the FBHEs by the recirculation of solids (sorbent and cod fly ash). Controlled recirculétion is
accomplished with cyclone separators and non-mechanicd valves. The FBHES contains tube
surfaces that cool the circulating solids. Because of the low fluidizing velocity in the FBHES

(#1ft/9), therisk of tube erosonisvirtualy diminated.

The exhaust gases leaving the carbonizer and PCFB boiler primary stage cyclones contan
sorbent, fly ash particles, and dkai vapors which can erode, foul, and corrode downstream
equipment. Pulverized emathelite mixed with water is gorayed nto these gas sreams as a durry
that quickly evaporates and leaves the emathdite to capture the akdi vapors. Ceramic barrier
candle filters remove the emathdite and remaning particulate from the gases before they enter
the gas turbine, thus preventing erosion, fouling, and corrosion.

The gas turbine combugor, which congsts of metdlic-wdl multi-annular  swirl  burners
(MASBg), is provided in a carannular burner arangement aound the gas turbine
circumference.  Each MASB contains a series of swirlers that aerodynamicaly create fud-rich,
quick-quench and fue-leen zones to minimize NOx formation during the topping combustion
process. The swirlers dso provide a thick layer of ar a the wal boundary to control the
temperature of the metalic wals.

Operating Enveope/Factor s I nfluencing Plant Efficiency

Depending upon the gas turbine operating conditions, plant excess ar levd, seam turbine
conditions, steam turbine size, carbonizer and PCFB boiler operating temperatures, etc. many
plant configurations and outputs are possible. In Smplistic terms, when designing a 2 Gen PFB
plant, the garting point is the gas turbine. Sdection of the gas turbine establishes the amount of
ar avalable for the plant and the next gep is to determine the plant cod flow rate. Since the gas
turbine is more efficient and more expensve on a dollar per kilowatt bass than the steam
turbine, the objective is to fully load the gas turbine. Hence the minimum cod flow rate to the
plant is that which generates enough syngas to reech the gas turbine full load firing temperature.
When that cod flow is compared to the avalable ar flow, the plant is observed to be operating at
high excess ar and additiona coa can be burned. With no additional syngas being required, the
additional coa flow can be directed to the PCFB boiler which increases the heat input to the
deam cycle. If this additiond heat input increases the efficiency of the steam cycdle, eg.,
increases steam temperatures and pressures, the plant efficiency will increese. Once the
maximum steam turbine operating conditions are achieved, the plant is a its pesk efficiency.
Typicdly there is dill excess ar avalable a this point. From this point on further heat input to
the PCFB boiler will, in essence, only increase the sSze of the steam turbing; since the steam
turbine is less efficient than the gas turbine the plant efficiency will begin to decrease. In the
extreme, increesng cod flow to the PCFB boiler will reduce the plant excess ar to tha
minimum level required to support gas turbine topping combugtion. At this point both the steam
turbine and the overdl plant power output are a a maximum, this is cdled the maximum power
or minimum excess ar plant. With seam turbine power being less expendve than gas turbine
power, as shown in [ES-1], the maximum power plant configuration can yied a lower cogt of
dectricity than the pesk efficiency plant. Hence a 2" Gen PFB plant can be designed for pesk
efficiency, maximum power output, or any point in between with each offering a design specific



output, efficiency, cost of eectricity, and emissons. The range in plant outputs, however, will
depend on the gas turbine firing temperature. A gas turbine with a high firing temperature
compared to one with a lower firing temperature will require more syngas firing, more char
combustion and, hence, have less excess ar avalable for additiond coa combustion. To show
the range of posshilities avalable with the W501G, the pesk efficiency point was sdected as the
basdine plant configuration for this sudy; the effects of a maximum power desgn as wel as
other aternative operating conditions on the plant were investigated in a sengtivity study.

Carbonizer

The carbonizer operating temperature dgnificantly affects syngas yields, compostions, and
heeting vaues. Higher temperatures increase the amount of cod energy transferred to the syngas
and enable operdion a the highest gas turbine firing temperatures. If the carbonizer temperature
is too high, ash softening could form high temperature agglomerates that impar fluidization; if
the temperature is too low tar/oil vapors rdeased during the devoldtilization of the cod would
not be desiroyed/cracked and their condensation could foul downstream equipment. If highly
ceking cods are being gasfied excessvely low temperature can dso result in agglomeration. A
12 inch diameter carbonizer has been tested by FWDC a pressures as high as 200 psg with
subbituminous and bituminous cods and fluidizing veocities of 3 and 4 ft/sec [ES-4]. A 1600°F
to 1800°F temperature range was found to be a comfortable operating envelope for highly caking
bituminous cods and 1700°F was sdected for the basdine plant carbonizer; the plus or minus
100°F variaion in operating temperature alowed by 1700°F is more than enough to compensate
for any foreseen variation in cod qudity/reactivity.

FWDC's pilot plant tests have shown that a jetting bed configuration can produce gas turbine
quality syngas from a wide range of cods, even highly caking cods, without agglomeration or
tar/oil vapor problems. In addition, cold model tests conducted by other investigators in units up
to 10 ft. in diameter have demondrated its scdability to large Sze units [ES-5]. As a result a
bubbling fluidized bed configuration with fluidizing ar injected as a high veocity jet a the base
of the unit was sdected for the carbonizer. The coa and limestone/dolomite sorbent are injected
into the unit within and coaxid with the centeline of the ar jet. The jet, being oxygen rich,
creates a localized hot spot that insures tar/oil vapor destruction. The jet rapidly disperses the
feed materid within the bed, and induces internd solids recirculation; bed materid flows upward
on the centerline of the unit, down dong the walls, and re-enters the jet a the bottom of the unit
to control the jet temperature. The continuous circulation of bed materia back into the jet and the
effect of particle impacts caused by the high veocity jet prevents over size maerid from
forming.

Under other programs funded by the DOE, FWDC has taken its 12 in. diameter carbonizer test
unit, reduced its internd diameter to 7 inches by the inddlation of additiond refractory, and
operated it as a circulating fluidized bed patid gadfier a veocities up to 16 ft/sec. A wide
range of cods, petroleum coke, and sawdust were successfully tested and for agpplications
requiring large syngas flow rates, a circulating bed may be a more economica configuration for
the carbonizer. An andyds to determine the most economica configuration for the basdine
plant, however, was beyond the scope of this study and the jetting bed configuration used in the
origina plant design was again used in the plant update.



PCFB Boiler

FW possesses PCFB combustion pilot plants at its research facilities in New Jersey and Finland.
The latter unit is the larger of the two (plan view cross section is 22 inches square) and it has
accumulated over 10,000 hours of test time with a wide variety of coas. The former PCFB has a
13 inch indde diameter and, dthough it has less operating time, it has been used to successfully
combust carbonizer chars from a variety of fues i.e, subbituminous and bituminous cods and
petroleum coke [ES-6]. The operating conditions sdected for the basdine plant PCFB bailer, i.e,
16 ft/sec gas velocity, 1600°F bed temperature, 50 percent excess air, etc., fal within the range of
conditions tested. The plan view dimensons of the riser/furnace section of the PCFB boiler are
roughly 5 ft. 6 in. by 14 ft. 7 in. Although these dimensons are much larger than those of the
pilot plants experience in supplying amospheric pressure CFB  boilers has shown that
circulating fluidized beds can be scaed with confidence. Hence, the performance predicted for
the basdine plant PCFB boiler, being based on pilot plant experience, is believed to be an
accurate representation of acommercid scae unit.

Ceramic Candle Filters

To protect the gas turbine from corrosion, erosion, and depostion the carbonizer syngas and the
PCFB boiler flue gasivitiated are stripped of gas entrained particulate by their passage through
ceramic candle filters. The carbonizer and PCFB filter systems both operate at a nomina 1600°F,
utilize dlicon carbide candles manufactured by Schumacher, and are of a design developed by
Semens Wedtinghouse. Each filter vessd is about 10 Y2 feet in diameter and contains 748
candles, each candle is nomindly 23/8 inches in diameter by 60 inches long and contains a “fal
safe’ which, should a candle bresk, quickly plugs and prevents particulate from escaping to the
gas turbine. Ceramic candles have been tested a numerous facilities and the 91 candle unit a
Wilsonville [ES-7] has demongrated the ability to clean gases of particulate to less than 1 ppm.
FW has tested ceramic candle filters in its gadfication and combugtion pilot plants. Although
chars have been found to be free flowing, some combustion fly ashes can cause bridging in the
filter hopper drain area and @ between adjacent candles; both of these events, if left unchecked,
can lead to broken candles. The tendency of fly ash to bridge in the filter is primarily a feed stock
rlated phenomenon but, in some dtuations, can be caused by upstream precleaner devices that
feed an excessvely fine particle size to thefilter.

FW's pilot plant tests with the cod and dolomite proposed for the basdine plant indicate they
should not cause char or a fly ash bridging problem, and, since the basdine plant does not
incorporate any precleaning devices, the proposed filter design should operate free of ash
problems. In the event other plants should encounter candle related ash bridging problems, they
can be diminaed by removing upsream precleaner devices, changing the feedstock
combination, utilizing a bottom supported rather than a cantilevered candle arrangement,
reducing the filter operating temperature (1400°F gppears to solve the problem with 4l
feedgtocks), and or usng more forgiving/less brittle candle materids of congtruction. As a result
the performance and cost impact of severd of these options eg. use of limestone rather than
dolomite, use of lower filter temperatures, and use of metd candles were invedigated in a
sengtivity sudy.



Topping Combustor

The syngas produced by the carbonizer has a lower hesting vaue of approximately 140 Btu/SCF,
possesses a hydrogen to carbon monoxide mole ratio of 0.85, and, depending upon operating
conditions and the cod gedfied, contans smdl amounts of ammonia Although the syngas
heeting vaue is much lower than that of naturd gas it is well aove Semens Westinghouse's
minimum vaue limit of 90 BtwWSCF and its rdatively high hydrogen content will enhance flame
gpeed and ability. The syngas is combusted by the oxygen contained in the PCFB boiler
vitiated air and, to maximize the plant efficiency, the syngas and PCFB boiler flue gas are “fired’
hot/enter the gas turbine topping combustor a ~1600°F. Because of its low heating vaue, little
therma NOXx is generaed during syngas combugtion but since the ammonia can potentidly be
converted to NOx staged combustion is utilized.

To minimize NOx formation, provide high combugion efficency, and accommodate high gas
temperatures, the 2% Gen PFB Combustion Plant topping combustor utilizes metallic-wal muiti-
annular swirl burners (MASBs) developed by Siemens Westinghouse. Each MASB contains a
series of swirlers that aerodynamicaly creste fud-rich, quick-quench and fud-lean zones tha
minimize NOx formation during the topping combustion process while providing high
combustion efficiency with PCFB boiler flue gas. The swirlers dso provide a thick layer of ar
a the wal boundary that controls the temperature of the metal wals. The MASB has been
successfully tested with a five component gas mixture dmulating carbonizer syngas and
performed equdly as wel with naurd gas [ES-8]. The MASB thus has a dud fud capability
(both syngas and naturad gas) and is provided in a typicd can-annular burner arrangement around
the circumference of the W501G gas turbine,

Sensitivity Study

Since 2" Gen PFB Combustion Plants are a new technology, a sensitivity study was conducted
to determine how their performance and, in some cases, economics are affected by aternative
operaing conditions or design features. In most of the cases only one variable was changed a a
time s0 effects could be clearly seen. A totd of eight cases were investigated from a performance
gandpoint and four included economics for comparison to a conventiond PC plant with wet flue
gas desulfurization. To permit a fair comparison, the PC plant was desgned to operate with the
same cod, limestone, steam turbine conditions, sulfur capture efficiency, and NOx emisson rate.
To achieve the same emissors the PC plant utilizes a high efficdency SO, scrubber and
incorporates low NOx burners and SCR. With these features the PC plant operates with an
efficiency of 38.9 percent, a total plant cost of $1,202/KW, and a cost of dectricity of 46.4
millskWh.

Table ES-1 summarizes the results of the sengtivity study. The basdine plant, which operaes
with Rittsburgh No 8 cod and Plum Run dolomite, produces 477.5 MWe of dectrica power with
a W501G gas turbine and a 2400 psig/1050°F/1050°F2Y2 in. Hg. steam turbine. The plant
efficiency is 48.0 percent (HHV basis), the total plant cost $1,083/KW, and the cost of dectricity
419 millgkWh. The plant can operate equdly as well with either limestone or dolomite as its
sulfur capturing sorbent. When limestone, which has about 22 percent more cacium per pound
of sorbent than dolomite, is used (Case 1), sorbent and ash flows reduce and the plant efficiency



increases by 0.2 percentage points to 48.2 percent. Totd plant costs are essentidly unchanged
but because of its dightly higher efficency the cost of dectricity reduces dightly to 40.9
millskWh.

Table ES-2 Sengtivity Study Results
Case Description Net Output, HHV Total Plant COE, COE % less
MWe Efficiency, % Cost, $/KW mills/kWh than PC**
Baseline Plant 477.56 48.0 1,083 41.9 9.7
1  with Limestone Sorbent 469.51 48.2 1,085 40.9 11.9
2 with Large Filter Vessels 477.56 48.0 1,077 41.7 9.9
3 with Metal Filters 467.36 45.8 1,124 43.0 7.3
4  with Limestone & Large 469.51 48.2 1,079 40.7 12.3
Filter Vessels
5  with Large Steam 490.31 47.8 ND* ND* ND*
Turbine
6  with Post Gas Turbine 329.24 33.1 ND* ND* ND*
CO2 Removal
7  with Pre-Gas Turbine 422.10 35.4 ND* ND* ND*
CO2 Removal Preliminary Preliminary
8  with Supercritical Steam 984.50 50.5 ND* ND* ND*
Turbine

* Not Determined
** Pylverized Coal-Fired Plant with FGD at $1,202/KW and COE of 46.4
mills/kWh

Ceramic candles are used to filter particulate from the gases proceeding to the gas turbine. The
largest ceramic candle filter vessd supplied by Semens Westinghouse a the time of this study
was nomindly 10 feet in diameter and contained 748 candles. To be consarvative, this same
filter arrangement was assumed for the basdine plant and resulted in the need for eight vessds.
Filter vessds nomindly 16 feet in diameter and incorporating 1,496 candles dso gopear feasble
and were investigated next. By usng 16 foot diameter filter vessdls (Case 2), only four rather
than eight filter vessels are required and there is a dight reduction in plant codts; tota plant costs
reduce to $1,077/KW with a cost of dectricity of 41.7 millgkwh.

Because of the high temperature of the carbonizer syngas and PCFB boiler flue gas (~1600°F),
ceramic candles are used to filter/remove paticulate from these gases. Ceramic candles are
known to be brittle and excessive temperature shocks and ash bridging can cause them to fal. An
dternative gpproach would be to replace them with lighter, more ductile, porous metd candles
made from iron duminide maerid. The latter are commercidly available for operdtion up to
1400°F. In Case 3 the syngas and flue gas streams are cooled to 1200°F and 1000°F respectively
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by heat trandfer to the eam cycle to dlow the use of iron duminide candles. Although the latter
can be furnished in up to 96 inch lengths, the same nomind 60 inch ceramic candle length was
used D preclude a complete redesign of the filter vessds. Cooling the gas streams increases the
sze of the less efficient seam cycle and the plant efficiency reduces to 45.8 percent. The porous
metd candles, being more expensive than the dlicon carbide ceramic candles, increases the totd
plant cogts to $1,124/KW with a cogt of dectricity of 43.0 mill/kwh. These costs, however, are
consdered to be an upper bound as it is fdt a redesign of the filter system, based on a fewer
number of lighter, 96 inch long candles, would result in a dight reduction.

In Case 4 the use of limestone sorbent together with the large ceramic candle filter vessels were
combined. Being a combination of Cases 1 and 2 the plant efficiency is 48.2 percent and costs
reduce to $1,079/KW and 40.7 millgkWh.

The gas turbine combustor of the baseline plant operates with 70 percent excess air which yidds
a 4.1 percent oxygen level in its exhaust and 7.3 percent a the stack. Siemens Westinghouse
believes that with development the gas urbine combustor can operate with as little as 1.5 percent
oxygen in its exhaus. This lower vaue would dlow the plant to operate with additiond cod
flow and hence additional power output. With the gas turbine fully loaded the added power
would come from the seam turbine. Even though this will decrease the plant efficiency (Seam
cycle operates with a lower efficiency than the gas turbine cycle), the tota plant cost and the cost
of dectricity will decrease because steam turbine power is less expensive; this was demondtrated
in [ES-1]. In Case 5 the plant cod flow was increased by approximately 3 percent or 8,634 Ib/hr
to lower the oxygen levd of the gas turbine combustor exhaust to a modest 3.5 percent; this
decreased the plant efficiency from 48.0 to 47.8 percent but yielded a 12.75 MWe increase in
plant output. Although not caculated, tota plant cost and cost of dectricity are expected to be
dightly lessthan that of the basdine, eg., $1,083/KW and 41.9 millgkWh.

The basdine plant operates with a 2400psig/1050°F/1050°F2-1/2 in. Hg. steam cycle. In Case 8
a more efficient supercriticd pressure double reheat steam cycle (4000psig/1100°F/1100°F
1100°FH2%2 in. Hg.) was used. With the latter only being available in larger sizes, the plant output
increases to 984.5 MWe and the efficiency risesto 50.5 percent (was 48.2 percent).

With CO, known to be a greenhouse gas, there is growing interest in removing CO, from power
plant stack gases for pipeline transport to a sequestering site. In the 2" Gen PFB Combustion
Pant the CO, can be removed either downstream or upstream of the gas turbine. If downstream
remova is utilized, large gas volumes with low CO, contents are encountered but the required
absorber/dtripper  systems operate at about atmospheric pressure; pre-gas turbine remova
involves much andler gas volumes with higher CO, concentrations but the two gas streams, eg.,
carbonizer syngas and PCFB flue gas must be trested in separate absorber systems operating at
about 275 pdg. The effect on plant performance of 90 percent CO, removd, including cooling,
drying, and pressuring to 1200 pdg for pipdine transport, via these two approaches was
investigated. Post gas turbine CO, remova (Case 6) was investigated firdt. It required the use of
a chemica absorption (inhibited MEA) solvent that had a high heat duty requirement for
gripping; this together with a 27.9 MWe CO, compressor power draw reduced the plant output
to 329.2 MWe and an efficiency of 33.1 percent. Since pre-gas turbine CO, removal (Case 7)
occurs a elevated pressure where gas volumes are smdler and CO, partid pressures and
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concentretions are  higher (dilution effect of gas turbine combusion and cooling ar is
eliminated), a physcd absorption solvent may aso be used. Screening cdculations by UOP, a
supplier of these solvents, indicated chemicd absorption via their Amine Guard FS would result
in a lower demand for seam and parastic power. Although a more intensve analysis would be
required by UOP to optimize the performance of the Amine Guard FS system, rough sSzing
factors were given that would endble a plant configuration to be established and its prdiminary
performance estimated. FWDC's proprietary computer codes were used to configure the plant
and, with pre-gas turbine CO, removad, the plant efficiency is predicted to be 34.5 percent; snce
this value is based on rough UOP szing factors, it is conddered preliminary pending completion
of amore in depth anadyses.

Conclusions and Commercial Readiness

A 2" Gen PFB Plant is a technology hybrid that incorporates the best festures of cod
combustion and cod gadfication technologies By combining their best festures, a combined
cycle, gas turbine-steam turbine plant configuration is achieved that yidds plant efficiencies and
economics superior to either technology. To match the emissions of a 29 Gen PFB Plant, a PC
fired plant must incorporate 97 percent efficient wet FGD, low NOx burners and SCR. When
compared to that comparable PC plant, a 2" Gen PFB Plant designed for pesk efficiency
operates with:

1)) a24 percent higher efficiency........ccccceveevennene 48.2 versus 38.9 percent (HHV)
2.) a10 percent lower tota plant codt.........ccu.e.. $1,079 versus $1,202/KW

3.) al2 percent lower cost of eectricity ................ 40.7 versus 46.4 millskWh

4.) a4l percent lower water consumption............. 359 versus 606 gd/MWe

5.) a19 percent lower SO, eMiSSON ....ceeevveneeeee. 0.99 versus 1.22 Ib/hr/MWe

6.) al9 percent lower CO; emisson............c.c...... 1,458 versus 1,819 Ib/hr/MWe
7.) a92 percent lower particulate emisson............ 0.021 versus 0.263 Ib/hr/MWe

A 2" Gen PFB Plant operates with crushed cod and limestone, does not require an oxygen
generating ar separation unit, can accommodate mercury and CO, removd, and can easly
incorporate future gas turbine and steam turbine advances that can further incresse its efficiency
advantage. In addition, the plant offers design flexibility. It can be designed for pesk efficiency,
maximum power, or any point in between.

When designed for pesk efficiency, the plant operates with relatively high excess air and its cod
derived gases are fired hot (enter gas turbine combustor a ~1600°F) to minimize the size of the
less efficient seamn turbine.  In the maximum power configuration, the cod derived gases can be
cooled to 1000°F before they reach the gas turbine by heat transfer to the steam cycle and cod
fed to the PCFB boiler to maximize the sze of the steam turbine. Cooling the cod derived gases
eases design requirements of downgream components, smplifies system designs, and reduces
risks. Depending upon the gas turbine used, the steam turbine power can be doubled and, even
though the plant efficiency reduces by about two to four percentage points, a high efficiency
(~44 to 46 percent) is dill achieved. Since steam turbine power is reatively inexpensve, the
maximum power configurdtion can yidd a lower cog of dectricity than the pesk efficiency
plant. A 29 Gen PFB Plant can also be designed to operate between either of these two extremes,
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thus making it an ided choice for repowering gpplications where the requirements of an existing
steam turbine have to be matched.

A 2nd Gen PFB PFant thus offers dectric utilities high efficiency, low emissons, low cods, and
a dedgn flexibility that dlows it to incorporate future turbine advances for increased efficiency
or additional processing steps for future mercury and CO, control; these festures make it idedly
suited for meeting the present and future needs of the eectric power industry.

All of the key, new components of a 29 Gen PFB Plant have been tested separately at the pilot
plant scde and ther individud peformance characteritics are understood. Although al of the
tets have been successful, they were of rdatively short duration (hundreds of hours) and the
1600°F components, e.g., candle filters and gas turbine combustor require more tet time to
demondrate their long term durability before a pesk efficiency plant is ready for demondration.
Since the maximum power configuration alows gas temperatures to be cooled to 1000°F, its high
temperature component risks are diminated and commercidly proven porous metad candle filters
and conventiond gas turbine valving and combustors can be used. As a result, a smdl scde,
maximum power, 2" Gen PFB Demondration Plant can be built today with minimd technology
risks. The dedgn of such a firg of a kind plant requires engineering redesign and development,
such as, gas turbines must be redesigned/modified to dlow exporting of large ar flows and
importing 1000°F gases, new mechanicd designs developed for placing CFB boilers within
pressure vessds, the performance of new components and systems must be modded and their
integration schemes and characteridtics defined, etc. Recognizing that these efforts involve
multiple manufacturers, it is unlikely that the low risk demondration plant would proceed until
the R&D required by the ultimate pesk efficency plant is performed. Once this R&D is
successfully completed, manufacturers would be able to see potentid future market growth from
the low risk demondration plant to the ultimate pesk efficiency configuration and enable them to
judify their engineering commitments.  As a reult, it is recommended that DOE continues the
devdlopment of high temperature candle filters and gas turbine combustors via testing and
operdtion of a reaively smdl scade plant in which dl the key components, eg., carbonizer,
PCFB bailer, candle filtersy, MASBs, and gas turbine are fully integrated for the first time. This
would greatly reduce uncertainties and enhance the commercidization potentid of this new
power production technology.
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Section 1
INTRODUCTION

Research has been conducted under United States Department of Energy (DOE) Contract DE-
AC21-86MC21023 to develop a new type of coal-fired plant for dectric power generation. This
new type of plant, caled a Second Generation Pressurized Fluidized Bed Combustion Plant (2™
Gen PFB), offers the promise of efficiencies greater than 45 percent, with both emissons and a
cost of dectricity that are sgnificantly lower than those of conventiond pulverized cod-fired
(PC) plants with wet flue gas desulfurization/scrubbers.

In the plant, cod is fed to a pressurized fluidized bed gadfier, cdled the carbonizer, that
produces a low-Btu syngas and char. After passng through a cyclone and ceramic barier filter
to remove gas-entrained particulate and adkai vapors, the syngas is burned in a topping
combustor to produce the energy required to drive a gas turbine. The gas turbine drives a
generator and a @mpressor that feeds air to the carbonizer and a pressurized circulating fluidized
bed (PCFB) combustor/boiler with its IntrexJ/fluidized bed heat exchangers (FBHE). The
carbonizer char is burned in the PCFB bailer; the exhaust gas passes through its own cyclone and
ceramic barier filter for particulate and akai vapor remova, and supports combustion of the
syngas in the topping combustor. Steam generated in the PCFB boiler and a heat-recovery unit
(HRU) downgream of the gas turbine drives the steam turbine generator that furnishes the
balance of eectric power ddivered by the plant.

The low-Btu syngas is produced in the carbonizer by the pyrolyssmild devolatilization of cod
usng ar and steam. Because this unit operaes a temperatures much lower than gasfiers
currently under development, it dso produces a char resdue. Left untreated, the syngas will
contain hydrogen sulfide and sulfur-containing tar/light oil  vgpors, therefore, lime-based
sorbents are injected into the carbonizer to catdyticaly enhance tar cracking and to capture
sulfur as calcium sulfide. Sulfur is cgptured in Stu, and the syngas is fired hot.

The char and cacium sulfide produced in the carbonizer and contained in the syngas as dutriated
particles are captured by high-temperaiure filters, rendering the syngas essentialy particulate
free and able to meet New Source Performance Standards (NSPS). The captured particulate and
carbonizer bed drains are collected in a centrad hopper and injected into the PCFB boiler through
a nitrogen-aerated non-mechanicd vave. The excess ar in the PCFB boiler transforms the
calcium sulfide to sulfate and enables its disposa with the norma PCFB spent sorbent.

In the PCFB bailer, the burning char heats the combustion ar-flue gas to 1600°F; any surplus
heet is transferred to the FBHE by the recirculation of solids (sorbent and coa fly ash) between
the units. Controlled recirculation is accomplished with cyclone separators and normechanica
vaves. The FBHE contains tube surfaces that cool the circulating solids. Because of the low
fluidizing velodity in the FBHE (£1 ft/s), the risk of tube eroson is virtudly diminated.

The exhaust gases leaving the carbonizer and the PCFB boiler cyclones contain sorbent, char, fly

ash, and akai vapors that can erode, foul, and corrode downstream equipment.  Pulverized
emathelite is sprayed into these gas streams via a water durry to cgpture the akdi vapors. The
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emathelite and remaining gas entrained particulate are dripped from the gases by ceramic barrier
filters and the cleaned gases proceed to the gas turbine topping combustor.

The topping combugtor condgsts of metdlic-wal multi-annular swirl burners (MASBS) provided
in a carannular burner arangement around the gas turbine circumferencee. Each MASB
contains a series of swirlers that aerodynamically create fud-rich, quick-quench and fud-lean
zones to minimize NOx formation during the topping combugtion process The swirlers dso
provide athick layer of air a the wal boundary to control the temperature of the metalic walls.

A team of companies led by Foster Wheder Development Corporatiion (FWDC) and conssting
of:

1) Foster Whedler Power Group Inc.

2.) Foster Whedler USA

3.) Parsons Infrastructure and Technology Group Inc.

4.) Inditute of Gas Technology

5.) Siemens Westinghouse Power Corporation (SWPC)

previousy prepared a conceptuad design and an economic anaysis of a nomind 500 MWe 2"
Gen PFB combustion plant [ES-1]. The plant, which operated with 2.9 percent sulfur Pittsburgh
No 8 cod, a Siemens Westinghouse 501F gas turbine, and a 2400 psig/1000°F/1000°F/2Yz in.
Hg. steam turbine, was cdculated to have an efficiency of 44.9 percent and a cost of eectricity
21.8 percent lower than that of a comparable PC plant. Since performing hat study, the key
components of this new type of plant have been successfully tested at the pilot plant stage and
their performance found to be better than initidly assumed.

In the following sections of this report a new conceptua design and economic andyss is
presented for the 2" Gen PFB combustion plant. Each of the tesm members determined the
performance and costs of the equipment within their scope of supply and Parsons determined
overdl plant performance and costs. The updated/new design reflects more accurate component
performance predictions together with the use of the more advanced Semens Westinghouse
W501G gas turbine and a 2400 psig/1050°F/1050°FH2%2 in. Hg. steam turbine. This effort
includes a sengtivity dudy thet identifies how plant performance and, in some cases, economics
ae dfected by dternative operating/design conditions. The performance and economics of the
updated 2" Gen PFB Combustion Plant design are aso compared to those of a comparable
updated PC plant.
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Section 2

SECOND-GENERATION PFB BASELINE PLANT

21 PLANT SITE DESCRIPTION/CONDITIONS

The plant Ste is assumed to be in the Ohio River Vdley of southwestern Pennsylvaniagleastern
Ohio. The gte consss of approximatdy 180 usable acres (not including ash disposd) within
15 miles of a medium-sized metropolitan area and with a well-established infrastructure capable
of supporting the required congtruction work force. The area immediatdy surrounding the dte is
a mixture of agriculture and light industry. The site is served by a river with adequate flow for
use as makeup cooling water after minima pretrestment and for the receipt of cooling system
blowdown discharges. In addition, the river is a navigable waterway suitable for shipping cod
and sorbent to the ste. A ralroad line that can handle unit cod trains passes within 2% miles of
the ste boundary. The ste is served by a well-developed road network capable of carrying
AASHTO H-205-16" loads, with overhead restrictions not lower than 16 ft (Interstate Standard).

The dte is on rdativedy flat land with a maximum difference in eevation within the Ste of about
30 ft. The topography of the area surrounding the gte is ralling hills with eevations within 2000
yd not more than 300 ft above the Ste elevation.

The gte is within Sasmic Zone 1, as defined by the Uniform Building Code, and the ambient
design conditions are:

Barometric Pressure 14.4 psa
Dry bulb temperature 60°F
Wet bulb temperature 52.5°F

A saufficent work force of well-trained condruction laborers is available within a 50-mile radius
of the dte. Labor conditions are such that a "Project Work Agreement” can be obtained from
labor organizations and contractors. All necessary bulk congruction materid is available localy
and can be ddlivered within a reasonable period of time.

This generic site has been used to prepare conceptua designs of the 2% Gen PFB Combustion
Pant (basdine) and a reference conventiond PC plant. Although specific dte conditions will
dictate design changes, the conclusionsiin this report should be vdid.

22 PROCESSDESCRIPTION

The key to the basdine plant concept is an ar-blown carbonizer that partidly gesfies cod and
provides low-Btu syngas to a gas turbine topping combustor and a char residue to a pressurized
circulaing fluidized bed (PCFB) bailer; the latter burns the char with rdatively high excess ar
and produces an oxygen rich flue gasivitiated ar that supports the combustion of the syngas and
generates seam for a steam turbine. Figure 2.2.0.1 is an overal process schematic of the plant.

" American Association of State Highway and Transportation Officials
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Figure 2.2.0.2 presents the full-load heat and mass baance diagram of the basdine plant and
illugtrates the functiond arrangement of the mgor plant components.

The plant utilizes a carbonizer/PCFB/gas turbine module operating with one steam turbine, to
produce 4775 MWe of net eectricd power. The data and flow rates are presented in
Figure2.2.0.2.

2.2.1 Feedstocks

The basdine plant has been designed for Pittsburgh No. 8 cod and Plum Run dblomite. Anayses
of these feedstocks are presented in Tables 2.2.1.1 and 2.2.1.2, and the plant operates with a
caddum-to-sulfur (CalS) molar feed ratio of 1.75.

2.2.2 Gasand Solids Systems

A destription of the plant process begins most essly with the gas turbine, since dl other
processes are dependent on the gas turbine operating point. Approximately 45 percent of the gas
turbine compressor ar flow is used for gas turbine blade and combustor liner cooling; the
balance proceeds to the carbonizer/PCFB area. The latter, at approximately 19 atm/811°F, is
cooled to a nomind 600EF by an evaporator and economizer in the high pressure steam circuit
and then proceeds to the main boost compressor. The main boost compressor increases the air
pressure to a nomina 21 amospheres to compensate for pressure drops induced by the
carbonizer and PCFB components, a second boost compressor, acting on a small portion of this
flow, provides high pressure air for lock hopper pressurization and pneumatic transport of feed
materids. The critical path that establishes pressure drop in the plant is the flow of ar through
the PCFB boiler. As a result, a butterfly type vave is provided in the carbonizer syngas path to
compensate for the difference in gas path pressure drops.

Expressed as a percentage of totad flow the gas turbine ar is used in the following gpproximate
didribution at full load:

= 4% for lock hopper pressurization and pneumatic transport of feed materias

= 11% to the carbonizer

= 40% to the PCFB boiler

= 45% for gasturbine cooling

During full-load operation, dl plant cod and sorbent, szed a 1/8-in. x O, are fed to the
carbonizer by three 50 percent capacity lock hopper type pneumatic transport feed systems.
During dart-up, shutdown, and part-load operation, cod and limestone are aso fed directly to
the PCFB boiler by a smilar but smaler pair of lock hopper type pneumatic transport feed
gystems. Boost compressors provide the higher pressure air required to pressurize their lock
hoppers and transport their feed materials to the carbonizer and PCFB boiler.

For rdiable feed of solids, the surface moisture of the cod and dolomite should be limited to 5
percent. Dryers supplied with flue gas extracted from the gas turbine heat recovery unit (HRU)
accomplish this task. The dryers are dso provided with oil burners that are used during plant
start-up when hot flue gasis not available.
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Table2.2.1.1 Pittsburgh No. 8 Coal Analysis

Condtituent As Received%
Carbon 69.36
Hydrogen 5.18
Nitrogen 1.22
Sulfur 2.89
Ash 9.94
Oxygen 1141
Totd 100.00
As Received%
Moisture 6.00
Ash 9.94
Volatile Matter 35.91
Fixed Carbon 48.15
Totd 100.00
Sulfur 2.89
Btu 12,450
Ash Analysis,%
Slica SO> 48.1
Aluminum Oxide, A1,03 22.3
Iron Oxide, Fe&,O3 24.2
Titanium Dioxide, TiO> 1.3
Cdcium Oxide, CaO 1.3
Magnesum Oxide, MgO 0.6
Sodium Oxide, N&O 0.3 (0.9% in Cod)
Potassum Oxide, K,O 1.5(0.15% in Cod)
Sulfur Trioxide, SO3 0.8
Phosphorous Pentoxide, P,Os 0.1
Totd 100.5
Ash Fuson Temperature, EF (EC)
Reducing Oxidizing
Atmosphere Atmosphere
Initid Deformation 2015 (1102) 2570 (1410)
Spherica 2135 (1168) 2614 (1434)
Hemispherica 2225 (1218) 2628 (1442)

Auid 2450 (1343) 2685 (1474)



Table2.2.1.2 PlumRun Dolomite Analysis

Dry Bass%
Cacium Oxide, CaO 31.2
Magnesum Oxide, MgO 21.2
Silica SO, 0.20
Aluminum Oxide, A1,03 0.53
Iron Oxide, Fe;O3 0.60
Sulfur Trioxide, SO3 0.29
Carbon Dioxide, CO» 45.4
Chlorine, Cl 0.05
Badance 0.53

Water-Soluble Components, % asreceived

Sodium as N&O 0.013
Potassum as K>O 0.002

The syngas generated by the carbonizer is cleaned of particulate via a cyclone and ceramic
candle filter and proceeds to the gas turbine. The captured particulate, together with char-sorbent
resdue draining continuoudy from bed overflow nozzles in the carbonizer, drain to collecting
hoppersthat use “N” shaped non-mechanica vavesto trandfer the materia to the PCFB boiler.

The PCFB boiler burns the carbonizer char and:

»  Produces 1600°F vitiated air/flue gas for the topping combustor.

= Captures/converts sulfur released as sulfur dioxide during the char combustion process to
cdcium sulfate.

= Converts cacium sulfide in the carbonizer sorbent resdue to calcium sulfate.

To remove dutriated bed materid, the exhaust gas from the PCFB boiler is passed through a
ceramic candle filter. Solids captured by the filter are depressured and then cooled in screw
coolers.

After passing through their respective ceramic candle filter systems, the carbonizer and PCFB
gases are conveyed to the gas turbine topping combustors by refractory-lined hot-gas piping.
Metdlic liners in the hot-gas piping from the ceramic filter to the topping combustor isolate the
refractory and prevent any spaled refractory from entering the cleaned gases. The syngaes is
oxidized/burned in the topping combustor multi-annular swirl burners (MASBs) by the PCFB
flue gas, producing a 2700°F (nominal) gas. The gas expands through the gas turbine, producing
about 240 MWe (gross). A HRU at the discharge of the gas turbine cools the gas to 274°F, and
the recovered heat is used for feedwater heating and steam superhedting. Gas from the HRU is
then ducted to a stack.
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2.2.3 Steam and Feedwater Systems

The basdine plant seam turbine is smilar to the turbine of a typicd, modern 260-MWe power
plant. However, the boiler and feedwater hedting systems differ consderably from those in
dandard fossl-fud-fired plants because of the specid characteridtics of this PFB combustion
cycle. The turbine is a 2400-psg reheat unit with 1050°F nomina temperatures for superheat and
reheat seam. The mgor difference from a conventiona Steam turbine is that only three
extractions are used during norma full-load operation, while a conventiona fossl-fud-fired
plant with this sze turbine would typicaly have seven or eight extractions for feedwater heeting.

Heating and deeeration of low-pressure condensate are provided primarily by extraction steam.
Two stages of closed feedwater heaters heat the condensate to 200°F (nominal), and the
deserator operates at 11.5 psig/240°F. About 31 percent of the condensate is diverted around the
feedwater heater to cool ar used by the lock hopper feed sysem and the ash from the PCFB
boiler. The hot water leaving the screw coolers is discharged directly into the deserator. Water
from the deserator is pressurized to 3070 psg by dectricadly driven booster pumps and
feedwater pumps. Two 60 percent capacity pump trains are provided.

The 3070-psg feedwater is divided into two streams (Figure 2.2.0.2). The mgority of the flow
proceeds to the HRU for economizing and then on to the PCFB boiler seam drum for
evaporation; dmilarly the much smdler badance proceeds to the combustion ar cooler for
economizing and on to its own steam drum for evaporaion. The steam from the two drums is
mixed and, after passing through the primary superheater in the PCFB, the secondary superheater
in the HRU, and the find superheater in the PCFB, proceeds to the steam turbine a a nomind
1050EF.

After expanding through the high-pressure (HP) section of the steam turbine, the steam is
rehested to a nomina 1050°F in the PCFB boiler, expanded through the steam turbine, and
discharged to the plant steam condenser.

The HRU provides 46 percent of the steam cycle therma input congsting of 88 percent of the
plant economizing duty and 67 percent of the plant superhesating duty. The PCFB boiler provides
44 percent of the steam cycle thermd input condgting of 93 percent of the reheating duty, 33
percent of the superheating duty, and 86 percent of the evgporating duty. The remaning 10
percent of the steam cycle therma input is provided by the

ash screw coolersin the form of condensate hesting
combustion ar coolersin the form of economizing and evaporation
gas turbine trandtion cooling in the form of steam rehedt.

23 PLANT ARRANGEMENT

The following sections present the basis for and description of the arrangement recommended for
the basdline plant.
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2.3.1 Approach to Plant Arrangement/L ayout
Criteria/congtraints considered in the development of the plant arrangement were:

Consderation of costly lengths of refractory-lined pipe, steam pipe, and eectrical bus duct
Access to the Site by barge and rall

Access to components/systems for-maintenance

Adeguate laydown space around components likely to be serviced in place

Convenient access to plant where needed (e.g., ash transport truck routes, other service roads)
Most components located above grade

Enclosure of only those components requiring frequent attendance, in-place service, or other
protection

= A safe working distance from the syngas flare system.

Using these criteria, the arrangements described in the next section were prepared. In subsequent
dudies, additiond arrangements can be consdered using the developed capital costs as a guide
in comparing dterndives.

2.3.2 Plant Site Arrangement

The totd dte occupies approximately 180 acres, with the power idand itsdf occupying
goproximately 3 acres. As in a pulverized cod (PC) fired plant, the smdler area occupied by the
combustion equipment is overshadowed by the requirement to bring feedstocks into the plant and
to provide interconnecting piping, access roads, parking, plant adminigtration, and a reasonable
working space between plant systems.

Overall Site Plan (Figure 2.3.2.1). The 2'Y Gen PFB basdine plant is on a relaively levd ste
adjacent to a navigable waterway, with both rall and highway access. The prevaling wind is
from the southwest.

Coa and dolomite are ddlivered to the dte by barge and then transported from the barge unloader
to a transfer point by bet conveyor. During norma operation, cod or dolomite is ddivered
directly to the stacker/reclamer conveyor, which is perpendicular to the barge unloader docking
area. With the stacker/reclaimer in this postion, the cod and dolomite storage area are bcated to
the north of the main power idand. If the dacker/reclamer is inoperable a the time of barge
delivery, cod or dolomite can be depodted directly in ther inactive storage piles by emergency
gtackout conveyors. The cod pile shown is for about 30-days storage but only a nomind 14-day
supply is maintained on hand. Coa and dolomite storage capacities can be increased up to 3
months, if required.

From dorage, cod is sent to the crusher building a the west end of the Stacker/reclaimer
conveyor. It is crushed and conveyed to 24-hour storage silos at the east end of the power idand.
Cod from the slos is conveyed to the roller mills for find crushing, drying, and screening. This
area ds0 houses the lock hopper pneumatic transport feed systems. The dolomite (or limestone)
dorage slos are located nearby to the east, with short runs of conveyors feeding the sorbent to
the feed trains.
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Ash is mechanicdly conveyed to four ash storage silos on the east Sde of the power idand. Ash
is removed from the dte by truck, usng a dedicated ash haul road with an independent plant
entrance. A truck scale dong the haul road weighs ash trucks entering and leaving the Site.

The gas turbine is located to the west of the PCFB boiler. The gas turbine discharge is ducted to
the HRU on the west dde of the gas turbine. The flue gas from the HRU is then ducted to a
stack.

The steam turbine is south of the gas turbine. Generator leads exit both turbine buildings dong
the west wall. A common transformer aea is located outdoors, west of the end of the combined
gas/'seam turbine building. From this area power is tranamitted overhead to an adjoining
subgtation. By postioning the gas and steam turbines as shown, a common trandformer area is
created, minimizing bus duct and transmission leeds.

A ral spur services the turbine building, providing for heavy equipment inddlaion and removad
during and after plant construction.

A maintenance shop building at the southwest corner of the power idand houses a laboratory and
electricd, instrument, and machine shops.

A two-floor adminigtration building adjacent to the turbine and maintenance buildings houses the
plant access and locker room area & grade, with adminigrative offices on the second levd. A
parking areafor plant personnd is south of the adminigtration building.

A one-gtory dgructure located north of the power idand dtructure houses water tregting
equipment. A building extenson, a grade and to the north, houses the auxiliary boilers and
emergency diesdl generator.

A river water intake structure at the river's edge east of the power idand building provides water
to the cooling towers and to the makeup water and pretreatment building. In this building, river
water is treated and stored awaiting use by the demineralized water sysem water treating
building.

A multi-cel evaporative mechanica draft cooling tower is postioned to the south of the steam
turbine building to minimize the length of drculaiing water piping that carries cooling water to
and from the steam turbine condenser. Makeup water is pumped to the cooling towers from the
intake dructure. A dructure adjacent to the cooling towers houses associated eectrica switch
gear and chlorination equipment. Truck access is provided for chemicd ddivery and drculating
water pump maintenance.

A fud oil gorage tank, surrounded by an earthen dike south and west of the makeup water and
pretreatment building, can be supplied with oil by ether ral car or truck. A ral spur is provided
for tank car shipments. A fuel oil pump house is east of the diked area. Qil piping can be caried
back to the power idand aong a nearby pipe bridge.
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A wastewater treatment facility is located north of the oil storage tank area. Wastewater retention
ponds are postioned to the east, away from the man power idand. Rainwater runoff from both
the coa and dolomite storage piles is collected in these retention ponds and trested. Other
contaminated water is also stored and treated for release.

A syngas flare stack is shown to the east of the oil storage tank in an isolated area of the Ste. An
east-west pipe bridge connects the flare stack with the main pipe bridge on the power idand.

Power Idand--Plan at Grade (Figure 2.3.2.2). The Plan a Grade drawing provides additiona
detail and depicts equipment located at grade. It also shows equipment above grade in "phantom”
lines

Stair towers along the north and south side of the PCFB vessel bay provide access to the various
floor levels of the cod preparation building as well as the PCFB vessel and carbonizer vessd. A
phantom line outlines the various vessdls that make up the steam generation modules above.

A sngle-gtory dructure housing the plant main process and feed system ar boost compressors
gts directly to the north of the PCFB bay. The compressors are centrdly located, as they serve
the carbonizer, the cod and dolomite injection sysems, and the filter back pulse sysem. The
main process booster compressor takes air supply from the compressed air piping that is carried
on the pipe bridge overhead. Also within this building are the PCFB dart-up ar heaters. A
refractory-lined pipe connects the heaters to a compressed air line that supplies primary ar to the
PCFB. There are two boiler feedwater recirculaion pumps below the PCFB vessd. Two bottom
ash screw cooler are dso located beow the PCFB, and their discharge is pneumaticaly
trangported to the fly ash collecting hopper located under the PCFB filter vessals. Four screw
coolers at grade and under these filter vessds further cool the ash. The cooled ash is discharged
to a pneumatic conveying system, which conveysit to the west and dischargesit to the ash silos.

A switchgear room is located south of the PCFB bay, in the dectrica/control/admin building.
The 480-V and 4160-V switchgear is housed in this area, providing power for the steam
generation idand as well asthe cod preparation building.

The combined gas and seam turbine building is a high-roof configuration. A high bay over the
turbines dlows an overhead bridge crane to service the turbines. Each turbine has its own
laydown space dlocated nearby. There is truck access to both north and south wals of the
power idand, to move turbine components. An acousticad enclosure surrounds the combustion
turbine and the topping combusgtors. The turbine ar inlet directly north of the enclosure is
positioned horizontdly. The combustion turbine exhaust is ducted to the HRU, directly west of
the turbine building, then to the stack. Transformers are in an area west of the turbine buildings,
dlowing for easy transmisson of power to the subgtation. Power is returned from the substation
to the two smaler auxiliary trandformers shown to the west. These transformers power the
13.8-kV switch gear in the west end of the steam turbine building.

The steam turbine area lies directly south of the combugtion turbine area. Rail access is provided

a the southwest corner of the building with an equipment hatch above. The steam turbine has a
two-flow, sSde-exhaust configuration, with “Sde-saddl€’ condenser units.  This configuration
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does not require a deep excavation below the turbine, dong with a high and massive pedestd. A
pit housing the lube oil system is west of the turbine pedestal. The bur boiler feedwater pumps,
two mains and two boosters, are positioned farther to the east. The condensate pumps are shown
on one side of the turbine.

The two bays east of the boiler feedwater pumps house the makeup water treatment and
condensate deminerdizer equipment. An acid and caudic truck unloading dation is outsde the
east wall of the water trestment area.

The auxiliary boilers are housed in a sngle-story dructure north of the turbine building. An
emergency diesd generator is adjacent to the auxiliary boiler building. The deminerdized water
storage tank is between the auxiliary boiler and plant access road to the east.

The grade levd plan shows an aea in the adminigration building reserved for plant access
control and shower/locker rooms. A room in the southeast corner of the building houses the
heating, ventilating, and ar conditioning (HVAC) equipment required to condition the ar in the
adminigration building and the control complex area

A dar tower and devator in the northesst corner of the administration building serve both the
adminigration and the turbine building/control complex arees. A dar tower in the southwest
corner of the adminigration building provides a second means for reaching or leaving the second
floor.

Power Idand-Auxiliary Plans Above Grade. Figure2.3.2.3 provides a series of auxiliary plan
views showing equipment arrangement a the following eevatlions 128-6" and 137'-0", 180'-
0" and 191'-0", 201'-0" and 247'-0", and 303'-0" and 321'-0". Each auxiliary plan represents
two discrete elevations, as noted. The top two devations are only shown for most but not al of
the dructure; the part of the structure housing the cod preparation equipment only rises to a find
floor devation of 247'-0” with the roof at gpproximately 275 -0".

The auxiliary plans gart a the bottom of the tal structure housing the PCFB boiler, carbonizer,
filters, and cod preparation vessds and piping. This sructure is comprised of 32 bays, each
nomindly 25feet square. For each plan, sarting a the east end of the structure, eight bays (two
by four) house the cod crushing and drying equipment and piping. This indudes the mills or
crushers a the lowest eevation (grade), with slos, day bins, cyclone separators, etc. arranged
above at eevationsto provide a continuous flow path for the cod asit is crushed and dried.

The second group of eight bays houses the carbonizer and its hot gas filters, ash hoppers, etc.

The third group of eight bays houses the PCFB boiler. The find group of eight bays houses the
hot gasfilters serving the PCFB, dong with the ash collection vessds.
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Power Idand-Sections. Section AA on Figure 2.3.2.4 shows a longitudind section of the power
idand from south to north, and from grade up to the roof line. The section spans the entire
structure from the stack to the cod preparation bays on the east.

Section BB on Figure 2.3.2.3 shows a transverse view from east to west. The view is taken a
the east end of the dructure, and thus shows the cod preparation equipment in detail, with other
equipment revealed behind as gppropriate for the view.

24  PLANT PERFORMANCE

The peformance of the overal basdine plant is presented in this subsection; detailed component
peformance data ae presented in Section 25, adong with physicd descriptions of the
components.

24.1 Approach

Plant performance was cdculated by representing the overdl plant cycle with the ASPEN Plus
Process Simulation Program (ASPEN). This code produces an overdl heat and mass baance for
the PCFB system, the gas turbine, the HRU, and the steam turbine in addition it calculates
auxiliary dectric powers for mgor motor-driven components in the flow streams, such as booster
compressors and pumps. Information from the ASPEN smulation was used to prepare the heat
and mass bdance diagram and to cdculate overdl plant peformance by transmitting state-point
data caculated by ASPEN to a computer-aided desgn and drafting (CADD) system, dlowing
preparation of the sysem heat and mass baance with minima human interface and reducing the
chance for errorsin state-point data.

Pressure drops and heat losses were calculated for the mgor equipment in the carbonizer, PCFB,
and gas cleanup systems. The basdine plant performance andys's includes/accounts for:

» Caculated system heat losses and pressure drops

= Correction of the carbonizer heat balance for trangport air and heat losses

= Correction of gas turbine power and exhaust gas condition for pressure losses in the air
digtribution, PCFB, and cleanup systems

Three steam extractions for condensate heating rather than one

Ash cooler heat for condensate hegting

Representation of trangport air requirements and air lossesin the cycle

Cdculation of plant air and power auxiliary requirements.

2.4.2 Resaults

At the full-load design point, al cod and sorbent are fed to the carbonizer, whereas at part load
and dartup, cod and sorbent are dso fed to the PCFB boiler. Table 2.4.2.1 shows the overdl
performance for the power plant at full load. Net power for the basdine plant is 477.52 MWe,
with anet plant efficiency of 48.0% HHV based on the higher heeting vaue of the fud.
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The breskdown of auxiliary power requirements also gppears in Table 24.2.1. These power
requirements are calculated from the flow and head requirements for pumps and compressors in
the mgjor process flow streams in the plant. Auxiliary requirements for secondary flow sreams,
such as cod handling or ash handling, are caculated from the motor powers and duty factors for
those sysems Auxiliary requirements for the service waer system and for miscellaneous uses
(lighting, HVAC, controls and computers, shop and insrument air, efc.) are based on the rate of
cod feed to the plant.

A tabulation of the input and output Streams crossng the plant boundary appears in Table
24.2.2. This tabulation is useful for identifying the mgor energy losses in the power plant cycle
and dso for verifying the vdidity of the power cycle performance estimate,

As shown in Figure 2.20.2 (heat and mass badance diagram for the plant), flows and powers
correspond to tota quantities for the entire plant.
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Table 2.4.2.1 Overall Performance of Baseline Plant at Full Load
Total Plant Coal Feed to Carbonizer/PCFB Boiler,% 100/0

Power Summary, kWe

Gas Turbine Power 239,500
Steam Turbine Power 258,957
Gross Power 498,457
Auxiliaries (20,935)
Net Power 477,522
Net Efficiency,% (HHV) 480
Net Heat Rate, (HHV) 7,105

Consumables and Wastes:

As-Received Coal Feed, Ib/h (6.0% moisture) 272,406
As-Fired Coal Feed, Ib/h (2.5% moisture) 262,627
Dolomite Feed, Ib/h 78,864
Ash Production, Ib/h 98,369
Coal and Dolomite Drying Fuel, gal/h A

Auxiliary Summary, kWe:

Filter Boost Compressor 350
Transport Booster Compressor 420
Main Booster Compressor 7,560
Condensate Pumps 390
Feedwater Pumps 4,060
Boiler Forced-Circulation Pumps 600
Circulating Water Pumps 2,150
Cooling Tower Fans 1,600
Fuel Gas Recycle Blower 100
Coal Dryer Induced-Draft Fan 250
Gas Turbine Auxiliaries 300
Steam Turbine Auxiliaries 300
Nitrogen Supply
Barge Unloading and Stacker/Reclaimer 170
Coa Handling 350
Dolomite Handling 70
Coal and Sorbent Feed 30
Ash Cooling and Handling 100
Miscellaneous 1,000
Step-Down Transformer Loss 1,100
Total Auxiliaries 20,900

Cooling Tower Loads, 10° Btu/h:

Condenser 1270
Open Cycle Cooling System 22
Total Cooling Duty 1292



Table 2.4.2.2 Input and Output Streams Crossing Plant Boundary (Baseline Plant, Rev. D)

Temperature | Enthalpy, HHV, Power, E”f)sgy '
Description Flow, Ib/h EF Btu/lb Btu/lb kwWe
Btu/h
Inputs.
Carbonizer Cod 274,200
PCFB Coal
Total Coal 274,200 150.0 3H70| 129160 3551.36
Sorbent Feed 82,315 77.0 7.93 0.65
Calcination (5341)
Sulfation 48.09
Gas Turbine Inlet Air 6,660,000 60.0 15.71 104.63
Transport Compressor 447 153
Condensate and Feedwater Pumps 5,632 19.22
Forced-Circulating Pumps 315 1.08
Total Inputs 7,016,515 3673.15

Outputs.
Gas Turbine Generator Output 195,150 666.05
Gas Turbine Generator Loss 5,004 17.08
Gas Turbine Radiation Loss 3.02
Steam Turbine Generator Output 272,338 929.49
Steam Turbine Generator Loss 5,204 17.76
Fan and Pump Motor Loss 220 0.75
Turbine Cooling Air Intercooler Loss 22.22
Booster Intercooler 12.75
Booster Intercooler Condensate 430 100.0 68.54 0.03
Carbon Loss 789 300.0 57.57 14,087.0 1116
Ash Loss 5.20
HRU Stack 6,879,269 280.0 88.36 607.85
Lost Air and Gas

Transport Compressor Loss 45,166 175.9 37.95 171

Ash Lock Hopper Blowdown 500 1050.0 269.91 0.13
Transport Air Heat L oss 0.22
G/C Scope Hot Gas Piping 10.75
Carbonizer and Fuel Clean-Up Loss 792
PCFB and Cyclone L oss 21.10
PCFB CandleFilter 6.03
Condenser 1322.20
HRU Radiation 12.63

Total Outputs 7,016,509 3676.06

Unaccounted for, Ib/h 6 0.30
Unaccounted for,% 0.00 0.01
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2.4.3 Design Issuesand Approaches

This subsection describes basdline plant design approaches and compares them to those used in
an ealier Phase 1 sudy. The basdine case serves as a reference for the economics analysis
presented in Section 3, the emissons estimates presented in Section 4, and the sengtivity studies
presented in Section 6.

The basdine configuration used in the Phase 1 sudy utilized two nomindly 100 MWe
Westinghouse 501D type gas turbines together with two 1500EF carbonizers, two 1600E PCFB
boilers, and one steam turbine,

The present basdine plant is based on a sngle nomindly 240 MWe Semens-Westinghouse
501G gas turbine coupled with a single carbonizer, PCFB boiler, and steam turbine. The
carbonizer operates at 1700EF. The different carbonizer temperature results in a higher level of
syngas production, which is necessxry to support the higher firing temperature of the 501G
mechine relative to that of the 501D (2700EF vs. 2150EF, nomind vaues). The 501G machine
incorporates steam cooled burner to turbine inlet nozzle trangtion ducts, which provide a portion
of the steam turbine reheat duty (cold reheat to hot reheat). The topping combustor for he gas
turbine in both plants utilizes rich quench-lean burn MASBs to minimize NOx formation.

The current basdine desgn incorporates a main/process ar boost compressor (discussed in
Section2.5.14) to compensate for the increased gas Side pressure drop associated with the
carbonizer and PCFB boiler flow pahs reative to that occurring in a naiurd gas or didillate
fuded gas turbine. The boost compressor mantains gas path conditions a the expander inlet
nozzle very close to naural gas desgn conditions, preventing compromises to system output,
compressor surge margins, etc. The origind W501D based design did not incorporate a boost
compressor, and a reduced gas turbine power output caused by a lower hot gas expansion ratio
was utilized.

The present basdine plant uses a 2400 psig/1050EF/1050EF deam cycle in lieu of the
2400 psig/1000EF/1000EF of the earlier study. Current practice is tending towards the higher
deam temperatures, which lead to higher efficiencies with essentidly no added risk. The steam
turbine configuration sdected for the current report is based on smilar machines now in service
in combined cycle sygems. This type of machine is desgned to pass more flow through the low
pressure section than a machine configured for conventionad pulverized cod service  The
abundance of heat recovery in the gas turbine exhaug in the PFB cycle has the same impact as in
atypica combined cycle gpplication.

In the Phase 1 sudy, the cod and dolomite were fed via separate lock hopper feed systems;
smilarly, the PCFB boiler bottom ash and fly ash were depressured via separate lock hoppers
and the ash trandferred to separate slos. For cost savings, the basdine plant now feeds the cod
and dolomite as a blend (for clarity purposes the plant heat and mass baance diagrams show
them as separate feed streams). In addition PCFB boiler bottom ash and fly ash dtreams are
combined for depressuring as a single stream and ultimate storage in common slos.  Since lock
hopper type feeding of blends hes been successfully demonstrated in 1% Generation PFB
Combugtion Plants and snce combining coarse bottom ash with fine fly ash should improve

35



materid handling characteridtics, these cost saving changes should not introduce risks to the
plant design. With regard to the drying of the cod and dolomite, both plants accomplish this in
combined crushing-drying systems using hot flue gas extracted from the gas turbine exhaud.

2.4.4 50 Percent Load Operation

Basdine plant performance was determined a nomina 50 percent load; a this point, the plant
cod flow rate and net dectricd output drop to 62 and 55 percent respectively of their full-load
values. Approximately 15 percent of the reduced plant cod flow is fed directly to the PCFB
boiler. The thermd duty of the carbonizer, the gas turbine topping combustor, and the char
resdue production rate are reduced at this load, while the thermd duty of the PCFB associated
with heating the oxidant for the topping combustor and supplying heat to the steam cycle are
reduced by a smaller amount.

The following assumptions were made in establishing the 50 percent load performance point:

» PCFB boiler flue gas exit temperature is dlowed to fal to 1550EF.

= Carbonizer ar/cod ratio remains congtant.

» Gasturbineair flow isreduced by 27 percent by the inlet guide vanes.

=  Steam turbine throttle pressure and temperatures remain constant.

» Carbonizer and PCFB boiler operating pressures are dlowed to float with the gas turbine
operating pressure.

Figure 2.4.4.1 presents a heat and mass balance for the plant at 50 percent load. Table 2.4.4.1
summarizes key operating parameters and compares them with full load vaues Some of the
sgnificant changes from the full-load point are:

» (Gas turbine compressor discharge pressure and temperature and dl other system gas-sde
pressures are reduced because of the lower gas turbine airflow and the reduction in firing
temperature.

» Cod feed to the carbonizer drops to about 53 percent of the full-load vadue because of the
reduction in the gas turbine firing rate.

=  Carbonizer and PCFB exit temperatures drop by 13EF and 50EF respectively.

= Carbonizer fluidizing velocity decreases by about 24 percent because the reduction in system
pressure tends to offset the reduction in firing rate.

= PCFB veocity decreases by about 5 percent since the reduction in system pressure is greater
than the decrease in PCFB mass flow and temperature.
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Table 2.4.4.1 Comparison of Baseline Plant Performance at Full and Minimum Load

Category

Power SUmmary:

% of Total Plant Cod How to:
Carbonizer
PCFB boiler

Gas Turbine Power, kWe
Steam Turbine Power, kWe

Gross Power, kWe
Auxiliaries, kWe

Net Power, kWe

Net Efficiency, % (HHV)
Net Hest Rate, (HHV)

Consumables and Wastes:

As-Received Coal Feed, Ib/h (6.0% moisture)
As-Fired Cod Feed, Ib/h (2.5% moisture)
Dolomite Feed, Ib/h

Ash Production, Ib/h

Operating Parameters:

Carbonizer Cod Feed, % of design
Carbonizer Huidizing Velocity, % of desgn
PCFB Huidizing Veocity, % of desgn
Carbonizer Exit Temperature, EF

PCFB Exit Temperature, EF

Gas Turbine Firing Temperature, EF

Full
Load

100

239,500
258,957

498,457
(20,935)

477,522

48.0
7,105

272,406
262,627
78,864
98,369

100.0
100.0
100.0
1686
1600.0
2690

50%
Load

85
15

106,300
173,765

280,065
(17,185)

262,880

42.6
8,016

169,183
163,110
48,980
63,335

52.7
75.0
94.0
1673
1550.0
2360
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25  SYSTEM/COMPONENT DESCRIPTION AND PERFORMANCE
25.1 Coal-Handling System

System Functions. The man functions of the cod-handling sysem are to unload cod from
barges and convey it to the cod storage pile areg; pile, reclam, crush, and sample it; convey it to
the in-plant storage silo (bunker); and from there, convey it to the lock hopper systems, which
feed the carbonizer and PCFB boiler.

Design Considerations and Requirements. The cod-handling sysem desgn requirements
include:

= A cod-handling sysem designed to unload and pile 2-in. x O eastern bituminous cod in the
yard stockpiles & a normd maximum rate of 3000t/h and an average rate of 2500 t/h. The
average rate will permit unloading dmost 14,000 tons of coal in 51/2 hours from 7100-dead
weight ton (DWT) opentop ded barges, usng a continuous bucket-elevator-type barge
unloader.

= Unloaded cod is conveyed to a cod pile storage area at the northeast end of the plant. The
conveying system is designed to convey cod a a maximum rate of 3300t/h, which is 10
percent fager than the norma maximum unloading rate of 3000t/h to dlow for ovefilling
buckets during barge unloading.

= A dorage areawith an active storage pile for the plant is provided to meet these conditions.

-A 100,000-ton storage pile capable of supplying cod for 30days to the plant when it is
operating at 100 percent capacity. It is formed by piling adl 100,000 tons of cod on the east
sde of the yard conveyor.

-An emergency conveyor to continue unloading barges in the event the primary piling system
is out of service or the bucket-whed reclamer is being used. The conveyor can pile 10,000
tons atop the inactive storage pile before bulldozing is required.

-An emeagency reclam sysgem with active redam capacity of 8000 tons without any
bulldozing required.

= A redundant reclam system ensures an uninterrupted and reliable cod supply to the bunkers.
Cod is reclamed a a norma rate of 800 t/h from ether the primary reclam sysem
(stacker/reclaimer) or from the emergency reclam sysem. A 100% redundant cod-handling
sysem is a0 provided from the surge bin outlet to the lock hopper injection system bunkers.
Because double crushing is required to reduce the 2in. cod to 1/8-in., crushing operations ae
segregated upstream and downdream of the dlo. This separation dlows a subgantidly
sndler crusher building and a more compact sysem layout. A subgtantid reduction in
horsepower is aso achieved.

-Reclamed cod (2 in. x 0) is conveyed a 800 t/h via the 200-ton surge bin and primary

crushers to a 10,200-ton cod storage slo. This slo provides 3 days of 1/2-in. x O cod dtorage
and diminates reclam work on weekends. The slo can befilled in 13 hours.
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-The 1/2-in. x 0 cod sored in the 3-day dlo is fed twice during each daylight shift into a 3400-
ton 24-hour storage silo (bunker). Each filling takes 130 minutes.

-The 1/2-in. x 0 cod dored in the dlo (bunker) is continuoudy conveyed by totaly enclosed
belt wal conveyors through crushers, dryers, and coa screens to three 20-ton surge bins at
142 t/h. In the process it is reduced to 1/8 in. x 0 and dried. Totdly enclosed bet wall
conveyors were sdected to reduce the amount of cod dust and fire hazards associated with
dried cod. This type of conveyor dso dlows high-indine or verticad runs in a minimum of
space. Even though this type of conveyor requires more maintenance than flat belt conveyors,
it was chosen because it is dugt-tight.

-Codl isreleased from the 20-ton storage bins to the lock hopper feed systems.

Major Equipment Descriptions. Fgure 25.1.1 is a amplified schematic of the coad handling
system and descriptions of the mgor components are presented in Tables 2.5.1.2 through 2.5.1.4.
Portions of the cod-handling sysem equipment are dso used for dolomite handling. Primarily,
these include the barge unloader, bucket-whed stacker/reclamer, and associated conveyors.
Shared items are identified by the "dud use' designation in Section 2.5.2.
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2.5.2 Dolomite-Handling System

This section describes the dolomite-handling system, incduding the system function, design
requirements, and mgjor equipment.

System Functions. The man functions of the dolomite-handling sysem are to unload dolomite
from barges, convey it to the dolomite storage pile areg; pile, reclam, crush, and sample it; and
convey it via the in-plant dolomite storage slo (bunker) to the lock hopper feed systems, which
supply the carbonizer and PCFB boiler.

Design Requirements. The dolomite-handling system design includes:

= A dolomite-handling sysem desgned to unload and pile Pum Run dolomite, in a Sze range
of 2in. x 0, to the yard stockpiles at a norma maximum rate of 3000 t/h, with an average rae
of 2500 t/h. This rate will permit unloading 15,000 tons of dolomite within 6 hours from
7100-DWT open-top stedl barges, using a continuous bucket- e evator-type barge unloader.

» Unloaded dolomite conveyed to a dolomite pile storage area at the west end of the cod pile.
The conveying system is designed to convey dolomite & a maximum rate of 3300 t/h, 10%
fagter than the normd maximum unloading rate of 3000 t/h to dlow for overfilling the bucket
during the barge- unloading operation.
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Table2.5.1.1. Coal- and Dolomite-Handling Equipment

Quantity
_ pescription _ TagMNo. Required _______ Dimensions/Qperating Data
n) r UL-301 1
Free Digging Rate 3000 t/h
Average Unloading Rate 2500 t/h
Barge Capacity 7100 DWT (max.)
2000 DWT (min.)
Barge Size 40~66 ft wide x 345 ft long
Unloading Cycle Time for Two Barges (Two 340 ain
passes per barge)
Sarge Haul Systems:
Receive -Loaded Barge 1
Unload Loaded Barge 1
Park Unloaded Barge - 1
Bucket Elevator 4-ft intervals
(Single Line):
Bucket Capacity 75 ft3/bucket
Bucket Speed 148 ft/min
Bucket Elevator Motor 350 hp; totally enclosed, fan-cooled (TEFC): 1750 rev/
min: 4000 V: three-phase: 60 Hz: 1.15 safety factor:
Class B insulation
Barge Positioner (hydraulic) 15 hps 120 V: three-phase: 60 Hz
Barge Haul Motor 2 20 hp: 725 rev/min; continuous 230~V dc. shunt wound
Type MDP; Class H insulation)
Capstan Motors 2 15 hp: 1800 rev/min: 460 V: 3-phase: 60 Hz
Conveyor (Gathering) uL-302
Belt Speed 5§25 ft/min
Belt Capacity 3300 t/h
Trough Idlers 35 deg -6 in.; CEMA E6
Return Idiers (Rubber Disc) CBMA 6
Take~-Up Gravity (enclosed)
Drive 100 hp; TEFC: 1750 rev/min: 460 V; 3-phase:; 60 Hz
Belting 72-1n.. 4-ply polyester reinforcing with 1/4-in. top
cover, 3/32-in. bottom cover
Belt Conveyors See Table 12
chain Convevor See Table 13
Magnetic Separator
Conveyor (Discharge) UL-304A 1
Orive 7 hp
Magnet ‘ 11.88 kie
Conveyor (Discharge) Cv~301A 1
Drive I
Magnet 6.171 kite
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Table 2.5.1.1 (continued). Coal- and Dolomite-Handling Equipment

: Quantity
- Description ______  Tag No. Required 1 rating Dat
Cryshers
Primary Coal Crushers CR-301A 2
and B
Capacity . 800 t/h each
Motor 450 hp, 720 rev/min, 4000 V
Coal Imput 2 in. x 0 in.
Coal Output 3/4 in. (Nominal 1/2 in.)
Coal Reduction 4:1
Secondary Coal Crushers CR-303A, 3
. B, and . C
Capacity 71 t/h each
Motor 50 hp: 1800 rev/min: 460 V
Coal Input - 3/4 in. (Nominal 1/2 in.)
Coal Output ~1/8 in.
Coal Reduction ] _ 4:1
Sampling Systems .
*As~Received® Sampling System Three-stage. automatic proportional for 38-1b samples.
with crusher, collector bin, and feeder belts
SAs-Fired® Sampling System Two-stage. incresental method with crusher. sample
. collector bin, and feeder belts
Yibration Feeders
Vibration feeders used in the Coal~-Handling System are presented in Table 14.
Flop-Gate Actuators 3
shut-0ff Gate 2
Location 200~ton surge bin BN-301A outlet to Crushers CR-301A
“and B
Manufacturer Process Equipment Buflders. Inc.
Sump Pumps
Location Crusher buflding/reclaim tunnel
Type VYN (vertical slurry pump)
Air Dryer ‘
Location Crnsh:r building, Transfer Building 1: Emergency:
Reclaim
Manufacturer Deltech Engineering. Inc.
Type 6 Series. heatless dryers
1t r
Location Head pulley. all conveyors
Belt Scales With Inteqrator
Location Conveyor UL-303. Conveyors CY-303A and B
Accuracy 1/4 of 1 percent
Capacity Range Conveyor UL-303: 800-4000 t/h

Conveyors ca-ao:u’ and B: 250~1500 t/h v
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Table 2.5.1.1 (continued). Coal- and Dolomite-Handling Equipment

ri

Telescopic Chute

Location

Air or

Location (1)
Location (2)

stacker/Reclaimer

Type

Capacity
Stackout
Reclaia

Bypass
Storage

Travel Distance
Boom Operating Angles

Travel Speed

Bucketwheel
Buckets

Boom
Bucket Conveyor
Belt Speed
Belt Capacity
Trough Idlers
Impact ldlers
Return Idlers
Conveyor Length/Rise
Takeup

Drive
Belting

Luffing Drive
Operating Pressure
Mumber of Cylinders
Power Pack

Moving Gear
Travel Driven Motors

Slew Drive Assesbly
Nusber of Drives
Drive Motor
Lubrication
Splitter Device

ion

Tag No.
TC-301A

Quantity
Required

Dimensions/Operating Data

Discharge of Conveyor ST302A

Barge unloader

Transfer Building 1

Slewing-bucket wheel stacker/reclaimer
3300 t/h stacking (max.)

425, 600, and 800 t/h; Average 1200 t/h overload

during reclaim
0~-850 t/h

24,040 tons active s
134 t/ft at 50 b/t
330 ft reclaiming; 268 ft-2 in. stacking: 5 ft-0 in.

overtravel

sorue. 50-ft-high pile

15 deg above horizontal: 13 deg below horizontal: 90 deg

from and when stacking: 71 deg from and when

reclaiming
50 ft/min

20 ft-0 in. diam with 8-14 ft3/bucket cell-less

Driven by 75 hp TEFC 1800 rev/min; 460 Y; 3 phase; 60 Hz

motor

108-ft Tong slow pivot to centerline of bucketwheel

565 ft/min.
3300 t/h (max.)

350 ft-6 in. - CEMA E6

7-1/2 x 2-1/2 in.; 0 pressure
Rubber disc 6-in. CEMA E6
113-ft/approximately 30 ft. max.

Manual screw

200 hp: 1800 rev/min: TEFC: 460 V: 3-phase: 60 Hz
72-in, 1-ply (steel cable) with 1/4-in. top cover and
bottom cover: SCOF

1500 psig (max.)

2 (10-in. diam x 14 ft-6 in. stroke)
2 10-hp units (10 operating). spare

7.5 ho: 1200 rev/ming TEFC: 460 V; 3-phase:

2

2 - 15 hp: 1750 rev/min: shunt wound dc
Automatic and centralized

Hydraul ic-operated chute
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A dorage area with active and inactive storage piles for the plant. The storage pile capacity
and configuration meet the following conditions

-A 24,000-ton active reclam gorage pile capable of supplying dolomite to the plant for 24
days when t is operating at 100 percent capacity. This pile is formed by piling al 24,000 tons
of dolomite on the east sde of the yard conveyor. The active reclam pile is adjacent to the
inactive storage pile.

-An emergency conveyor to continue unloading barges in the event the primary piling system
Is out of service The conveyor can pile 10,000 tons atop the inactive storage pile before
bulldozing is needed.

-An emergency reclam system, with an active redam capacity of 8000 tons without any
bulldozing.

A redundant reclam system to ensure an uninterrupted and reliable dolomite supply to the
bunkers. Dolomite is reclamed a a normd rate of 800 t/h from ether the primary reclam
sysdem (Sacker/reclamer) or the emergency reclam system. There is dso a 100 percent
redundant dolomite-handling sysem from the surge bin outlet to the lock hopper feed
systems.

Caeful congderation for safety and eguipment mantenance. The sysem design ensures
adequate space and access for operating, maintaining, and removing each piece of equipment:
-Monorails to serve each mgor piece of equipment with direct access to grade or to an
equipment hatch; manua hoigts for the short lifts and dectric hoigts for the long lifts

-Access platforms, dairs, and ladders for al equipment Wakways and access aides on both
ddesof dl conveyors

-Enclosed conveyor gdleries that extend over the water and into/between the units.

-Emergency escape ladders at intervals from conveyor galleries.

Major Equipment Description. The mgor components of the dolomite handling sysem are
shown in Figure 25.1.1 and descriptions of the mgor components are given in Table 25.2.1.

Portions of the system are used for both cod and dolomite handling and they are designated for

dud usein Table25.2.1.
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Table 2.5.2.1 Dolomite Handling System

Quantity
Description Tag No. Required Dimensions/Operating Data
Barge Unloader UL-301 1 Dual-use equipment (Table 2.5.1.1)
Belt Conveyors (Table2.5.1.3)
Chain Conveyors (Table2.5.1.4)
M agnetic Separator
Location 1 Conveyor UL-304A discharge: dual-useequipment (Table
25.1.1)
Location 1 Conveyor CV-302 discharge
Drive 3hp
Magnet 6171 W
Crushers
Primary Dolomite Crushers CR-302A, B 2
Capacity 350 t/h each
Motor 175 hp; 720 rev/min; 4000 V
Secondary Dolomite Crushers CR-304A, B 2
Capacity 41 t/h each
Motor 35 hp; 1800 rev/min; 460 V
Sampling Systems
“As-Received” Sampling-Type Three-Stage; automatic; proportional for 38-1b samples,
System with crusher, collector bin, and feeder belts
“ A e Frard” A Two-Stage; incremental method with crusher and sample
As-Fired” Sampling-TypeSystem collector bin and feeder belts
; : Vibrating Feeders used in the dolomite-handling system
Vibrating Foeders are presented in Table 2.5.1.4
Flop-Gate Actuators 3
Shut-Off Gate 2
N Location 200-ton Surge Bin BN-301A; Outlet to Crushers CR-301A
and B
M anufacturer Process Equipment Builders, Inc.
Sump Pumps
Location Crusher building/reclaim tunnel
Type VN (vertical slurry pump)
Air Dryer
L ocation Crusher building. Transfer Building 1; Emergency reclaim
Manufacturer Deltech Engineering, Inc.
Type G Series, heatless dryers
Belt Cleaners
Location Head pulley, all conveyors
Belt Scales with Integrator
L ocation Conveyor UL-303, dual-use equipment (Table 2.5.1.2)
Conveyors CV-305A and B
Accuracy Ya0of 1%
Capacity Range
Conveyor UL-305A See Table 2.5.1.2
Conveyors CV305A and B 100 to 700 t/h
Telescopic Chute TC-301A
Location Discharge of Conveyor ST-303
Air Compressor
Location (1) Barge unloader, dual-use equipment; See Table 2.5.1.1
Location (2) Transfer Building 1; dual-use equipment. See Table

2511

Stacker/Reclaimer

Dual-use Equipment; See Table 2.5.1.1
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2.5.3 Coal and Sorbent Feeding

With the coad containing both sulfur and dkdi the plant utilizes two different sorbents, eg.,
limestone to control/minimize dack gas sulfur releases and emathelite to control/minimize adkadi
vapors that could be corrogve to the gas turbine. The limestone is mixed with the cod being fed
to the plant whereas the emathdlite is sprayed into the gas streams proceeding to the gas turbine.
Asareault the plant utilizes two different types of feed systems as follows:

Coal and Limestone. The coa and sorbent, both crushed to /8’ x 0 and dried to 5 percent
surface moisture (drying is required by the feed system manufacturer to insure the materid flows
fredy), are fed into the carbonizer and PCFB boiler as a blend via commercidly available lock
hopper feed systems. The carbonizer utilizes three 50 percent capacity lock hopper feed trains
and the PCFB two 100 percent capecity trains. Each feed train conssts of a vertical stacking of
four vessels supplied with cod and sorbent from separate day bins located above each train.
Gravimetric feeders provided under the day bins transfer the cod and sorbent in desred molar
ratios (CalS = 1.75) to a mixer that blends the materid and discharges to the first vessd in the
feed tran. The fird vessd is a surge bin that runs a atmospheric pressure and discharges its
coa-sorbent blend in batches by gravity to a lock hopper vessd. The transfer occurs at
atmogpheric pressure and when complete inflatable sed vaves at the inlet and outlet of the lock
hopper dlow the vessdl to be pressurized with ar. Upon completion of pressurization the bottom
vave is opened and the materid drains into the third vessd cdled an injector. When the transfer
is completed, the bottom seal valve is closed and the lock hopper depressured by venting to a
baghouse (the fourth vessdl) located above the surge bin; the baghouse removes gas entrained
particulate and drains the collected materid back to the surge vessd. When the lock hopper
reaches atmospheric pressure, the vent vave closes the top inflatable sed vave opens the
vess isrefilled, and the cycle repested.

The injector vessd runs dightly above process pressure and a feeder a its bottom transfers the
cod sorbent blend to a pneumatic transport line that conveys and injects the materid into the
carbonizer or PCFB boiler.

At full load dl cod and sorbent enter the sysem via the carbonizer (the PCFB boiler only
requires direct coa sorbent feed at part load and Sart-up). Assuming dl three carbonizer feed
trans are in operation, each injector vesse when filled contains about a 40 minute supply of
materid and the lock hoppers cycle a the rate of three times per hour. With al sorbent reaching
the PCFB boiler by way of the carbonizer and char collecting hopper, the PCFB is provided with
a sparate smdl sorbent feed train for bed inventory control and trimming of SO, emissons, this
train is aso used to charge the PCFB boiler with abed of sand a start up.

The cod, limestone, and sand feed trains required by the plant are shown in the Figure 25.3.1
Carbonizer Process Flow Diagram and in elevation view in Figure 2.5.3.2.
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Figure 2.5.3.1 Carbonizer Process Flow Diagram
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Emathelite. Pulverized emahdite is mixed with water to form a 25% emathdite 75% water
durry by weight that is injected into the gas streams that ultimately proceed to the gas turbine
topping combustor. The durry is injected upsream of the ceramic candle filters and, to insure
complete vaporizetion of the durry water before reaching the filters, the spray towers are
designed for 2 second gas resdence times. The emathelite captures akai vapors both during its
gas transport to the filters and as it accumulates in the filter dust cake to limit dkali vapor leves
to less than 20 pppbv. The durry injection requirements are 4000 Ib/hr and 800 Ib/hr for the
carbonizer syngas and the PCFB bailer flue gas streams respectively.

The emahdite durry preparation and pumping system required by the plant is shown in the
Figure 2531 process flow diagram. The plant utilizes two 100 percent capecity durry
preparation trains. Pulverized emathdlite is ddivered to the Ste by pneumatic transport truck and
loaded into a slo with two outlets. A loss in weight feeder a each outlet controls the emathdite
withdrawa rate and transfers the materid to an agitated tank where the emathelite and water are
added and mixed. Each of the two tanks holds a 24-hour full load supply of durry and is
provided with two pumps, one for draining the tank a shut down and the other for supplying
durry to a common digtribution/recirculation header. The quantity of durry being pumped and its
densty are determined by a Coriolis type meter; the density measurement is used to confirm that
a proper emathelite-water mix ratio is beng mantaned a dl times A totd of sx meering
pumps extract a portion of the durry from the header. Three pumps (one is a spare) supply durry
to the two carbonizer spray towers and the other three smilarly supply the two PCFB spray
towers. Each spray tower contains two nozzles one of which is a spare. To minimize droplet
gzes and to speed eveporation under al load conditions, atomized/dud fluid nozzles are used
with recycled syngas and ar being employed on the carbonizer and PCFB gas streams
respectively. Threeeway vaving and double block vaving are provided throughout the piping
sysdsem to dlow uninterrupted operation should one component require  ortline
maintenance/replacement. Slurry not extracted for the spray towers is returned to the operating
mix tank thereéby mantaning pipe veocities tha prevent separaion of the durry under dl
operating conditions.

25.4 Carbonizer Subsystem

The carbonizer subsystem produces a hot low Btu syngas suitable for combugtion in the gas
turbine topping combustor together with a char sorbent resdue for combustion in the PCFB
boiler. The mgor components of the subsystem are shown in the Figure 25.3.1 process flow
diagram and cons & of:

asngle carbonizer vesse that produces the syngas and char residue

two bottom bed drain lines

two top of bed overflow drain lines

two primary stage cyclones each followed by two ceramic candle filters that strip the syngas
of entrained particulate

two spray towers operating in padle that spray water and an emathdite durry into the
gyngas to limit the filter inlet temperature to 1600EF and capture akali vapors corrosive to
the gas turbine

6. two char collecting hoppers that operate a the filter inlet pressure and collect the char
sorbent residue that drains from the above components

PwWNPE

o
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7. two N-shaped non-mechanica vaves that control the transfer of the collected char sorbent
residue to the PCFB boiler

8. a syngas recycde sysem that supplies cooled pressurized syngas for filter pulse cleaning,
pressure tap purges, loop sedl fluidization, etc.

9. two durry processng/pumping systems that supply the spray towers with emathelite durry

Figure 2.5.4.1 shows the mgor components in plan and elevation views.

Carbonizer. The carbonizer devoldilizes and patialy gedfies cod in a jetting fluidized bed
operating a gpproximatdy 285 psg with a substoichiometric supply of ar. Cod and dolomite
are fed to the unit a full load rates of 262,627 and 42,493 Ib/hr respectively together with 600EF
ar and 450EF steam that result in a 1700EF operating temperature. A 1700EF coal derived
syngas and char-sorbent residue are produced a approximate rates of 733,000 and 178,000 Ib/hr
respectively. Sightly over 50 percent of the coa carbon is consumed/released to the syngas, the
syngas has a lower heating vaue of gpproximatdy 140 BtwWSCF and possesses the typicd
compogtion shown in Table 25.4.1. A portion of the cod sulfur is rdeased to the syngas but the
dolomite, which is supplied a a CaS = 1.75, captures the sulfur as cadcium sulfide with an
efficiency of 96.5% efficiency.

Table2.5.4.1 Typical Carbonizer Syngas Composition

Component Moleo
Carbon Monoxide 19.85
Carbon Dioxide 7.36
Hydrogen 16.90
Water 7.73
Methane 2.25
Ammonia 0.24
Hydrogen Sulfide 0.02
Nitrogen 45.10

Argon 0.55
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The syngas produced by the carbonizer ultimately fuds a gas turbine topping combustor and so
the carbonizer is operated to meet the gas turbine need for syngas. As plant load is reduced, the
gas turbine demand for syngas reduces and dl flows to the carbonizer are reduced accordingly;
for operating smplicity purposes the flows will be reduced in proportions that mantan the
carbonizer a a nomina 1700EF over the plant operating envelope. Should a change in cod
quaity occur that sgnificantly affects the carbonizer syngas yidd per pound of cod fed, the
carbonizer temperature can be adjusted accordingly, eg., increasing the carbonizer air to cod
feed ratio increases the carbonizer temperature, carbon converson, and gas yidd and the
converse is true. For the Pittsburgh 8 coa specified for the plant, a 1600EF to 1800EF operating
window is recommended for the carbonizer which should accommodate al reasonable changes
in cod qudity.

As shown in Figure 2.5.4.2, the carbonizer is a 16-ft. &in. diameter by 47-ft. tal pressure vessd.
The inside surfaces of the vessdl are protected from the high process temperatures by an 11-in.
thick refractory lining conggting of five inches of an eroson resstant hard face lining backed by
gx inches of a themd/insulaing lining; after refractory lining, the vessal has a 14-ft. 6-in. indde
diameter. The unit operates with a superficia gas velocity of 4 feet per second with a 25-ft.
expanded bed height and a 20-ft. tal freeboard. At the 50 percent minimum load point flows and
pressure reduce and result in a 3 feet per second veocity that maintains bed fluidization and
mixing characterigics. Since bed materid is continuoudy drained from the unit via over flow
nozzles described below, bed and freeboard heights are maintained throughout the operating
envelope.

Cod and sorbent are pneumaticaly injected into the unit via three verticd lines located at the
bottom of and around the centerline of the unit. The three feed pipes are spaced 120 degrees
goat and contained within the main 24-in. diameter ar flow pipe. The ar from these Streams
enters a a jet velocity of about 60 feet per second. Although the jet rapidly disspates and
remains submerged in the bed a dl time, it does, together with the steep sdes of the hopper
bottom, induce rapid mixing of bed materiad. Feed and bed materid flow up dong the centerline
of the unit and back down aong the wals to the bottom where they are drawn back into the jet;
this continuous recirculation of bed materia controls the jet temperature and jet induced dtrition
prevents agglomerates from forming.
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The 1700EF syngas, containing eutriated char and sorbent, exits from the top of the unit via two
vertical nozzles each 28 inches in ingde diameter (ID). Two 11-in. ID overflow nozzles near the
midpoint of the unit limit the bed height to 25-ft. and convey the materid to the char collecting
hopper. Since the char collecting hopper operates at a dightly lower pressure, each of the
oveflow lines contans a loop sed fluidized with recycle syngas a therr point of discharge to the
collecting hopper. A 4-in. wide annulus around the main ar feed pipe alows materid to drain
into an 18-ft. tdl cooling section. Here the draining materid is cooled to 500EF as a packed bed
by a counter flowing stream of cooled, recycled syngas that rises and fluidizes the drain annulus.
Two 14-in. nozzles at the bottom of the cooling section are used to drain materia a shut down
and once a shift during norma operation for bed cleansng/remova of old bed materid. Each
bottom drain line conveys the materid to the char collecting hopper and a rotary vave, protected
by an upsiream delumper, controls the drain rate.  The two overflow and two bottom drain lines
provide the unit with 100 percent redundancy for draining materid; in addition the ddumper and
rotary vave are provided with double block and bleed vaves to dlow for on line maintenance of
these rotating components.

Cyclone. The syngas exits the carbonizer via two 52-in. OD lines that are refractory lined to a
32¥~in. ID. Each line contains a single cyclone tha removes the coarser fraction of the gas
entrained particulate before they ultimately enter the ceramic candle filter described in Section
257. The cyclone possesses a conventiona tangentid inlet-vertical axis configuration but with
pressure vessd wal condruction and adorason resstant internd refractory lining. The cycdone is
10-ft. 4-in. in diameter by gpproximatdy 38-ft. tal. Solids collected by the cyclone drain to the
char collecting hopper and a loop sed, located a the base of the cyclone dipleg and fluidized
with recycle syngas, provides the necessary cyclone to filter inlet pressure sed. Syngas exits the
cyclone via a 48-in. diameter pipe refractory lined to a 28Y2in. insde diameter and proceeds to a
Spray tower.

Spray Tower. One spray tower is provided downstream of each of the two cyclones to permit
the injection of two separate streams. The fird is a 4,490 Ib/hr water spray that together with the
second 2,000 Ib/hr durry spray cools the syngas from 1700EF to 1600EF, the desred filter inlet
temperature. The durry contains pulverized emathelite in a 25 percent solids 75 percent water
mass mix ratio and the emathelite adsorbs'removes akali vapors that could cause corroson of
the gas turbine. The two injections occur via separate atomized/dud fluid spray nozzles as the
syngas flows down through a 50-ft. tdl 68-in. diameter section of piping refractory lined to a 48-
in. ingde dameter. The nozzles are located on the centerline near the top of the spray tower and
each nozzle is provided with a spare.  The durry sprays concurrent with the 1700EF gas flow and
atomization assures a minimum droplet sze under al load conditions (droplet evaporation times
ae edimaed to be less than 250 milliseconds). The large insde diameter of the spray tower
reduces the gas velocity to 25 feet per second, provides for 2 seconds of gas resdence time, and
vaporizes the water droplets before they reach the ceramic candle filter described in Section
25.7.

Char Coallecting Hopper. The carbonizer leg of the plant utilizes two hoppers operding in
pardld with each collecting the char sorbent residue draining from one of the two syngas and
bed drain equipment trains. Each hopper is a 14-ft. diameter by approximately 30-ft. tall pressure
vessd that is refractory lined to a 12-ft. 2¥2in. indde diameter. The hoppers operate at the filter
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inlet pressure and, assuming an equa digtribution of char a full load, each can hold up to a haf-
hour supply of char sorbent resdue. The amount/level of residue in each hopper is monitored by
both continuous and point darmed nuclear level indicators. The N vaves described beow are
operated to maintain the reddue level a 17 feet above discharge, plus or minus 5 feet. By
keeping the level within this control band, the residue is transferred to the PCFB boiler at the rate
it is generated. A amal nitrogen flow is injected into the hopper drain line to drip resdud
syngas from the particle interstices and the collected char together with the N vave provide a gas
sed between the reducing amosphere of the carbonizer and oxidizing amosphere of the PCFB
boiler sections of the plant.

N Valve. The char sorbent resdue collected by each collecting hopper is transferred to the
PCFB boiler at controlled rates via a non-mechanical N valve the valve conssts of a vertica 36-
in. line refractory lined to a 16%+in. ID that is preceded by and followed by pipe sections doped
60 degrees to the horizon. Char sorbent residue drains by gravity from the char collecting hopper
through the downward doping piping to the base of the verticd line Steam is injected a
controlled rates through a grid at the base of the line and is usad to fluidize the vertical column of
materid. Increesing the fluidizing velocity causes the resdue to flow through the N shaped
piping a increasng rates, in addition to fluidizing the riser, the seam provides an as3g in
helping movelblow the resdue down the inclined line into the PCFB and acts as a buffer
between reducing and oxidizing legs of the plant. A ceramic-lined dide vave in the drain line
from the char collecting hopper to the N vave is provided to insure that resdue trandfer is kept
under control a al times and the steam flow is backed up with nitrogen.

255 PCFB Subsystem by FW

The PCFB boiler subsystem combuss the carbonizer char-sorbent resdue and uses the heat
release to produce 1600EF flue gasivitiated ar for the gas turbine topping combustor and 1050EF
superheated and reheated steam for the steam turbine. The mgor components of the subsystem
are shown in the Figure 2.5.5.1 PCFB Process Flow Diagram and consist of:

1. a sngle pressure vessdl containing the PCFB boiler with its 2 recycle cyclones and 3
fluidized bed heat exchangers

2. two bottom ash bed drains that operate in pardld to control the inventory of sorbent and ash
circulaing in the PCFB boiler

3. a durry goray dation located in the flue gas piping from each recycle cyclone that injects
emathelite to contral vitiated ar dkdi levels

4. four ceramic candle filter vessals described in Section 2.5.7 that operate in pardld to grip
the vitiated air of entrained particulate

5. one ash handling system that collects, depressures, and cools the PCFB boiler bottom and fly
ash for transport to ash storage silos

Figure 2.5.4.1 shows the mgor componentsin plan and eevation views.
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Figure2.5.5.1 PCFB Process Flow Diagram
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PCFB Boiler. The char-sorbent residue generated by the carbonizer is combusted at 1600EF in
the PCFB boiler with 600EF 285 psg ar supplied from the main arr boost compressor. At full
load the char heat release totals approximatdy 1,400 MMBtu/hr and the PCFB boiler uses this
heat to supply 1600EF flue gaslvitiated air to the gas turbine topping combustor and 1050EF
superheated and rehested steam to the 2400 psg 260 MWe steam turbine. As plant load is
reduced the gas turbine and steam turbine power reduce in different proportions. (At 50 percent
load the gas turbine and steam turbine power levels are at 44 and 67 percent of full load vaues
respectively.) With syngas and char generation rates decreasing at a faster rate than the reduction
in steam turbine power output, two feed trains operating in parale are provided to supply a cod-
dolomite blend directly to the PCFB boiler to maintain superhest and reheat temperatures over
the entire load range. As a result the PCFB boiler is operatedfired to meet steam turbine
demands. At minimum load the PCFB boiler operates at 1550EF, the cod feed requirement is a
maximum, and each of the two feed trains have the capability to supply 100 percent of this flow.

The PCFB boiler excess air level ranges from 50 percent at full load to 30 percent at 50 percent
load. Even though pilot plant tests have yielded combustion efficiencies in excess of 99.9 percent
a these conditions, a conservative vaue of 99 percent combugtion efficiency has been assumed
for the PCFB boiler.

The sulfur contained in the cod and char are released in the PCFB boiler as sulfur dioxide.
Although dolomite is fed to the plant a a Ca/lS molar ratio of 1.75, based on the sulfur remaining
in the char and the remaining unused sorbent, the PCFB boiler operates with a CalS ratio of 4.4
and captures the sulfur as cacium sulfate at an efficiency of 99 percent. The used sorbent that
accompanies the cabonizer char contans cdcium sulfide and, under the PCFB oxidizing
conditions together with the scouring associated with the continuous circulation of solids through
the unit, the calcium sulfide is converted to calcium sulfate.

Figures 25.5.2 through 5 are smplified sketches of the PCFB boiler whereas dimensona and
mechanicad details together with sectional views referenced further on are presented in Figure
255.6. The PCFB boiler conssts of a furnace or riser section, two cyclones complete with dip
legs and loop seds, and three verticdly stacked Integrated Recycle Heat Exchangers (IntrexJ)
with bypass and return channds for circuating fluidized bed maerid. The PCFB boailer is in
essence a conventiond circulating fluidized bed (CFB) boiler that has been placed indde of a
pressure vessdl to dlow operation with 294 psg ar. To minimize the pressure vesse diameter
the Intrex units are stacked vertically above each other rather than set Sde by sde a one
elevation as would be done with an amospheric pressure CFB. Char, cod, and lime based
sorbent are injected a the bottom of the riser to form a fluidized bed primarily congsting of
sorbent and fly ash.
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Air is injected into the bed in stages to control NOx formation, char and coa are combusted,
aulfur is rdeased from the fuds as sulfur dioxide, and the lime based sorbent reacts with the
latter to capture sulfur as cacium sulfate. Combustion hegts the bed to 1600EF and a resulting
nomind 16 ft/sec supeficid flue gas veocity entrans bed materid. At minimum load the bed
temperature and velocity decrease to 1550EF and 15 feet per second respectively but both high
enough to maintan the PCFB’'s high peformance characteridics. The flue gas with entrained
paticulate flows verticdly up to the top of the riser, exits horizontdly through two refractory
lined outlet ducts, passes through two cyclones operating in pardle that remove the bulk of the
entrained solids, and exits from the top of the cyclones and vessd. Solids captured by the
cyclones drain through dip legs and loop seds, ad cascade through the three verticaly stacked
Intrex units that cool the solids to gpproximatey 1275EF for return to the bottom of the riser.

Detail Description. In plan view the riser section is 5 ft.-6% in. by 14 ft.-7 in. and the Intrex
units are 7 ft.-6 in. by 14 ft-7 in. The riser is about 161 ft.-6 in. tal, the two lowest Intrex units
are about 31 ft.-10 in. tdl, the upper Intrex unit is 27 ft.-10 in. tdl, and the given riser and Intrex
heights dl contain 4 ft. tdl ar plenums The wadls floors, and roofs of the riser, Intrex units, and
solids bypass and return channds are dl formed usng waterwall tube condruction diffened by
wrap around type buckstay sted beams as shown in Section C-C.

The riser contains two eevations of 3 ft. wide wing wadls. The lower devation contains 7 panels
each about 46 ft. tal whereas the upper contains 6 panels each about 33 ft. tal. The lower wing
walls together with dl the waerwalls serve as evaporaive surfaces;, the upper wing wals serve
as the primary superhester. Each of the Intrex units contains serpentine shaped tube bundles. The
topmost or Intrex Number 3 tubebundle is 8 ft-11% in. tdl and sarves as the finishing
superheater; the next lower Intrexes, Numbers 2 and 1 respectively, serve as finishing and
primary rehesters with each containing 10 ft-9% in. tdl tube bundles The wing wadls and
tubebundles receive and discharge their cooling mediums (eg., waer or steam) to headers
provided outside their enclosing waterwalls.

The steam drum B located outside the pressure vessdl and two downcomer pipes lead feedwater
to three 50 percent capacity boiler circulation pumps located a grade. From the pumps the
feedwater piping penetrates the pressure vessel and didributes itsedf among the waterwdl and
wing wall supply headers. After passing through these heat transfer surfaces the resulting two
phase water-steam mixture discharges to collection headers and is trangported to the drum by
riser pipes. Steam enters the PCFB boiler for superheating or reheeting and, after passing through
primary heating surfaces, exits the vessd, passes through temperature control spray dsations,
reenters the vessdl for fina heeting, and exits for trangport to the steam turbine.

Two refractory lined cyclones each 9 ft. in outsde diameter are provided at the top of the riser.
The cyclones drip entrained particulate matter from the riser flue gas, the gas discharges through
two 54 in. OD refractory lined pipes that penetrate the top head of the pressure vessd and
proceeds to downstream ceramic candle filters. The hot solids collected by the cyclones drain via
refractory lined dip legs and loop sedls to feed chutes connected to the uppermost Intrex unit.

Two chutes each approximately 4 ft. square in plan view are provided on both sides of each

Intrex unit as shown in Section D-D. One chute on each Sde, the feed chute, contains an air
plenum whereas the adjoining chute, the bypass chute, does not (see Figure 2.5.5.5). Each feed
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chute contains two wal openings. The lower wall opening discharges to the Intrex bed whereas
the upper opening discharges to the bypass chute (see Section K-K). If the Intrex bed is not
fluidized, solids cannot flow through the lower opening. As a result solids will collect in the feed
chute and reach a leve tha eventudly spills over/through the top wal opening into the bypass
chute. When the Intrex unit is fluidized, solids will flow through the lower wal opening into the
Intrex and the bed levd will build up and eventudly submerge the tube bundle. A wal opening
provided in the Intrex unit controls the bed height by dlowing bed materid to spill over into the
bypass chute. The bed discharge opening is located a the top of the tube bundle but below the
elevation of the bypass opening in the feed chute (see Section K-K). Solids thus enter the bypass
chute from ether the feed chute or the bed discharge wal openings. The bypass chute in turn
discharges to the feed chute of the next lower Intrex unit where a smilar arangement is
provided. By a proper adjusment of fluidizing veocities in the Intrex units and feed chutes,
solids can be bypassed around the bed tube bundles to prevent overcooling of solids or over
heating of tube bundles at startup.

During normd operation none of the Intrex beds are bypassed;, hot solids collected by the
cyclones cascade through the 3 Intrex units and are cooled by the waterwall and steam cooled
tubebundles. Solids discharge from the bottom most Intrex through an above bed wal opening
into the Intrex solids return channd (see Section J-J). The solids together with al the fluidizing
ar usd in the Intrex units and feed chutes enter the riser via a wall opening provided a the
bottom of the return channdl.

Solids Feed and Draining. The PCFB boiler is fuded by carbonizer char-sorbent residue
entering through two 8 in. pipes and by a cod-sorbent blend entering through four 3 in. pipes
near the bottom of the riser (see Section EE). Two additiond 4 in. lines supply sand to the riser
and the top Intrex for sartup and can dso inject sorbent directly to the unit if immediate sulfur
capture or bed inventory adjustment is needed. The solids that return from the Intrex beds are
reheated to 1600EF in the risr and continuoudy circulate through the unit trandferring their heet
to the various parts of the PCFB boiler. During their continuous circulation atrition reduces the
gzes of the solid particles, and, depending upon feedstock characteristics and operating
conditions, about 75 percent of the resdue eventudly escapes the cyclones. To control the
inventory of solids circulating through the riser and Intrex beds, solids are drained from the
bottom of the riser via either of two 100 percent capecity lines that lead to pressurized water
cooled screws located below the PCFB pressure vessdl.

Air Flow Path. The 600EF 285 psg ar enters at the top of the pressure vessdl via a 30 in. line
and flows verticdly down through the annular shaped space defined by the vessd indde
diameter and the PCFB boiler. As the ar flows ingde the vesd it is digributed among the air
plenums provided at the bottom of the riser, feed chutes, Intrex units, and return channd as well
as riser secondary air injection nozzles. Vaves, located outsde of the pressure vessd to facilitate
maintenance, control the air flow to each of these locations. As a result the air leaves the vessd,
passes through a control device/butterfly valve, and reenters the vessdl by piping that feeds each
of these users (see Section A-A). In addition to a control device, the ar piping to the riser
plenum contains a naturd gas fired burner that is used to heat the unit to ignition temperature at
startup.
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Pressure Vessel. The PCFB boiler is contained within a 3 in. thick pressure vessd 34 ft. in
outsde diameter (OD) by 197 ft. tdl. The vessd is desgned and fabricated per the ASME
Boiler and Pressure Vessd Code Section VIII Divison 1l in SA 537 Cl 2 materid. The vessH is
oriented verticaly, bottom supported by a skirt, and a surrounding platform sted  Sructure
provides lateral support for ressting wind and seismic loads.

The vesd is desgned for a maximum working temperature of 700EF, the combustion air enters
a 600EF, and the waterwdl operates a the drum saturation temperature of about 680EF.
Although not shown in the sketches and arrangement drawing, the enclosing pressure vessdl has
3 in. of insulation and lagging gpplied to its 34 ft. OD for heat conserveion. By having the air
sweep the vessdl to boiler annular space before entering the various ar plenums, the vessd wall
is kept at about 600EF and protected from any flue gas lesks, eg., any enclosure wall leskage
would involve 600EF ar flowing in through rather than 1600EF flue gas flowing out through the
wadls. In addition, shoud any hot solids escape the enclosure walls and fal to the bottom of the
vessd, the bottom head is protected by a stand off metd liner.

The PCFB boiler is top supported inside the pressure vessel and guided to grow downward; the
riser and cyclones are supported from a truss at the top of the unit that carry their loads to the
gdes of the pressure vessd. The Intrex assembly is smilaly supported but from a lower
elevation indde the vessd. Since the riser and Intrex assemblies are connected at the bottom, the
Intrex support incorporates spring hangers that absorb differentid expansons caused by the two
different support eevations. In addition expanson joints and or flexibility loops are provided in
the various piping and tubing runs located within the unit.

Numerous 36 in. diameter accessways are provided in the vessd that lead to internd
maintenance platforms. Each Intrex unit has been provided with sufficient freeboard height to
dlows individud tube dements to be withdravn from/lifted up out of the tubebundle should
repairs become necessary during the life of the unit. Accessways located at freeboard eevations
enable replacement tubebundle sections to be brought directly into the freeboard regions for
assembly and ingtalation.

Field Eection. When empty the PCFB boiler and its 34 ft. OD by 197 ft. long pressure vessdl
weigh over 3,000 tons. Because of the large sze and weight, shop assembly and barge shipment
of a fully assembled unit is impracticd. As a result the PCFB boiler will be shipped to the ste in
sections for fidd assembly. The enclosng pressure vessel will be fiedd faoricated, pressure
tested, Code stamped, and placed in podtion. An 18 ft. diameter disk will be cut out of the
bottom head and a rectangular opening cut in the support skirt. PCFB boiler sections will be
passed through the rectangular skirt opening, lifted through the disk opening, and indtdled insde
the vessd. Upon completion of the assembly the skirt section and disk will be welded back into
postion by the vessel manufacturer; the vessdl disk weld will be subjected to 100% xray and,
gnce the operation will be treated as a repair by the origind manufacturer, another pressure test
will not be required.

Bottom Ash Removal. A mixture of used sorbent and ash, referred to as bottom ash, is drained

continuoudy from the bottom of the PCFB boiler to control the inventory of circulaing solids.
Two 100 percent capacity drain lines are provided. A pressurized screw cooler cools the 1600EF
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bottom ash to 500EF and a pressurized rotary valve feeds the ash into a pneumdtic transport line.
Each transport line conveys the drained materidd to a common ash collecting hopper for
depressurization and cooling as described further below. The two drain lines contain double
block and bleed valving on both sides of the rotary valve to dlow for on line maintenance.

Emathelite Spray Stations. Pulverized emathdite is injected into the flue gas exiting the PCFB
boiler recycle cyclones to adsorb/remove dkai vapors that could cause corroson of the gas
turbine. The dkai sorbent is sprayed into each of the two 1600EF exhaust streams as a 25
percent emathelite 75 percent by weight water durry a an injection rate of 400 Ib/hr. Because
the water injection rate is smal (gpproximately 5 percent of that of the carbonizer) and since the
piping run to the filter is long, no spray tower is required. Instead the durry is sprayed into the
34% in. ID refractory lined piping leading to the filter. Two 100 percent capacity (one is a spare)
ar aomized/dud fluid spray nozzles are located on the centerline of this piping. The durry
sprays concurrent with the 1600EF gas flow and atomization assures a minimum droplet size and
rapid vaporization under dl load conditions.

Ash Handling. The ash handling system depressures, cools, and transports the PCFB boiler ash
to dorage dlos udng a verticd eguipment sacking condgting of 5 mgor components. The
1580EF fly ash collected by the four ceramic candle filters drains by gravity to the topmost
component, a 13 ft. diameter, refractory lined, ash collecting pressure vessdl. The two bottom ash
pneumatic transport lines dso discharge their cooled ash verticdly downward through the heed
of this vessdl. The trangport air reverses direction and flows up the filter drain pipes a a veocity
of about ¥ ft/sec. The combined fine and coarse ash sreams collect in the vessd, ther leve is
monitored via a nuclear levd indicator, and they drain by gravity through a bottom nozzle with a
mix temperature of less than 1300EF. As a moving packed bed, the ash passes through a 16 in.
seam jacketed pipe contained within a 17.5 ft. tal 30 in. pipe and enters the Redtricted Pipe
Discharge (RPD) vessd. The entry nozzle extends down into and fills the vessd with ash. The
dowly moving packed bed of ash drans through a bottom nozzle, passes through a dide vave,
and free fdls into an ash surge bin operating a atmospheric pressure. Four 33 percent capacity
water cooled screws operating in parald and preceded by maintenance dide gates cool the ash
to less than 500EF; the cooled ash discharges to rotary valves that feed the materid to two 100
percent capacity pneumeatic transport lines that lead to ash storage silos.

The ash drained from the process is controlled by the dide vave pogtioned under the RPD
vesd. The nuclear leve indicator in the topmos/ash receving vessel sets the dide vave
position to maintain a congant ash leve in that vessd and a continuous column of solids extends
from the collecting vessd down into the RPD vessd. The latter runs at atmospheric pressure and
a smdl amount of vitiated ar flowing down through this moving packed bed of ash disspates the
process pressure and is vented to the gas turbine discharge. To alow for potentia process upsets
the RPD vessd is desgned for full process pressure and provided with isolation vaves that
would alow batch type lock hopper operation if necessary.

25.6 Combustion Turbineand Accessories

The gas turbine is a Semens Westinghouse W501G that has been modified to export ar to and
import hot syngas and flue gagivitiated ar from the carbonizer and PCFB boiler respectively.

71



Before these hot gases reach the gas turbine, pulverized emathelite is injected into each stream b
remove akdi vapors and ceramic candle filters are used to remove dl paticulate. Hence, the
gas turbine is protected from corroson, eroson, and depostion and standard materials of
condruction are used that yied blade life commensurate with oil or gas fired units. The nomina
performance parameters of thisturbine are listed in Table 2.5.6.1.

Table 2.5.6.1 Gas Turbine Nominal Performance

Net power output 239.5 MWe
Carbonizer syngasimport flow 202 Ib/s at 1584 °F
Vitiated air import flow 495 |b/s at 1580 °F
Export air flow 632 Ib/s at 811 °F
Gas turbine exhaust flow 1,221 Ib/s at 1130 °F
Pressureratio 19.2:1

This section describes the main dements of the gas turbine, the generd equipment arrangement,
the manifold sysems for compressed air, syngas, and vitiated ar, and the bypass sysem that
protects the turbine in case of plant upset.

Gas Turbine. The modified W501G gas turbine consgts of three basc dements. axid-flow
compressor, topping combugtion system, and turbine expander. These three dements are
combined into a sngle assembly with a horizontaly split and sectiondized casings, two-bearing
rotor support, turbine ar cooling system, compensating dignment sysem and axid-flow
exhaud.

The axid-flow compressor design is derived from the W501F compressor. The compressor has
17 gages with advanced profile arfoils and a 19.2:1 pressure ratio. A single variable inlet guide
vane assembly is used, together with opening the compressor bleed vaves, to avoid compressor
aurge during sartup.  The guide vanes are dso modulated to improve combined-cycle part load
efficency.

Although some compressed air is reserved for cooling various gas turbine components, about 55
percent is exported for process use (carbonizer, PCFB, feed pressurization and transport, PCFB
bottom ash transport, and PCFB filter pulse cleaning).

For this application, the W501G incorporates 16 dud-fud topping combugtors, each of which is
an MASB. The ar is extracted through the 16 topping combustor assemblies arranged
crcumferentidly around the turbine to ensure uniform ar flows within the turbine.  Cod-derived
syngas from the carbonizer provides the fud for the topping combustor, and the exhaust gas from
the PCFB boiler, from which some of the oxygen has been depleted, is the vitiated ar that
provides the oxygen.

Bench-scale tests conducted at the University of Tennessee Space Inditute [ES-1] demonstrated
that the amount of NOx produced by the MASB operating in smulated 29 Gen PFB conditions
was equivdent to a syngas NHs-to-NOx conversion rate of 8 to 10 percent. These tests aso
showed that about 10 percent of NOx contained in the vitiated was destroyed in the MASB, and
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the low heating vaue of the syngas essentialy produced no therma NOx. The NOx emissons
leaving the MASB thus include 90 percent pass-through NOx produced by the PCFB boiler
together with 10 percent of the syngas ammonia converted to NOx and no thermal NOX.

Syngas, vitiated ar, and compressed ar flow to and from each combustor as shown in
Figure25.6.1. Compressed air leaves the compressor and enters the housing around esch
combugtor. Some of the ar is mixed with vitiated ar, and the rest is extracted through a
perpendicular nozzle. Vitiated ar enters each combustor, where it combines with compressed ar
to form the oxidizing mixture for the MASB. Except for mixing ar, the compressed ar is
separated from the vitiated ar by a containment deeve.  Syngas (or naturad gas during startup) is
injected into each MASB nozzle and burned, and the products of combustion are delivered to the
gas turbine expander through individua trangtion ducts.

The W501G trangtions are steam-cooled to alow the combustion turbine to operate a higher
rotor inlet temperatures while maintaining the same burner outlet temperature as W501F-class
combustion turbines. Steam that is generaed in the PCFB boiler is manifolded into the thin
exterior wals of the trangtions to cool them. The W501G turbine in this gpplication uses about
100,000 Ib/h of 500-psia cooling steam, entering around 500°F and leaving around 1050°F. The
hot steam leaving the trangtion is then returned to the hot rehest $eam system to improve the
overdl efficiency of the combined cycle power plant.

The W501G turbine follows previous W501 desgns, with curvic-clutched discs to tranamit
torque and a 4-dage turbine to optimize efficiency. The fird three stages are ar-cooled. The
turbine uses advanced materids such as directionaly solidified cagtings for the fird two turbine
rows and state-of-the-art electron-beam vapor-deposited therma barrier coatings.

Rotor cooling air is provided by compressor discharge ar extracted from the combustor shell.
This provides a blanket of protection from hot blade path gases and diminates excessve
contaminants that could block critica cooling passages to the rotor blades. Other compressor
discharge air is used to cool the turbine blade ring cavities and vane segments.
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Figure 2.5.6.1 Syngas Combustor Flow Arrangement

General Arrangement. The hill of maerid for the basc gas turbine sysem includes the gas
turbine assembly previoudy described, together with the following equipment and assemblies:

Generator

Static Excitations and Voltage Regulator System
Starting Package

Electricd Package

Lube Oil System

Gas Fud System

Inlet Air system

Exhaugt Gas System
Compressor Water Wash

Pipe Packages

Cooling Assemblies

Fire Protection System
Auxiliary Transformer (Optiond)
| solated Phase Bus (Optiond)

The hydrogen inner cooled generator is equipped with integra lube oil and cooler piping, and
necessary indrumentation.  The desgn uses a shaft-mounted axid blower to circulate cooling
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hydrogen through the generator. A solid coupling connects the generator directly to the
compressor at the cold end of the combustion turbine.

The mgor items of equipment in the gas turbine plant are liged in Table 2.5.6.2, dong with their
gpproximate shipping weights.

Table 2.5.6.2 Gas Turbine Plant Equipment Weights

Item Weight, Ibs
Gas Turbine 600,000
Syngas Manifold 75,000
Compressed Air Manifold 11,000
Vitiated Air Manifold 81,000
Generator 545,000
Collector 11,000
Starting Package 85,000
Electricad Package 3,000
Lube Oil Reservoir 16,000
Lube Gil Pump Skid 18,000
Turbine Piping Package 35,000
Excitation Skid 18,200
Excitation Transformer 16,700
Generator Sed Oil Skid 22,000
Fue Oil/Water Inject. Skid 20,000
Fud Oil Pump Skid 18,000
Water Injection Pump Skid 15,000

The heaviest piece lifted during congtruction is the generator, with a weight of 545,000 Ibs. The
heaviest piece lifted after congruction is the bladed gas turbine rotor, with a weight of 118,000
Ibs.

Figure25.6.2 is a plan view that shows the arrangement of the gas turbine portion d the plant.
The three large ring manifolds for vitiated ar, syngas, and compressed ar are shown located
near the center of the combustion turbine.  The enclosures, piping, wiring, fud system, and the
bypass system are not included because they would obscure the view of the mgor equipment
items. The gas turbine unit occupies a space gpproximady 154 feet by 108 feet. The
orientation of the turbine air inlet filter, shown a grade levd in the figure, affects both the width
and height of the configuration. If a narrower plant footprint is needed, the turbine air inlet filter
can adso be inddled in an overhead orientation, in which inlet ar enters the compressor from
above.
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Fud and Air Manifold Systems. The gas turbine piping and manifolding are configured to
send compressed air to the boost compressor and receive syngas from the carbonizer and vitiated
ar from the PCFB boiler. Three toroidd (“ring”) manifolds connect the plant piping for
compressed air, syngas, and vitiated air, respectively, with the 16 gas turbine combustors. The
mgor axis of each toroidd manifold is digned with the mgor axis of the turbine, so that the
manifold surrounds the turbine.

The modified W501G gas turbine burns syngas from the carbonizer with vitiated ar from the
PCFB, and aso provides compressed air for the carbonizer and PCFB boiler. The 16 topping
combustors in the gas turbine are connected to piping manifolds that transfer the syngas, vitiated
ar, and compressed air between the topping combustors and the large pipes (ducts) leading to
and from the carbonizer and PCFB areas of the plant. The man piping Szes are summarized in
Table 2.5.6.3.

Table 2.5.6.3 Air and Gas Piping Summary

Units  Compressed Air Syngas Vitiated Air
1

Main Nozzles No. 1 2
Man Nozzle Size in. 36 42 48
Ring Manifold Sze in. 24 32 32
Combustor Spur Size in. 8 24 24

The syngas inlet, vitiated ar inlet, and compressed ar exit nozzles of each combustor are
connected to three separate toroidd (“ring”) manifolds for syngas, vitiated ar, and compressed
ar, respectively. The mgor axes of these manifolds are co-linear with the gas turbine centerline,
as shown in Figure25.6.3. Connections between the manifolds and the gas turbine are shown in
cross-sectionin Figure 2.5.6.4.
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Protective Bypass Systems. Section 2.7.3 of this report includes the design kesis for a control
sysem to dart the plant, operate at basdoad, follow load, and shut the plant down in a safe and
predictable manner. Equipment, piping, ahd mgor vaves reaed to the dartup, control,
turndown, and shutdown of the basdine plant are shown schemdicdly in Figure 2.5.6.5.
Acronyms and abbreviations rdated to this figure are defined in Table 2.5.6.4, and both the plant
and its control systems are defined at a conceptual level.

Flare
Vcf
Vi g<]
— <> zer | HG
Coal \ > Carbonizer Filter Vco
Vpi \/ Vpf Nat.
Gas
ERSER > HO
Coal > PCFB Filter | Vpo
e 7 || B
Topping
Vas Vab Combustor @ <
@ >
\
GT
/
A
Air Y
HRU
—>

Figure2.5.6.5 Plant Gas Flow Control Valves

79



Table 2.5.6.4 Valve and Equipment Abbreviations

BC Boost Compressor to pressurize the PCFB
GC Gas turbine compressor

GT Gas turbine expander

HG Hot Gas (Filter)

HRU Heat Recovery Unit

PCFB Pressurized Circulating Fluidized Bed
TC Topping Combustor

Vab Compressed air bypassvave

Vas Compressed air supply vave

Vpi PCFB ar control vave

Vpf PCFB (vitiated air) vent vave

Vpo PCFB (vitiated air) outlet vave

Ve Carbonizer air shutoff valve

Vcf Carbonizer syngas flare vave

Vco Carbonizer syngas control vave

Vg Natura gasfud control vave

The gas turbine is protected from damage during abnorma shutdowns by syngas piping and air
bypass and isolation vaving, the portions of the piping sysem that incude vaves Vas, Vab,
Vpo, and Vco.

Syngas Piping and Valve System. The syngas piping is much larger than naurd gas piping
because the syngas heating vaue is lower and its temperature is higher. The syngas produced by
the carbonizer has a combustible heating vaue only about 10 percent of that of naturd gas, SO
the gas turbine requires a syngas flow rate more than eight times that of naturd gas. Also, the
temperature of the syngas entering the gas turbine is dmost 1600°F, considerably hotter than the
nomind 60°F temperature of naturd gas, resulting in a specific volume dmost three times that of
naturd gas and a volumetric flow rate about 24 times that of naiurd gas. The combination of
high flow rate and high temperaiure leads to fud gas piping and vaving requirements that are
more severe than the requirements for a naturd gas-fueled turbine.

Syngas leaving the carbonizer hot gasfilter flows through the carbonizer gas control vave Vco.

Air Bypass Piping and Valve System. The syngas sysem contains rddively large vaves to
regulate or shut off the flow of syngas to the topping combustors in the event of a plant upsd,
change of load, or loss of load. Because the PCFB boiler subsystem contains a relatively large
volume of hot pressurized flue gas, an isolaion vave, Vpo, is provided to stop the flow of this
gas thereby shortening the gas turbine coast down period during atrip.

L oss-of-Load Protection. The sudden loss of dectrica load causes rapid acceleration of the gas
turbine, which must be stopped in order to prevent catastrophic damage.

At the firgt ingant of load loss, the syngas vave (Vco) quickly closes to interrupt gas flow to the

turbine.  Upstream of the carbonizer, ar is prevented from entering by the closng of vave Vai.
At the same time, the compressed air bypass vave (Vab) opens as the compressed air supply
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vdve (Vas) and PCFB ar control (Vpi) and outlet (Vpo) vaves close interrupting the hot
vitiated ar flow to the turbine and bypassng cooler compressed ar to the topping combustor.
Simultaneous with the operdtion of the above vaves, dl solid feeds to the carbonizer and PCFB
boiler are stopped and these units are bottled up. Carbonizer syngas flare vave Vcf and PCFB
vent vave Vpf are used to depressure these units a controlled rates. By adjusting the air bypass
vave (Vab), the compressor pressure ratio is devated, increasng compressor work to aid in the
deceleration process.

A detadiled andysis of a loss of load event is given in [2-1] for a 2" Generation PFB plant
operating with a 501F gas turbing that andyss indicated that the syngas control vave Vco
required a 0.6 second closure time and that a leakage rate up to 10 percent of full load flow could
be tolerated. The higher temperature of the syngas and vitiated ar streams make these valves
non-conventiond, and an R& D plan for developing them was formulated.

Section 2.7.3 discusses the action of the Figure 25.6.5 vaving in greater detall for start up,
shutdown, load follow-up, and loss of load.

25.7 Ceramic CandleFilters
2.5.7.1 Filter Design Configuration

The hot gas filter used for the carbonizer and PCFB boiler utilizes a Semens Westinghouse
configuration and is shown schemdticdly in Figure 25.7.1. Each filter uses ceramic candle filter
elements, 1.5 m long and 60 mm in outer diameter. The hot gas filter conssts of stacked arays
of filter elements supported from a common tube sheet dructure. The arays are formed by
ataching individuad candle dements (Item 1) to a common plenum section (Item 2). Each
candle dement has an atached "fal-saf€’ or "safe guard” device that limits the gas flow and dust
emisson from a candle if it is damaged. All the gas filtered by the candles comprisng this
sngle aray is collected in the common plenum and discharged through a pipe to the clean sde
of the tube sheet dructure. Each array of filter dements is reverse-cdleaned from a single pulse
nozzle source.  The individud plenum assemblies (or arays) ae dacked verticdly from a
common support structure (pipe), forming a filter cluser (Item 3). The individud cduders are
supported from a common, high adloy tube sheet structure and expanson assembly (Item 4) that
gpans the pressure vessd and divides the vessd into its “clean” and “dirty” gas Sdes.
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Each clugter attaches to the tube sheet dtructure by a specidly designed split ring assembly. The
cluser is free to grow down at temperatures. The plenum discharge pipes ducting the filtered
gas to the clean gas Sde of the tube sheet structure are contained within the cluster support pipe
and terminate at the tube sheet. Each discharge pipe contains an eductor section. Separate pulse
nozzles are postioned over each eductor section. The eductors asist pulse cleaning.  During
cleaning, the pulse gas is contained within and ducted down the discharge pipe and pressurizes
the respective plenum section.

The plenum assembly and cluster (dacked plenums) form the basc modules needed for
condructing large filter sysems for dectric utility power generation systems. The scade-up
approach is.

Increasing plenum diameter (more filter eements per array)

Increasing the number of plenums per cluster

Increasing the vessd diameter to hold more clusters

In generd, vessd diameter will be limited by the un-cooled tube sheet structure and the desire to
shop fabricate the pressure vessd.

Clay bonded dlicon carbide (SC) candle filters are commercidly avaldble. The dructure of
these elements is mainly a coarse-grained SIC bonded by a clay-based binder. Each dement is
provided with a fine graned SC or duminoglicate fiber outer skin that serves as the filtration
surface.

Alternate, oxide-based ceramic materids are aso being developed for ceramic barrier filter
goplication. Candle filter dements have been condructed using a homogeneous dructure that is
an dumina/mullite matrix containing asmal percentage of amorphous (glass) phase.

Each filter vessdl used by the plant possesses the general arrangement shown in Fig. 25.7.2. The
filter vessd holds 784 candle dements, arrayed on four clusters. Each cluster contains 187
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candles digributed on four plenums, and the filter is designed for ease-of-maintenance. Access
into the filter body is provided by four, 36-inch diameter manways. Two diametricaly opposte
manways are postioned between clusters to access the top level of plenums.  Smilaly, two
diametricaly opposte manways are positioned between clusters to access the lower middle leve
of plenums. The access and maintenance arrangement is illustrated in Figure 25.7.3. At any
given platform location, dl filters for two adjacent plenums ae accessble by rotating the
asociated cluser. Such rotation is accomplished by entering the vessel head above the
tubesheet, disengaging the cluser top flange from the tubeshest and with standard manud
rigging atached between the vessel head and clugter top flange, lifting and rotating the cluster.
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Figure 2.5.7.3 Hot Gas Filter Maintenance Features

Carbonizer Filter Syssem. The carbonizer filter sysem requires four filter vessdls operdting in
padld to clean the syngas of paticulate the system is desgned for a nominad operating
temperature of 1600°F, with inlet gas pressure of 294 pdg, and inlet dust loading of 6,800
ppmw. The hot gas inlet and outlet nozzles are radidly directed with horizontad orientations.
The pressure vessdls are refractory-lined with 6.75 inch thickness of a 2-layer castable, and a
metal liner is placed in the conicad hopper section of the vessd to assst ash flow from the
hopper. The pulse gas control skid is desgned for high rdiability with automatic switching to
goare pulse vaves in the event a pulse vadve fals Smilaly, the pulse gas compresson sysem
is desgned with a spare compressor for nominal pulse gas compresson needs, and both
compressors can be operated smultaneoudy f high pulse gas rates are required to recover from
an upset condition. The vessdl and its pulse control skid are illustrated in Figure 25.7.4. The
main characteristics of the carbonizer filter system are summarized in Table 2.5.7.1.
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Table 2.5.7.1 Carbonizer Filter Characteristics

number of filter vessds 4
number of pulse control skids 4
number of pulse gas compressors 2
vessd OD (ft) 10.6
vessd height (ft) 58
head height (ft) 11.3
body height (ft) 46
gasinlet nozzle nomind sze (in.) 38
ges outlet nozzle nomind size (in.) 34
solids drain nozzle nomind sze (in.) 30
vessel empty wt, each (tons) 134
vessdl loaded wt, each (tons) 163
pulse control skid floor area, each (ft°) 350

The peformance of the carbonizer filter sysem is summarizer in Table 25.7.2, with the
peformance estimates based on carbonizer filter ash properties (permesbility, bulk dengty,
cleaning behavior) messured in prior carbonizer pilot plant testing.
raively low and wdl within the experience of testing for such filter sysems. The ash dorage
capacity represents the maximum time that the filter can operate without drainage of ash from
the hopper in the event a plugged hopper outlet nozzle or a stoppage of the ash remova
equipment occurs.

The face vedocity is

The pulse deaning is conducted on a uniformly-distributed schedule that

Table 2.5.7.2 Carbonizer Filter Performance

face v odity (ft/min) 4.3
vesse ash storage capacity (hr) 4.3
maximum pulse frequency (1/hr) 3.1
nozzle-to-nozzle trigger pressure drop (ps) 3.3
nozzle-to-nozzle basdline pressure drop (ps) 3.1
pulse gas consumption (Ib/hr) 1360
gas temperature loss (°F) 16
minimum pulse frequency (1/hr) 2.0
nozzle-to-nozzle trigger pressure drop (ps) 3.9
nozzle-to-nozzle baseline pressure drop (ps) 3.6
pulse gas consumption (Ib/hr) 590
gas temperature loss (°F) 14

results in relatively congtant filter pressure drop behavior. The filter can be pulse cleaned over a
range of acceptable pulse cleaning frequencies to provide nozzle-to-nozzle pessure drop contral.
Both maximum and minimum pulse frequency conditions are listed.
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Figure2.5.7.4 Carbonizer Filter and Pulse Control Skid

PCFB Filter System. The PCFB filter sysem requires four filter vessds operating in pardld to
clean the vitiated ar of paticulate; the sysem is designed for a nomina operating temperature of
1600°F, inlet gas pressure of 283 psg, and inlet ash loading of 44,600 ppmw. The vessel design
features and the equipment redundancy philosophy is andogous to that described for the
carbonizer filter system. The vessdl and its pulse control skid are illudtrated in Figure 2.5.7.5.
The main characterigtics of the PCFB filter system are summarized in Table 25.7.3. Each PCFB
filter vesd is dightly larger than each carbonizer filter vessel and gppropriate metd dloys have
been sdected for the congtruction of the high-temperature filter vessdl interna components.

The performance of the PCFB filter system is summarized in Table 25.7.4. The performance
estimates are based on PCFB filter ash characteristics measured in prior pilot PCFB filter tests.

The face vdocity is higher than in the carbonizer filter, but is wdl within the operating
experience of PCFB tes filters. The vessd ash storage capacity is reatively smdl, so care must
be taken to keep the ash hopper drain functioning. Because of the high inlet ash loading, the
pulse frequencies and pulse gas consumption rates are higher than the carbonizer filter.
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Table 2.5.7.3 PCFB Filter Characteristics

number of filter vessds 4
number of pulse control skids 4
number of pulse gas compressors 2
vessd OD (ft) 10.9
vess height (ft) 61
head height (ft) 12.2
body height (ft) 48.7
gasinlet nozzle nomind sze (in.) 44
gas outlet nozzle nomina size (in.) 40
solids drain nozzle nomind sze (in.) 38
vessel empty wt, each (tons) 146
vessdl loaded wt, each (tons) 175
pulse control skid floor area, each (ft°) 350
Table2.5.7.4 PCFB Filter Performance
face velocity (ft/min) 8.1
vessd ash storage capacity (hr) 0.6
maximum pulse frequency (1/hr) 8.0
- nozze-to-nozzle trigger pressure drop (ps) 5.2
- nozzle-t0-nozzle baseline pressure drop (ps) 5.0
- pulse gas consumption (Ib/hr) 4911
- gastemperatureloss (°F) 11
minimum pulse frequency (1/hr) 3.9
- nozze-to-nozzle trigger pressure drop (ps) 6.0
- nozzle-t0-nozzle baseline pressure drop (ps) 5.6
- pulse gas consumption (Ib/hr) 1432
- gastemperatureloss (°F) 8
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25.7.2 Hot Gas Piping

The plant incorporates a dSgnificant amount of large diameter hot gas piping to connect the
various components into a complete, functiona sysem. Some of this piping contains gases a
temperatures up to 1700EF and at pressures of several hundred psg. Because of the high gas
temperatures involved, the hot gas piping contains an internd 9-inch thick refractory lining
conggting of 3 inches of hard facing/eroson ressing layer backed by a 6-inch thick insulaing
layer.

The clean gas lines from the barrier filters to the gas turbine (syngas and vitiated ar) are lined
with danless ded or Hageloy in a thin gauge sheet to protect the turbine from spdling
fragments of the refractory materid. The remaining refractory lined pipe segments, upstream of
the barier filters, do not incorporate the liner. The carbon sted outer piping provides the

pressure retaining integrity of the refractory lined system.
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Table2.5.7.5 Major Pipe System Operating Parameters for the Baseline Plant

FLOW
OPERATING OPERATING DELTAP,
FLUID FROM-TO PRESS PSIA TEMP.F RATE, BS)
LB/H
Compressor
CA:ﬁmpressed Discharge-Boost 2786 8109 2273862 86
Compressor
Boost
gﬁmpresse‘j Compressor- 3078 509.0 622,805 54
Carbonizer
Carbonizer-
Syngas Topping 208.8 1686.4 745552 230
Combustor
Compressed Boost
e CompressorPCEB 307.8 599.0 1,631,364 100
vitiated Air | FCrB-Topping 286.9 16000 1,839,059 111
Combustor
Boost
giormpressed Compressor-Solids 3544 1338 165,694 150
Feed System

Based on the equipment arrangement shown in the plant generd arangement drawings and the
compressed air, syngas, and PCFB vitiated ar piping isometric drawings shown in Figures
25.7.6 through 7.8, an andyds of piping pressure drops was peformed. The results of this
andyss (see Table 25.7.5) enabled sdlection of agppropriate pipe diameters, specification of
materiads and wall thickness followed, based on norma design practice for power plant pressure
piping. Initid esimates of pipe Szes was based on sdection of an entrance Mach Number into
esch pipe segment of 0.07. Experience in piping sysem design for compressible fluids (gases)
indicates tha this is a reasonable threshold vaue, higher vaues for the entrance Mach No. tend
to produce choking by friction (Fanno Line effects), while lower vaues may lead to
unnecessarily large and expensive pipe sdections.

The entrance Mach No. sdection enabled szing of the pipe for each line segment, and
caculation of pressure drops. Some minor adjustments were made to pipe diameters to utilize
dandard pipe Szes, gas velocity and Mach No. will thus vary dightly from the nomind 0.07
vaue. Table 25.7.6 presents pipe sze and specification data for representative mgor pipe runs
identified in Table 2.5.7.5.
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Table2.5.7.6 Major Pipe System Design Parameters for the Baseline Plant

DESIGN [ DESIGN [ |5 ob. | T
FLUID FROM-TO | PRESS., | TEMP, ™ N ‘mm’ MATERIAL
PSIG F ' : '
Compressor
gf’mpr%ed Discharge- 300 900 | 410 | 420 | 050 | A691GrP2
ir Boost
Compressor
Boost
/f?rmpre‘sed Compressor- | 325 650 | 1725 | 180 | 0375 | Al06GrB
Carbonizer
Carbonizer- A672 Gr B70
Syngas Topping 315 1700 29.0 48.0 0.50 Refractory
Combustor Lined
Boost
gpmprm Compressor- | 325 650 310 | 320 | 050 | A672GrB70
Ir
PCFB
PCFB- A672 Gr B70
Vitiated Air | Topping 300 1650 40.5 60.0 0.75 Refractory
Combustor Lined
Boost
Compressed | Compressor-
Air Solics Foed 325 650 1125 | 12.0 0375 | A106 GrB
System

Although piping thermd expandon dress andyses were not conducted, the piping layout/
routing shown on the plant generd arangement drawings is based on experience with hot large
diameter pipe on other power plant designs and is believed to be reasonable.

2.5.7.3 Stack
The stack design is based on the following:

1. Stack gasvdocity at thetop islimited to anomind 100 ft/s
2. Draftlossislimited to 2.0 in HO
3. Gasflow is4,281,300 Ib/h of gasat 1 am. and 274F.

The stack height is 300 feet; the diameter at the top is 18 feet and it tapers to a 29 foot. diameter
a the bottom. The stack is constructed of reinforced concrete with a sted liner.  Openings in the
shell are provided for access doors, flues, and windows. The gack is complete with internd
ladders, platforms, lightning protection, interna lighting and power and aviation obstruction

lighting.
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2.5.8 SyngasBypassand Flare System

A flare gack is provided to dlow safe dischargelventing of carbonizer syngas during Start-up,
shutdown, and upset conditions. The flare congsts of a 70-in. diameter, 55-ft tal sdf-supporting
dack. The gack is lined for high-temperature service, and it includes a 70-in. flare tip, a manud
flame-front generator, four flare pilots, and pilot flame monitoring instrumentation. The dack is
in a remote, open area, between the river and the main plant, with a clear radid area of 150 ft
surrounding it. The syngas discharges to the flare system via vave V¢ shown in Figure 2.5.6.5.
A gmdler, secondary line not shown in Figure 256.5 is used to vent syngas between the
emeargency shut-off vave and the gas turbine topping combustor. Any other streams of
combustible gases that require discharge are dso discharged to the flare.

259 Steam Turbine/Generator, Condenser, and Auxiliaries

Steam Turbine. The plant uses a 2400 psg/1050°F/1050°F2Y in. Hg.(8) steam turbine that
requires only three extraction openings rather than the usud five to saven.

The geam turbine is a tandem compound 3600 rpm meachine with sngle HP and IP turbine
sections, mounted in an opposed manner in a single casing. The LP turbine section is contained
in one separate two-flow cadng, with last-stage bucket length of 33 inches. The LP turbine
exhaudts laterdly into the condenser, which is split into two haf-sized units, one on each sde of
the LP turbine casng. The three machine dements (HP/IP and two LP sections) drive a 60 Hz
synchronous generator through a common shaft. The generator is hydrogen cooled, and is
equipped with a datic exciter.  The dandard turbine auxiliaries, including gland steam
condenser, lube oil reservoir and conditioner, ol and generator hydrogen coolers,
electrohydraulic control system, etc., are provided on ancillary skids and packages.

2.5.10 Steam and Feedwater

The dseam and feedwater sysem (Figure 25.10.1) uses conventional steambased power
generding equipment, and the steam system produces gpproximately 52 percent of the dectricd
output of the plant. Included in this section are descriptions of the system function, design
criteria, and mgor equipment.

System Functions. The feedwater system furnishes condensate-qudity feedwater (cleaned,
prehested, and pressurized to the level necessary for providing steam to the steam turbine/
generator) to the PCFB boiler and compressor ar cooler drums for evaporaion and eventua
superheating and reheating. It is then sent to the deam turbine/generator. After the usable energy
is converted into mechanica energy in the turbine the exhaust steam is condensed, reedy for
recirculation.
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Design Criteria. Dedgn criteria for this sygem are shown on the plant heat baance (Figure
2.2.0.2), which defines the flows, pressures, and temperatures necessary to produce the eectrical
power output required of the plant. The nomind turbine steam inlet pressure is 2400 psig, with
turbine main and reheat steam temperatures of 1050°F. The condenser pressure is 21/2 inches of
Hg. absolute. Although the steam pressure is normd for a basdoad dectric utility plant, it is
unusudly high for a combined-cyde-type system (usud ratings would be ether 1450 or 1800
psig). Since the gas turbine HRU provides only economizer and primary superheat duties, the
higher operating pressure is not expected to cause any heat recovery technology problems.

Feedwater heating is accomplished in three stages using conventiona feedwater heaters supplied
with steam from three extraction points on the low-pressure turbine a 4.1 and 14.9 psa for two
closed heaters and 28.2 psia for a direct-contact deaerating heater. A portion of the feedwater by
passes the closed heater and is routed through the ash coolers for recovery of ash heat for use in
the power cycle. Additiona feedwater hegting is accomplished in two economizer units  a unit
that cools compressor discharge ar en route to the man boost compressor and economizer
surface in the HRU that recovers gas turbine exhaust thermal energy.

Major Equipment. This section lists and describes the mgor equipment contained in the steam
and feedwater system. Some equipment shown on the system diagram (Figure 2.5.10.1) is not
liged since, by definition, it is part of a different sysem. The unlised equipment and the location
of descriptions are:

Equipment Section
Steam turbine/generator 25.9
PCFB boiler 255

= Steam Condenser (E-304A). The steam condenser condenses steamn exhausted from the main
steam turbine/generator and deaerates the condensate.

Steam flow, Ib/h 1,261,900
Duty, 10° Btuh 1206
Back pressure, in. Hg absolute 25
Circulating water temperature inlet, EF 85
Effective tube length, ft-in. 44 - 3
Number of tubes 9400
Tube materid Titanium
Vdocity, ft/s 7.5
Circulating Water, gd/min 140,000

Surface, t? 109,000
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Condensate Pumps (P-311A. B. and C). The condensate pumps teke water from the steam
condenser and raise the water pressure to the level necessary to enter the deaerator. Three 50

percent pumps are provided.

Type pump
NPSH

Tota Hydraulic Heed, ft
Stages

Bowl sze, in.

Speed, rev/min

BHP

Verticd Canned
0 a pump suction
375

6

12

1770

125

Condensate Deminerdizer (WS-305A and B). Particulates and contaminants are continuously
removed from the condensate by the condensate deminerdizers. Two 100 percent capacity

units are provided.

Diameter, ft

Unit capacity, gd/min-ft®
Capacity, gd/min
Regeneraion

Design pressure, psig

8.5

50
2835
Externd
150

Heater Drain Pumps (P-309A and B). The heater drain pumps pump the drains from the
lowest pressure feedwater heater forward to join the condensate leaving the first stage hester.

Two 100 percent pumps are provided.

Type pump

Stages

NPSH required, ft
Totd Hydraulic Head, ft
Capacity, gd/min
Speed, rev/imin

BHP

Vertica Canned
1

0 a pump suction
375

160

1750

25

Feedwater Heater (E-307A). The temperature of the feedwater is raised in a closed feedwater

hester for one stage of regenerative feedwater heating.

Steam sSde:
Pressure, psia
Enthdpy, Btwlb
Fow, Ib/h

Weater Sde:

Pressure, psia

Inlet Temperature, EF
Flow, Ib/h

4.1
1085.6
29,542

200
109
1,219,715
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Feedwater Heater (E-307A). The temperature of the feedwater is raised in a closed feedwater

heeter for one stage of regenerative feedwater heating.

Steam sde:
Pressure, psia
Enthapy, Btwlb
Flow, Ib/h

Weater Sde:
Pressure, psia

Inlet Temperature, EF

Fow, Ib/h

14.9
1168
50,162

200
146
909,889

Deagrator (E-308A). The last stage of feedwater heating before the steam generators is an

open, direct-contact heeter with a deserating function. One full-size deaerator is provided.

Steam flow, Ib/h

Steam pressure, psia
Steam enthdpy, Btu/lb

Water flow, Ib/h

Inlet water temperatures, EF
Outlet water temperature, EF

45,676
28.2
1216.4
909,889
203.5
242

Feedwater Booster Pumps (P-312A, B, and C). Feedwater pressurizing is broken into two
physca dages. The feedwater booster pumps provide the first stage, and provide the main
feedwater pumps with adequate NPSH. Three 50 percent pumps are provided.

Capacity, gd/min

Totd Hydraulic Head, ft
NPSH required, ft

Pump type

Number of stages

BHP
Speed, rev/imin

1800

400

20

Horizontd split case
1

250

3550

Feedwater Pumps (P-310A, B, and C). Three 50 percent pumps are provided.

Capacity, gd/min

Totd Hydraulic Head, ft
NPSH required, ft

Pump type

Number of stages

BHP
Speed, rev/imin

1800

7200

30

Barrd Type
9

4000

3550
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» Heat-Recovery Unit (CB-302A). Heat is recovered from the exhaust of the combugtion
turbine and used to heat feedwater and superheat steam as follows:

Gas Side:

Fow, Ib/h 4,281,300
Temperature In, EF 1129.6
Temperature Out, EF 274
Water In:

Flow, Ib/h 1,192,863
Pressure, psa 3070
Temperature, EF 247.6
Water Out:

Fow, Ib/hr 1,192,863
Pressure, psa 2770
Temperature, EF 650
Steam In:

Flow, Ib/h 1,342,779
Pressure, psa 2694.2
Temperature, E F 690.0
Steam Out:

Fow, Ib/h 1,342,779
Pressure, psia 2618
Temperature, E F 970.0

2.5.11 Cooling Water System

Sysem Function. The cooling water system (Figure 2.5.11.1) is designed to supply cooling
water to the condenser of the steam turbine/generator. The water is pumped from a cooling tower
flume by three 50% capacity, verticd, circulating water pumps, which discharge into a common
circulating water pipe. The water flows through the condenser to the cooling tower and back to
the flume for reuse.

Design Criteria. The drculating water flume is desgned for a velocity of 1 ft/s and uniform
digribution to each pump. The flume and cooling tower basn ae condructed of reinforced
concrete. The flow veocity in the pump discharge piping is limited to 12 ft/s.

The makeup to the cooling tower is river water, which is drawn into the sysem by verticd wet-
pit-type pumps through trash racks and traveling water screens.
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The circulating water system is dso designed to supply cooling water to two station-service heat
exchangers that provide the cooled condensate through the closed-cycle sysem to dl mgor
equipment heat exchangers in the main turbine generator and boiler aress.
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Major Equipment. Mgor equipment in the cooling water system consists of:

Cooling Tower. A multi-cell, induced-draft cooling tower provides the meansto cool 140,000
gd/min water at 103°F inlet temperature and 85°F outlet temperature with an atmospheric wet
bulb temperature of 77°F.

The warm water leaving the condenser passes through the cooling tower to transfer heet to the
amosphere by evaporation into the arflow induced by the fans. Drift eiminators remove
entrained water droplets.

The cooling tower basn is dedgned to ress the maximum uplift of soil and waer when
completely empty. Makeup water (to replace evaporated water, blow-down, and drift) enters
the cooling tower basin through a motor-operated, autometic, level-control valve.

Cooling tower effluent water flows through a flume to the drculaing water pumps. This
flume incdludes a locd-level indicator and a leve trangmitter to notify the control room of the
level and to tranamit ahigh- or low-leve darm.

Circulating Water Screens (SR-304A and B). A double set of 1/2-in. mesh, removable
screens, which remove large objects such as leaves, dicks, logs, and ice, protects the
crrculating water pumps and condenser tubes from plugging. These screens, indaled
upstream of the pump suction, ae gdvanized iron. They dide into Sructurd sted channds
and can be pulled out one a a time for cleaning. Although they are designed to withdand a
differential pressure of 3.5 ft of water, normd operation is with less than 6 in. of water
differentid.

Circulating Water Pumps (P-304A. B. and C). Three identica, circulating water pumps are
provided, each 50 percent of the design capacity. The pumps are verticd, with above-surface
discharge and pull-out construction. One pump can be used for start-up; two are required for
design load. Each pump has a motor-operated discharge butterfly valve. The pump discharge
vave is interlocked with the pump motor sarting circuit so that the vave is firg opened
gpproximately 15 deg. The motor darts automatically when the vave reaches that pogtion.
After the pump is up to speed, the system is full, and stable flow is established, the vave is
opened to 90 deg. On shutdown, the vave closes to 15 deg and then trips to the closed
pogtion after the motor has stopped. To avoid hydraulic surges, the vave closes automaticaly
upon loss of power.

Station-Service Heat Exchangers (E-308A and B). Two 50 percent capacity plate and frame
type dationsarvice heat exchangers are required for full load, athough only one hest
exchanger is required during winter. The circulating water passes through the one sde of the
heat exchanger, and the filtered makeup water passes through the other side.

Traveling Water Screens (SR-303A and B). Two verticd, traveling, water screens clean the
plant makeup water obtained from the river. Each screen is furnished with gadvanized sed
baskets. The man frame of the screen is two-post congtruction. Overlapping Sde-guard seds
are designed to prevent the passage of debris around the outside of the screen frame. The
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screen is motor-driven through an enclosed, gear-type speed reducer. The dow-speed shaft of
the reducer turns the screen head shaft through a chain drive.

River Water Makeup Pumps. One 100 percent capacity, vertical, wet-pit-type makeup water
pump runs continuoudy a dl loads and during shutdown when cooling water is required. A
second 100 percent capacity pump is provided for standby.

2.5.12 Cycle Makeup Pretreatment System

The primary function of the cyce makeup pretrestment system shown in Figure 25121 is
production of filtered water for domestic uses, the cycle makeup deminerdizer, and plant service
water systems. Storage, a pat of this system, accommodates variations in the rate of production
and use of water. The sysem is desgned to produce 120 gd/min patidly softened, filtered
water from raw water taken from the river. The filters, coagulator, and filtered water digtribution
pumps are in the water treatment building. The system consists of these mgor components.

Coagulator (TK-303). The coagulator is a condtant-rate water treetment and clarification unit
of the dudge-recirculation type. It is a circular sted shdl containing a center cone and draft
tube, adudge recirculator, a settling zone, and a dudge scraper.

Dry Chemicd Feeders (BN-305 and.306). There are two dry chemicad feeders — one for
coagulation and one for pH adjusment. The dry chemica feeder feed rate is manudly
adjustable and constant when raw water is flowing to the coagulator.

Hypochlorite Solution Feeder (TK-302). The unit condsts of a PVC-lined sted hypochlorite
reservoir tank equipped with a motor-driven agitator and two 100% capacity, postive-
displacement, digphragm-type pumps. The hypochlorite solution feed rate is manudly
adjusted to be proportiona to the raw water flowing to the coagulator.

Gravity Filters (F-302A, B and C). Three ded, single-compartment, gravity filters, coated
with coa-tar epoxy, are rated a 2 gd/min-ft>. One unit is a spare. Each filter compartment is
sedled on the influent side; each contains 30 in. of sand and anthracite. The underdrain for
each compartment consists of dtainless sted drainers in a carbon ged flat-bottom plate. The
inlet and backwash outlet piping is connected to the seded filter influent compatment. The

backwash water storage zone above the filter compartment is connected to the underdrain
collection chamber by ariser pipe.

Filtered-Water Trander Pumps (P-306A, B and C). The filtered water transfer pumps are
eectric-motor-driven, verticd, turbine-type pumps that transfer weter from the filtered water
wetwell to the externa storage tank. There are three 50 percent capacity pumps, including one
spare. Normaly, no more than two pumps operate smultaneoudy, and then only when high
makeup is necessary.
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» Fltered-Water Storage Tank (TK-304). The filtered water storage tank is a field-erected,
verticd, cylindricd, lined carbon sted tank with a conicd roof. The tank is on grade near the
water treatment building. A caged ladder gives access to the tank roof. A vent at the center of
the roof is designed to prevent entry of birds, insects, and air-borne debris.

» Fltered-Water Forwarding Pumps (P-307A, B and C). The three filtered-water ditribution
pumps are dectric-motor-driven, horizonta, centrifugd pumps, each 50 percent capecity, that
distribute water from the storage tank to the various filtered water uses in the plant.

2.5.13 Demineralized M akeup Water System

System Function. The deminerdized water syssem shown in Figure 2.5.12.1 provides a makeup
supply of acceptable-qudity deminerdized water to the feedwater sysem. The deminerdizer
sysdem is supplied by filtered water from the filtered-water storage tank. The demineraized
water sysem removes dissolved solids from the inlet water via ion exchange, utilizing reverse
osmosis and e ectrodeionization processes.

System Description. The Deminerdized Makeup Water System is comprised of reverse
osmoss units (RO) and dectrodeionization (EDI) units in seriess  The sysem includes a
cartridge pre-filter to remove any suspended solid that may have entered the system after the
clarificatin process described in the previous subsection. The RO and EDI systems are in series,
each is comprised of two 100% capacity trains. The RO process is arranged in two stages in
series. Firgt stage reect is sent to the cooling tower as part of the makeup water required by the
tower, while second stage RO wnit rgect is recycled to the first stage inlet. The EDI unit acts a
polisher for the second stage RO unit product, and is routed to the deminerdized water storage
tank. All system wetted surfaces (piping, vaves, pumps, and the demin water Storage tank)
downstream of the firg sage RO unit is made of dainless sted.

Equipment Description

Reverse Osmosis (RO) Units:

= Two 100 percent reverse osmoss (RO) units are furnished in FRP pressure vessds in an array
configuration.  Membrane eements, seds, connectors, and end caps are provided. All
interconnecting feed, product, and rgect piping is shop assembled. Vaves and
ingrumentation are provided for proper operation and in-place cleaning of the dements.

= The RO system includes al controls and instrumentation, piping, vaves, and accessories for a
fully functiond, fully autometic sysem.

= The RO system provides at least 75 percent recovery and removes at least 99 percent of the

influent totd dissolved solids The Langdier Saturation Index will not exceed 1.5 in the
reject water with the addition of the antiscalant.
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Two 100 percent capacity RO booster pumps are furnished complete with accessories and
drive motors to increase the water pressure as required for proper syslem performance. The
pumps are desgned with a head capacity characteristic which rises seadily from the design
capacity to shutoff, and are sdected to dlow proper filtration by the RO membranes while
operding a any point dong the pump characteristic curve above the minimum flow rate for
the pump. All pump wetted parts are 316 Stainless stedl.

The RO clearinplace kid includes a skid mounted solution tank, centrifugd pump and
motor, 5 micron solution filter, solution mixer, immerson heeter, vaves, piping, indrumerns,
and any other required accessories. Hoses are provided as required for connection of the
ceaning skid feed and recirculation lines to the RO units.

Decarbonator:

One 100 percent capacity decarbonator is provided at the discharge of the RO unit. The
decarbonator is equipped with an integral storage tank, one 100% capacity forced draft
blower, and two 100 percent capacity decarbonator transfer pumps.

The decarbonator is sized for a hydraulic rate not to exceed 25 gpm/ft2. The decarbonator is
designed to decrease carbon dioxide (CO») levesin the product to lessthan 5 mg/l.

Decarbonator packing is of a corrosionresstant materia such as polypropylene.

The unit is equipped with a cdearwdl tank having 3 minutes orage from high to low
operating level and is of FRP condruction with UV inhibitor desgned in accordance with
ASTM-D3299.

The decarbonator includes dl controls and ingdrumentation, piping, vaves, and accessories for
afully functiond, fully automatic system.

Electrodeionization Sysem (EDI) Units:

Two 50 percent capacity skid mounted electrodeionization units are provided for find
deminerdization of the cycde makeup waer. The EDI sysem includes dl controls and
insgrumentation, piping, vaves, and accessories for afully functional and automatic system.

The EDI system is designed to provide at least 95 percent recovery. EDI product water will
meet the boiler and turbine manufacturers water qudity guiddines, turbine supplier
requirements, and the ASME boiler chemistry guiddines for makeup water for boiler drums
operating above 1500 psg.

A danless sted concentrate pump is provided, to recirculate the concentrate water through
the EDI stacks.

The power to the skid is supplied as AC current. Any required AC/DC converter is supplied
by the EDI vendor.
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Chemica Feed Equipment:

» A sodium bisulfite feed sysem is provided to meter commercid-strength (“neet”) sodium
bisulfite into the sysem piping upsiream of the cartridge filter to protect the RO membranes
from chlorine damage.

= An anttiscdant feed system is provided to meter commercid-strength (“neat”) antiscdant into
the sysem piping upstream of the cartridge filter to protect the RO membranes againgt
scding.

= A alfuric acid feed system is provided to meter 66 degree Baume sulfuric acid into the
sysgem piping upstream of the cartridge filter to control the sysem feed water pH and
improve carbon dioxide remova in the decarbonator.

» Antiscdant and sodium bisulfite is supplied in refillable totes  The sulfuric acid chemica
feed skid is equipped with a day tank sized to contain a least one (1) day’s supply of the
aulfuric acid required for operation of the cycle makeup treatment sysem. The day tank is
refilled via a trander pump from the bulk sulfuric acid storage tank located a the cooling
tower.

» Each chemicd feed sysem is a complete, prefadoricated unit, including one 100 percent
capacity digphragm type chemica metering pump.

= A ddic mixer is ingddled in the line downdream of the chemicd injection points to ensure
adequate mixing. Injection quillsfor the chemica feeds are provided in the piping.

» The chemicd feed sysems incdude dl controls and indrumentation, piping, vaves and
accesories for afully functiond, fully autometic system.

2.5.14 Compressed Air Systems

Compressed air system requirements, depicted in Table 2.5.14.1, are based on the basdine heat
and mass balance (Figure 2.2.0.1).

System Functions. Compressed ar is used primarily in the carbonizer and PCFB boiler to
fluidize ther beds and support cod gadfication and combudtion reactions. These requirements
and others are shown in Table 25.14.1. Except for “shop ar” and “ingrument air,” the gas
turbine compressor supplies the entire plant with compressed air at 279 psia and 811EF. After
cooling to 557EF, this air is passed through a boost compressor that increases the air pressure by
40 ps to compensate for pressure drops induced by carbonizer and PCFB components. Two
gndler ar flows are further boosted in pressure to pressurize lock hoppers and pneumatically
trangport/feed the cod and dolomite.
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Design Criteria.

» The design criteria for the booster compressors are set by the process pressure needs listed in
Table 25.14.1. Szing is based on usng a full-szed compressor and, with the exception of the
main/process air boost, a gpare full-9zed unit with gopropriate vaving.

= The indrument ar is typicd: 40 pdg with a -40°F pressure dewpoint. Shop ar is aso
standard a 100 psig. Neither use is shown in the overall heat and mass baance.

= A gmdl anount of sarvice ar is needed a the highest pressure (354 psd for purging and
miscellaneous uses.

»  Fead system trangport air requirements are based on vendor information.

= The ceramic filter booster compressor sizes and pressures were determined by Siemens
Westinghouse.

Table 2.5.14.1 Major Compressed Air Requirements

How, Ib/h Pressure, psa  Temp., EF
Feed System Pressurization Air 2,750 750 150
Feed System Transport Air 103,482 3544 134
Carbonizer 403,568 304.4 599
PCFB Boiler 1,683,957 309.8 599
PCFB Bottom Ash Transport 19,600 309.8 599
Shop Air and Instrument Air 3,720 115 180

System Description. The gas-Sde pressure drop through the fluid beds, cyclones, candle filters,
and piping of the basdine plant is greater than the corresponding pressure drop through the
combustor of a smple gas turbine fueled by naturd gas. Increased pressure drop between the
main compressor and the expander in PCFB plants can result in reduced expansion through (and
less power from) the gas turbine, unless compensated for in some manner.

The reduced pressure at the expander first stage nozzles affects operation of the gas turbine in the
following manner:  first, the reduced pressure reduces the flow capecity d the expander nozzles,
and thereby of the entire machine. This occurs as a consequence of the fixed vaue of the choked
flow parameter a the nozzle entrance, which defines a reationship between flow, the square root
of the turbine nozzle entrance temperature, the flow area, and the pressure. Reduced mass flow
through the expander nozzles results in reduced mass flow through the machine, thereby
reducing power output. Second, in addition to the reduction in flow capacity of the expander, the
reduction in pressure a the expander entrance adso reduces the expansion pressure ratio that is
achieved. Thisaso reducesthe work and power produced by the expander.

To stidfy the fixed flow parameter relationship, one or more of the following must occur:

» Pressure is restored to its origina design basis value by means of a boost compressor or by
adding an additiona stage to the gas turbine main compressor.
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= Turbine inlet temperature is reduced (dong with firing temperature).
= Air mass flow through the machineis reduced.

= Thenozzle areaisincreased.

Only the first remedy noted above completely resolves the issue, as it restores the flow capacity
of the machine dong with the full expanson ratio of the expander. For this conceptud design
study, a boost compressor has been added for the air exported to process o it returns at the
norma gas turbine rotor inlet pressure yiedding only a dight reduction in the overdl plant
efficiency. Adding a new sage to the gas turbine main compressor requires a sgnificant design
and investment effort by the gas turbine vendor, and is beyond the scope of this study.

= Main Boost Compressor

The main/process air boost compressor is a centrifugd fan type unit placed in a heavy gauge
housng with a duffing box to minimize shaft sed leskage. The fan and housng are
fabricated of carbon stedl (A-36 for the housng and A-514 for the whed).

Variable Speed Boost Compressor Drivers. There are a number of driver options for the boost
compressor. The requirements for the driver are asfollows.
One unit, supplying up to 12,000 horsepower at design speed.
Power ddivered to the compressor a a design basis shaft speed of 900 rpm at full
load.
Capable of operating over a speed range of 20 to 100 percent of design speed for
sustained periods.
If an dectric motor is used, be capable of low-torque start to reduce starting amps,
increase motor life, and reduce impacts on the dectrica supply bus.
Have low paradtic load pendty over the speed range to maximize dation energy
effidency.
Have low operationd maintenance levels, and maintenance characteridtics that do
not normaly require shutdown during plant operation.
Require shutdown maintenance only during the annud plant maintenance outage.

This will be a plant datup device. It must be capable of operating the boost
compressors independent of plant operation. That is, if eectrical, driver needs to be
tied to the grid bus, if deam, it must be supplied with seam from the dation

auxiliary steam header.
Three types of large horsepower driver systems were considered, as follows:

Solid date eectronic syssem generating variable frequency power to a synchronous
or induction type dectric motor. The full-load motor speed is set a 3550 rpm, and
a fixed ratio gearbox with a 4:1 speed reduction is incorporated to meatch the full
load speed requirement of the driven equipment.
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Fixed speed dectric motor driver (3550 or 1750 rpm) with variable speed hydro-
viscous or hydraulic drive and afixed rétio gearbox.

Steam turbine driver and speed reducing gearbox. The gearbox is required since
the steam turbine sdection (for a machine of this power ratling) is likdy to be a
ghaft speeds in the range of 5000 to 6000 rpm (for best efficiency), while the fan
gheft is likdy to about 900 rpm at full load (based on the hydraulic condition that
yidds the best fan efficiency).

The sdection of driver for the boost compressor system requires a detailed project specific
asessment.  Selection involves trades in performance, operaions, and economics. For the
purposes of this sudy, an dectric motor drive with gearbox and eectronic variable speed
control was sdlected; and because of the unit Size and cost, only one was provided.

Lock Hopper and Feed System Air Booster Compressors. Air for the lock hopper feed system
is fird cooled in a two-sage ar heater/shdl-and-tube heat exchanger sysem and then
dewatered in a separator before being boosted in pressure. One compressor boosts the air
pressure by agpproximately 50 ps for the pneumatic transport of feed materid while a second
compressor boosts a much smaller air flow by approximately 450 ps for rgpid pressurization
of the lock hoppers. Reciprocating compressors were selected for these gpplications.

Two transport air coolers are located upstream of the compressor — an ar-cooled heat
exchanger (9 ft wide x 16 ft long) and a water-cooled shell-and-tube exchanger (35-in. diam x
20 ft long). The temperature range is split between air-cooled and water-cooled exchangers to
avoid depositing dissolved solids on the tubes because of the hot (712EF) inlet temperature
(i.e, the tubewadl temperature could reach a point where the cooling water would vaporize on
contact). The water-cooled unit serves as a low-temperature economizer, heating about 30
percent of the condensate. This condensate stream is further heated in ash Stripper coolers and
screw coolers before being routed to the deaerator.

Auxiliary Air Compressor. The auxiliary ar compressor supplies 100 pdg ar for instruments
and for miscellaneous intermittent shop uses. Only one compressor is furnished as back-up is
provided by a tie-in to the turbocompressor air line. The reciprocating air compressor chosen
israted for 625 acfm at 125 BHP. Ambient air is used for the inlet.

An aftercooler, a cyclone water separator, and a 100-ft air receiver follow the compressor.
The ingrument air system has atypica fixed-cycle air dryer (dumina) and cartridge filters.

Cabonizer Filter Blowback Compressor. This compressor receives clean, cool, recycle
syngas a 286 pda and boodts the pressure to 900 psia for pulse cleaning the ceramic candle
filter. The compressor is of a reciprocating type that can deliver syngas at up to 1360 Ib/hr at
pressures as high as 1200 psia; one full-sized spare is provided.

PCFB Filter Blowback Compressor. This compressor receives 298 psia air from the solids
feed ar system and boosts the pressure to 900 psia. The compressor selected is a reciprocating
type that can deliver air a up to 4910 Ib/hr a pressures as high as 1200 psia one full-szed
spareis provided.
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2.5.15 Ash-Handling System

The ash+/spent sorbent-handling system required for the basdine plant is shown in Figure
2.5.15.1.

System Functions. The overdl function of the ash handling system is to receive and convey
500EF ash from the PCFB ash bin to storage slos; to prepare the slo-stored ash for discharge;
and to feed it to disposal trucks.

Design Criteria. Asthe plant mass baance diagram (Figure 2.2.0.2) shows, the total ash flow
from the plant is 98,369 Ib/h with as received coa and dolomite feed rates of 272,406 and 78,864
Ib/h respectively at 100 percent load. The ash flow splits as a 25 percent bottom ash 75 percent
fly ash mixture generated by the PCFB bailer.
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System Description.

= The ash handling sysem conveys ash pneumdticdly from the discharge of the screw coolers
located under the PCFB filter ash bin to the ash slos. The slos provide storage for a three-
day period and the transfer is accomplished by compressed air provided by a complement of
blowers, supplying air a 15 psg to the conveying sysem. At the ash slo, the ash enters a
cyclone, which separates the ash from the conveying air. The cyclone overheads are ducted to
a bag filter to remove fine particulate, and the trangport ar is then discharged to atmosphere.
The ash materid from the cyclone and bag filter drops into the slo. The ash is dored in the
ash dlos until discharged to a truck for off-ste remova on a periodic basis. An ash pugmill is
provided a the outlet of each dlo to mix the ash with water and suppress dusting during
unloading.

Major Equipment Description.

= Ash Storage Silos. Four ash slos designed for a combined capacity of 3600 tons, provide for
a nomina 3 days of storage at the basdline 100 percent load ash flow rate of 49 t/h. The inlets
ae Szed to accommodate a maximum conveying capacity of 85 t/h. The outlet of each slo
discharges through an ash pug mill and can fill three 20-ton trucks every hour yidding a
maximum discharge rate of 240 t/h.

Ash Storage Silos
Quantity/Type: Four elevated concrete cylindrical silos, one cone bottom
eaech with fluidizing outlet blower and nozzles
Capecity: 900 tons each
Inlets: One each slo via cyclone separator and bag filter)
Outlets: One verticd gravity drop viaisolaion vave to ash pelletizer
a 60 t/h.

= Ash Pugmills Each of four pugmills provides an ash removd rae 1.25 times the maximum
ash generdion rae. With two pugmills running, the ash removd rate is more than double the
maximum generation rate. If al four slos were to be full, with two pugmills in operation they
can be emptied in 52 hours with the plant running at full load.

Ash Pugmills
Quartity: Four
Capacity: Nomina 60 t/h each
Drivers. Two 25-hp ac motors

= Ash Conveying Blowers. Three blowers are provided at 50% capacity each to supply
compressed air a 15 pdg to the ash conveying system. Each blower is rated a 1000 acfm,
and isdriven by a 100 hp 460 volt 3 phase dectric motor.
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= Ash Huidizing Blowers. Three blowers are provided a 50 percent capacity each to supply
compressed ar a 15 pdg to fluidizing nozzles in each ash dlo. The ar fluidizes the ash s0
that it flows fredy to the dlo outlet nozzles. Each Bower is rated a 250 acfm, and is driven
by a 25 hp 460 volt 3 phase motor.

= Other eguipment comprisng the ash handling sysem includes numerous dide gate vaves,
controls, and indrumentation.  Ash conveying piping is provided with specid fittings a
elbows to withstand abrasion and wear from the ash.

2.5.16 Plant Electrical EQuipment

Plant power generation is ddivered by one combustion turbine generator and one Steam
turbine/generator. The dectricd scope includes the in-plant auxiliary loads and associated
digribution sysem up to the high-voltage side of the two generator step-up transformers and two
plant auxiliary transformers.

The utilization voltages are 13.8 kV, 4160 V, 480 V, 480/277 V, and 208/120 V. The generation
voltages are 22 kV for the combugtion turbine unit and for the steam turbine unit. Each generator
supplies power through an isophase bus duct and dedicated step-up transformer to an overhead
connection to a high-voltage transmission line,

Each of the two auxiliary power transformers receives power from a high-voltage transmisson
line and is connected to 13.8-kV switch gear by a segregated bus duct. The 13.8-kV switch gear
feeds the large motors, miscellaneous plant feeders, and 4160-V switch gear. The 4160-V switch
gear feeds associated motors and a 480-V switch gear which, in turn, feeds 460-V motors,
feeders, and motor control centers.

Aeid, triplexed cable runs throughout the plant area on wood pole lines to furnish 13.8-kV
power to remote electrica loads.

A 460-V unit-essentid motor control center receives norma power from a 480-V subgtation and
emergency power from an dternative diesd/generator source. The unit-essentid motor control
center feeds a battery, battery charger, redundant charger, and dc pand. A dc supply from the
pand feeds an ac inverter for an uninterruptible power supply to computer and critica power
supplies, with an dternative feed directly from the unit-essentid motor control center through a
regulating transformer.

The combudion turbine/generator units are supplied as packages, which include: darting
package, eectrica/control package, isolated-phase bus, surge equipment and potentid
transformers in a cubicle, and fire protection. Equipment basic-impulse leves will be szed to
auit the Site conditions.

Generators.

= Combugtion Turbine/Generator. The combustion turbine drives a 22-kV, three- phase, 60-Hz
generator rated at 300 MVa a 0.9 power factor. It is hydrogen cooled with shaft-mounted
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axid blowers for circulating cooled hydrogen through the generator. The generator is
complete with turning gear, sed sysem, lube- oil sysem, and darting sysem, which includes
a 13.8-kV darting motor and clutch. The exciter is a potentid source, gatic unit with thyristor
control.

= Steam Turbine/Generator. The steam turbine drives a 3600 rev/min, standard continuous
rating, 22 kV, three-phase, 60-Hz generator rated a 310 MVa, 0.9 power factor at 60-psg
hydrogen pressure, hydrogen inner-cooled. The generator is complete with turning gear, sed
system, and lube-oil system. The exciter is a potentid source, Satic unit with thyristor control.

Generator Step-Up Trandormer. The man dep-up transformers are three-phase, 60 Hz,
55°C/65°C rise, forced-oil and -ar rating, cooled, sized to cary the maximum generator output
(minus the parasitic demand loads) at rated power factor and 95 percent rated voltage with a
30°C average ambient. The limiting generating factor is the turbine. The transformer impedance
is standard for the MVa rating and consisent with voltage regulation and short-circuit current
condderations. The transformer has ddta-connected low-voltage and solid-grounding wye high-
voltage windings. It is equipped with two 2v% percent, no-load, full-capacity taps on the high-
voltage windings and high-voltage metd oxide surge aresters. Current trandformers within the
proper accuracy classes provide both relay protection and incoming/outgoing metering.

Station Service Transformers. The daion service transformers are three-phase, 60-Hz, 65°C
rise, forced-ar sdf-cooled forced-oil and -ar rating, cooled, and szed to cary the maximum
demand load on 80 percent self-cooled rating at rated power factor and 95 percent rated voltage
with a 30°C average ambient. The tranformer impedance is standard for the MVa rating and
consgent with voltage regulation and short-circuit current condgderations. The trandformer has
delta-connected high-voltage and wye-connected low-voltage windings brought out for a low-
resstance grounding system. It is equipped with two 2% percent, no-load, full-capacity taps. In
addition to standard accessories, the transformer has tank-mounted secondary ressters (10-
second rated) enclosed in metd grills for grounding the neutral of each low-voltage winding.
Bushing current transformers with the proper accuracy class sisfy metering and relaying
requirements.

Auxiliary Transformers. The auxiliay medium or low-voltage power transformers are three-
phase, 60 Hz, 65°C rise (dry- or cast-resin type for indoor or oil-immersed for outdoor). They
have one stage of fan cooling and are Szed to carry the maximum demand load on 80 percent of
the sdf-cooled or dry transformer self-cooled rating at rated power factor and 95 percent rated
voltage with a 30°C average ambient. The tansformer impedance is standard for the MVa rating
and congstent with voltage regulation and short-circuit current considerations.

Bus Duct. An isolated-phase bus connects the generator line terminds to the main step-up
transformer. The bus duct section between the generator and main step-up transformer is rated to
cary raed generator MVa continuoudy a 95% of rated generator voltage without exceeding a
65°C conductor temperature rise for a maximum 40°C ambient temperature.

A segregated-phase bus connects the station service transformer to the 13.8-kV switch gear. The
segregated-phase bus is rated to cary the maximum transformer current continuoudy a 95
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percent of rated voltage without exceeding a 65°C conductor temperature rise for a maximum
40°C ambient temperature.

Protective Relaying. Protective rdays in the dectricd sysem permit isolaion of faulted or
overloaded equipment and cables as quickly as possble to minimize equipment damage and
limit the extent of sysem outages The generators, step-up transformers, and sationservice
transformers have primary and backup relaying.

Medium-Voltage Switchgear. The medium-voltage switch gear conssts of 13.8- and 4.16-kV
meta-clad, NEMA | assemblies feeding large motors, power transformers, and 480-V load
centers. Each switch gear line-up indudes provisons for future additions on one end. The switch
gear assembly incorporates drawout circuit breskers equipped with current transformers,
protective and auxiliary rdays, ammeters, indicating lights, cable terminations, and other specid
required devices.

LowVoltage Unit Substations. The 480-V unit subgtations have double-ended switch gear with
integrd transformers a each end and a normaly open tie breaker separaing the two switch gear
buses. The trandormer associated with each power center is the dry-type, three-phase, fan
cooled rated, dry transformer OA/AA (sdf-cooled/forced-air) rating, connected delta on the
high-voltage winding and solidly grounded wye on the low-voltage winding. The transformers
ae gzed for the running load plus 20 percent margin based on the forced-ar rating. Standard
transformer impedances are used. The switch gear is 600-V dass in a NEMA-I metd enclosure
with drawout components. Motors rated 101 through 200 hp are, as is norma, supplied directly
from load-center breakers. A three-phase dry-type transformer with disconnect and a 120/208-V
circuit bresker are provided where required.

Motor Control Centers. Motor-control centers are located throughout the plant in areas of
concentrated loads. They are 460 V, in NEMA enclosures to suit the environment, made of
gandard modules, 20 in. deep. All devices are front-mounted, except those made of vave-
reversing starters, which can have rear-mounted components.

Essential Power System. The essentid power sysem provides power to essentid auxiliaries
required for shutdown in the event of a totd blackout of a unit or the complete plant. System
components are:

- Emergency generator - 480-V ac essentia- power panel
- Essentia motor control center

A diesd-engine-driven emergency generator supplies shutdown power to the essentid motor
control center. Mgor loads supplied from the essentiad motor control center are:

- Turbine auxiliary lube-oil pump - Sdlected sump pumps
and turning gear - Battery chargers
- Essntid lighting

- Bailer feed pump turbine oil

" National Electrical Manufacturers Association
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pump and turning gear

The essentid motor control center is supplied through an automatic transfer switch from ether a
480-V power center or the emergency generator. Loss of voltage at the transfer switch dtarts the

emergency generator; when rated voltage and frequency are achieved, the switch transfers the
essentia motor control center to the generator.

Uninterruptible Power Supply System. The uninterruptible power supply sysem furnishes a
reliable source of 120-V ac power and control voltage to equipment vital for plant operation and
shutdown. The system conssts of:

- Aninverter - A manua bypass switch
- A ddtic switch - A 120-V ac vitd-ac digribution pand.

The inverter takes norma power from the 125V dc power sysem. The inverter output is
connected to a datic switch; upon falure of the inverter, the switch automaticaly trandfers it to
an dternative 120-V ac supply.

The uninterruptible power supply is sized to feed the following plus 20 percent margin:

- Combustion controls and burner - Recorders and indicators
management
- Turbine generator/ - Other essentid instrumentation
electrohydraulic control system. - Critical components of plant control
sysems

- Turbine supervisory instruments

Direct Current Power System. A 125-V dc system furnishes control power to the switch gear
and for power feeds to the uninterruptible power supply, emergency lighting, and motors such as
those that drive the emergency bearing and sed-oil pumps. The system consds of a battery, two
battery chargers, and dc digtribution panels. Battery capacity provides emergency lighting and
control power for orderly plant shutdown, enables uninterrupted operation of vitd equipment via
the uninterruptible power supply system, and enables breaker operation to set up a plant restart.

Motors. Except for specid applications, al ac motors are squirrel-cage induction-type with
Class B insulation, are desgned for full-voltage sarting, and have the lowest possible locked-
rotor current consstent with good performance and design. The motors match the inertia and
speed-torque requirements of the driven equipment. Where required, medium-voltage motors are
desgned to start and accelerate the connected load with an applied voltage of 80% of rated
voltage.

Motor voltage ratings and power supply source are shown in Table 2.5.16.1.
Motor enclosures are normaly fully guarded, open, drip-proof for indoor service and westher-

protected NEMA Type Il for outdoor service. Motors 200 hp and lower are totally enclosed, fan
cooled (TEFC) for outdoor service. Regardless of Sze, al motors subject to fire protection spray
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water are totaly enclosed, fan cooled unless limited by size to a totaly enclosed, non-cooled
(TENC) enclosure. Explosion-proof motors are provided where required for service in hazardous
locations.

Table 2.5.16.1 Motor Voltage Rating and Power Supply Service

Hor wer Voltage Phase Supply Source

1500 and up 13,200 3 3.8-kV switch gear

250 to 1000 4160 3 4.16-kV switch gear

125t0 200 460 3 480-V switch gear

1/2 to 100 460 3 480-V motor control center
or individud garter

Lessthan 1/2* 115 1 Lighting cabinets or 120-V
digribution panels

*Fractional hp motors less than 1/2 hp used for reversing service, such as motors on valve
operators, are 3-phase, 460-V starter.

Totdly enclosed and explosonproof motors have a 1.00 service factor. Drip-proof and weather-
protected motors have a 1.15 service factor, except where an adequate margin is aready
avalable. The sarvice factor is not infringed upon by norma continuous loads.

All medium-voltage motors include resstance temperature devices for overload detection, and
motors over 1500 hp have six leads and three donut-type current transformers mounted in the
teemind box for odf-baanced primary-current differentid  protection. All  medium-voltage
motors and valve motor operators have space heaters, and al outdoor motors above 50 hp have
gpace heaters that automatically activate when the motor isidle.

Grounding/Lightning/Cathodic  Protection. The grounding sysem is a permanent and
continuous sysem desgned to provide safety to personnel, protection to equipment, and a
minimum input of eectrica noise to control and insrumentation Sgnals.

The plant grounding grid is made of buried copper grounding loops around each building, a
buried grounding grid in the switchyad for step-and-touch potentia protection, and buried
grounding grids for step-and-touch potential on both sides of fences and gates where gpplicable.
The grounding grid is designed for a resstance to ground of less than 1 ohm. All grids and loops
are connected at two places (minimum).

All building, structural, and outdoor tank sted is connected by copper cable to the main plant

ground grid. Electricd continuity is mantaned for al dructurd sted used as a grounding path.
All medium-voltage equipment is connected to the plant grounding grid by copper cable. Small
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miscellaneous equipment lower than 600 V, in remote locations, may be grounded to the
building sed and conduit sysem, providing dectricd continuity to ground is maintained.
Electronic devices have isolated sgnd grounds, chasss and enclosure grounds, and dectrica
power-source grounds for safety and to minimize eectrical noise inputs to the controllers from
externa sources. Instrument cable shields are grounded a one end only to prevent circulaing
currents, unless otherwise recommended by the instrument manufacturer.

Metal-oxide-type ddion lightning aresers on the high-voltage dde of the man gep-up
tranformers and dation sarvice trandformers protect insulation from  voltage surges. The
chimney cooling tower and tal buildings are protected by ar terminds in accordance with the
Lightning Protection Code NFPA No.78.

Underground structurd sted, pipes, tanks, and wharf areas are protected from harmful gavanic
corroson by cathodic protection. The cathodic protection system is designed in accordance with
guidelines edablished by the Nationd Association of Corroson Engineers (NACE). The
cathodic protection conssts of individua gavanic sacrificid anodes or an impressed-current
system, as determined by field test and design.

Heat Tracing. Where required, freeze protection is provided for al outdoor piping, gauges, and
indrumentation with sdf-regulated pardld-type heat cable. Space heaters are utilized for items
that are not suitable "for heeting cable gpplicaion. Heating cable circuits are supplied from
digribution panels smilar to those used for lighting circuits and are controlled by thermodtats.

Lighting. Normd, emergency, and egress lighting is provided for the dtation, service building,
remate buildings, and associated outdoor areas within the plant boundary.

Normd lighting is energized from three-phase four-wire lighting panels throughout the dation.
Each lighting pand is fed from locdly mounted 480-/277-V panels or 480-208Y/120-V
transformers that are fed from the nearet motor control center. Yard and roadway lighting is
supplied a 277V from the nearest motor control center or power distribution cabinet.

Lignting illumination levels ae cdculated in accordance with recommended levels of
illumination in an eectric supply dation, as lised in Part 1, Section 11, of the latest edition of
the National Electrica Safety Code.

Emergency dc lighting in the dtation building and in the control room permits safe egress For
outlying miscelaneous buildings emergency  lighting is from  sdf-contained  battery-charged
lamp units. Office areas, shops, laboratories, and the control and computer rooms have
fluorescent  fixtures. Highrintendty discharge fixtures are indaled in indoor plant aress
Incandescent fixtures are used for the emergency lighting sysem and for exit lights. Fixtures are
explosion-proof in hazardous aress of the coa-handling system.

Wire for lighting sysems is Type RHW (moisture and heai-resstant rubber cable), run in ether

conduit or tray. All fluorescent and pendant lighting fixtures have Type SO high-temperature
flexible cord for wiring from the outlet box to the fixture. Conduit used for lighting systems can
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be rigid, IMC (intermediate conduit}, EMT (intermediate conduit}, or a combinaion of these,
depending on the application.

Communication System. An intraplant communication sysem condsts of one paging and five
paty lines. The speech input to the paging amplifiers is from handsets throughout the plant area
and in the control room. Each handset has its own solid-state amplifier. Where required, noise-
canceling microphones, spesker-muting controls, and gppropriate enclosures are provided. Public
telephone lines ae inddled for adminidraive aess and the man control room. All
communication System interconnecting wiring is ingtaled in conduit.

Miscellaneous Small Power Systems. Miscdlaneous, smal power sysems provide the plant
with dectricd supply for convenience outlets, food preparation, storage equipment, office and
building services, and smilar requirements. The sysems are208Y/120-V, three-phase, four-wire
supply. They consst of gep-down transformers (fed from the plant low-voltage ditribution),
pand boards, and branch circuit wiring feeding various loads. There are 48-V wedding outlets
throughout the plant.

2.5.17 Plant Instrumentation and Control
General

The plant control system hardware is described in this subsection, wheress, the plant operating/
control philosophy, eg., start-up, shutdown, trip, and norma operation are described in Section
2.7. Development of the control system software required by the plant is beyond the scope of
this conceptud study and would be performed during the plant detalled desgn and construction
effort.

The control sysem provided for the PFB basdine plant will be a date-of-the-art, micro-
processor-based distributed control system (DCS) located in a central control room. This room
will contain the DCS operator consoles, printers, engineering workstation, and other auxiliary
equipment. The centrd control room will be continuoudy manned.

Design Basis

The control sysem desgn, equipment supply, and congruction will adhere to applicable
American standards, ordinances, and recommendations for fossil power plarnts.

System Description

The DCS will be usad to control and protect the main plant equipment/systems and will serve as
the centrd inteface for the operaors.  This sysem will be connected to the various
insrumentation and control devices throughout the plant, and will be linked to the gas turbine
and geam turbine controls through communication deta links.  All trip sgnas or other critica
I/O between the DCS and the gas and steam turbine-generators will be hardwired. Figure
2.5.17.1 shows a smple schematic diagram of the architecture of the proposed DCS system.
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Figure2.5.17.1 PFB Baseline Plant DCS Network
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The DCS will be a hierarchica, microprocessor-based control system. The hierarchica divison
of the sysdem will endble control a various levels and function groups. All DCS control and
monitoring functions will be implemented into functiond processors.  All processors will be a
minimum of 32-bit, multi-speed standard software design, with sdlf-checking features to dlow
detection of processor mafunctions.

The DCS equipment will be designed such that a component falure of sysem equipment or a
DCS power source falure will not disrupt control system functions. Each process control unit
and 1/0 cabinet will provide redundancy of functiona processors, power supplies, and data
highway interfaces. If the system detects a processor fallure, a power supply falure, or a
communicatiions falure, the falled equipment will automaicdly trandfer to its backup. In the
case of a processor falure, if the backup is unavalable, the processor outputs will fal to their
fal-safe postion and adlow a manud shutdown of the equipment affected. Upon a backup power
supply fallure, the affected equipment will fail in its de-energized postion.

Remote 1/0 cabinets located in the fidd and connected by a redundant data highway to the
processing units will be utilized when 1/0 can be grouped together in the fidd and will result in a
cost savings from reduced cable and conduit.

A redundant coaxiad or fiber optic cable highway, ingtdled in separate routed sted conduits, will
be used as the communication link between the DCS processing units and operator consoles. An
uninterruptible power supply with battery back up will provide the power requirements for the
DCS, operator consoles, and other critical equipment.

The DCS will have logging and historical storage and retrievd capabilities in order to facilitate
long-term monitoring of plant equipment and performance.

A sequence of events system integra to the DCS will be provided with an interrogation time of
1.0 ms or less Each point will be time-gtamped with resolution of 1.0 ms. Event logs will be
provided as well as the printed archived data. The gas and steam turbines will each be supplied
with an independent sequence of events system. These packages will provide a gas turbine or
steam turbine trip contact to the DCS.

The anticipated required system hardware islisted in Table 2.5.17.1.
Control System Operator Interface

The DCS will have CRT-based operator stations that will be the primary interface to the control
gystem. Smart interactive operator consoles, each with a graphic CRT operator interface display,
will be provided. At least two operator interface processors independent of any other computing
edement will be provided, capable of accessng data from and entering operation interface
commands onto the data highway.
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Table2.5.17.1 Required System Hardware

Description
Operator Interface CRTs
Operator interface Electronics
Supervisors Workstation (Single CRT)
Engineer Workgtetion (Single CRT)
Alarm Printer
Event Printer (supports 11x17 paper)
Supervisor/Engineer Printer (Supports 11x17 paper)
Color Printer (for graphics)
Sequence of Events (SOE)
Gateway (Ethernet highway, Owner’s computer system)
Globd Pogtion Satellite Systemn (GPS)*

Q
<
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*GPSprovided for time synchronization to each microprocessor -based
controls system and SOE via IRIG A, IRIG B, or contact output.

In norma operating mode, each operator workgation with its video display unit will be in charge
of operation and control of a part of the plant. In case of one display unit fallure, the other units
will take over its functions, thus dlowing plant operation and safe shutdown.

Standard interactive graphic capabilities will be utilized. Sysem overviews, subsystem control
and monitoring, criticd darm windows, darm summaries, and trend displays are types of
graphic displays to be used.

One enginegring console containing one graphic CRT operator interface display with laser
printer will be provided for programming. One supervisor dation with laser printer will be
provided for overdl supervison. The engineering console will provide dl the functions of the
operator's console and will directly interact with the DCS software.  One higtorical storage and
retrievd console with logging capabilities with one graphic CRT operator interface will be
provided. The DCS main processing unit cabinets will be located in the centra control room.

Distributed Control System Design Appr oach

All operator interfaces for power generation and DCS-controlled process equipment will
normaly be through the CRT keyboard and color grgphics The DCS will provide dl darm
annunciations. Hardwired annunciators, indicators, recorders, satus lights, and push buttons will
not be used. However, hardwired “trip” push buttons will be provided in the control room and a
local panelsfor the gas and steam turbine.

The DCS sysem will have the cagpability to control the entire plant from Sartup to full load.

Actua gas and steam turbine control will be exercised by the individud unit control system that
provides the ultimate machine protection function.
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The DCS will interface with and control and/or monitor locd PLC-based control packages for
systems such as.

Hot gasfilter pulse cleaning.
Water trestment.

Cod, sorbent and ash handling.
L ock-hopper feed systems.

Other plant equipment including HVAC, and other pre-packaged equipment supplied with its
own integral PLC based controls.

Control for systems that do not have pre-packaged control sysems will be configured in the
DCS. DCS-controlled pumps, fans, compressors, and motor-operated valves would normaly be
darted and stopped from the central control room interactive grgphic displays. The DCS
interface to medium-voltage motor starters and MCC larger motor starters (Szes 4, 5, and 6) will
be through momentary “dsart” and “trip” digitd outputs. The “trip” digitd output will be an
eectricdly held, normaly closed contact (open to trip the pump) and will include permissve
process interlocks. The trip digital output contact will open momentarily on DCS sop. The
DCS inteface to MCC smdl pump motor dtarters (3zes 1, 2, and 3) will be through one
maintained “run” digital output. The process interlocks will be provided through the DCS for
running the motors from the DCS only. The running satus of mgor pumps and compressors
will be generdly determined via discharge pressure monitoring in addition to motor darter
auxiliary contact. Motor dtarter auxiliary contact only will be utilized where discharge condition
monitoring is ingppropriate.

DCS Inputsand Outputs

Digitd inputs to the DCS will utilize cards with 24 VDC internd power for wetting contacts.
Digitd outputs to solenoid vaves from the DCS will utilize cards providing the power for
energizing the solenoids.  Digitd outputs to dl other sources will utilize cards providing
mercury-wetted relays or solid-state relays.

Andog inpus to the DCS will utilize cards providing the power to drive fidd-connected
indruments and to accept field-powered andog inputs. Andog outputs from the DCS will utilize
cards providing power to fidd devices. All anadog inputs to the DCS, other than thermocouples
and resistance temperature detectors, will be 4 to 20 ma. Process flow, pressure, and leve
transmitters will be powered from 24 VDC power didribution within the DCS cabinets.  All
other transmitters will be powered localy. All DCS andog outputs will be 4 to 20 ma DC,
powered from the DCS cabinets except for control valves, which may require customization to
their actuator.

Generdly, the digitd inputs for darming will dam in the “reset” (contact openvlogic 0)
condition. Digitd inputs required for control and darming will be andyzed for falure condition
S0 tha the plant and equipment safety are not compromised. In most cases, the digitd inputs for
datus indication will provide the datus in the “sat” (contact closed/logic 1) condition. Digita
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inputs required for gatus and darming will darm in the reset condition. Digitad inputs for open
and close datus of dl motor-operated vaves will be provided. For pneumatic and solenoid
actuated vaves, the open and/or close status inputs from limit switches will be provided where
required by code or where the secondary instrumentation on the process would not indicate the
open and close gatus of the vave. All digital outputs to pilot solenoids for pneumatic vaves and
solenoid actuated valves will be powered from AC power distributed within the DCS cabinets
and remote /O cabinets.

All shidds on ingrument cables will be kept floating & the transducer and the find control
element ends and will be terminated and grounded to the instrument ground in the DCS cabinet.
The redundant coaxid/fiber optic cables of the DCS data highway routing will conform to the
DCS vendor requirements.  As a minimum, above grade, the redundant data highway will be
routed through separate gavanized sed conduits when running between different DCS drop
clusers or rooms. Below grade, the redundant highway may run in the same dedicaied sted
conduit.

The routing requirements for the remote I/O redundant serid communication fiber optics cables
will conform to the requirements of the DCS vendor. As a minimum, the redundant serid
communication cables will be routed through separate galvanized sted conduits when running
between DCS cabinets and remote 1/0 cabinets.

The DCS system grounding will @nform to the DCS vendor requirements. The DCS redundant
coaxia data highway will be grounded to the cabinet ground indde each DCS cabinet. As a
minimum, the data highway will be grounded every 1500 feet. Conduit carying the data
hignway will be grounded every 100 feet. All data highway coaxia cable grounds must be
within 1 ohm of true ground, and within 1 ohm of each other. Cable trays will be kept
eectricaly isolated from DCS cabinets for the top entry cables.

A minimum of 20 percent spare I/0O will be provided.
2.5.18 Miscellaneous Auxiliary Systems
Included in this section are the following systems

- No. 2 fud all - Auxiliary seam system
- Nitrogen supply and didtribution - Indudtrid waste treatment system

No. 2 Fud Oil System. The No. 2 fud oil unloading and storage system conssts of two 100
percent capacity oil-unloading pumps, an oil-storage tank, and two 100 percent capacity oil-
transfer pumps. Oil is received at the dSte via railroad tank cars or truck. It is pumped from the
tank car usng the unloading pump(s) and ddivered to the 500,000-ga storage tank. Each
unloading pump has a capacity of 500 ga/min.

Qil from the dtorage tank is pumped to the burners, to other uses, or both, usng one of the

trandfer pumps. The oil-storage tank is enclosed in a dike to confine any oil spill in case of an
accident.
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The fud oil sysem dso has sufficient Sorage to replace the carbonizer hedting duty to the
topping combustor for 3 days in the event the carbonizer is shut down. With regular 3day fud
ol ddivery, the plant is cgpable of continuous full-load operation with the carbonizer out of
service and direct cod feed to the PCFB bailer.

Nitrogen Supply and Didribution. This sysem provides nitrogen for conveying, blanketing,
purging, and other miscellaneous uses, where an inert gas is required for safety or to avoid
problems created by moisture.

Nitrogen is stored on dte in sx 11,000-gd liquid nitrogen tanks. Each tank is a double-walled
vesd that separates the liquid nitrogen from the tank wal with an evacuated and insulated
gpoace. The vaporizing requirement for the nitrogen supply is met with water-bath vaporizers,
hested with plant seam. The sysem includes interconnecting cryogenic piping and vaves,
water-creulding piping, and automaic controls. Nitrogen is digributed through the plant
through a manifolded piping sysem. Ddivery of nitrogen to the plant is ether by truck on a
daily basis or by ral car on a weekly bass. Plant nitrogen requirements are presented in Table
25.18.1.

Nitrogen required for cod storage blanketing was determined by calculating bresthing losses and
working losses.  Since the coa-dolomite blend is reaively coarse in sze (/8 x 0) and its
resdence time in the lock hopper feed system is approximatey 25 minutes a full load and 50
minutes & minimum load, the sysem is pressurized with ar rather than nitrogen. However,
upstream bunkers and hoppers are continuoudy made inert with nitrogen. At shutdown, the feed
system is purged with nitrogen, forming an inert amosphere to prevent spontaneous combustiony
fires in any cod reddue remaning in the sysem. An 11,000-gdlon sorage tank contans
1,025,700 §t® nitrogen, and the six tanks provide for approximaidy sx days of continuous
operation a full load.

Table 2.5.18.1 Plant Nitrogen Requirements

Hant Use [b/h
Stripping & fluidizing gas to operate the N vaves 4,130
for transfer of char from the carbonizer to the PCFB
Blanketing/inerting for al cod storage bunkers 450
Miscdllaneous 100
Totd 4,680

Auxiliary Steam System. The auxilialy seam sysem is designed to supply the following during
plant start-up:
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- Steamn to turbine sedl system - Building heating
- Steam to jet gector - Miscellaneous steam for process, steam
- Pegging steam to deaerator tracing, etc.

The auxiliaay seam sysgem supplies seam to the building hedting sysem to mantan the
temperature of the enclosed space well above the freezing point (approximately 45°F) during a
winter plant outage. The system includes two 100 percent capecity boilers (auxiliary boilers),
two 100 percent capacity feedwater pumps, and other rdated auxiliary equipment. Each auxiliary
boiler is designed to burn No.2 fud oil ad can provide 100,000 Ib/h steam at 250 psig saturated
condition. Each feedwater pump is szed for 220-gd/min capacity a 700-ft discharge head. A
separate connection is provided on the plant main desgrator for the feedwater suction. One
auxiliary boiler is maintained in a standby condition when the plant is operating.

Industrial Waste Treatment System. The indudrid waste trestment sysem for the basdine
plant employs the following unit processes and operations:

» Fow Equalization. Contaminated runoff and leachae from a dorm over a synthetic-
membrane-lined cod pile (desgn based on the worst recorded storm in 10 years during a 24-
hour period) is collected in a synthetic-membrane-lined earthen basin. Contaminated runoff
from the dolomite dtorage pile is amilarly collected in a separate earthen basin, which dso
receives contaminated yard drains. Both basins are designed to settle heavy sediment and
equdize the pesk flow raes from the "desgn" sorm. A common pump gsation collects the
discharge from the two basins, and the combined wastewater is pumped to the treatment
system at a controlled rate.

The trestment sysem employs a flow-equdization tank designed to equdize flow from the
following sources:

- Materia storage pile runoff collection basns

- Plant floor drain sumps which receive miscelaneous low-volume wastes, boiler blowdown,
water treatment filter backwashes, and equipment cooling water

- Discharge from a batch deminerdizer-regenerant neutrdization tank.

= Neutrdization. Acidic wadewater is neutrdized with hydrated lime in a two-dage system.
Each fiberglass neutrdization tank provides 10 minutes of reection time at design flow. Each
tank is equipped with a fixed-mount mixer, which completdy mixes lime durry with the
wastewater, and with a pH probe and a controller, which autometically feeds lime durry to the
tank to control pH. An integrd lime storage slo/lime durry makeup system condsts of a 50-
ton lime silo, dry lime feeder, lime durry tank, durry tank mixer, and lime durry feed pumps.

= Oxidation. Air is fed to the second-stage neutraization tank through a sparger pipe to oxidize

any remaning ferous iron to the fearic daie The ar is supplied by a set of centrifugd
blowers.
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Focculation. Flocculation to promote particle sze growth is provided in a fiberglass tank
with a 10-minute retention time at desgn flow. The tank is equipped with a low-rev/min,
variable-speed agitator. Polymer emulsion is drawn directly from a 55-gd drum and is diluted
and fed to the flocculation tank by a polymer feed unit.

Claification/Thickening. Oveflow from the flocculation tank enters a plate-type
clarifier/thickener to separate suspended solids. Solids settle between the inclined plates to the
thickener zone while the darified supernatant liquid rises above the plates and discharges
through flow-didribution orifices. The integrd thickener section includes a picket-fence-type
scraper mechanism, which further concentrates the dudge.

Sudge Dewaering. Thickener dudge is piped to a holding tank; the procedure alows one-
shift operation of the dewatering equipment and provides some further thickening. From the
holding tank, the dudge is pumped to a plate-and-frame filter press for dewatering. The filter
press provides a dudge cake of 30 wt% or higher dry solids. The filter press cake is dropped
from the press into a dudge dump truck or dumpdter. Filtration is returned to the flow-
equdization tank. Cooling tower blowdown is collected and treated separately in an earthen
basin to remove only the suspended solids before the blowdown is discharged to the receiving
stream. The basin is designed for dudge remova by drag-line or front-end loaders and trucks.

2.5.19 Civil, Architectural, and Structural Plant Aspects

Building gructures enclose the following plant components (Figure 2.3.2.1):

Steam turbine

Gasturbine

Adminigrative area, controls complex, and maintenance area
Auxiliary boilers

Emergency generator

Cod preparation equipment

Sdlected areas of the steam generation module housing compressors and critical equipment
Vehicle maintenance area

Warehouses

Makeup water pretrestment equipment

Wastewater trestment equipment.

Additiondly, supporting structures, foundetions, or both, are provided for the baance-of-plant
components shown in Figures 2.3.2.1 through 2.3.2.4.

Codes and Standards. The fdlowing ae goplicable in esablishing dructurd  engineering
design criteriaand stedl and concrete congtruction requirements:

The BOCA Basic Building Code, or comparable governing code, based on plant location.

American Naiond Standards Inditute, "Minimum Dedgn Loads for Buildings and Other
Structures," ANSI A58.1.

Local building codes, as applicable.
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American Concrete Ingtitute

-ACI 301, "Specification for Structurd Concrete for Buildings'

-ACl 318, "Building Code Requirements for Reinforced Concrete"

-ACI 307, "Specification for the Design and Congtruction of Reinforced Concrete Chimneys'
American Indtitute of Stedl Construction

-AISC, "Specification for the Design, Fabrication, and Erection of Structurd Sted for
Buildings

-AISC, "Code of Standard Practice for Sted Buildings and Bridges.

Building/Structur e Description.

Structures.

Building structures and equipment supports are sted framed, AISC Type 2 congruction, with
bracing for transfer of |atera forces.

Building foundations are anticipated to be spread footings and mats, based on the assumption
that rock will be found near the ground surface. Should the sub-surface exploratory program
and geotechnicd evduation that would be conducted for the specific dte prove differently,
the most economical deep foundations would be sdected at that time. Caissons, sted piles,
cast-inrplace or precast piles, and composte piles are possible dternatives if shalow
foundations prove unfeasible.

Bage unloading facility with dolphins (closdy driven piles tied together) supporting
reinforced-concrete caps, with a protective fendering system. File type will be determined
upon evauation of the geotechnical data.

Improvements to Civil Engineering Aspects.

Surface Design.

- The dte is conceptudly designed to conform, where feasble, with existing drainage petterns
and contours.

- Fnd earth grade adjacent to equipment and buildings will be a least 6 in. below the finished
floor dab, with a minimum dope away from the building to norma grade of 0.5%.

Access Roadways and Parking. The plant roads are dl two lanes with a paved shoulder, with
the pavement type and thickness selected based on the soil-bearing value of the subgrade and
the anticipated vehicular axle loads. Road cross sections are crowned to achieve postive
drainage; they dope away from the crown at adope of at least 2%.

Railroad Development. A ralroad spur is extended from existing tracks into the plant dte. All
eements necessary to provide access to the plant dte are furnished, including, for example,
grading, ties, baladt, rails, switches, and road crossings.

Coal Storage, Dolomite Storage, and Ponds. The materid storage areas and the associated

runoff ponds are protected to conform to al State and Federa regulations.
- The cod pile and the cod pile runoff pond are lined with a 30-mil PVC liner.
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- The dolomite storage runoff pond and the cooling tower pond are lined with a bentonite/clay
liner.
- The congtruction pond is unlined.

Materials of Construction.

= Structural Sted. ASTM A36, unless otherwise dictated by design requirements

= Exterior Wdls. Insulated metd dding

* |nterior Partitions
- Metd studs with two layers of gypsum board on each face
- Concrete masonry units (norma  weight) where required for fire bariers, Sairwels,
lavatories, and other selected locations

= Elevated Floors. Meta floor deck and reinforced concrete dab

= Roof. Meta deck, rigid insulation, and single-ply membrane roofing.

Stairs. Open grating.

26  PLANT CONSTRUCTION AND SCHEDULE

The basdine plant incorporates many components aready utilized by the process and power
indudtries together with new PFB related components. The gpproach taken in edimating the
basdine plant congruction effort was to gpply conventiona practices to the former and to
conceptudly evaduae and, in some cases, apply enginesring judgment in esimeting the extent of
shop fabrication, modularity, and field fabrication of the new components. The following steps
were involved in this effort:

a. determine weights and outline dimensions of al mgor components

b. for those new components too large to ship, esdimate the dimensons and weights of thelr
modular shipping sections and the field work required to complete their fabrication

c. for dl other shippable components estimate field work and congtruction costs using
in-house data bases

The following maximum shippable dimensons were assumed for the basdine plant and were
used to establish which components required field assembly:

a Ral: 16 ft wide by 22 ft high by 85 ft long
b. Road: 10 ft wide by 13 ft 3in high by 53 ft long

2.6.1 Major Components

Carbonizer-PCFB Idand. Based on the aove maximum shipping dimensons, the carbonizer
and the PCFB boiler were found to be the only new technology components requiring field
fabrication; the badance of ther associated equipment were dl shippable, shop fabricated
components. Many of the later utilize internd refractory linings that could be inddled ether in
the shop or in the field, and shop inddlation was assumed for most of them. Those components
that were rdatively large or required fidd fdbrication, eg., the carbonizer, char collecting
hoppers, and PCFB boiler waterwalls were assumed to be refractory lined in the fidd. Although
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the ceramic candle filter vessels were of a shippable size, their ceramic candles were assumed to
beingdled in thefied.

Gas Turbine and Generator. The gas turbine generating system is conventiond and utilizes
modular condruction to facilitate shipment and fidld assembly. The system was pre-assembled to
the maximum extent permitted by shipping limitations. Where possble, subsysems were
grouped and inddled in auxiliay packages to minimize fidd assembly; those optimized
packages were completely assembled and wired at the factory and required only interconnections
a the dte. The pipe rack assemblies provided as a part of these packages eiminated/minimized
the need for on Site construction work.

Steam Turbine and Generator. Because of its 9ze and weight, the steam turbine generating
sysem cannot achieve the modularity typicd of its gas turbine counterpat. The LP case was
shipped as an assembled component minus the rotor but it had to be dsassembled to some extent
to dlow the ingddlation of the rotor and other parts in the fidd. A Smilar dtuation exised for the
HP/IP steam turbine section and the generator rotor. Although modular shipment of the exciter
and main steam vaves is possble, complete seam turbine generaing system modularity is not
recommended and was not used in this study.

2.6.2 Balance of Plant Components

The bdance of plant (BOP) components of the basdine plant are smilar to and, in many
indances, identicd to those adready used in the process and power indudries, for those
components conventional construction approaches and costing were assumed.

2.6.3 Construction Schedule

A 500 MWe PC plant typicdly requires a 36-month congruction schedule and involves such
mgor activities as field fabrication/assembly of the boiler, regenerdtive air hester, dectrogatic
precipitator (ESP), scrubber, steam turbine, steam condenser, cooling towers, etc., and the setting
of multiple pulverizers with primary, forced, and induced draft fans together with their ducting.
Since the steam cycle of the basdine plant is about haf that of the PC plant, its seam cycde
components that will require field assembly, i.e, steam condenser, cooling tower, etc., will be
andler in sze and require dightly shorter fiedd assembly efforts. In addition the basdine plant
does not require a regenerative ar heater, ESP, or scrubber and instead replaces the ESP by 8
ceramic candle filter vessels. Functiondly the gas turbine and main boost ar compressor replace
the PC plant fans and the basdine plant’s two feedwater heaters and HRU replace the PC plant’s
7 or 8 feedwater heaters.

The above smplisic comparison indicates the erection costs of the basdine plant should be
sonificantly less than that of the PC plant and the Section 5 comparison of these two plants
indicates a 45 percent savings in erection direct and indirect labor. Based on this difference in
erection cods a shorter condruction schedule could be expected for the basdine plant. The
formulation of comprehensve shop fabricaion, fied fabrication, and erection plans and their
integration into an optimized basdine plant congtruction schedule was beyond the scope of this
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update study. In the absence of such detailled plans and to be conservative, a 36-month
congtruction schedule has been assumed for the basdline plant

27 PLANT OPERATING PHILOSOPHY
2.7.1. General

The high efficency of the 2nd Generation PFB will move it to the front of a utility's digpatch
order and, as a result, the subject plant is envisoned to be a basdoad unit with occasond
turndown to reduced load, rarely less than 50 percent load. Although operation as low as 25%
may be possble, an andyss to determine the minimum permissible continuous load was beyond
the scope of this study. At 25% load, the plant would probably be operating in a temporary
holding pattern during aramp-up or ramp-down.

Throughout the plant 50 to 100% load envelope the carbonizer will be operated at a fixed air to
coa feed ratio desgned to yied a nominal 1700EF temperature. The carbonizer through-put/cod
feed rate will be increased or decreased as required to meet the gas turbine demand for higher or
lower syngas flows respectivey. Should there be a dgnificant change in cod qudity that affects
the syngas yield per pound of cod fed, the carbonizer temperature can be trimmed by an
adjusment in the air to cod feed ratio; a 1600EF to 1800EF range in operating temperature is
permissble and will more than cover any change envisoned. The char transfer rate to the PCFB
boiler will be controlled to maintain a congant level of char in the char hoppers so that the char
transfer rate equas the char generation rate. The char feed to the PCFB boiler will be
supplemented with direct cod feed to the PCFB as required to meet the steam turbine demand
for geam while maintaining the PCFB between 1550EF (minimum load) and 1600EF (full load).
The control of the PCFB boiler is typicd of an amospheric CFB boiler — superheat steam
temperature will be controlled by attemperation whereas reheat temperature will be controlled by
firdly adjusing the fluidizing veocity and hence vaying the bed to tube heat trander
coefficients in the IntrexJ reheat units, secondly, the solids flow rate through the IntrexJ units
can be varied if needed. Water spray is dso avalable if immediate reheet temperature control
becomes necessary.

The cod and dolomite are fed to the carbonizer and PCFB boiler via lock hopper type pneumatic
transport feed systems, flow rates to each unit are controlled by varying the speed of volumetric
feeders that are part of the vendor feed system package. The feeders will be caibrated on site
yidding RPM versus flow rate curves and their injector vessels are placed on bad cdls to alow
change in weight mass flow rate readings.

The plant ar flow is determined by the postioning of the gas turbine inlet guide vanes flow
meters and control valves located in the gas turbine air compressor discharge line control and
proportion the air flow to the carbonizer and PCFB bailer.

At the 50 percent load point the gas turbine inlet guide vanes have closed to reduce the plant
arflow to 73 percent of the full load vaue. The gas turbine output is reduced to 106.3 MWe or
44.4 percent of full load and its exhaust temperature has dropped 114EF to 1015EF. The steam
turbine output is reduced to 173.8 MWe or 67 percent of full load. With less syngas and hence
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char being produced cod is fed directly to the PCFB boiler to maintain the operating temperature
and desired steam flow rate.

Since the gas turbine and steam turbine work together to determine the plant power output, an
dgorithm will be prepared for the plant that defines each turbinés operating conditions with
concommitant carbonizer and PCFB boiler coa and air flow rates at various load points.

The PCFB boiler operates with excess air levels of 50 and 30 percent at 100 and 50 percent load,
repectively, hence, there is an ample supply of ar a al load points. Oxygen monitors, however,
are gill provided in the PCFB boiler flue gas and carbonizer syngas outlet streams to ensure that
oxidizing and reducing conditions are maintained respectively in these units.

2.7.2 Plant Duty Cycle

The actud duty cycle imposed on the PFB basdine plant will vary according to the gpplication.
Because of the plant's high efficiency and depending upon the utility's nuclear capacity and daly
load swings it is quite likey the plant will have a high dispetch priority resulting in an 80 to
85% capacity factor. For the purpose of this conceptua design and to facilitate economic
evaudions it is assumed the basdine PFB plant will operate with an 80 percent capacity factor
and require one four week long planned annual outage per year. Since the plant will be
predominantly operated as a basdoad unit over its lifetime, features often incorporated to
accommodate extended/ efficient low-load operation and rapid start-up/shut-down (e.g., variable
pressure and 50 percent steam bypass) have not been included in the plant cost estimate.

2.7.3 Sartup, Shutdown, and Normal Operation

Due to its high efficiency and low emissons, the PCFB plant has been designed to be and is
expected to be dispatched as a base load unit. Part-load operation, gpart from normd art-up
and shutdown time intervals, is expected to be limited. The gas turbine will be operated a its
maximum continuous rating, with the carbonizer trimmed to provide the syngas required for the
topping combustor and the PCFB fired to meet steam turbine needs. The steam turbine will be
designed to operate a its guarantee point a the maximum continuous system operaing condition
edtablished by the gas turbine a 1SO conditions (59EF, 14.7 psia ambient conditions). Some
geamn turbine margin will be available beyond the guarantee point, as the typicd “vaves-wide-
open” capability, to accommodate the increased plant output that may be avalable at reduced
ambient temperatures. A detailed andyss must be conducted a the minimum expected ambient
temperature so that components are sized properly.

From a sysem operations and controls perspective, the gas turbine represents the leading
component. The carbonizer subsysem operates to satify the gas turbine demand for syngas,
based on the load stpoint selected. The other components follow, as required. In the base load
mode of operation, stable operation of al components is expected, with graduad minor changes in
operating parameters to accommodate changes in ambient temperature, barometric pressure, fud
composition, etc. Operation a 50 percent load is characterized by full closure of the gas turbine
compressor inlet guide vanes and a severa hundred degree reduction in gas turbine rotor inlet
temperature. Steady state load conditions between 50 and 100 percent are characterized by some
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reduction in rotor inlet temperature and patid or full closure of the compressor inlet guide
vanes. Preparation of detalled schedules for system operating parameters over the load range is
beyond the scope of this report.

The following brief discusson illudraes dat-up, shutdown, and some aspects of plant load
changing including sudden loss of load (generator trip or loss of grid demand).

Equipment, piping, and vaves reated to the dartup, control, turndown, and shutdown of the
basdine plant are shown schematicdly in Figure2.7.3.1. Acronyms and abbreviations used
throughout this document are defined in Table2.7.3.1.  All references to vaves and other
componentsin this report refer to thisfigure and table.

Flare
Vcf
Vci [
—D<> o | HG
Coal > Carbonizer Filter veo
Vpi \V pf Nat.
4@) —» HG Gas
Coal > PCFB Filter Vpo
BC q XVng
Topping Y <
vas @Vab Combustor @
>
GC GT
A
] \
Air
HRU >

Figure 2.7.3.1— Plant Gas Flow Control Diagram
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Table 2.7.3.1 Abbreviations and Acronyms for Gas Flow Control Valves

APFBC Advanced Pressurized Fluidized Bed Combustion
BC Boost Compressor to pressurize the PCFB

GC Gas turbine compressor

GT Gas turbine expander

HG Hot Gas (Filter)

HRU Heet Recovery Unit

MASB Multi-Annular Swirl Burner, which is part of the Topping Combustor
PCFB Pressurized Circulating Fluidized Bed

TC Topping Combustor

Vab Compressed air bypass vave

Vas Compressed air supply valve

Vcf Carbonizer syngasflare vave

Ve Carbonizer air shutoff valve

Vco Carbonizer syngas control vave

Vg Naturd gasfud control vave

Vpf PCFB (vitiated air) vent valve

Vpi PCFB ar control vave

Vpo PCFB (vitiated air) outlet vave

Plant Startup. Table2.7.3.2 describes the cold startup procedure for the complete plant,
including the proposed use of bypassess Maximum and minimum ar flows to and from the
W501G compressor and turbine during startup and operaion are consstent with norma SWPC
practice.

Similar procedures would be used for warm gartup, such as would occur after an overnight or
weekend shutdown, or a hot sartup, such as would occur after a brief shutdown following a
generator trip or component falure that is quickly remedied. Since equipment temperatures are
warmer a the beginning of warm and hot starts, the duration of each siep is shorter than for cold
starts.
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Table 2.7.3.2 Plant Cold Start Sequence

Step Activity Hours Valve Lineup

1 Start the gas turbine on natural gas, connect it to the power | Normal start Vabopento TC
grid in simple cycle, and increase power to about 15% timeis 20 Vasclosedto BC
load. (15% load isthe suggested point at which the minutes Vpi closed
transition-cooling medium is normally changed from air to Vpf closed
steam. Combustor shell pressure and temperature are 165- Vpo closed
170 psia and 665-670°F at this 15% load point.) Vci closed

Vcf closed
Vco closed
V ng open

2 Start BC. Use compressed air from the gas turbine to Determined Same as previous step plus:
pressurize the PCFB and its HGF to the same pressure as by vessel and | open Vas
the topping combustor (TC). piping

volumes and
air feed rate.

3 Using compressed air from the gas turbine together witha | ~4 hrs Same as previous step plus:
start-up burner at the PCFB, establish air flow and heat the open Vpo
PCFB to approximately 1200°F with exhaust returned to
theTC.

4 Establish PCFB coal feed and ignition, gradually shut off ~6 hours Same as previous step plus:
the start-up burner, and heat the PCFB and filter Trim Vasand Vab to increase
approximately 1600 °F. flowto TC.

Trim Vpi

5 Begin natural-gas-topped PCFB operation. Same as previous step plus:

close Vab

6 Use compressed air from the gas turbine to pressurize the Determined Same as previous step plus:
carbonizer and its HGF to the same pressure as the topping | by vessel and | open Vci
combustor (TC). piping

volumes and
air feed rate.

7 Using compressed air from the gas turbine together with a ~6 hrs Same as previous step plus:
start-up burner in the carbonizer, heat the carbonizer and open Vcf
bed to about 1200 °F at arate of approximately 150 °F/hr.

Activate the slurry water spray as required to keep the
temperature of the syngas entering the filter below 600 °F
to avoid combustion of any char inadvertently remaining in
the downstream system. Carbonizer warm-up exhaust gas
issent toflare.

8 Establish carbonizer coal feed and ignition, immediately ~6 hrs Same as previous step.
ramp to stoichiometric conditions. Gradually turn off the Trim Vci and Vcf asrequired.
start-up burner and heat the carbonizer and hot gasfilter to
approximately 1600 °F at arate less than 150 °F/hr.

9 To convert from stoi chiometric to substoichiometric ~2 hrs Same as previous step.
operation. Ramp coal flow rate and adjust syngas pressure Trim Vci and Vcf asrequired.
to match TC pressure.

10 | Begin syngas-topped PCFB operation. Shut off natural gas Same as previous step plus:

flow to combustion chamber.

Reduce Vng to zero
open Vco
closeVcf and Vng
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Plant Turndown.

Table 2.7.3.3 describes the tentative turndown procedure for the complete

plant. Maximum and minimum ar flows to and from the W501G compressor and turbine will be
consstent with normal SWPC practice.

Table 2.7.3.3 Plant Turndown Sequence

Step Activity Hours ValveLineup
1 Reduce gas turbine load by reducing syngas feed rate while Vasopento BC
closing the GT guide vanes to maintain constant exhaust Vabclosedto TC
gastemperature. Reduce carbonizer coal and char flows Trim Vpi
while increasing coal feed to PCFB to maintain the PCFB Vpf closed
temperature around 1600 °F. Operate Vpi and Vco Vpo open
together to maintain proper flow balance between Vci open
carbonizer and PCFB. Vcf closd
(At the end point of this step, GT inlet air flow is about 70- TrimVco
75% of GT baseload value, and GT net power is about Vng closed
65% of GT baseload value. Combustor shell pressure and
temperature are 200-210 psia and 720-730 °F.)
2 Reduce syngas feed rate to reduce GT power output to Same asin previous step.
about 15% GT load.
(At the end point of thisstep, GT net power is about 16%
of GT baseload value. Since GT power is above 15%, the
transition cooling medium does not need to changefrom
steam to air. Combustor shell pressure and temperature are
165-170 psia and 665-670 °F.)
3 Reduce coal flow to PCFB to reduce PCFB steam Same asin previous step.

generation. GT conditions unchanged.
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Plant Normal Shutdown.

Table 2.7.3.4 describes the normal shutdown procedure for the

complete plant. Maximum and minimum ar flows to and from the W501G compressor and
turbine during shutdown are consistent with norma SWPC practice.

Table 2.7.3.4 Plant Normal Shutdown Sequence

Step Activity Hours ValveLineup

1 Reduce power to 25% of rated plant load using the Vasopento BC
procedure described under "Plant Turndown." Vabclosedto TC

Trim Vpi
Vpf closed
Vpo open
Vci open
Vcf closed
TrimVco
Vng closed

2 Gas turbine power will be just above 15% of rated load. Same as prior step.
Switch from steam cooling to air cooling of the GT
transition.

3 Cut off coal and air flow to the carbonizer and char transfer Same as prior step, plus:
to PCFB. Close Vdi, Vco and char transfer

valves

4 Open natural gas flow to TC to enable GT operation after Same as prior step, plus:
the syngas was pulled out. Open Vng

5 With the carbonizer isolated and topping combustion Same as prior step.
ended, reduce coal flow to the PCFB.

Switch on the start up burner during the reduction in coal
flow (coal will be cut off at 1450 °F) to provide reduced
steam flows to hasten the cool-down of the steam turbine.
Continue minimum steam generation viathe startup
burner.

6 Once the steam turbine has cooled, Shut off the start up Same as prior step.
burner.

7 Divert part of the air flow from the PCFB to the TC. Purge Same as prior step, plus:
the PCFB leg of the plant with air. Partially open Vab

Partially close Vas

8 Asthe PCFB leg of the plant depressures to ambient, Same as prior step, plus:
simultaneously depressure the carbonizer leg of the plant to Open Vcf
theflare.

9 Once the carbonizer leg of the plant has depressurized, Same as prior step, plus:
purgeit of al syngas by twice pressurizing it to 3 bar with Close Vcf, then
nitrogen, then vent to flare to remove remaining syngas. Open Vcf

10 | Drainand cool all char from the carbonizer leg of the plant
and transfer to char day bins at PCFB boiler.

11 | Plant cool down can be speeded up by using:

a. Cool Down Blower BI-101 to blow cold air through
the PCFB leg of the plant.

b. Pressurizing carbonizer leg of plant to 3 bar with
nitrogen and using the syngas recycle system to
continuously circulate cool nitrogen.
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Plant Abnormal Shutdown. Loss of load from either a generator trip or loss of grid demand is
expected to represent the most severe trandent for the plant. Table 2.7.3.5 presents a shut down
procedure for such an occurance; this procedure is essentidly identica to that developed for and
found to be suitable for a 2" Gen PFB plant operating with a Siemens Westinghous 501F gas
turbine [2-1]. Maximum and minimum ar flows to and from the W501G compressor and turbine
during abnormal shutdown are cong stent with normal SWPC practice.

Table 2.7.3.5 Plant Abnormal Shutdown Sequence

Step Activity Hours ValveLineup
1 The following valve actions happen simultaneously. Vasclosedto BC
Shunt compressor exit to topping combustor (Switch valve Vabopento TC
Vas& Vab) Vpi closed
Shut off air to carbonizer (Close Vci) Vpf open
Shut off air to PFBC (Close Vi) Vpo closed
Depressure plant at slow controlled rate viavalves Vcf and Vci closed
Vpf Vcf open
Vco closed
Vng closed
2 Purge and cool down plant by steps9 through 11 of Table
2.7.34.

28 RELIABILITY AND AVAILABILITY ASSESSMENT

The raionde for undertaking a rdiability, avalability, and maintaingbility (RAM) assessment of
a 2" Generation PFB Combustion Plant is that, like any power-generating unit, it is capita-
intensve and a complex combination of dectricd and mechanica components subject to random
falure as wel as wear. Additiondly, a highly efficdent unit such as the basdine plant will be
high on any utility's commitment schedule (i.e, it will be scheduled to operate whenever it is
capable of operation, a the highest capacity available). For these reasons it is desrable not only
to determine what proportion of time the basdine plant can produce power, but dso to take cost-
effective measures to increase plant availability to the maximum feasible leve.,

RAM techniques have been agpplied in the dectric utility industry for severd decades and have
reeched a mature date, with standard and generdly accepted definitions of terminology and
methodology. The North American Electric Reliability Council (NERC) has a higtoricd database
on the performance of power plants and their components for al present-day methods of power
generation, ranging from fossl and nucdlear base-load steam plats to load-leveing units such as
pumped storage. The Council publishes Generating Availability Data Summary reports, which
include the annud and 10-year performance of various types of generating units and ther
components. EPRI  has developed assessment methodologies for advanced generaion
technologies, such as gadfication combined cycles, and has developed computer programs such
as UNIRAM for RAM assessment.

The origind basdine plant desgn was the subject of a detaled RAM andyss that is presented

and described in [ES-1]; that study used utility-accepted RAM  methodology and EPRI's
UNIRAM computer code. Component data from the NERC data summary and EPRI databases
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supplemented by engineering estimates for new components, were used to determine the RAM
indices for the basdine plant. In addition to overal plant RAM measures, the criticdity ranking
option of the UNIRAM computer code was used to determine the 15 components that have the
greatest impact on plant rdiability.

A repeat detailed RAM analysis of the updated basdine plant design was beyond the scope of
this study. The origind anaysis found that an n"/mature 2" Generation PFB Combustion Plant
should perform gmilar to a date-of-the-at PC plant with sulfur-remova equipment and should
be acceptable to utility planners as an dternative technology for meeting NSPS when ingaling
additiond system cgpacity. Since the updated plant design is technologicaly and component-
wise essartidly identical to the origina basdline design, this finding till gppears reasonable.
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Section 3
PLANT ECONOMIC ANALYSIS

This section describes the approach, basis, and methods that were used to perform an economic
evdudion of the 2% Gen PFB basdine plant. The results of this effort are presented a the
composite leve--expressed as the levelized Cost of Electricity (COE), and a the component
leve--conggting of the capitd cost and operating costs and expenses, including fud cost. Reaults
of this evauation based on a 30-year life are summarized in Table 3.0.1.

The evaduation gpproach is summarized in the following section. Succeeding discussions
examine the components of the COE in the order they were developed and presented in Table
3.0.1.

Table 3.0.1 Summary of Capital Costs and Economics of
2" Gen PFB Baseline Combustion Plant*

[tem Y[e)?)ﬁérogz Unit Cost

Total Plant Cost (TPC) 517,182,000 1,083 $/KW
Operating and Maintenance 20,994,000 44.0 $/KW-yr
Consumables 10,030,000 3.00 millskWh
Fuel 29,957,000 8.95 millskWh
Leveized Busbar COE 41.9 millgkwh

*Based on net plant electrical output of 477.5 MW, an 80% capacity factor, atota plant cost
(TPC) expressed in January 2002 dollars, and firgt-year costs expressed in January 2002 dollars.
COE levdized over 30 years.

31 EVALUATION APPROACH

The figure of merit in this evauation is the COE. The capitd cod, operating costs and expenses,
and the COE were edtablished consgtent with EPRI Technicd Assessment Guide methodology,
and the plant scope identified in Section 2. The specific components of the COE, identified in
Figure 3.1.1, indicate the proportion of their contribution to COE. The cost of each component
was quantitetively developed to enhance credibility and edtablish a bass for subsequent
comparisons and modification as the technology is further devel oped.
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Figure3.1.1 Componentsof Levelized Plant COE

The carying charge vaue, the largest component of the COE, is determined directly as the
product of the fixed charge rate and the capitd cost of the plant. The approach to evauating the
capitd cost of the plant conggts of evauating the indaled equipment and materid cost of each
identified component of the plant. The sum of these individud cods, added to the edimate of
engineering services, contingencies, escaation and financing charges, and owner's codts, yielded
the total capitd requirement (TCR) for the plant. The generd edtimate bads and assumptions are
identified below:

Tota plant cost vaues are expressed in January 2002 dollars.

The edimate represents a mature technology plant, or "nth plant” (i.e, it does not include
costs associated with afirgt-of-a-kind plant).

The edimate represents a complete power plant facility with the exception of the exclusons
liged in Section 3.7.

The edimae boundary limit is defined as the totd plant facility within the "fence ling"
including the barge unloading pier but terminating & the high gde of the man power
transformers.

Ste location is within the Ohio River Vdley, southwestern Pennsylvanialeastern Ohio, but
not specificaly sted within the region.

Terms used in connection with the estimate are consstent with the EPRI TAG.
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3.2

Cogts are grouped according to a process/system-oriented code of accounts, al reasonably
dlocable components of a sysem or process are included in the specific syslem account in
contrast to afacility, area, or commodity account structure.

The basis for equipment, materias, and labor costing is described further below.

Desgn enginering sarvices, incuding condruction management and contingencies  basis,
are examined in Section 3.4.

The fud cost component of the COE was developed on the basis of a sraightforward
cdculation involving the plant sze plant heat rate, coad heating vaue, cod unit cod, plant
annua operating hours, and a levdizing factor. Section 3.9.5 contans a more specific
trestment of this cdculation.

The operating and maintenance expenses and consumables costs were developed on a

quantitetive basis.

- Theoperating cost is determined on the basis of the number of operators required.

- The mantenance cos is evauaed on the bads of rdationships of mantenance cost to
initid capitd cod.

- The cogt of consumables is determined on the basis of individua rates of consumption,
the unit cost of each consumable, and the plant annua operating hours.

Each of these expenses and costs is determined on afirst-year bass and levelized & the
10-year life of the plant through application of alevelizing factor to determine the vaue
that forms a part of the COE. These costs and expenses are individualy examined in
greater detail in Section 3.9.

CAPITAL COSTS

The cepitd codt, specificdly refered to as TCR for the mature second-generation PFB
combustion power plant, was estimated using the EPRI methodology identified in Figure 3.2.1.
The mgor components of TCR consst of bare erected cod, totad plant cost (TPC), total plant
investment (TP!), and owner's costs.

The capital cost was determined through the process of edimating the cost of mgor equipment
items, components, and bulk quantities identified. A Code of Accounts was developed to provide

the

required dructure for the esimate. The Code facilitates the consstent alocation of individud

costs that were developed by various companies. The sdlected code structure, though not identica,
is smilar to other PFB estimate code Structures to permit cost comparisons if desired. The Code
fecilitates recognition of edimated battery limits and the scope included in each account. The
summary leve of this Codeis presented in Table 3.2.1.

The result of the evaduation process, to the level of TPC, is presented in summary form in
Table 3.2.2.The development of the vaues that congditute the TPC level of the capitd cost
edimate as wel as the TPl and TCR leves, is described in the subsections that follow. These
subsections are supplemented by identification of specific estimate exclusons and discussons of
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the gpproach used to verify that the resultant PCFB combugtion plant estimate is a good
representation of expected capital cost.

3.3 BARE ERECTED COST

The bare erected cost level of the estimate, dso referred to as the sum of process capita and
generd facilities capitd, congsts of the cost of: factory equipment, fidld materids and supplies,
direct labor, indirect field labor, and indirect construction costs.

Factory equipment or mgor equipment costing was determined by the various project team
members and Parsons determined the overdl plant costs and economics. The team member scope
of supply was.

Carbonizer and related equipment: Foster Wheder
PCFB Boiler and related equipment: Foster Whedler
Ceramic Candle/Barrier Filters. Siemens Westinghouse
Combustion Turbine Package: Siemens Westinghouse
Steam Turbine/Generator: Parsons

Bdance-of-Plant (BOP) Mgor Systems. Parsons

Parsons obtained budgetary quotes for severa magor BOP equipment items. Upon receipt of each
individual quote, its vaue was compared with the expected vaue for that component or system
to confirm that cost levels were gppropriate and to verify that the quoted scope represented the
required scope. The list of mgor BOP equipment that was costed on the basis of vendor quotes
includes:

Cod and sorbent handling, including the barge unloader
Cod, sorbent, and ash storage silos

Deaerator and heat exchangers

Magor pumps, blowers, and compressors
Water-treating packages

Oil and water storage tanks

Stack

Condenser

Cooling tower
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Field Materials and Supplies

Indirect Field Labor (e.g., Misc

Labor Services, Payroll Burden,
Tools, and Contractor Facilities)

Factory Equipment Included With Direct Labor

Indirect Construction Costs

Direct Field Labor (shown s?parately)

!

v

Bare Erected Cost
(Process Capital and General Facilities)

+

Engineering and Home Offices
Overhead and Fee

Contingencies (Process and Project)

v

Total Plant Cost (TPC)
+

Allowance for Funds Used During Construction
(Interest During Construction)

Escalation During Construction

v

Total Plant Investment (TPI)
(at in-service date)

+

Prepaid Royalties (None)

Preproduction (Start-up) Costs

Inventory Capital (Working Capital)

Initial Catalyst and Chemical Charges

Land

v

Total Capital Requirement (TCR)

Figure 3.2.1 Components of Capital Cost
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Table 3.2.1 Code of Direct Accounts Summary

Account Number Account Title
1 COAL and SORBENT HANDLING
11 Cod Recaving and Unloading Equipment
1.2 Cod Stackout and Reclaim Equipment
1.3 Coa Storage Bin and Yard Crushers
14 Other Coal-Handling Equipment
15 Sorbent Receiving and Unloading Equipment
1.6 Sorbent Stackout and Reclaim Equipment
1.7 Sorbent Conveyors
18 Other Sorbent-Handling Equipment
1.9 Cod and Sorbent Handling Foundations
2 COAL and SORBENT PREPARATION and FEEDING
21 Coal Crushing and Drying Equipment
2.2 Coa Conveyor/Storage
2.3 Cod Injection System
24 Miscellaneous Coal Preparation and Feed
25 Sorbent Preparation
2.6 Sorbent Storage and Feed Equipment
2.7 Sorbent Injection System
2.8 Booster Air Supply System
29 Cod and Sorbent Foundations
3 FEEDWATER and MISCELLANEOUS SY STEMS and EQUIPMENT
31 Feedwater System
3.2 Water Makeup and Pretreating
3.3 Other Feedwater Subsystems
34 Service Water Systems
35 Other Boiler Plant Systems
3.6 Fud Oil Supply System and Naturd Gas
3.7 Waste Trestment Equipment
3.8 Miscellaneous Power Plant Equipment
4 CARBONIZER and PCFB BOILER
4.1 Carbonizer Idand
4.2 PCFB Boiler Idand
4.3 Open
4.4 Interconnecting Pipe
45 Miscellaneous PCFB Equipment
4.6 Other PCFB Boiler Equipment
4.7 Open
4.8 Magor Component Rigging

4.9 Foundations and Supports



Table 3.2.1 (continued) - Code of Direct Accounts Summary

Account Number Account Title
5 HOT GAS CLEAN-UPand PIPING
51 Carbonizer Candle Filters
5.2 PCFB Candle Filters
53 Hot Gas Piping
54 Blowback Gas and Air Systems
5.9 Foundations and Supports
6 COMBUSTION TURBINE and ACCESSORIES
6.1 Combustion Turbine Generator
6.2 Baance Induding
Boogter Air Systems
Compressed Air Piping
Combustion Turbine Foundations
7 HRU, DUCTING, and STACK
7.1 Heet Recovery Unit
7.2 Baance Induding
HRU Accessories
Ductwork
Stack
HRU, Duct and Stack Foundations
8 STEAM TURBINE GENERATOR
8.1 Steam Turbine Generator and Accessories
8.2 Bdance Including

Turbine Plant Auxiliaries
Condenser and Auxiliaries

Steam Piping
TG Foundations
9 COOLING WATER SYSTEM
9.1 Cooling Towers
9.2 Circulating Water Pumps
9.3 Circulaing Water System Auxiliaries
94 Circulating Water Piping
9.5 Make-Up Water System
9.6 Component Cooling Water System

9.9 Circulating Water Foundations
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Account Number

10

10.1
10.2
10.3
104
10.5
10.6
10.7
10.8
10.9

11

111
11.2
11.3
114
115
116
11.7
11.8
119

12

121
12.2
12.3
124
125
12.6
12.7
12.8
12.9

13

131
13.2
13.3

Table 3.2.1 (continued) - Code of Direct Accounts Summary
Account Title

ASH/SPENT SORBENT HANDLING SYSTEMS
PCFB Bottom Ash

PCFB Fly Ash

Open

Hight Temperature Ash Piping

Other AshRecovery Equipment

Ash Storage Silos

Ash Trangport and Feed Equipment
Miscellaneous Ash Handling Equipment

Agh/Spent Sorbent Foundations

ACCESSORY ELECTRIC PLANT
Generator Equipment

Station Service Equipment
Switchgear and Motor Control
Conduit and Cable Tray

Wireand Cable

Protective Equipment

Standby Equipment

Main Power Transformer

Electricd Foundations

INSTRUMENTATION and CONTROLS
Carbonizer and PCFB Boiler Control Equipment
Combustion Turbine Control

Steam Turbine Control

Other Mg or Component Control

Signd Processing Equipment

Control Boards, Pandls, and Racks

Computer and Accessories

Ingrument Wiring and Tubing

Other Instrumentation and Control Equipment

IMPROVEMENTSTO SITE
Site Preparation

Site Improvements

Ste Fadilities
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Table 3.2.1 (continued) - Code of Direct Accounts Summary

Account Number Account Title
14 BUILDINGS and STRUCTURES
14.1 Combustion Turbine Area
14.2 Steam Turbine Building
14.3 Adminidration Building
14.4 Circulating Water Pump House
14.5 Water- Trestment Buildings
14.6 Machine Shop
14.7 Warehouse
14.8 Other Buildings and Structures

14.9 Waste- Treatment Buildings and Structures
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Table 3.2.2 Total Plant Cost Summary of 477.5 MWe Baseline Plant (Thousands of Year 2002 Dollars)

Acc't Equipment] Material Labor Bare Eng'g CM | Continge Total Plant
Erected ncy Cost
No. Item / Description Cost Cost Direct Indirect Cost H.O.& Fee | Process | Project $ $/kW
1 Coal & Sorbent Handling $10,153 $2,347 $5,265 $369 $18,133 $1,632 $0 $2,965 $22,730| $48
2 Coal & Sorbent Prep & Feed $17,534 $2,756 $7,322 $513 $28,124 $2,531 $1,533 $4,598 $36,786| $77
3 [Feedwater & Misc BOP $7,366 $6,320]  $6,213 $435 $20,334 $1,830 $0|  $3,325] $25,489| $53
Systems
4 Carbonizer & PCFB Boiler $5,382 $3,188( $13,986 $979 $71,536 $64,38( $10,832| $11,696| $100,502
5 :—?loa}tngas Cleanup & Piping $25,344 $4,785 $9,390 $657 $40,177 $3,616 $8,758 $6,569 $59,120| $124
6 Combustion / Turbine &
Accessories
6.1|Combustion Turbine Generator $50,000 $0 $2,925 $205 $53,130 $4,782 $5,791 $8,687 $72,389| $152
6.2|Balance $1,159 $1,031 $1,224 $86 $3,499 $315 $0 $572 $4,386| $9
7 HRU, Ducting, & Stack
7.1{Heat Recovery Unit $10,008 $0 $1,821 $127 $11,957 $1,076 $0 $1,955 $14,988| $31
7.2|Balance $5,501 $634 $4,680 $258 $11,072 $997 $0 $1,810 $13,879| $29
8 Steam Turbine Generator
8.1|Steam TG & Accessories $25,395 $0 $1,828 $128 $27,351 $2,462 $0 $4,472 $34,284| $72
8.2|Balance $1,632 $5,349 $4,087 $286 $11,355 $1,022 $0 $1,856 $14,233] $30
9 Cooling Water System $4,201 $4,419 $6,179 $433 $15,232 $1,371 $0 $2,490 $19,093[ $40
10 |Ash/ Spent Sorbent Handling $8,587 $5,154 $5,277 $369 $19,387 $1,745 $1,057, $3,170 $25,358| $53
11 i)éi:aesrzc?ry Electric Plant $10,349 $2,823 $7,506 $525 $21,203 $1,908 $1,156 $3,467 $27,733] $58
12 |Instrumentation & Controls $7,524 $1,598 $6,152 $431 $15,704 $1,413 $857 $2,568 $20,542| $43
13  |Improvements to Site $0 $2,829 $5,410 $449 $8,688 $782 $0 $1,421 $10,891| $23
14  |Buildings & Structures $0 $6,001 $5,411 $379 $11,790 $1,061 $0 $1,928 $14,779] $31
Total Plant Cost $238,134 $49,234|  $94,675 $6,628] $388,671 $34,980| $29,983 $63,548| $517,181| $1,083
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The ligt of quoted equipment is not complete, but it does identify the mgor quotes received. The
table presented a the end of this subsection indicates that 80 percent of the plant equipment costs
were quoted and includes recognition of quotes furnished by Foster Wheder and Siemens
Westinghouse.

Other equipment, minor secondary systems, and materids were estimated by Parsons on the
bass of models developed from data conssting of reference budgetary level vendor quotes or in-
house data conssting of other project cost data and relaionships, catdog data, and standard
utility unit cost data.

On an edimating discipline basis, other maerids and equipment were estimated in the following
manner: Piping codts for mgor systems were developed by estimating the required quantities and
aoplying agppropriate unit cods and unit manhours. Minor piping and sysem costs were
determined from modes based on data for samilar sysems that were adjusted for length and
capacity by appropriate scding factors.  Electricd and indrumentation and control  (1&C)
equipment was evaduated on the bass of reference estimates of smilar scope that were based on
quotes or current in-house cost data. The eectricd and 1&C bulk commodities (i.e, wire and
cable, conduit, cable tray, terminations) were determined on a bass smilar to that used for
evaduating the dectricd equipment. Civil and dructurd items were edtimated on the bags of
reference edimates that utilized conceptud quantities that were derived from layout plot plan
and devation drawings of the basdine plant.

The labor cogt to ingdl the PFB equipment and materids was estimated on the bass of a
combination of reference labor cost vaues and unit man hours and manhours applied to the
gopropriate quantities to arrive a totd ingalation manhours for each item or bulk quantity. The
resulting reference manhours were evaluated using avariety of wage rates.

In generd, the labor cogt in the estimate is based on a comprehensive subcontract approach and
includes direct labor cods plus fringe benefits and alocations for contractor expenses and
markup. In addition, a craft labor mix was specified for each mgor work operation with a
fraction of cost alocated to provide for the cost of congtruction equipment required for that work
operation.

The indirect labor cost was estimated at 7 percent of direct labor to recognize the cost of
condruction services and facilities not provided by the individua contractors. The latter cost
represents the estimate for miscellaneous temporary fecilities such as congruction road and
parking area condruction and maintenance, inddlation of condruction power; inddlation of
congruction water supply and generd sanitary fadilities; and generd and miscellaneous |abor
services such as jobsite cleanup and construction of generd safety and accessitems.

Figure 3.3.1 indicates the contribution of each category of cost in bare erected cost as well as an
indication of the ratio of quoted equipment to total equipment and total bare erected cost.
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Figure 3.3.1 Components of Bare Erected Costs

34  TOTAL PLANT COST (TPC)

The TPC leved of the edimate condsts of the bare erected cost plus engineering and
contingencies. Figure 3.4.1 indicates the relative contribution of each component of TPC.

The engineering cods shown in Table 3.2.2 represent the cost of architect/engineer services for
desgn/drafting and project congruction management services. The cost for the PFB plant
engineering was determined at 9 percent gpplied to the bare erected cost on an individua account
basis. The cost for engineering services provided by the equipment manufacturers and vendors is
included directly in the equipment costs.

Allowances for process and project contingencies are also considered as part of the TPC. Some
of the process technology used in the various sysems is 4ill in the deveopment Stage.
Continuing process development tends to increase the cost of plant components as problems are
discovered and resolved. In an atempt to account for the uncertainty in equipment design,
performance, and codt, a process contingency was added to the estimated cost of pertinent
components and systems.

The criteria for determining the process contingency factors was engineering judgment together

with the EPRI TAG guidelines. Specific factors were gpplied to the non-commercia components
and the resulting percentages by account level are shown in Table 3.4.1.
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Table 3.4.1 Process and Project Contingency Factors

| tem/Description Contingencv Factor; (%)
Process Project
COAL AND SORBENT HANDLING 0 15
COAL AND SORBENT PREPARATION AND FEED 5 15
FEEDWATER AND MISCELLANEOUS BOP SYSTEMS 0 15
CARBONIZER AND PCFB BOILER
Carbonizer Idand 15 15
PCFB Boiler Idand 15 15
Other PCFB Equipment 0 15
HOT GAS CLEANUP AND PIPING 20 15
COMBUSTION TURBINE/ACCESSORIES
Combustion Turbine Generator 10 15
Combustion Turbine Accessories 10 15
HRU, DUCTING AND STACK
Heat Recovery Steam Generator 0 15
HRU Accessories 0 15
STEAM TURBINE GENERATOR
Steam Turbine Generator and Accessories 0 15
Turbine Plant Auxiliaries 0 15
COOLING WATER SYSTEM 0 15
ASH/SPENT SORBENT HANDLING SYSTEM 5 15
ACCESSORY ELECTRIC PLANT 5 15
INSTRUMENTATION AND CONTROL 5 15
IMPROVEMENTSTO SITE 0 15
BUILDINGS AND STRUCTURES 0 15
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At the levd of TPC, the net effect of process contingency is an increase in TPC of nealy
63 ¥kW or nearly 6 percent. The equivdent change a the TCR level is 61/2 percent, since al
items are not directly affected by a change in TPC. At the level of COE the result would be 3
percent lower or approximatey 36.7 millskwWh. (In actudity the process contingency was
dightly higher than the above because in the cogt roll up it is subject to the 9 percent engineering
and 15 percent project contingency charges.)

Congstent with conventiona power plant practices, a general project contingency was added to
the total plant cost to cover project uncertainty and the cost of any additiond equipment that
could result from a detailed design. Based on EPRI criterig, the cost edtimate contains dements
of Classesl, I, and Il levd esimates. As a result, on the basis of the EPRI guiddines and
prudent judgment, a nomina vaue of 15 percent was used to arive a the plant nomina cost
vadue. This project contingency is intended to cover the uncertainty in the cost edimae itsdf,
wheress the process contingency covers the uncertainty in the technicd development level of
specific equipment. In both cases the contingencies represent costs that are expected to occur.

35 TOTAL PLANT INVESTMENT (TPI)

The TPl at date of start-up includes escaation of congtruction costs and alowance for funds used
during congruction, formerly caled interest during congruction, over the condruction period.
TPl is computed from the TPC, which is expressed on an "overnight” or ingtantaneous
condruction basis. For the condruction cash flow, a uniform expenditure rate was assumed, with
al expenditures taking place a the end of the year. The condruction period is estimated to be
3 years. Given TPC, cash flow assumptions, nomind interest, and escaation

rates, TPl was caculated usng:

TP =TPC[1 +i] [1]
where

I = Weighted cost of capitd, 5.0%
t = Average congruction period or 3.0years, 2=1.5

36 TOTAL CAPITAL REQUIREMENT (TCR)

The TCR includes dl cepitd necessary to complete the entire project. TCR conssts of TH,
prepaid roydties, pre-production (or start-up) cods, inventory capitd, initid chemica and
catalyst charge, and land cost:

Royadlties costs are assumed ingpplicable to the mature PFB plant and thus are not included.

Pre-production Costs are intended to cover operator training, equipment checkout, maor

changes in plant equipment, extra maintenance, and inefficient use of fud and other maerids

during plant start-up. They are estimated as follows:

- 1 month of fixed operating costs--operating and maintenance labor, adminidrative and
support labor, and maintenance materias.
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- 1 month of varidble operating cogts a full capacity (excduding fud)-- includes chemicds,
water, and other consumables and waste disposal charges.

- 25 percent of full capacity fud cost for 1 month-covers inefficient operation that occurs
during the start-up period.

- 2 pecent of TPI--covers expected changes and modifications to equipment that will be
needed to bring the plant up to full capacity.

Inventory cepitd is the vadue of inventories of fud, other consumables, and by-products,

which are capitdized and included in the inventory capitd account. The inventory capitd is

edimaied as follows Fud inventory is based on full-capacity operation for 15 days.

Inventory of other consumables (excluding water) is normdly based on  full-capacity

operaion for the same number of days as specified for the fud. In addition, an dlowance of

Y2 percent of the TPC equipment cost is included for spare parts.

Initid catayst and chemicd charge covers the initid cost of any catayst or chemicds tha

are contained in the process equipment (but not in storage, which is covered in inventory

cepitd). No vaue is shown because costs ae minima and included directly in the

component equipment capital cod.

Land cost is based on 200 acres of land, as estimated from the plot plan drawing, at $10,000

per acre.

Each of the TCR cost comporents, as well as the summary TPC components and the THI, is
shown separately in Table 3.10.2 expressed in $1000 and $/kW (net).

3.7 CAPITAL COST ESTIMATE EXCLUSIONS

Although the edtimate is intended to represent a complete PFB plant, there remain severd
qudificationg/exdusions as follows.

Sdestax isnot included (considered to be exempt).

On-gte fud trangportation equipment is not included (i.e, barge tug, barges, yad
locomotive, bulldozers).

Allowances for unusud dte conditions, such as piling, extensve dte access, excessve
dewatering, extendve inclement wesather, are not included.

Switchyard (transmisson plant) is not included. The costed scope terminates a the high sde
of the main power transformer.

Ash disposd facility is excluded, other than the 3-day storage in the ash- storage silos (the ash
disposal cost is accounted for in the ash disposa charge as part of consumables codts; refer to
Section 3.3.3).

Royalties.

3.8 ESTIMATE ACCOUNT CONSISTENCY AND ACCURACY
Even though dgnificant atention was directed & maintaining consstent and reasonable costing
gpproaches for edimating the PFB plant components and systems, supplementary comparisons

seemed advisable to verify the esimate. This PFB design study includes comparison of results to
aconventional PC-fired plant (Section 5.5).
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3.9 OPERATING COSTSAND EXPENSES

The operating costs and related maintenance expenses described in this section pertain to those
charges associated with operating and maintaining the basdline plant over its expected life.

The cogts and expenses associated with operating and maintaining the plant include:

Operating labor

Maintenance

-  Materid

- Labor

Adminigtrative and support labor
Consumables

By-product credit (if applicable)
Fud cost

The vdues for these items were determined consstent with EPRI TAG methodology. These
costs and expenses are estimated on a fird-year bads, January 2002 dollars. The first-year costs
assume normd operation and do not include the initid dat-up costs, which were computed
separately (see Section 3.6). A 10-year levelizing factor is gpplied to these fird-year costs and
expenses to arrive at gppropriate values that contribute to the total COE.

The operating labor, maintenance material and labor, and other labor-rdated costs are combined
and then divided into two components. fixed O&M, which is independent of power generation,
and varidble O&M, which is proportiona to power generation. The fird-year operating and
maintenance cost estimate alocation is based on the plant capacity factor.

The other operating cogts, consumables and fuel, are determined on a daily 100 percent operating
capacity bass and adjusted to an annua plant operation bass, equivdent to operating a 100
percent load for 80 percent of the year (plant capacity factor).

The development of the actual vaues was performed on a Parsons modd that is consstent with
TAG. The inputs for each category of operating costs and expenses are identified in the
succeeding subsections dong with more specific discusson of the evaduation processes. The
results of these evauations are included in Table 3.10.2 expressed on a firs-year bads in terms
of absolute cost and unit codt, either as millskWh or $kW-yr, and on an equivdent leveized
basis.

3.9.1 Operating Labor
The cost of operating labor was edtimated on the basis of the number of operating jobs (OJ)

required to operate the plant (on an average-per-shift bass). The operating labor charge (OLC)
expressed in firgt year $kW was then computed using the average labor rates:
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(OJ) x (labor rate x labor burden) x (8760 h/yr)

OLC = (net capacity of plant a full load in kW)

Table 3.9.1.1 indicates the number of operaing jobs, the operating labor rate, and the operating
labor burden that were used to determine the first-year operating labor cost. The operating labor
requirements were determined on the bass of in-house representative data for the mgor plant
sections (eg., cod handling, steam turbine plant). These data were supplemented by estimates of
the manpower required for the carbonizer, PCFB, and HGCU sections to arive at totd plant
operating requirements.

3.9.2 Maintenance

Since the devdopment of the maintenance labor and maintenance materid cods ae
interrdlated in this methodology, their cost bases are discussed together. Annua maintenance
costs, according to EPRI methodology [ES-2], are estimated as a percentage of the instaled
capitd cost. The percentage varies widdy, depending on the nature of the processng conditions
and the type of design.

Table 3.9.1.1 Baseline Plant Operating Labor Requirements

Operating Labor Rate (Base): 27.50 $/h
Operating Labor Burden: 30% of base
Labor Overhead Charge Rate: 25% of labor

Operating Labor Reguirements (Operating Jobs) per shift:

Category Totd Plant
Skilled Operator 3.0
Operator 19.0
Foreman 1.0
Laboratory Technicians, €tc. 3.0
Totd Operating Jobs 26.0

On the bass of engineering judgement, Parsons in-house data, and EPRI guidelines for
determining maintenance cods, representative vaues expressed as a percentage of system cost
were ecified for each mgor sysem. The raes were gpplied agang individua edtimate
accounts and are summarized by mgor sysem in Table 3.9.2.1. Using the corresponding TPC
vaues, a totd anud (fird-year) maintenance cost was cdculated, including both materid and
labor components.

Since the maintenance codts are expressed as maintenance labor and maintenance materias, a
maintenance labor/materids raio of 40:60 was used for this breakdown. The operating costs,
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excluding consumable operating codts, are further divided into fixed and variable components.
Fixed costs are essentidly independent of capacity factor and are expressed in $kW- yr. Variable
costs are incremental, directly proportiona to the amount of power produced, and expressed in
millskWh. Separation of operating codts into fixed and variable components was based on the
assumption that the portion of the operating cost that is fixed is proportiond to the expected
nomina capacity factor for the plant. The baance of the cost is expressed as a vaiddle
component. The assumption is predicated on EPRI guidelines and other utility experience tha
indicates that base-loaded plants tend to have a reatively high fixed component of the operating
cost, whereas pesking and intermediate plants have high variable components that correlate with
the capacity factor. The equations for these caculations are:

Fixed O&M = Capacity Factor (CF) x Total O&M ($/kW- yr)
Variable O&M = [(1-CF) x Total O&M (kW yr) x 1000 mills/$]/(CF x 8760 hlyr)

The adminigtrative and support labor cogt is the only O&M overhead charge included in the cost

dudies. It is a charge for adminidrative and support labor, which is taken as 25% of the
operating and maintenance labor. General and adminigtrative expenses are not included.
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Table 3.9.2.1 - Baseline Plant Maintenance Factors

Item/Description Maintenance
Per cent
COAL AND SORBENT HANDLING 2.6
Coa and Sorbent Prep and Feed 31
Feedwater and Miscellaneous BOP Systems 19
CARBONIZER AND PCFB BOILER
Carbonizer 5.0
PCFB Boiler 4.5
Other PCFB Equipment 1.8
Hot Gas Cleanup and Piping 6.7
COMBUSTION TURBINE/ACCESSORIES
Combustion Turbine Generator 35
Combustion Turbine Accessories 14
HRU, DUCTING AND STACK
HRU 2.0
HRU Accessories 1.4
STEAM TURBINE GENERATOR
Steam Turbine Generator and Accessories 15
Turbine Plant Auxiliaries 18
Cooling Water System 16
AdhV/Spent Sorbent Handling System 3.2
Accessory Electric Plant 15
Insrumentation and Control 17
Improvements to Site 13
Buildings and Structures 14

3.9.3 Consumables

The feedstock and disposd costs are those consumable expenses associated with basdline plant
operation. Consumable operating costs are developed on a fird-year bass and subsequently
levelized over the 30-year life of the plan. The consumables category consss of water,
chemicas, other consumables, and waste disposa. The quantities and unit cogts that were used to
develop the corresponding cost values are indicated in Table 3.9.3.1 and examined separately.

The "water" component pertains to the water acquisition charge for water required for the plant
seam cycde, miscdlaneous services, and the ash pugmills.
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Table 3.9.3.1 Baseline Plant Consumables

Consumption/ Unit
Item/Description Initial Day Cost $
Water, 1000 gal 4,060 0.80
Chemicds
Water Treatment, Ib 9,825 0.16
Other
Dolomite, ton 24,000 946 16.50
Secondary Fud, gd 250,000 1,000 0.75
Gases, Ny, etc., /100 st 75,000 3,425 0.29
Waste Disposal
PCFB Ash Disposdl, ton 1,180 10.00
Fud, ton 3,269 31.37

The "other consumables’ component conssts of fuel oil and gases. The fud il quantity accounts
for cod drying, PCFB and carbonizer start-up heaters and miscdlaneous use plus fud for the
auxiliary boiler. The gases category is primarily for the nitrogen required for transport and
blanketing. The unit cost for gases was based on pricing furnished by an industria gas supplier.

The "waste digposd” component pertains to the cost dlowance for off-gte disposd of plant solid
wastes. The 1,180 t/d represents the totad ash generated by the basdine plant and its unit cost for
disposd is based on an adjusted EPRI value.

3.9.4 By-Product Credit

Although the ash from the PFB basdine plant can potentidly be used for road congruction,
gructurd fill, agriculturd fertilizing, etc, the economics of such uses would be highly dte
dependent. As a result no credit was taken for the potential sale of the ash from the PFB basdline
plant.

395 Fue Cost

The cod/fud cost (FC) was developed on the basis of the EPRI cost for delivered cod (FC) of
$1.26/10° Btu, the net plant heat rate (NPHR) of 7,105 BtwkWh, and the @a HHV of 12,450
Btwlb. For the cod as wel as for al feedstock and disposal codis, the quantity per day in Table
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3.9.3.1 represents the 100 percent capacity requirement, while the annual vaues indicated in
Section 3.10 are adjusted for the designated 80 percent plant capacity factor. The calculation of
firgd-year fud codt is

NPHR x kW (plant new capacity) x 24 h/d
HHV x 2000 Ib/t

Fue t/d =

Fuel Unit Cost ($/t) = HHV x 2000 Ib/t x FC/ 10°

Fuel Cost (1% year) = Fud (t/d) x Fuel Unit Cost ($/t) x 365 d/yr x 0.80 (capacity factor)

3.10 COST OF ELECTRICITY (COE)

The revenue requirement method of performing an economic andyss of a prospective power
plant is widdy used in the dectric utility industry. This method permits the incorporation of the
various dissmilar components for a potentid new plant into a single value that can be compared
with various dterndives. The revenue requirement figure-of-merit is the levdized (over plant
life) cod pile-to-busbar cost of energy expressed in millskWh. The vaue, based on EPRI
definitions and methodology, includes the TCR, which is represented in the levelized carrying
charge (sometimes referred to as the fixed charges), 10 year levelized fixed and vaiable
operating and maintenance costs, 10 year levelized consumables operating codts, and 10 year
levelized fud cod.

The bagis for caculaing capita invesment and revenue requirementsis givenin

Table 3.10.1. Table 3.10.1, the capita investment and revenue requirement summary, is the
principd cost and economics output for this study. Key TPC vaues from Table 3.22 are
combined with other dggnificant costs including operating cods, mantenance Cods,
consumables, and fuel cogt, resulting in the levelized busbar COE.

The levelized carying charge, gpplied to TCR, edtablishes the required revenues to cover return
on equity, interes on debt, depreciaion, income tax, property tax, and insurance. Levelizing
factors are gpplied to the firs-year fud, O&M, and consumables cogs to yied levelized costs
over the life of the project. A long-term inflation rate of 2.0 percent per year was assumed in
edimating the cost of cgoitd and in edimaing the life-cycle revenue requirements for other
expenses (except that fuel was escaated at 1.0 percent per year).

To represent these varying revenue requirements for fixed and variable cogds, a "levdized" vdue
was computed using the "present worth" concept of money based on the assumptions shown in
Table 3.10.1 and resulting in a leveized carying charge of 12.0 percent and a levdizing factor
of 1.28 for dl other-than-coal costs and 1.10 for coa cost.

By combining costs, carying charges, and levdizing factors, a levelized busbar COE for the

80% design capacity factor was caculated at 41.9 millskWh and reported in Table 3.10.2 dong
with the levelized congtituent values. The format for this cost calculationis:
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1000 mills'$

Power Cost (COE) = (LCC + LFOM) x CF x 8760 hiyr

where

LCC = Levdized carying charge, $/kW- yr
LFOM = Levelized fixed O& M, $/kKW- yr

LVOM = Levdized variable O&M, millskWh
LCM = Levdized consumable, millskWh

LB = Levdized by-products (if any), millskwWh
LFC =Levdized fuded cogts, millgkWh

CF = Pant capacity factor, %

+LVOM + LCM -LB +LFC
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Table 3.10.1 - Estimating Basis/Financial Criteria for Review Requirement Calculation

GENERAL DATA/CHARACTERISTICS
CaseTitle:
Unit Sze/Plat Sze
Location:
Fuel: Coa/Secondary
Energy From Primary/Secondary Fuels
Levelized Capacity Factor:
Capital Cost Year Dollars:
Délivered Cost of Coa/Secondary
Design/Congtruction Period:
Plant Startup Date(year):
Land Area/Unit Cost
FINANCIAL CRITERIA
Project Book Life;
Book Savage Vaue:
Project Tax Life:
Tax Depreciation Method:
Property Tax Rate:
Insurance Tax Rate:
Federa Income Tax Rate:
State Income Tax Rate:
Investment Tax Credit/% Eligible

Capitd Structure

Common Equity

Tax Free Municipal Bonds

Debt
Welghted Cost of Capitd:(after tax)
Escalation Rates{Apparent)

Generd Escdation:

Coal/Secondary Fue Price Escalation:

2nd Gengration PFB Basdine

477.5

80
2002
1.26

2005
20

15

0.0

20

Straight Line
1.0

1.0

0.27

1.0

None

% of Totd

10
0
90

2.5
05

MWe

BtwkWh
%
(Januery)
$MMBtu
years

(January)
acre

years
%
years

% per year
% per year
%
%
%

7.8

% per year
% per year

$10,000 /acre

__ Cost(%)

15.0
0.0
7.0
%
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Table 3.10.2 — Baseline Plant Capital Investment and Revenue Requirement Summary

TABLE 3.10.2. CAPITAL INVESTMENT & REVENUE REQUIREMENT SUMMARY

TITLE/DEFINITION 7/15/03
Case: 2nd Generation PFB Baseline
Plant Size: 477.5 (MW,net) HeatRate: 7,105 (Btu/kWh)
Fuel(type): 0 Cost: 1.26 ($/MMBtu)
Design/Construction: 4 (years) BookLife: 30 (years)
TPC(Plant Cost) Year: 2002 (January) TPI Year: 2005 (Jan.)
Capacity Factor: 80 (%)
Process Capital & Facilities 388,671 814.0
Engineering(incl.C.M,,H.0.& Fee) 34,980 73.3
Process Contingency 29,983 62.8
Project Contingency 63,548 133.1
TOTAL PLANT COST(TPC) 517,182 1,083.1
TOTAL CASH EXPENDED $517,182
AFDC 38,789
TOTAL PLANT INVESTMENT(TPI) 555,971 1,164.3
Royalty Allowance 0 0.0
Preproduction Costs 14,590 30.6
Inventory Capital . 4,252 8.9
Initial Catalyst & Chemicals(w/equip.) 0 0.0
Land Cost 200 0.4
TOTAL CAPITAL REQUIREMENT(TCR) $575,013 1,204.2
N i 1d $x1000 $/kW-yr
Operating Labor 6,692 14.0
Maintenance Labor 4,918 10.3
Maintenance Material 7,376 154
Administrative & Support Labor 2,008 4.2
TOTAL OPERATION & MAINTENANCE(1st yr.) $20,994 44.0
FIXED O & M (1st yr.) 35.17 $/kW-yr
VARIABLE O & M (1st yr.) 1.25 |mills/kWh
T less F $x1000 mills/kWh
Water 1,056 0.32
Chemicals 459 0.14
Other Consumables 5,069 1.51
Waste Disposal 3,446 1.03
TOTAL CONSUMABLES(1st yr.,-fuel) $10,030 3.00
BY-PRODUCT CREDITS(First Year) $0 0.00
FUEL COST(First Year) $29,957 8.95
T| 1K
Fixed O & M 45.0 $/kW-yr 6.4 mills/kWh
Variable O & M 1.6 mills/kWh
Consumables 1.280 3.8 mills/kWh
By-product Credit 0.0 mills/kWh
Fuel 9.4 mills/kWh
LEVELIZED CARRYING CHARGES(Capital) 144.5 $/kW-yr 20.6 mills/kWh
W 41.9 mills/kWh

30 Years at a Capacity Factor of: 80%




Section 4

ENVIRONMENTAL IMPACT

41 SUMMARY

The environmental impact of the 2" Gen PFB basdline plant described in Section 2 and located
in southwestern  Pennsylvania dong the Ohio River is addressed bedow. Generd dting
requirements are based on Federd and Commonwedth of Pennsylvania regulations. Because a
generic dte is the basis for this sudy, Ste-specific aspects of a typica environmental assessment
cannot be provided.

Table 4.1.1 identifies the basdine plant effluents and Table 4.1.2 compares its dack gas
emissions to those alowed under New Source Performance Standards (NSPS). With the baseline
plant producing 477.5 MWe net power with a 3,392 million Btu per hour heet input it is noted
that stack gas emissons are wel below NSPS dlowables. The plant operates with 97.1% sulfur
capture efficiency whereas NSPS requires only 87.1%. Similarly NOx is 1.2 versus 1.6 pounds
per hour per MWe.

The sack gas particulate emisson is 10 pounds per hour, which equates to 0.003 pounds per

million Btu of heat release, again, well beow the NSPS dlowable of 0.03. In Section 5.6 the
basdline plant emissions are compared to a conventiona PC plant.

Table 4.1.1 Baseline Plant Effluents

Stack Emissons
SO,, Ib/hr 461 (0.136 1b/10° Btu)
NOX, Ib/hr 581 (1.2 Ib/hr/MWe)
Particulate, Ib/hr 10 (0.003 Ib/10° Btu)
Solid Waste, Ib/h 98,172
Water Effluents, gal/d
Cod Pile Runoff 30,000
Dolomite Rile Runoff 4,000
Cooling Tower Blowdown 1,440,000
Boiler Blowdown 21,000

Miscellaneous 12,000
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Table 4.1.2 Comparison of NSPSand Baseline Plant Stack Emissions

Regulatory 2" Generation PFB
Standard Basdine Plant Emissons

Uncontrolled SO, 1b/10° Btu

Above 12.0 1.2 1b/10° Btu
6.0t012.0 90% Capture
At 4.64 87.1% Capture 97.1%
2.0 and below 70% Capture
NOx, Ib/hr/MWe 1.6 1.2
Particul ates, 1b/10° Btu 0.03 0.003

Most Federd emisson regulations are indexed on Btu heat input. There are, however, many dae
and locd regulaions that condder tons of pollutant emitted per year within a geographica area.
In those locations 2" Generation PFB technology becomes even more attractive because of its
high efficiency i.e. more power can be produced per ton of pollutant emitted. The following
sections present the results of a conceptud andyss of the environmenta impact of the basdine
plant and it is concluded that the 2% Generation PFB basdine has a similar but to a lesser effect
on ar qudity, geology, hydrology, water qudity, land use culturd resources vegetation,
wildlife, aguatic ecology, and other components of a proposed site as a conventional PC plant.

42 AIR EMISSIONS

In the discussions that follow, the 2" Gen PFB basdline plant burns 2.89 percent sulfur 12,450
Btwlb HHV cod a a rate of 272,406 Ib/hr dong with dolomite and produces 477.5 MW net
output with an efficiency of 48.0 percent.

421 Sulfur Dioxide

Regulatory Standards. The SO, regulaiory dandards for a combudion facility in the
Commonwedth of Pennsylvania are guided by the Environmenta Protection Agency (EPA) and
the Standards for Stationary Sources, NSPS. The EPA has given Pennsylvania the authority to
enforce NSPS.

If uncontrolled SO, emissions are 6 1b/10° Btu or higher, NSPS mandates 90% sulfur capture but
the emission can not exceed 1.2 1b/10° Btu. If uncontrolled SO, emissions are less than or equd
to 2 1b/10° Btu, a 70 percent sulfur capture efficiency is required. Between these two points there
isadiding scde for capture defined by:

Required sulfur capture=100(1- 1.2/uncontrolled SO, in Ib/10° Btu)

Assuming that the southwestern Pennsylvania area is an atanment area, a Prevention of
Sgnificant Deterioration (PSD) application must be completed and filed with the Pennsylvania
Depatment of Environmenta Resources. This gpplication will identify S0, as a mgor pollutant
(greater than 40 tlyr) requiring a PSD evduation, including Best Available Control Technology
and a computer disperson anayss of the stack emissions.

166



The ambient concentration standards for SO, are 80 nynT (0.03 ppm) annudly, 365 ny/nT (0.14
ppmM) maximum within 24 hours, and 1300 ng/nT (0.5 ppm) maximum within 3 hours. The PSD

evauation would need to show that these standards are neither violated nor approached,
(concentration within 90 percent of the standard).

Plant Emission Rates. The 2" Generation PFB basdine plant, uses dolomite in the carbonizer
and PCFB boiler to reduce SO, emissons by 97.1 percent bettering the NSPS requirements for
thiscod.

The NSPS requirement for SO, emissons is 87.1 percent capture, which equates to 0.6 b/10°
Btu.

SO, emissons are controlled by adjusting the dolomite to cod feed ratio and the plant operates
with a 1.75 cdcium to sulfur molar feed ratio. Even though the basdine plant provides a large
design margin below the dandard further reduction is possble. The bulk of the stack SO,
emisson originates from the carbonizer which operaes with 965 percent sulfur capture
efficiency compared with 99 percent for the PCFB boiler. Emathelite is injected into the
carbonizer syngas upstream of the candle filter to capture dkai vapors that would be corrosive
to the gas turbine. If further SO, reduction were desired, powdered zinc oxide could be injected
dong with the emathdite the zinc oxide would act as a polishing step and increase the
carbonizer sulfur capture efficiency to 99 percent for an overal plant capture efficiency of 99
percent. Thiswould increase capital and operating costs.

Impact Analysis. Using an 80 percent capacity factor, stack emissons of SO, from the basdine
plant tota approximately 4.4 t/d. Disperson of stack S0, emissons needs further andyses by
computer to determine the levd of ambient concentration. However, with the assumed conditions
of location and terrain, a computer anadyss would probably show a low impact that would not
endanger the ambient standards.

4.2.2 Mercury and Carbon Dioxide

Mercury (Hg) and carbon dioxide (CO,) emissons have not been induded in this andyds as
there were no regulatory standards governing their release when this study was performed. If 90
percent Hg and CO, remova should become a requirement, the basdine plant will require
processing steps to control their release; 2" Gen PFB Combustion Plants, however, are in the
unique pogtion of being able to incorporate controls either upstream of the gas turbine where gas
volumes are minima or downstream of the gas turbine where gas pressures are reduced. Some
aspects of mercury and CO;, controls are discussed in Sections 5.6.1 and 6.6.

4.2.3 Nitrogen Oxides
Regulatory Standards. Pennsylvania has aso been given authority by the EPA to enforce the

NSPS for NOx. For a new source in Pennsylvania, the NSPS limit for NOx is 1.60 I/MWh
output.
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Ambient standards for NOx are 100 ng/m3 (0.05 ppm). Gomputer disperson analyses would be
required to show the predicted ambient concentration and that the standard is not violated. In
addition, a PSD application, including computer disperson andyss, would be required for
emissions of over 40 tiyr.

Plant Emission Rates. The PCFB boiler and the gas turbine topping combustor contribute to the
gack NOx emisson. Since the basdine plant is designed for pesk efficiency, it operates with
high excess ar which yields a 50 percent excess ar leve in the PCFB bailer. Even though the
PCFB boiler utilizes staged combustion to control NOx formation, it generates the bulk of the
gstack NOx. Under these conditions the stack NOx emission would be 581 Ib/hr, which equates to
0.17 1b/20° Btu or 1.22 Ib/hr/MWe. NOx output is thus 5.6 t/day, average, a an 80 percent

capacity factor.

Impact Analysis. NOx emissons from the basdine plant are about 25 percent less than that
permitted by NSPS. Although the impact of the NOx stack emissons from the basdine plant
needs to be andyzed by computer modeling, it is expected tha it would be within ambient
standards.

4.2.3 Particulates

Regulatory Standards. Particulate standards under NSPS for a new source in Pennsylvania are
0.03 1b/10 Btu input. Primary and secondary ambient standards for particulates PM;p are 50
nym3 amnua geometric mean, and 150 nym3 maximum in 24 hours. An emissons rate
exceeding 25 t/yr would require a computer disperson andyss and a PSD application.

Plant Emissions Rates. The candle filters used by the basdine plant provide near totd filtration
with paticle collection efficiencies as high as 99.999 percent having been measured a the
Wilsonville Power Sysems Development Fecility [ES-7]. The basdine plant emisson andyss
assumes a 99.99 percent collection efficiency which yidds a sack particulate flow of 10 Ib/hr or
0.003 1b/10° Btu which well below the NSPS 0.03 1b/10° Btu limit or 102 Ib/hr.

Impact Analysis. The emissions rate of 10 Ib/h amounts to 240 Ib/d or 44 t/yr (35 t/yr a 80
percent capacity factor), requiring a PSD computer disperson andysis (over 25 tlyr) for impact
on ambient standards

4.3 SOLID WASTES
43.1 Characteristics

Spent bed materia and particulate captured by the ceramic candle filters are the two mgor
sources of solid waste dreams from the basdine plant. The amount of waste generated is a
function of fud and sorbent characteristics as well as the leve of SO, and particulate contral.
Based on design parameters previoudy presented, the basdline plant will produce approximately
49 t/h solid waste.  Approximately 345,000 t/yr would be generated at the expected 80 percent

capacity factor.
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Primary condtituents of the solid waste streams are shown in Table 4.3.1.1. Coa ash and CaSO,
make up over 60% of the solid waste production.

4.3.2 Regulatory Aspects

Solid waste disposal and any leachate generated by the plant are regulated by both Federal and
State agencies. Applicable Federal regulations include those under the Resource Conservation
Recovery Act (RCRA) and the Naiond Pollutant Discharge Elimingion Sysem. In
Pennsylvania, solid waste disposd is regulated by both the latter, which is part of the Clean
Streams Law, and the Solid Waste Management Act.

Table 4.3.1.1 Baseline Plant Ash Constituents and Production Estimates

Condtituents Ib/h

Cod ash 27,561
MgO 16,663
CaCOs 19,683
Sorbent Inerts 1,364
CaS04 33,098
Totd 98,369

Power generation wastes are specificdly excluded from Federd regulations (Subtitte D of
RCRA); however, concentraions of eight RCRA dements (arsenic, barium, cadmium,
chromium, lead, mercury, sdenium, and dlver) in the leachate from the PFB combustion plant
solid waste could result in the by-products being classfied as hazardous. Based on recent
research, usng the U.S. EPA extraction procedure, al the by-products are well below levels at
which they would be classfied toxic under RCRA regulaions. Barium, sdenium, and chromium
were present in the highest concertrations. Trace eements are discussed in detal in the
following sections. Other components of the leachate, which may be of concern in certan
circumstances, are pH, calcium, total dissolved solids, and sulfate.

Lime based sorbents injected into circulating fluidized bed boilers operating a amospheric
pressure calcine and result in free lime in the ash. Upon contact with water this lime can hydrate
to form cacium hydroxide and a level of heat release that can represent an occupationd rather
than an environmenta regulatory concern. Since the PCFB boiler operates at elevated pressure,
the high partia pressure of carbon dioxide in the flue gas prevents the lime based sorbent’'s
cacium carbonate from cacining. As a result Table 4.3.1.1 shows the unused sorbent remaining
as calcium carbonate and this potentia heat release is not a concern.

4.3.3 Disposal

As a non-hazardous material, PFB combustion plant wastes may be disposed of in a landfill and
solid waste permits will be required for the disposd dte. Handling, transportation, and disposal
are amilar to those for conventional PC plants with dry scrubbers. If water is added to the solid
waste and the materid is compacted, the permeability will be reduced, and the need for a liner to
control leachate may be diminated.
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Based on an 80 percent capacity factor and a bulk density of 80 Ib/ft®, approximately 200 acre-
ftlyr are required for landfill disposd of al ash. For the 30-year life of the plant, 6000 acre-ft are
required.

4.3.4 Adh Utilization

An dternative to disposd of PFB combugtion plant solid waste is commercid utilization. Severd
gpplications have been studied: concrete/road construction, agriculture, industry, and mining.

Prdiminary results indicate that fluidized bed combugtion spent bed materia can be used as a
no-cement concrete for mine subsidence and ventilation control, base congtruction for roadways,
and conventional concrete/standard concrete masonry congtruction. Fuidized bed combustion
plant ash has aso been used in brick making in the United Kingdom.

Vaious experiments indicate tha spent bed materid is an effective materid for liming
agricultural areas, when applied a 10 to 50 t/acre. Spent bed materid neutrdizes acidic soil and
supplements trace metas required for plant growth and has adso been used to treat industrid and
municipa wastes.

44  TRACE ELEMENT RELEASE AND TOXICITY

As with al cods and lime based sorbents the Pittsburgh # 8 cod and dolomite used by the
basdine plant contain a smdl amount of trace dements. During the partid gadficaion and
combustion steps used by the plant, a portion of these eements have the potentid for release to
the environment. An edimate of this rdease, based on literature searches and andytica
edimates, was made for the origind basdine plant and is contained in [ES-1]. In the absence of
experimental  datalmeasurements that estimate remains ressonable; it is felt that 2" Gen PFB
plant trace dement releases will be sgnificantly less than PC-fired plants and in al probability
will be gmilar to those of plants incorporating cod-fired, atmospheric pressure, circulating
fluidized bed bailers.
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SECTION 5
COMPARISON WITH CONVENTIONAL PULVERIZED-COAL-FIRED PLANT

Pertinent features of the 2"¢ Generation PFB basdine plant and a comparable conventiond
pulverized cod-fired (PC) plant are compared in this section. Specificaly, plant arrangement,
peformance,  condruction  characterigtics,  reiability, economics, and  environmentd
characteristics are compared. The PC plant sdected for comparison has a dightly higher net
output than the PFB basdine plant (506 MWe versus 477.5 MWe); the PC plant incorporates an
electrogatic precipitator (ESP), a wet flue gas desulfurization system (FGD), and low NOXx
burners together with Sdective Catadytic Reduction (SCR) to control emissions of particulate,
aulfur dioxide, and nitrogen oxides respectivdy. The PFB basdine plant operates with a 97
percent sulfur capture efficiency and a NOx emisson rate of 1.22 Ibs per megawatt of net power
produced. To permit an “apples to apples’ comparison of the two plants, the PC plant scrubber
was gzed for the same 97 percent sulfur remova efficiency and the SCR dzed for a nomina 60
percent NOx reduction to yied the same NOx emisson rae. Because the PFB basdine plant
operates with a dgnificantly higher efficiency and incorporates ceramic filters for particulate
control, the PFB basdine plant emissons ae, with the exception of NOx, sgnificantly lower
than those of the PC plant. When emisson rates are based on the megawatts of net power
produced, and as shown in Section 5.6, the PFB basdline plant:

a) SO, emissons are 19 percent lower

b.) NOx emissions are the same as the PC plant with low NOx burners and SCR
c.) paticulate emissions are 92 percent lower

d.) CO; emissonsare 17 to 19 percent lower

5.1  Plant Arrangement

Pant arrangements are a result of imposed Ste conditions, technology requirements, plant access
logidtics, and utility preference. There is not a mgor difference between ether type of plant with
regard to overdl arrangement, since most of the area required for the plant is for the cod pile,
cod ddivery/conveying systems, eectrica subdtation, cooling towers, parking, access roadways,
efc. The power idand, where the primary differences in plant arrangements occur, is only 4
percent (approximately) of the totd plant areg; thus a difference in this area is not Sgnificant as
far asland use is concerned.

5.2  Plant Site Arrangement

The dte plan for the PFB basdine plant (Figure2.3.2.1) is presented in Section 2; the PC plant
gte plan is shown in Fgure5.1.1.1. Cod is unloaded, stored, and reclamed in a smilar manner
for both plants. However, cod deivery is by barge in the basdline PFB plant, and rall n the PC
plant. Dolomite and cod in the basdine PFB plant share cod unloading equipment; in the PC
plant, limestone is delivered by rail and stored in an open pile.

The PFB main power block structures occupy about 15 percent less area relative to the RC plant;
the overdl dte area for the PFB basdine plant is gpproximatey 200 acres whereas the PC plant
occupies about 250 acres.  Both figures represent area within the plant security fence. The PFB
basdine plant thus has a smewha gmdler footprint than the PC plant.
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5.1.2 Power Idand Comparison

Table 5.1.2.1 compares some key power idand components. Although the comparisons do not
address dl interdaionships between components, shared duty, and auxiliary equipment
required by each plant, a general concluson can be drawn that the two plant power idands are
nearly equivaen.

The PFB basdine plant, however, has a dight edge its layout is more compact, primarily
because of the requirement for a scrubber in the PC plant.

5.1.3 Coal/Sorbent Storage

As shown in Table5.1.2.1 and when the PC plant values are scaled down to the same 477.5
MWe output, the PC plant coa and sorbent storage areas reduce to 458,000 and 47,000 square
feet respectively. The PFB basdine plant cod storage area is 21 percent smdler than that of the
PC plant whereas the sorbent area is about 112 percent larger. The difference in cod dtorage is
due to the efficiency advantage of the PFB basdine plant. The need for a larger sorbent storage
area for the PFB basdine plant is dtributed to its use of dolomite rather than limestone for sulfur
capture and its need to operate with a higher calcium to sulfur molar feed ratio (1.75 versus 1.1)
for the same 97 percent sulfur capture efficiency. Based on total feedstock storage area, however,
the PFB basdline plant requires about 9 percent less area.

From a sulfur capture standpoint a 2% Generation PFB plant can operate equaly well with either
limestone or dolomite; to identify the peformance and cost effects of these two different
sorbents, dolomite was selected for the PFB basdline plant and limestone was sdlected for the
Section 6.2 sendtivity study case. Since the dolomite used in this study is only 22% cadcium by
weight compared with 36 percent for the limestone, the sorbent area of the PFB basdine plant
would be about 30 percent larger than the PC plant for the same output if both were to use
limestone as their sorbents. Under this condition the PFB basdine plant would require about 12
percent less total feedstock storage area.

5.2 Performance

Table 5.2.0.1 compares the performance of the 477.5 MWe PFB basdine plant with that of the
506 MWe PC plant. The 48.0 percent efficiency of the PFB basdine plant is 9.1 percentage
points or 23.4 percent higher than the 38.9 percent efficiency of the PC plant.

The PFB basdine plant produces 48 percent of its gross power with the gas turbine and 52
percent with the steam turbing the PC plant produces al of its power from the steam turbine.
Gross steam turbine/generator power for the PFB basdine plant is 48 percent of that of the PC
plant gross power. Auxiliary losses are consderably lower for the PFB basdine plant.  1ts mgor
auxiliay savings result from the dimination of forced- and induced-drafit fans dimination of
wet scrubber losses, and reduction in cooling system pump and fan power because of the smdler
geam cycle. The heat rate of the PFB basdine plant is 19 percent lower than that of the PC
plant. When comparing actud flow rates, the PC plant values listed in Table 5.2.0.1 should be
reduced by 5.6 percent to reflect a477.5 MWe net output.
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Table5.1.2.1 Comparison of Power |sland Component/System Sizes

Second-
PC Generation
Description Reference PFB
Plant Baseline Plant
Power Production, MWe
Steam Turbine Output 547.4 259.0
Gas Turbine Output 239.5
Gross Plant Output 547.4 498.5
Net Plant Output 506.0 477.5
Building Areas, ft°
Steam Turbine Building 37,000 17,500
Gas Turbine and PFB Building 32,000
Boiler Building 30,600 0
Other Buildingsg 47,000 47,000
Total Building Areas 114,600 96,500
Other
Height of Tallest Structure, ft 240 275
Coal Storage Area (90 days), ft° 485,000 360,000
Sorbent Storage Area (90 days), ft” 50,000 100,000 *
Total Feedstock Storage, ft° 535,000 460,000 *
Total Storage Adjusted to 477.5 MWe, ft° 505,000 460,000 *

8§ Administration, control, machine shop, maintenance, warehouse.

Note 1
Note 1

Note 1 90-day storage for the baseline PFB plant is for comparison only. The baseline PFB and
PC plant layouts and costs include only 30-day coal and 35-day sorbent storage, in keeping with

current business practice.

*  these values reduce when limestone is used
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Table5.2.0.1 Performance Comparison of PC and PFB Baseline Plants

Second-
Reference Generation Percent
Description PC Plant PFB Change from PC
Baseline Plant
Overall Plant Performance:
Gas Turbine Power, MW 239.5
Steam Turbine Power, MW 547.4 259.0 -47.3
Gross Power, MW 547.4 498.5 -8.9
Auxiliaries, incl transformer 41.4 22.7 -45.2
Net Power, MW 506.0 477.5 -4.5
Net Plant Efficiency,% (HHV) 38.9 48.0 +23.4
Net Plant Heat Rate 8,775 7,105 -19.0
Btu/kwWh (HHV)
As-Received Coal Feed, Ib/h 356,650 272,406 -23.6
Other Feed, Ib/h:
Dolomite Feed 78,864 *
Limestone Feed 37,300
Acid (adipic) Feed 50
Ammonia Feed (SCR) 590
Total 37,940 78,864 * 107.9*
Water Consumption, 10° gal/day:
Cooling Tower Makeup 6,336 3,816 -39.8
Boiler Makeup/Miscellaneous 230 245 6.5
Flue Gas Desulfurization 792
Ash Pug Mill 144 *
Total Water Consumption 7,358 4,205 * -42.9
Waste Products, Ib/h:
Ash and Spent Sorbent 34,600 98,369 *
Fixed Sludge 54,600
Total Solid Wastes 89,200 98,369 * 10.3*

* these values reduce when limestone is used




Solid wastes produced by the PC plart condst of bottom and fly ash from the boiler and fixed
dudge produced by the flue gas desulfurization sysem. All solid wastes from the PFB basdine
plant are ash and spent sorbent. For the same output the PFB basdine plant generates about 17
percent more solid waste than the PC plant but, as seen in Section 6.2, when limestone is used as
the sulfur sorbent the PFB plant waste flow is only about 1 percent larger than that of the PC
plant.

53 Congruction

The cogt of erecting the PFB basdine plart is approximately 44 percent less than that of the PC
plant, the savings being attributed to a much lower field labor cost.  Although the condruction
activities of both plants are amilar in many respects, there are severd radicdly different aress
that account for most of the variationsin construction costs.

Aress of gmilarity occur primarily in the baance-of-plant category, involve approximatey the
same number of manhours, and consst of:

Stefadlities
Y ard work
Structures (excluding the steam generation module and boiler building)
Bdance-of-plant sysems
- Steam cycle equipment and subsystems
- Cooling water system
- Miscdlaneous systems
- Accessory dectric plant (equipment and bulk materids).

The mogt gSgnificant difference in plant condruction manhours and costs is dtributable to the
erection of the PC plant boiler compared with the PFB basdine plant equivdent (eg., the
carnonizer and PCFB boiler idand). The PC boiler erection effort involves in excess of one-hdf
million labor manhours—a labor requirement dictated by the fidd assembly of the boiler
package, including erection of boiler hangers, drum, waterwal pand assemblies, pressure piping,
tube-bank assemblies, downcomers, and other interconnecting piping and headers, welding of al
pressure-pipe connections, indalation of burners, and assembly of ar heaters, cod pulverizers,
and many other components.

The PFB basdine plant effort essentidly involves the rigging of a number of shop-fabricated and
assembled components and the field erection of two mgor vessds, eg., the carbonizer and the
PCFB boiler. After erection and setting of the fild-erected and shop-fabricated vessdls, they are
timmed out. Piping and dectricd scope is inddled, followed by insrumentetion, refractory
lining, insulation, painting, &c.

The second area of mgor difference is in the condruction/erection of gas clean up equipment. In
the PC plant, this activity involves the fidd assembly of the ESP and FGD sysems the
comparable PFB basdine plant efforts include the erection of shop-assembled cyclones and
ceramic filter vessds (the latter do require fidd ingdlation of their candle). Since the PFB
basdine plant gas clean up equipment operates at high pressure, dbet at higher temperature, the
net effect is that the volume of gas being ceaned in the PFB basdine plant is roughly one-
twelfth that of the gas being cleaned in the PC plant. The volumes of the clesn up devices
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involved are dso very different because of the basc desgn and opeaing difference for
instance, the ESP is roughly 1,500,000 ft% in volume, while the eight ceramic filter vessds totdl
less than 40,000 ft>.

Ancther area of condruction advantage for the PFB basdine plant is in the ash-handling system.
Although the ashthandling system in the PFB basdine plant is larger, the cost of erection labor is
lower than that of PC plant because the latter must have both wet and dry ash sysems. The PFB
basdine plant relies only on dry pneumatic systems for the collection and transport of fly ash and
bottom ash. The PC plant utilizes multiple wet systems, eg., a boiler bottom ash grinding and
duicing system and hydro-bin systems for dewatering boiler bottom ash and FGD spent reagent.

The condruction of sted dructures is essentialy the same for both plants except for the steam:
generdtion module of the PFB basdine plant and the boiler/seam turbine building of the PC
plant. The PC plant boiler building has about twice the volume. In addition, the PC bailer is hung
from the top of a structure incorporated in the building structure; the basdline plant components
are bottom supported a a much lower eevation, outsde the turbine building. Hence, the
PC-fired plant boiler building requires condderably more dructurd sed. In addition, a
ggnificantly smdler portion of the basdine plant dructure is enclosed. These factors result in the
need for a subgantidly larger fidd labor crew to complete the PC plant, even though
condruction methods are amilar in both cases. Another dgnificant difference between the two
plants is the degree of equipment setting that is accomplished in conjunction with the erection of
gructural sted. In the PC plant, the frame setting of such components as the deaerator, feedwater
heaters, and secondary ar heaters is coordinated with main building sted erection. For the
basdine plant, dl mgor component rigging will mog likely be coordinated with sted erection in
the steam+-generation module area.

An aea of plant erection that appears a firs to favor the PC plant is the erection of the
eectricity-generating equipment. The PC plant scope conssis of one 547 MWe steam
turbine/generator and accessories, whereas the basdline plant condsts of one 259 MWe steam
turbine/generator package, one 240 MWe gas turbine/generator package, and one gas turbine
exhaust heat recovery unit. The PC plant turbine/generator is fidd-erected, including ingdlation
of upper and lower casings, rotors, bearings and sedls, shells, crossover pipe, seam chests, stop
throttle valves, intercept and stop vaves, generator, exciter, E-H control system, gland sed
system, and hydrogen cooling system plus accessories. Because the turbing/generator in the PFB
basdine plant is smdler, it is more modular and requires less manpower for erection. The gas
turbine is dso modular; it is assembled from few mgor shipping modules that need much less
fidd assembly work than the PC plant turbine/generator. The gas turbine modules involved are:
(1) the combustion turbine assembly (compressor section, combustion system, and power
turbine), (2) the generator and exciter module, and (3) auxiliary equipment, consging of the
dating package assembly, the dectrica/ control package assembly, the ar-to-air cooler
assembly, and the mechanicd package assembly. In addition, the heat recovery unit is
congtructed from mgor shop-assembled shipping modules designed to minimize field erection.
Even though the PFB basdine plant generation components consst of three mgor dements,
compared with one eement for the PC plant, thar extensve shop assembly and shipping in
modules makes the totd PFB basdine plant erection effort smilar to that of the PC plant
turbine/generator erection effort. The PC plant cooling water systems and cooling tower are
goproximately one and one-hdf times the gze of those in the basdine plant. When erection of
the entire plant is congdered, the basdine plant has an advantage — a dgnificant reduction in
labor hours compared to the PC plant.
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Usng present day modularity techniques a nomind 500 MWe PC plant can be erected in as little
as 36 months. The labor hours needed to erect the PFB basdine plant, with its extensve use of
shop fabricated components (only the carbonizer and PCFB boiler require fidd assembly), are
agoproximately haf that of the PC plant. Because fewer labor hours are required it can be
expected the basdine PFB plant could be congructed in a shorter period of time. To confirm
such an expectation, however, would require preparation of a detalled congruction schedule
which was beyond the scope of this sudy. Since a new technology is involved and to insure a
conservative economic andyss, a 36-month congtruction schedule has aso been assumed for the
basdine PFB plant

5.4 Reliability and Availability Assessment Comparison

As discussed in Section 2.8, a RAM andysis was prepared in 1987 for a 2'¢ Generation PFB
basdine plant; the study concluded that upon reaching technology maturity (an “Nth” plant) the
rdiability/avalability of the PFB basdine plant should be smilar to that of a conventiond PC
plant with FGD. In the absence of actua 2% Generation PFB plant operating data, the referenced
study remains a reasonable assessment of PFB basdine plant capabilities.

5.5 Cogt/Economic Comparisons

The costs of the PFB basdline plant are presented and discussed in Section3. In Table 5.5.0.1,
the capital investment and revenue requirements of each of these plants are summarized to
facllitate a comparison of these two different technologies. The comparisons presented in the
table follow the order of the Section3 PFB basdine plant cost development; since the eectrica
output of the two plants is not exactly the same (i.e, 477.5 vs. 506 MWe), unit cost reationships
($'kW) are not in exactly the same ratio as absolute cogts. Table 5.5.0.2 presents operating costs
and economics for the two plants.
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Table 5.5.0.1 Capital Investment Comparison of PC and PFB Baseline Plants

PFB Baseline Plant

PC Plant

Percent Change from

PC Plant
Plant Size: 477.5 MW Plant Size: 506.0 MW -5.6%
(net) (net)
Fuel: Pittsburgh #8 | Fuel: Pittsburgh #8
Design/ 3.5 years Design/ 3.5 years 0%
Construction: Construction
TPC (Plant 2002 (Dec.) TPC (Plant 2002 (Dec.)
Cost) Year: Cost) Year:
Capacity 80% Capacity 80%
Factor: Factor:
Heat Rate: 7105 BtukWh | Heat Rate: 8775 BtukWh -19.0%
Cost: 1.26 $/106 Bt | Cost: 1.26 $/106 Biu
Book Life: 30 years Book Life: 30 years
TPI Year: 2003 (Jan.) TPI Year: 2003 (Jan.)
. $Basis | $/kW Basis
Description $ x 1000 $Ikw $ x 1000 $/kwW ) %)
Capital Investment:
Process Capital and Facilities 388,671 814.0 485,142 958.8 -20 -15
Engineering (including 34,980 73.3 43,663 86.3 -20 -15
Construction Management,
Home Office, and Fee)
Process Contingency 29,983 62.8 0 0
Project Contingency 63,548 133.1 79,321 156.8 -15 -22
Total Plant Cost (TPC) 517,181 1,083.1 608,126 1,201.8 -15 -10
Total Plant Investment (TPI) 555,971 1,164.3 653,735 1,292.0 -15 -10
Royalty Allowance
Preproduction Costs 14,590 30.6 15,367 30.4 -5 -1
Inventory Capital 4,232 8.9 6,383 12.6 -34 -29
Initial Catalyst and Chemicals 7,200 14.2
(with equipment)
Land Cost 200 04 250 0.5 -20 -19
Total Capital Req't (TCR) 574,993 1,204.2 682,935 1,349.7 -16 -11
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Table 5.5.0.2 Operating Cost and COE Comparison of PC and PFB Baseline Plants

Percent Change from

Description PFB Baseline Plant PC Plant PC Plant
$ Basis | $/kW Basis
% (%)
O&M Costs (1st year):
Operating Labor, $ x 1000 6,692 6,692 0 6
Maintenance Labor, $ x 1000 4,918 4,953 -1 5
Maintenance Material, $ x 1000 7,376 7,430 -1 5
Administrative and Support Labor, $ x 1000 2,008 2,008 0 6
Total O&M Costs (1st year), $ x 1000 20,994 21,084 0 6
Fixed Operating and Maintenance 35.17 33.33 6
(1st year), $IkW-yr
Variable Operating and Maintenance 1.25 1.19 5
(1st year), mills/kw
Consumable Operating Costs
(1st year less fuel):
Water, $ x 1000 1,056 1,719 -39 -35
Chemicals, $ x 1000 459 3,674 -88 -87
Other Consumables, $ x 1000 5,069 2,634 92 104
Waste Disposal, $ x 1000 3,446 3,126 10 17
Total Consumables (1st year less fuel), $ x 1000 10,030 11,152 -9 -9
By-Product Credits (1st year) -
Fuel Cost (1st year), $ x 1000 29,957 39,207 -24 -19
mills/kWh
basis
Levelized O&M Costs:
Fixed Operating and Maintenance, mills/ikWh 6.4 6.1 5
Variable Operating and Maintenance, mills’kWh 1.6 15 7
Consumables, mills/kWh 3.8 4.0 -5
By-Product Credit, kWh - -
Fuel, mills’kWh 9.4 11.6 -19
Levelized Carrying Charges (Capital), 20.6 23.1 -11
mills/kWh
Levelized Busbar Cost of Electricity, 41.9 46.4 -10
mills/kWh
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5.5.1 Capital Investment

The capital cost estimate of the 506 MWe PC plant is based on recent Parsons studies and
experience. The Total Plant Cost (TPC) estimate is $608,211,000 or $1,202/kW in 2002
dollars. A comparison between the 477.5 MWe PFB basdline plant and the 506 MWe PC
plant on a mgor account bass is shown in Table55.1.1. At this level the PFB basdine
plant is $91.0 million less or $119kW less (10 percent below the PC plant). All
comparisons are made on both a total dollar basis as well as an adjusted bas's because the
PC plant net output is 6 percent higher.

Because of the technology differences, al accounts are not directly comparable.
However, some mgor comparisons can be made. The largest difference comes from the
Account 5 gas clean up systems where the PC plant cost is $218/kW versus $124/kW for
the PFB basdine plant; a cost savings of $94/kW for the PFB basdine plant. This is
primarily due to the PC plant requirement for an FGD system for 97% SO, removd. The
PFB plant does not require any add-on systems for 97 percent SO, removal.

By combining Accounts6, 8, and 9 it is possble to compare the turbine/generator and
cooling water sysems. The combined PC plant costs are $240/kW versus the PFB
basdline plant costs of $303/kW; a cost savings of $63/kW for the PC plant.

A comparison between the buildings and sructures accounts is not possble since the
cods of the boiler building and combusion/turbine building ae not compatible.
However, the PC plant requires a much larger building for the boiler than the PFB
basdine plant requires for the gas turbine. Variations in other accounts are as expected
but are not as significant as those referenced above.

The PFB basdine plant cost estimate contains a $30 million (or 6 percent of totd)
process contingency alowance because the plant is based on new technology (in actudity
it is dightly higher because in the cost roll up it is subjected to engineering and project
contingency charges). No process contingency is included in the PC plant cost etimate as
it is based on mature technology. The overdl project contingency at 15 percent of Bare
Erected Costs and Engineering is the same for both plants.

Engineering, Congruction Management and Other Professona fees were caculated a 9
percent of the bare erected costs for both plants. Because the PC plant is dightly larger
and more codtly, the associated enginesring codts are larger ($44 million versus $35
million).

55.2 Total Plant Investment (TPI)

Table 55.0.1 shows a further comparison of costs beyond the TPC level. The overdl
comparison does not change dgnificantly between the two plants The Totd Plant
Investment (TPI) line incdludes AFUDC cogs (financing during condruction).  The
schedule for overdl plant design and condruction are smilar a 3-1/2 years each and
financing interest rates are dso Imilar. Therefore, the estimated totals are proportiond.
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55.3 Total Capital Requirement (TCR)

Added to the TPl are Roydty Allowances, Preproduction Allowances, Inventory Capita
(for Spares), Initid Catalyst, and Land Cost to produce the Total Capita Required (TCR).
Only minor differences are observed including a need for 20 percent more land for the
PC plant. The PFB basdine plant is gill about 10 percent lower than the 506 MWe PC
plant on a$kW basis.

55.4 Operating and Maintenance Costs

The PFB basdine plant is estimated to require about the same number of operators per
shift as the PC plant. Maintenance costs were determined for each cost account as a
percentage of ther tota equipment costs and divided into a 40/60 labor to materid ratio.
Where the PFB basdine plant incorporated new technologies and, in the absence of
historical data, higher percentages were used (see Table 3.9.2.1 for actual vaues used).
The fixed and varigble operating and maintenance costs shown in Table 5.5.0.2 reflect the
operating and maintenance relationships described in Section3 and show the PFB
basdine plant to be about 5 percent higher than the PC plant on a $/kW basis.

5.5.5 Consumable Operating Costs

Consumable operating costs for both the PFB basdine plant and the PC plant are
identified in Table 5.5.5.1 and include:

Makeup water required for the cooling tower, FGD system (PC plant), sseam cycle, and
severd consumptive items in the PFB plant (carbonizer steam, carbonizer syngas quench,
and ash pug mill). The evaporative cooling towers that serve as the main plant heat sink
for both plants is the largest consumer of makeup water, accounting for close to 90
percent of water consumption in each plant. The PFB basdine plant water consumption is
observed to be 44 percent less than the PC plant.

Chemicds required for each plant include those used for water treating. The PC plant
aso uses adipic acid to control pH in the wet FGD system and ammonia and catays in
conjunction with the SCR NOx reduction system. The PFB basdine plant requires 44
percent less water tretment chemicas and does not require adipic acid, ammonia, or
SCR catalyst.

A category noted as “Other Consumables’ includes sorbent (dolomite for the PFB plant
and limestone for the PC plant), secondary fuels (oil or gas) for startup, and plant gases
(nitrogen, carbon dioxide, and hydrogen). Because of its use of dolomite, the PFB
basdine plant sorbent flow rate is 111 percent larger than that of the PC plant whereas
other itemsin this category are milar.

A waste disposa category includes costs for disposing of ash from the PFB and PC plants

and dewatered FGD dudge from the latter. Because of the use of dolomite, the PFB
basdline plant waste flow is about 10 percent larger than that of the PC plant.
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Asauming an 80 percent capecity factor, the PFB basdine plant requires a tota
expenditure for consumables of $10,030,000/yr versus $11,152,000/yr for the PC plant;
when corrected for net output the PFB plant consumable cost is gpproximately 5 percent
lower on a $kW bass or 4 percent lower on a millskWh bass. When the PFB plant
operates with limestone rather than dolomite, sorbent and ash disposa costs decrease
sgnificantly and the PFB basdine plant consumables cost advantage, both on a $kW and
millskWh basis both increase to 33 percent.
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Table 5.5.1.1 Comparison of PFB Baseline and PC Plant Total Plant Costs (Year 2002 $ x 1000)

Acc't 477.5 MWe Baseline | 506 MWe PC Plant Difference From PC Plant
No. Item / Description $ $/kW $ $/kW $ $/kW %
1 Coal & Sorbent Handling $22,730] $48 $23,857 $47 -$1,127 $0 1%
2 Coal & Sorbent Prep & Feed $36,786| $77 $18,953 $37 $17,833 $40 106%
3 Feedwater & Misc BOP Systems $25,489] $53 $37,817 $75 -$12,328 -$21 -29%
4 Carbonizer & PCFB Boiler Islands $100,502[ $210 $118,361 $234 -$17,860 -$23 -10%
5 Hot Gas Cleanup & Piping $59,120| $124 $110,199 $218 -$51,079 -$94 -43%
6 Combustion / Turbine & Accessories $76,775 $161 $0 $0 $76,775 $161| #DIV/O!
7 HRU, Ducting, & Stack $28,867| $60 $28,877 $57 -$10 $3 6%
8 Steam Turbine Generator $48,517[ $102 $90,256 $178 -$41,739 -$77 -43%
9 Cooling Water System $19,093| $40 $31,189 $62 -$12,095 -$22 -35%
10  |Ash/Spent Sorbent Handling Sys $25,358| $53 $28,913 $57 -$3,555 -$4 -7%
11 Accessory Electric Plant $27,733] $58 $32,617 $64 -$4,883 -$6 -10%
12 Instrumentation & Controls $20,542| $43 $18,410 $36 $2,132 $7 18%
13 Improvements to Site $10,891 $23 $11,242 $22 -$352 $1 3%
14 Buildings & Structures $14,779] $31 $57,520 $114 -$42,741 -$83 -73%
Total Plant Cost $517,182 $1,083 $608,211 $1,202 -$91,029 -$119 -10%




Table 5.5.5.1 Consumables Cost Comparison at 80% Capacity Factor

Item / Description 477.5 MWe Baseline PFB 506 MWe PC Plant Difference from PC Plant
$x 1,000 Mills/kWh $x 1,000 Mills/kWh $x 1,000 Mills/kWh %
WATER $1,056 0.32 $1,719 0.48 -$663 -0.16 -34%
4.06 mg/d x 365 x 0.8 x $800/mg/d* 7.3 mg/d x 365 x 0.8 x $800/mg/d
Chemicals
Water Treatment $459 0.14 $825 0.23 -$366 -0.09 -40%
9,825 Ib/day x $0.16 x 365 x 0.8* 17,666 Ib/day x $0.16 x 365 x 0.8
Adipic Acid $0 0.00 $263 | 0.07 -$263 -0.07 -100%
None 350,000 Ib/yr x $0.75/Ib
Ammonia $0 0.00 186 | 0.05 -$186 -0.05 -100%
None 1,240 tons/yr x $150/ton
SCR Catalyst $0 0.00 2,400 0.67 -$2,400 -0.67 -100%
Subtotas $459 0.14 $3,674 1.03 -$3,215 -0.89 -86%
Other
Dolomite for PFB- Limestone for PC $4,560+ 1.36 $2,157 0.61 $2,403 0.76 125%
78,864 Ib/h / 2,000 Ib/ton x 24 hiday x $16.50/ton x 365 x 0.8* 37,300 Ib/h / 2,000 Ib/ton x 24 hiday x $16.50/ton x 365 x 0.8
Secondary Fuels $219 0.07 $187 | 0.05 $32 0.01 25%
1,000 gal/day x $0.75/gal x 365 x 0.8* 850 gal/day x $0.75/gal x 365 x 0.8
Gases $290 0.09 $290 | 0.08 $0 0.01 6%
3,425 cu ft/day x $0.29 x 365 x 0.8* 3,425 cu ft/day x $0.29 x 365 x 0.8
Subtotals $5,069 1.51 $2,634 0.74 S2,435 0.77 105%
Waste Disposal
Ash $3,446+ 1.03 $1,212 0.34 $2,233 0.69 202%
98,369 Ib/h / 2,000 Ib/ton x 24 h/day x $10/ton x 365 x 0.8* 34,600 Ib/h / 2,000 Ib/ton x 24 h/day x $10/ton x 365 x 0.8
Sludge $0 0.00 $1913 | 0.54 | -$1013 [ 054 -100%
54,600 Ib/h / 2,000 Ib/ton x 24 h/day x $10/ton x 365 x 0.8
Subtotals $3,446+ 1.03 $3,126 0.88 $320 0.15 17%
Totals $10,030+ 3.00 11,152 3.13 -$1,122 -0.13 -4%

*Baseline PFB Plant +These costs reduce significantly when limestoneis used
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55.6 Fud Cost

The fud cost component indicates a decided advantage for the PFB basdine plant a a 24%
lower cost and a 19% bwer $kW cost. The unit cost advantage is directly corrdated with the
difference in net plant heat rate. The lower absolute codt is a function of both the lower heet rate
and the dightly smdler plant.

5.5.7 Levdized COE Costs

The levelized component of COE vdues exhibits the same rddionships as its fird-year
counterparts. Collectively, they amount to a 10% lower COE for the PFB basdine plant (41.9vs.
46.4 millgkwh).

5.6 Environmental Comparison with Conventional PC Plant

5.6.1 Air Emissons

The 1990 Clean Air Act Amendments motiveted a mgor change in emissons control
technologies and their gpplications. For the purposes of discusson in this report, the changes in
emissons driven by the new regulations and technology applications are considered separately
for each of three mgor criteria pollutants.  SO,, NOx, and particulates. When the emission rates
for the two plants are based on a megawatt of net power produced, the PFB basdline plant emits
goproximately:

a) 19 percent less SO
b.) 92 percent less particulate
c.) 17to 19 percent less CO,

Since the PC plant has been provided with both low NOx burners and an SCR to match the PFB
basdine plant, ther NOx emissons are the same. Very smdl paticle, Hg, and CO2 controls
were not evauaed in this comparison as there were no were officidly promulgated regulations
controlling their release when this work was performed. Several Hg and CO2 control processes
amed for ingdlation on the “back end” of PC boilers are in the development/testing stage. A 2
Gen PFB Combudgion Pant is in the unique podtion of being able to incorporate control
proceses ather upstream of the gas turbine where gas volumes are minima or downstresm of
the gas turbine where pressures are close to ambient. CO2 contral is an example of this and
Section 6.6 shows the effect these two locations have on plant performance. Similarly, athough,
not evaluated, activated carbon could be used to control PFB basdine Hg emissions via a packed
bed arrangement upsiream of the gas turbine or by in duct powder injection into the gas turbine
exhaust gas. Since candle filters remove dl paticulate matter upstream of the gas turbine the
latter could be performed without contaminating the plant ash stream with used activated carbon.

Sulfur Dioxide. The 1990 Clean Air Act Amendments impose a limitation on stack gas SO,
emissons induding establishing a nationd cgp on totd SO, emissons and permitting the trading
of dlowances to accommodate individuad plant over or under control of this pollutant. In
addition to Federd law, dates have enacted and enforce local ordinances pertaining to these
emissons. As a practicd mater, most new facilities being permitted in the current time frame
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are configured to remove above 90 percent d the SO,. The PFB basdine plant and the PC plant
were both designed for 97 percent remova and yidd the comparison shown in Table 5.6.1.1.

Table5.6.1.1 SO, Emission Comparison of PC and PFB Baseline Plants

Parameter PC Plant PC Plant PFB Baseline

MWe Net 506 477.5 477.5

% Sulfur Capture 97 97 97
Btu/kwh, HHV 8,775 8,775 7,105
Heat Input, 4,440 4,190 3,392
MMBtu/hr

S02, Ib/h 618 584 473
S02, Ib/IMMBtu 0.139 0.139 0.139
S02, Ib/hr/IMWe 1.22 1.22 0.99
S02, tlyr* 2,165 2,044 1,657

*at 80% capacity factor

Oxides of Nitrogen. The permitting of eectric generating plants with respect to oxides of
nitrogen is more complex than for SO,. The permitting process for NOx includes additiond
consgderation for the effects of NOx as a precursor to the formaion of ozone which is
recognized as a harmful pollutant & ground level. The U.S. EPA has desgnated a large region
of the continental U.S. as an ozone transport region. Within the boundaries of this region, NOx
emissons ae more severdy limited than outsde the region. The so-cdled “Ozone Trangport
Region” encompasses alarge part of the U.S. east of the Missssippi River.

The permitting process for NOx within the Ozone Trangport Region involves a complex st of
rules that effectively reduces dlowable NOx emissons to very low levels. The actud emission
rate that can be permitted varies with the technology sdlected for the power plant i.e. cod-fired
deam plant, integrated cod gadfication combined cycle plant, gas-fired combugion turbine
plant, etc., aswel asthelocd jurisdiction and their willingness for compromise.

The 477.5 MWe PFB basdine plant utilizes staged combustion in both the PCFB boiler and the
gas turbine syngas combustor to yield a plant NOx emission rate of 581 Ib/hr or 1.22 Ib/IMWe.
The 506 MWe PC plant has been provided with low NOx burners and a 60.3% efficient SCR to
yied the same 1.22 Ib/MWe NOx emission rate and Table 5.6.1.2 compares the two plants.
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Table 5.6.1.2 NOx Emission Comparison-PFB Baseline versusPC with Low NOx Burners and SCR

Parameter Controied | Controlied | Unzontrolled
MWe net 506 477.5 477.5
Btu/kwh, HHV 8,775 8,775 7,105
Heat Input, MMBtu/hr 4,440 4,190 3,392
NOx, Ib/h 616 581 581
Lb/MMBtu 0.14 0.14 0.17
Lb/hr/MWe 1.22 1.22 1.22
NOXx, t/y* 2,158 2036 2036

*at 80% capacity factor

Particulate. The current state of the art for particulate removd in stack gases in a PC plant is
based on two principa technologies e.g. dectrogatic precipitators and bag filters. Both of these
technologies are capable of remova rates for particulates of 99.9 percent or better, resulting in
emissions rates of 0.031b/10° Btu. The PFB basdine plant utilizes a different type of particulate
capture device, eg., a ceramic barrier filter. These filters are capable of removd of a least 99.99
percent of the particulate matter in the gas path, resulting in emission rates of <0.003 [b/10° Btu.
The plant comparisons are presented in Table 5.6.1.3 and reved the PFB basdline plant emits 92
percent less particul ate.

Table 5.6.1.3 Particulate Emission Comparison of PC and PFB Baseline Plants

Parameter PC Plant PC Plant PFB Baseline
MWe Net 506 477.5 477.5
Btu/KWh HHV 8,175 8,175 7,105
Heat Input, 4,440 4,190 3,392
MMBtu/hr
Lb/MMBtu 0.03 0.03 0.003
Particulate, Ib/h 133.2 125.7 10.2
Lb/hr/IMWe 0.263 0.263 0.021
Particulate, t/y* 467 440 35

*at 80% capacity factor

Carbon Dioxide. At the present time, emissons of carbon dioxide are not regulated. In
addition, the U.S. withdrew its signed commitment to the Kyoto Accord, which caled for
limitations and reductions in emissons of CO, to the environment by the indudridized nations
of the world. That sad, it is dill advantageous for a technology to demondrate reduced
emissions of CO,, on an intensive (Ib/10° Btu) and extensive (tonslyear) basis, provided that the
economics of deployment and use are not compromised. Since the PFB and PC plants operate
with the same cod, ther CO, emissons per million Btu of heat input are the same, save for
differences in CO, released by their sulfur sorbents. Because of the high partid pressure of CO»,
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cacium carbonate does not cacine when it is injected into the carbonizer and PCFB boailer; just
like in FGD systems, CO, is only released from the sulfur capture reaction. Hence, when the
PFB plant uses limestone as its sulfur capture sorbent, the CO, release rate per million BTU of
heet input is the same as the PC plant. When dolomite is used as the PFB sorbent, the magnesium
carbonate component does calcine and the PFB plant CO, release rate is increased dightly.
Because the PFB plant operates with a much higher efficiency (48.0 versus 38.9 percent), the
PFB plant CO, emisson per megawatt of net power generated is 17 to 19 percent less than that
of the PC plant (see Table 5.6.1.4).

Table5.6.1.4 CO, Emission Comparison of PC and PFB Baseline Plants

PFB Baseline PFB Baseline

Parameter PC Plant PC Plant (Dolomite) (Limestone)
MWe Net 506 477.5 477.5 477.5
Btu/KWh HHV 8,775 8,775 7,105 7,081
Heat Input, 4,440 4,190 3,392 3,380
MMBtu/hr
CO2, Ib/hr 920,474 868,629 721,614 700,918
C0O2, Ib/MMBtu 207.3 207.3 212.7 207.3
CO2, Ib/IMWe 1,819.1 1,819.1 1511.2 1,467.9
CO2, tly* 3,225,341 3,043,677 2,528,535 2,456,017

*at 80% capacity factor

56.2 Solid Wastes

Solid waste produced by the PFB basdline plant fluidized bed systems differs from that produced
by the PC plant FGD sysem. Fuidized bed combustion produces a dry solids residue
conventiona FGD scrubbers produce liquid dudge, which is up to 35 percent liquid even after
primary dewatering. Further dewatering yields a solid cake product that can be handled as a
solid. Residues from fluidized bed combugtion waste are primarily spent sorbent, unreacted
sorbent, and fly ash. FGD dudge is primaily cdcum aulfite with some cdcium sulfate.  The
fluidized bed combugtion resdue can be blended for fixation/stabilization; FGD dudge hes a
tendency to re-liquefy. The quantity of solid waste produced by the PFB basdline plant operating
with dolomite is about 17 percent larger than the fly ash and dewatered waste from the PC plant
(Table 5.6.2.1). However the effect on the land may be consderably different if the FGD waste
is removed to a pond or a landfill without treatment. In that case the PC plant would produce
more waste than the PFB basdine plant operating with dolomite. Although PFB combustion
wadtes can be directly disposed of in a landfill with successful reclamation of the land, a pond
receiving FGD wadste must be committed for the operating life of the plant and beyond. When the
PFB plant uses limestone as its sorbent the PC and PFB plant waste flow rates are essentiadly
equd.
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Table5.6.2.1 Solid Waste Production Comparison at 477.5 MWe

Units E’C Plant PFB Ba;eline PEB Baseline
(Limestone) (Dolomite) (Limestone)
Ib/h 84,176 98,369 84,760
10° tly * 295 345 297
*at 80% capacity factor

5.6.3 Water Effluents

In comparing the trested wastewater effluent from the PFB basdine and PC plants, the following
assumptions were made for the latter:

Bottom ash duice wastewater is recycled through dewatering bins and a treatment system.
The only discharge to the receiving stream is the blow down from the recycle system.

The floor dran system includes aufficient capacity to collect bottom ash hopper seal water
overflow.

An SO, scrubber isincluded for trestment of flue gases.

Table 5.6.3.1 presents estimates of dally wastewater flow rates for typica waste sources for both
the PFB basdline and PC plants. The tota dally flow to be treated from the PC plant is about 70
percent larger than that from the PFB basdine plant. Table 5.6.3.2 compares waste effluents for
gpecific discharge parameters and shows that the PC plant has a much grester impact on a
recelving stream. The two factors that account for the difference in totd daly discharge flows
between the two units shown in Table 5.6.3.2 for water trestment, boiler blow down, cooling-
tower blow down, and coa- pile runoff waste sources are;

The PFB basdline plant is 9.1 percentage points higher in efficiency than the PC plant.

Only 52 percent of the PFB baseline plant power is produced by the steam turbine whereas
al the PC plant power is generated by the steam turbine.

Since the s0lid resdue from the PFB basdine plant is handled in a dry dtate by cyclones, bag
filters, and pneumatic handling equipment, there is no discharge of ash wastes to a receiving
gream. The PC plant employs a wet, bottom ash hopper in which bottom ash is duiced by
high-capacity high-head pumps to mechanicd dewaering bins Although a recycle system
reduces the tota discharge to the receiving stream, a 72,000 ga/d blow down rate is 4ill
required. Floor drains and sumps in the PFB basdine plant receive equipment drains, cooling
water, and wash down wastes only, which are estimated a 2000 gd/d. Smilar flow rates are
generated by the PC plant for the same sources, however the PC boiler requires a wet-sed trough
to sed expanding boiler wdls hung from above the unit. The boiler sed trough requires a
continuous discharge flow rate of 2 to 4 gd/min/ft of boiler hopper perimeter for cooling. The
continuous discharge is contaminated by ash, and gpproximately 500,000 gd/d ash hopper sed
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trough wastes require treatment. After removd of the particulate, this water is recycled in the
plant and asmdl continuous blowdown maintains solids concentrations within control limits.

5.6.4 TraceElement Releases

As discussed in Section 4.4 there is no 2'Y Generation PFB plant operating/test data available to
permit a quantitative comparison of PFB basdine and PC plant trace dement releases. It is fdt,
however, that the lower operating temperatures employed by the PFB basdine plant carbonizer
and PCFB boiler will result in alower, more benign release of cod trace dements. In addition it
is expected that the PFB basdine plant trace dement rdease will be smilar to that of
conventiona atmospheric pressure fluidized bed boilers.

5.6.5 Noise

Although the PFB basdine plant has severd unique aspects, conventiond acoudtical engineering
practices should suffice, and the noise levels should be comparabl e to those from a PC plant.
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Table 5.6.3.1 Comparison of Environmental Impact of Sources of Waste at 477.5 MWe (gal/d)

Waste Source PC Plant PFB Baseline Comments

Ash Transport Water 90,000 Represents blow down
from assumed recycle

Low-Volume Wastes

Water Treatment 20,000 10,000
Boiler Blowdown 39,000 21,000
Floor Drains 4,000 2,000
Ash-Hopper-Seal Water 4,000
Blowdown
Air Preheater Washes 4,000 Represents average;
occurs oncelyear at 1.4 x
10° gal
Cooling Tower Blowdown 2,320,000 1,440,000 Based on 4 cycles of

concentration, and no
treatment for recycling of
the blowdown

Material Storage Runoff

Coal Pile Storage 30,000 30,000
Dolomite Storage 4,000 4,000
Total 2,515,000 1,507,000

Table 5.6.3.2 Treated Waste Effluent Comparison at 477.5 MWe

PC Plant PFB Baseline

Parameters mg/L Ib/d mg/L Ib/d

pH 6-9 6-9
Suspended Solids 30 618 30 260
Total Iron 4 83 4 35
Oil and Grease 15 309 15 130
Total Manganese 2 41 2 17
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Section 6

SENSITIVITY STUDY

Since 2" Generation PFB Combustion Plants are a new power generation technology, an
andyss was undertaken to determine the sendtivity of its performance and economics to
dternate desgn conditions and configurations. A total of eight cases were investigated; the first
four invedtigated plant peformance and economics whereas the baance only determined
performance effects. The cases sudied are described in the following sections, summarized in
Table 6.8.1, and include the basdline plant:

Description

operating with limestone rather than dolomite

operating with 16 foot rather than 10 foot diameter filter vessds
operating with metdlic rather than ceramic candlefilters
operating with limestone and 16 foot diameter filter vessds
operating with increased steam turbine power output

operating with CO, remova downstream of the gas turbine
operating with CO, remova upstream of the gas turbine
operating with a supercritical pressure steam turbine

OO\IO"U'I-bOOI\)I—\%

6.1 LIMESTONE SULFUR SORBENT (CASE 1)

2"4 Generation PFB Combustion Plants use lime based sorbents to capture sulfur relessed during
the partid gagfication and combustion of cod. The sorbent is fed together with the cod into the
process and, in addition to being a sulfur capturing adsorbent, it becomes the bed materid for
both the carbonizer and the PCFB boiler. Both dolomite and limestone work equdly wdl as
ulfur sorbents but because their cacium contents differ, their use can yidd different plant
efficiencies and economics. To determine ther effects, dolomite was used for the basdine plant
and limestone was sdlected for the sengtivity investigation. Table 6.1.1 presents the compostion
of the limestone and, when compared to the dolomite given in Table 2.2.1.2, its cacium content
per pound of sorbent is about 62 percent higher.

Table 6.1.1 Limestone Analysis (Percent by Weight)

CaCO3 90.10

MgCO3 1.42

Inerts* 8.48
100.00

*A|203, FeOg3, TiOz, NaO, K0, etc.

Since the limestone cdcium content is ggnificantly higher then that of the dolomite, sorbent feed
rates and ash generation rates will be smdler and should result in increased plant efficiency.
Figure 6.1.1 presents a mass and energy baance for the basdine plant operating with limestone
rather than dolomite. Table 6.1.2 summarizes the performance and economics of the two plants
and Table 6.13 identifies the auxiliary power draws of the limestone plant.
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Figure6.1.1 Limestone Case Plant Mass and Energy Balance



Table 6.1.2 Effects of Limestone Sorbent on Plant Performance and Economics

Overall Plant Performance

Net Efficiency,% (HHV)
Net Heat Rate, Btu/kWh
Net Power, MWe
Auxiliaries, MWe

Gross Power, MWe
Coal Flow Rate, Ib/hr
Sorbent Flow Rate, Ib/hr
Ash Flow Rate, Ib/hr

Gas Turbine Parameters

Nominal Combustor Exit Temp,OF
Gross Power, MWe

Steam Turbine Parameters

Steam Throttle Flow Rate, Ib/hr
Reheat Steam Flow Rate, Ib/hr
Condenser Total Duty, MMBtu/hr
Gross Power, MWe

Plant Economics

Total Plant Costs, $/KW
Total Capital Requirement, $/KW

First Year Costs
Total O&M, $/kW-yr
Fixed O&M, $/kW-yr
Variable O&M, mill/lkWh
Consumables, mills/kWh
Fuel, mills/kWh

Levelized (10 yr) O&M, mills/kWh
Fixed O&M
Variable O&M
Consumables
Fuel

Levelized Carrying Charge, mills/kWh

Levelized Busbar Cost*, mills/lkWh

Limestone Sorbent

48.20
7081.00
469.51
20.00
489.50
266,920
46,657
83,340

2,700
239.50

1,364,971
1,335,074
1,270
250.00

1,085
1,207

44.70
35.77
1.28
211
8.92

6.5
1.6
2.7
9.4

20.7
40.9

* 30 years at 80%
capacity factor

Baseline

48.00
7105.00
477.56
20.90
498.46
272,406
78,864
98,369

2,700
239.50

1,384,989
1,354,234
1,270
258.96

1,083
1,204

44.00
35.17
1.25
2.83
8.95

6.4
1.6
3.8
9.4

20.6

41.9
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Table 6.1.3 Auxiliary Load Summary for Plant Using Limestone Sorbent (kWe)

Main Boost Compressor 7,210
Transport Boost Compressor 380
Fuel Gas Recycle Blower 100
Condensate Pumps 380
Feedwater Pumps 4,000
Boiler Forced Circulation Pumps 315
Circulating Water Pumps 2,070
Cooling Tower Fans 1,550
Coal Dryer Induced Draft Fan 250
Gas Turbine Auxiliaries 300
Steam Turbine Auxiliaries 300
Nitrogen Supply 0
Barge Unloading and Stacker/Reclaimer 170
Coal Handling 350
Limestone Handling 70
Coal and Sorbent Feed 30
Ash Cooling and Handling 100
Filter Boost Compressor 350
Miscellaneous Balance of Plant (Note 1) 1,000
Transformer Loss 1,070
Total 19,995
Note 1 - Includes plant control systems, lighting,
HVAC, etc.

As expected, sorbent and ash flow rates per pound of cod fired are approximately 40 and 14
percent lower respectively and the plant efficiency is 0.2 percentage points higher than the
dolomite based plant (48.2 versus 48.0 percent). The use of limestone reduces the costs of the
feed and ash systems dightly but because the net plant output dso decreased dightly the totd
plant costs are essentidly the same ($1085 versus $1083/KW). Typicaly most of a sorbent’s
delivered cogt is attributed to transportation and a $16.50 per ton cost has been assumed for both
the limestone and dolomite used in this study. The use of limestone provides about a 29 percent
reduction in the cost of consumables and yields about a 2 percent reduction in the cost of
eectricity (40.9 versus 41.7 millskwh).

6.2 Large (16 Foot Diameter) Filter Vessels (Case 2)
As discussed in Section 2.5.7 the basdine plant utilizes a tota of 6,272 slicon carbide candles to
remove entrained particulate from the carbonizer syngas and the PCFB boiler flue gas before

they reach the gas turbine. The largest filter vessd built and operated at the time of this study
was nomindly 10 feet in diameter and contained 784 candles in a four-cluster array. To be
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conservative, it was decided to use this same vessd arrangement for the basdine plant. As a
reult, the basdine plant utilizes a totd of eght nomindly 10 feet diameter filter vesss.
Alternete filter arrangements are possble and up to 1,568 candles can be placed insde of a
nomind 16 foot diameter vessd in an eght cluster arrangement. Although such an arrangement
would offer little difference in performance, it might offer a cost saving and so the economics of
a four, large vesH filter arrangement, each with 1,568 candles in an eght-cluster array, was
investigated. The two large carbonizer filter vessedls were 15.2 feet in diameter by 54 feet tdl
whereas the two PCFB filter vessals were 15.6 feet in diameter by 58 feet tdl. As with the smdl
vesse arangement, the large vessdls were shop fabricated and rail shipped to the Ste. After
setting vessdl body sections in postion, tubesheets, clusters, and candles were inddled, clusters
sed welded to the tubesheets, top heads bolted to the bodies, and interconnecting piping and
pulse cleaning skids ingdled.

Since the number of clugers, candles, and method of inddlation are essentidly identicd in both
vesse arangements, the cost savings associated with the use of large vessds is somewhat
mitigated. Despite this, the large vessd arangement yidded a $3.1 million reduction in totd
plant costs, gpproximatdy 1/3 of this savings is atributed to the vessds themsdves with the
balance atributed to fewer vessds, less piping, less floor space, etc. The maintenance cost
asociated with the large vessdls was assumed to be one percent less than that of the smdl
vessls.

As expected, the use of four nomindly 16 foot diameter rather than eight 10 foot diameter filter
vesds provided a dight reduction in total plant cods the larger filter vessd arrangement
yielded a total plant cost of $1,077/KW and a cost of eectricity of 41.7 mills per kilowatt hour
compared with $1,083/KW and 41.9 millskWh for the smd| vessd arrangement.

6.3  FiltersWith Porous Metal Candles (Case 3)

To maximize the efficiency of the basdine plant the carbonizer syngas and the PCFB boiler flue
gas are fired hot/enter the gas turbine combustor a approximatdy 1600°F. Because of the high
temperature involved, the candles that are used to gtrip these gases of entrained particulate matter
are made of dlicon carbide. Slicon carbide candles are brittle, are susceptible to temperature
shock, and have been known to bresk, hence, each candle has been provided with a fail safe
device that will quickly form a dust sedl in the event a candle bresks.

Porous metal candles made from sintered metd powders are dso commercidly available and can
be provided with internd fal safes. Being metdlic, they are more ductile and less susceptible to
temperature shock falures than glicon carbide but corroson and oxidation consderations limit
them to lower operating temperatures. When furnished in iron auminde, their manufacturer
indicates they ae suitable for both oxidizing and reducing amospheres for temperaures
gpproaching 1400°%F. By cooling the carbonizer syngas and the PCFB bailer flue gas the ceramic
candles can be replaced by metd candles. The refractory lined piping with inner metdlic liners
that connect the filter vessals to the gas turbine can aso be replaced by metallic piping.

A mass and energy bdance for the basdine plant operating with meta filters is presented in
Figure 6.3.1 and performance and economics are summarized in Tables 6.3.1 and 6.3.2. The

197



carbonizer syngas is cooled from 1800°%F to 1000°F via a fire-tube type cooler that generates
500°F cold reheat steam. The PCFB boiler flue gas is cooled from 1600°F to 1200°F by passage
over convective tube bundies that superheat steam to 1010°F. With these gases having been
cooled additiond syngas is needed to mantan the 2700°F gas turbine combustor outlet
temperature. As a result, the carbonizer operating temperature and cod flow are increased by
100°F and 7,104 Ib/hr and respectively. The increased operating temperature increases the
carbonizer carbon converson/amount of cod energy converted into syngas and, despite the
increase in cod flow, the char flow to the PCFB boiler decreases. The plant high pressure seam
generation rate decreases whereas the reheast steam flow incresses. Although the gas turbine
power output is essentidly unchanged, the steam turbine output decreases and the plant net
efficiency decreases by 2.2 percentage points (45.8 versus 48.0 percent).

The nomind 2-3/8 inch diameter by 60 inch long dlicon carbide candles were replaced by
porous metd iron duminide candles of the same overdl dimensons The 60 inch long metd
candles conssted of three 18 inch long sections hat were welded together via solid rings as well
as to a cgp on the bottom and to a flanged type end connection at the top; the latter facilitates
connection to the tubesheet. With a meta candle costing more than three times that of a dlicon
carbide candle (spproximately $1,500 versus $450), the cost of the filter system increased by
approximately 30 percent. The syngas cooler, PCFB boiler flue gas cooler, and additiond lengths
of piping/expangon loops in the filter to gas turbine piping (piping now running &
approximately 1000°F and 1200°F) adso increased the plant costs. Since the metd candles are
commercialy proven, the process contingency was reduced from 20 to 10 percent. The net result
was that the totd plant costs increased by $7.992 million or 1.5 percent yidding vaues of
$1,124/KW and 43.0 millgkWh versus $1,083 and 41.9 millskWh for the ceramic filter plant.

The above med filter andyss was based on a 60 inch candle length. Iron duminide metd
candles, however, are available in up to 96 inch lengths which, if used, might result in some cost
reduction (the longer length was not investigated as it would have necesstated a redesign of the
filter). In addition the metd candles are much thinner (nomindly 1/16 versus 3/8 inch thick),
lighter, and offer less flow redstance. If these additiond factors were to be taken into
condgderation, it is believed a more detailed analysis would result in a somewhat smaller increase
in plant costs.
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Figure 6.3.1 Metal Filter Case Plant Mass and Energy Balance



Table 6.3.1 Effect of Metal Candles on Plant Performance and Economics

Overall Plant Performance

Net Efficiency,% (HHV)
Net Heat Rate, Btu/kWh
Net Power, MWe
Auxiliaries, MWe

Gross Power, MWe

Coal Flow Rate, Ib/hr
Dolomite Flow Rate, Ib/hr
Ash Flow Rate, Ib/hr

Gas Turbine Parameters

Nominal Combustor Exit Temp,OF
Gross Power, MWe

Steam Turbine Parameters

Steam Throttle Flow Rate, Ib/hr
Reheat Flow Rate, Ib/hr
Condenser Total Duty, MMBtu/hr
Gross Power, MWe

Plant Economics

Total Plant Costs, $/KW
Total Capital Requirement, $/KW

First Year Costs
Total O&M, $/KW-yr
Fixed O&M, $/kW-yr
Variable O&M, mill/lkwWh
Consumables, mills/lkWh
Fuel, mills/kWh

Levelized (10 yr) O&M, mills/kWh
Fixed O&M
Variable O&M
Consumables
Fuel

Levelized Carrying Charge, mills’/kWh

Levelized Busbar Cost*, mills/kWh

Metal Filter

45.80
7449.00
467.36
22.15
489.50
279,510
80,920
99,390

2,700
239.50

1,139,305
1,370,920
1,270
250.00

1,124
1,249

42.40
33.90
1.21
310
9.39

6.2
1.5
4C
9.9

21.4
43C

* 30 years at 80%
capacity factor

Baseline

48.00
7105.00
477.56
20.90
498.46
272,406
78,864
98,369

2,700
239.50

1,384,989
1,354,234
1,270
258.96

1,083
1,204

44.00
35.17
1.25
3.00
8.95

6.4
1.6
3.8
9.4
20.6

41.9
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Table 6.3.2 Metal Filter Auxiliary Load Summary (kWe)

Main Boost Compressor 9,950
Transport Boost Compressor 380
Fuel Gas Recycle Blower 100
Condensate Pumps 390

Feedwater Pumps 3,340

Boiler Forced Circulation Pumps 315
Circulating Water Pumps 2,080
Cooling Tower Fans 1,600

Coal Dryer Induced Draft Fan 250
Gas Turbine Auxiliaries 300

Steam Turbine Auxiliaries 300
Nitrogen Supply 0

Barge Unloading and Stacker/Reclaimer 170
Coal Handling 350

Dolomite Handling 70

Coal and Sorbent Feed 30

Ash Cooling and Handling 100

Filter Boost Compressor 350
Miscellaneous Balance of Plant (Note 1) 1,000
Transformer Loss 1,070

Total 22,145

Note 1 — Includes plant control systems, lighting, HVA C, etc.

6.4  Limestoneand 16 Foot Diameter Filter Vessels (Case 4)

Since limestone increases the plant efficiency and a nomind 16 foot diameter filter vessd
reduces plant costs, both were combined for study. The Figure 6.1.1 mass and energy balance
and Table 6.1.3 auxiliary load summary remain gpplicable to this plant; Table 6.4.1 summarizes
plant performance and economics and reveds an efficiency of 482 percent with improved
economics, the tota plant cost reducesto $1,079 with a cost of dectricity of 40.7 millskWh.
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Table 6.4.1 Effect of Limestone and Large Filter Vessels on Plant Performance and Economics

Overall Plant Performance

Net Efficiency,% (HHV)
Net Heat Rate, Btu/kWh
Net Power, MWe
Auxiliaries, MWe

Gross Power, MWe
Coal Flow Rate, Ib/hr
Sorbent Flow Rate, Ib/hr
Ash Flow Rate, Ib/hr

Gas Turbine Parameters

Nominal Combustor Exit Temp,oF
Gross Power, MWe

Steam Turbine Parameters

Steam Throttle Flow Rate, Ib/hr
Reheat Steam Flow Rate, Ib/hr
Condenser Total Duty, MMBtu/hr
Gross Power, MWe

Plant Economics

Total Plant Costs, $/KW
Total Capital Requirement, $/KW

First Year Costs
Total O&M, $/kKW-yr
Fixed O&M, $/kW-yr
Variable O&M, mill/kWh
Consumables, mills/lkWh
Fuel, mills/kwh

Levelized (10 yr) O&M, mills/lkWh
Fixed O&M
Variable O&M
Consumables
Fuel

Levelized Carrying Charge, mills/kwWh

Levelized Busbar Cost*, mills/lkWh

Limestone and Large Filter Vessels

48.20
7081.00
469.51
20.00
489.50
266,920
46,657
83,340

2,700
239.50

1,364,971
1,335,074
1,270
250.00

1,079
1,199

44.50
35.58
1.27
2.11
8.92

6.5
1.6
2.7
9.4
20.5
40.7

* 30 years at 80% capacity factor

Baseline

48.00
7105.00
477.56
20.90
498.46
272,406
78,864
98,369

2,700
239.50

1,384,989
1,354,234
1,270
258.96

1,083
1,204

44.00
35.17
1.25
3.00
8.95

6.4
1.6
3.8
9.4

20.6

41.9
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6.5 Increased Steam Turbine Size/M aximum Power Output (Case 5)

In the 2" Generation PFB Combustion Plant a portion of the air discharging from the gas turbine
compressor is extracted and utilized to support the operation of the carbonizer and the PCFB
boiler. The unused balance of the compressor air drives and cools the gas turbine. In the basdine
plant the PCFB boiler operates with 50 percent excess air and the unused oxygen in its flue gas
supports the combustion of the syngas generated by the carbonizer. In burning this syngas the
gas turbine topping combustor operates with gpproximately 70 percent excess ar and yidds a of
4.1 percent by volume oxygen concentration in its exhaust and 7.3 percent at the stack. Although
MASB testing must be peformed to define its lower oxygen limit, Semens Westinghouse
believes the MASB will be able to operate with oxygen levels as low as 1.5 percent in its
exhaug; this will make more unused oxygen avalable for additiond coa combugtion. With the
gas turbine fully loaded the heat from the additiond cod would be used to increase the sze of
the steam turbine. Although this will reduce the gas turbine to steam turbine power ratio and,
hence, the plant efficiency, because additiond steam turbine power is rdatively inexpendve, a
lower cost of eectricity can be achieved; thiswas shown in [ES-1].

Not knowing the limit of the MASB, the plant cod flow was increased to yidd an MASB
exhaust oxygen content of 3.5 percent, a vaue that was thought to be conservetive.

Figure 6.5.1 presents a mass and energy baance for this plant named the Maximum Power
Output Case and Tables 6.5.1 and 6.5.2 identify and compare its performance to that of the
basdine plant. As seen from Table 6.5.1, a 3.2 percent increase in plant cod flow rate (8,634
Ib/hr) increases the plant net output by 2.7 percent with the increase coming from a 12 MWe
increase in gross steam turbine output. The increase in cod flow increases the char flow to the
PCFB boiler and its excess air reduces to 4.5 percent. With excess air reduced, the PCFB boiler
NOx reduces and the plant NOx reduces by about 24 percent to 0.13 Ibs per million Btu of coa
or 0.93 Ibs per net megawatt of power produced.

The increase in steam turbine power reduces the gas turbine to steam turbine power ratio from
0.92 to 0.88 and the plant efficiency drops by 0.2 percentage points from 48.0 to 47.8 percent.
Although the additiond 12 MWe of output should result in a reduction in totd plant costs and
cost of dectricity, the changes were expected to be small and were not investigated.

203



F=ntl I e s e i —— — ——— ——— o i o i ey I [ e

I el et '-Ef""l ’ 5 e -
5 — . 1 e - P T
Fo s o - 5 i| ¥ anaes
: e : prodibesd sy ..'E: = 1 g5
g H > e tas ' . g
- t - e
:- T lF : ¥ T ! I d - xh“h“-
] R - ' —
.'__ :‘__ n i - e —e— A (R
: i b ] 1] f  ——
RC ) "
] : E g - i o d 4 1
:’ : qarl_' | ﬁ = R MO BTN,
' i A 3 Ex
a7 H e oy i'g 'i : IR R S
g i e e i) T
o E o Jes i ,é R
B H : -0 i i |3 T i
w5y - - ' )
: H - 1l
: B =4 : =
; — 3. g i
Ly ]
¢ b ; i  ems
¥ Bt s " L =
i - & ML i
" “ ': : ¥ o 2
. Lo : . o g ]
L) ---ﬂ%-n&. --l-ﬁtl:“bcn"-umw%':nn"-%?.’ ﬁ, : .-'-*’ I
e L4 i ﬁ.. ]
- g,,-;,.;.':'%g—.._..,m : P
- ¥ | hﬂ% b e - -
b M i
=t [ — 1 e N =
L] fer] ...:.. L .,.g"‘_!é ----i = <
n '-.-E'Fﬂ ]
‘EE —- [ :E:: LR o "}: 1:1- ’ L"'I._I ﬂg:
L] m|mar ¥ ol =
: - B i
e - E — ' F Znd GENERATSON FILUID BED COMBLETOR
L H ok o =il h—ﬂ £ PHISE 1 TASK § CMMERLIN, PLANT LZ0MTE
s e &'ﬁ: S w EE i ] L MATIH POUER QUTPUT Dt
; o o el = : g % e o WEAT & MASE BALANCE DIAGAAM
e Lk e @ 1 | e 106 L) - 17R@"F [ARBONLTER
B &5 2 L P = = FUEL CAS TECWILE CRFIGLAATHN
= L S i o s =
o —r . XGTG-1-DK-#21-368-118 REV B
A

Figure6.5.1 Maximum Power Case Plant Mass & Energy Balance



Table 6.5.1 Effect of Reduced Excess Air on Plant Performance

Overall Plant Performance

Net Efficiency,% (HHV)
Net Heat Rate, Btu/kWh
Net Power, MWe
Auxiliaries, MWe

Gross Power, MWe

Coal Flow Rate, Ib/hr
Dolomite Flow Rate, Ib/hr
Ash Flow Rate, Ib/hr
Stack NOx, Ib/MMBtu
Stack NOXx, Ib/MWe

Gas Turbine Parameters

Nominal Combustor Exit Temp,OF

Gross Power, MWe
Steam Turbine Parameters

Steam Throttle Flow Rate, Ib/hr
Reheat Steam Flow Rate, Ib/hr
Condenser Total Duty, MMBtu/hr
Gross Power, MWe

Maximum Power

47.80
7139.00
490.31
20.60
489.50
281,040
80,959
101,450
0.13
0.93

2,700
239.50

1,453,433
1,422,659
1,325
271.40

Baseline

48.00
7105.00
477.56
20.90
498.46
272,406
78,864
98,369
0.17
1.22

2,700
239.50

1,384,989
1,354,234
1,270
258.96
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Table 6.5.2 Auxiliary Load Summary for Max. Power/Reduced Excess Air Plant (kWe)

Main Boost Compressor 6,950
Transport Boost Compressor 430
Fuel Gas Recycle Blower 100
Condensate Pumps 400

Feedwater Pumps 4,260

Boiler Forced Circulation Pumps 315
Circulating Water Pumps 2,330
Cooling Tower Fans 1,740

Coal Dryer Induced Draft Fan 260
Gas Turbine Auxiliaries 300

Steam Turbine Auxiliaries 300
Nitrogen Supply 0

Barge Unloading and Stacker/Reclaimer 180
Coal Handling 360

Dolomite Handling 70

Coal and Sorbent Feed 30

Ash Cooling and Handling 100

Filter Boost Compressor 350
Miscellaneous Balance of Plant (Note 1) 1,000
Transformer Loss 1,120

Total 20,595

Note 1 — Includes plant control systems, lighting, HVAC, etc.

6.6 CO, REMOVAL FOR SEQUESTERING (CASES6 AND 7)

The basdine plant consumes cod at the rate of 272,406 |bs/hr and, in producing 477.5 MWe of
electricity, operates with a stack CO, emisson rate of 721,614 |bs/hr. With carbon dioxide (COy)
being a greenhouse gas, future regulaions may require that power plants remove 90 percent of
their CO, for pipeline transport to a sequestering Site. CO, can be removed by “cold gaes’
technologies that cool gases to ~100°F to facilitate chemicd or physica &bsorption by liquid
solvents, these solvents are then regenerated/stripped to release a concentrated stream of CO» for
the pipeine and alow reuse of the solvents. CO, cold gas remova and compression to a 1,200
psg pipeine pressure imposes a ggnificant efficiency loss on power plants. Parsons in [ES-3]
gpplied cold gas clean up technology to the back end of a PC boiler to determine the effect of 90
percent CO, removd on plant performance and economics. With the flue gas CO, concentration
being rdatively low, a chemicd absorption, amine based solvent (inhibited MEA) was used. The
PC plant operated with a super critica pressure double reheat steam cycle (3500psig/1050°F
1050°F/1050°F) with a condenser back pressure of 2 inches of Hg.; the study showed the plant
efficiency would reduce to 28.9 percent (was 40.5 percent before CO, removal).
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MEA based CO, remova technology can aso be applied to the back end of a 2% Gen PFB
Combustion Plant for 90 percent CO, removd. Figures 6.6.1 and 6.6.2 present a mass and
energy baance (Case 6) for the basdine plant operaing with this same remova process. In this
arrangement the 274% exhaust gas from the HRU is cooled to 151°F and passed through an
absorber/dtripper syssem where it is contacted by a leen agueous MEA solution that chemicdly
and sdectively absorbs the CO,. The CO; laden solution is then regenerated/stripped of CO, by
heating with low temperature steam (322°F at 65 psid). The redeased CO, is cooled, dried, and
then compressed to 1200 psg for pipeine trangport. Tables 6.6.1 and 6.6.2 identify and
compare the performance of this plant with the basdine. The regeneration of te MEA solution
requires a large amount of heat to break the CO, chemica bond and a 1,325,920 Ibs/hr stripping
steam requirement reduces the seam available for power generation. As a result the gross steam
turbine power output drops from 259 MWe to 150.8 MWe and, with a dgnificantly higher
auxiliary power draw (CO, compressor requires 27.89 MWe), the plant efficiency drops from
48.0 to 33.1 percent. The resulting efficiency, however, is gill dgnificantly higher (33.1 versus
28.9 percent) than that of the PC plant operating with a more advanced steam cycle and a lower
steam condenser back pressure. The use of cold gas cleanup, it must be pointed out, will
increese 2" Gen PFB plant sulfur capture efficiency to over 99 percent and reduce NOx
emissonsto near angle digit ppm vaues.
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Table 6.6.1 Effect of Post Gas Turbine CO, Removal on Plant Performance

Overall Plant Performance

Net Efficiency,% (HHV)
Net Heat Rate, Btu/kWh
Net Power, MWe
Auxiliaries, MWe

Gross Power, MWe

Coal Flow Rate, Ib/hr
Dolomite Flow Rate, Ib/hr
Ash Flow Rate, Ib/hr

Gas Turbine Parameters

Nominal Combustor Exit Temp,oF

Gross Power, MWe
Steam Turbine Parameters

Steam Throttle Flow Rate, Ib/hr
Reheat Steam Flow Rate, Ib/hr
Condenser Total Duty, MMBtu/hr
Gross Power, MWe

(1) steam at 1414 psia and 1000F
(2) steam at 2414 psia and 1050F

Post GT
Removal

33.10
10305
329.24
61.08
390.31
272,406
78,864
98,369

2,700
239.50

1,629,810(1)
NA

450

150.81

Baseline

48.00
7105
477.56
20.90
498.46
272,406
78,864
98,369

2,700
239.50

1,384,989(2)
1,354,234
1,270
258.96
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Table 6.6.2 Auxiliary Load Summary for Post Gas Turbine CO, Removal Plant (kWe)

Main Boost Compressor 7,560

Transport Boost Compressor 420

MEA CO, Removal 2,730

Stand Alone Carbonizer Air Compressor 0
CO, Compressor 27,890

Fuel Gas Recycle Blower 100

Flue Gas Blower 13,280

Condensate Pumps 440

Feedwater Pumps 2,510

Boiler Forced Circulation Pumps 315
Circulating Water Pumps 1,150

Cooling Tower Fans 900

Coal Dryer Induced Draft Fan 250

Gas Turbine Auxiliaries 300

Steam Turbine Auxiliaries 300

Nitrogen Supply 0

Barge Unloading and Stacker/Reclaimer 170
Coal Handling 350

Dolomite Handling 70

Coal and Sorbent Feed 30

Ash Cooling and Handling 100

Filter Boost Compressor 350

Miscellaneous Balance of Plant (Note 1) 1,000
Transformer Loss 860

Total 61,075

Note 1 — Includes plant control systems, lighting, HVAC, etc.

In the above arrangement CO, remova occurred downstream of the gas turbine where CO, gas
concentrations are a minimum and gas volumetric flows are a maximum. If the syngas and PCFB
boiler flue gas are cooled before they reach the gas turbine, CO, gas concentrations are higher
(diluting gas turbine combustion and cooling ar flows are diminaed) and the 275 psa gas
turbine inlet pressure markedly reduces the gas volumes to be processed. With the latter dso
increasing the CO, partid pressure, physca absorption solvents (such as Sdexaol) may aso be
goplicable. Screening caculations, firs usng Sdaxol and then usng Amine Guard FS solvents,
were performed by UOP which indicated the latter chemica absorption solvent would be the
more economicd choice. Since optimization would require an extensve sudy, UOP provided
rough Szing factors that would dlow an edimation of the plant performance with pre-gas turbine
CO, removd.
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In the pre-gas turbine CO, remova case the carbonizer syngas and PCFB boiler flue gas streams
would be cooled to ~100F via a series of heat exchangers and, during the cool down, the g/ngas
would be humidified and water gas shifted to convert its CO to CO». Each cooled stream would
enter its own absorption system where the amine solvent would absorb the CO,. The two gas
sreams with 90 percent of their CO, removed would then be separately reheated, saturated with
water vapor, and supplied to the gas turbine. The two CO, rich solvent streams would be sent to
a flash tower operating at about 30 psia and then onto a dripper where the solvent is heated by
steam. The gases released in the Stripper are fed to the flash tower and the now CO, lean solvent
is pumped/fed back to the absorption towers after reheating. The gases from the flash tower
proceed onto the acid gas unit for processng and eventua compression to the 1200 psig pipe line
pressure. Assuming the same lllinois No 6 coa and 2 inch condenser back pressure used in [ES-
3], but keeping the basdine plant steam conditions and G class gas turbine, FWDC's proprietary
computer models indicate the plant efficiency with pre-gas turbine CO, remova (Case 7) would
increase to 354 percent. Since the 354 percent efficiency is based on rough sizing factors,
rather than the intendve andyss UOP requires, the result is consdered prdiminary and a
detailed mass and energy balanceis not provided.

The above analyses show that 2" Gen PFB Combustion Plants can incorporate CO, removing
technologies ether up dream or downsream of the gas turbine and ther resulting plant
efficiencies will be sgnificantly higher than a PC plant dso designed for CO, remova. Hence,
29 Gen PFB Combustion Plants are in the unique position of being able to accommodate
whatever proven or emerging technology is found to be optimd for power plant CO, removd.

6.7  Supercritical Pressure Steam Turbine (Case 8)

The steam cycle of 2" Gen PFB Combustion Plants receives its hest primaily from the PCFB
boiler and to a lesser extent from the gas turbine exhaudt; the former, with its 1600°F operating
temperature, is a source of high-grade heat that dlows the plant to operate with the most
advanced steam conditions. The basdine plant operates with a subcritica pressure steam cycle
and Figure 6.7.1 presents a mass and energy baance for the plant operating with a super critica
pressure double reheat steam turbine (4000psig/1100°F/1100°F/1100°F/2-1/2 in. Hg.); athough
the 4000 psig pressure and 1100°F superheat and double reheat steam temperatures are dightly
higher than current U.S. practice, they were sdected because they are dready being introduced
in other parts of the world (Nordjylland at 4500psig/1100°F/1100°F/1100°F). Super critica
pressure steam turbines with double reheat are only avalable in larger Szes and, to meet the
increesed seam  flow/combustion  requirements, the plant transforms into a two module
configuretion, eg., two carbonizer-PCFB boiler-gas turbine modules are used to supply steam to
one large steam turbine.
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Figure 6.7.1 Supercritical Pressure Steam Plant Mass and Energy Balance
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Tables 6.7.1 and 6.7.2 summarize plant performance data and reved that switching to the
supercritical pressure steam turbine will increase the plant efficiency to 50.5 percent with a net
power output of 984.5 MWe. This case shows that as steam cycles advance in the future to
higher and higher pressures and temperatures, 2% Gen PFB Combustion Plants can easily
incorporate those advanced conditions for increased efficiencies.

Table 6.7.1 Effect of Supercritical Pressure Steam on Plant Performance

Super Critical Baseline
Pressure
Overall Plant Performance
Net Efficiency, % (HHV) 50.50 48.00
Net Heat Rate, Btu/kWh 6754.00 7105.00
Net Power, MWe 984.5 477.56
Auxiliaries, MWe 33.10 20.90
Gross Power, MWe 1017.60 498.46
Coal Flow Rate, Ib/hr 533,832 272,406
Limestone Flow Rate, Ib/hr 93,315 78,864
Ash Flow Rate, Ib/hr 166,677 98,369
Gas Turbine Parameters
Nominal Combustor Exit Temp,OF 2,700 2,700
Gross Power, MWe 479.00* 239.50
Steam Turbine Parameters
Steam Throttle Flow Rate, Ib/hr 2,608,375 1,384,989
Reheat Steam Flow Rate, Ib/hr 2,552,124 1,354,234
Condenser Total Duty, MMBtu/hr 2,293 1,270
Gross Power, MWe 538.62 258.96

* two W501G gas turbines
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Table 6.7.2 Auxiliary Load Summary for Plant Using Supercritical Pressure Steam (kWe)

Main Boost Compressor 14,420
Transport Boost Compressor 760
Fuel Gas Recycle Blower 200
Condensate Pumps 740
Feedwater Pumps 2,870
Steam Turbine Drive Boiler Feedwater Pumps (Note 2) 10,780
Boiler Forced Circulation Pumps 0
Circulating Water Pumps 3,780
Cooling Tower Fans 2,830
Coal Dryer Induced Draft Fan 500
Gas Turbine Auxiliaries 600
Steam Turbine Auxiliaries 600
Nitrogen Supply 0
Barge Unloading and Stacker/Reclaimer 340
Coal Handling 700
Limestone Handling 140
Coal and Sorbent Feed 60
Ash Cooling and Handling 200
Filter Boost Compressor 700
Miscellaneous Balance of Plant (Note 1) 1,500
Transformer Loss 2,180
Total 33,120
Note 1 - Includes plant control systems, lighting, HVAC,
etc.
Note 2 - Steam Turbine Boiler Feedwater Pump auxiliary
load not included in total

6.8  Summary of Sendtivity Study

Table 6.8.1 summarizes the results of the sengtivity study. The costs and operating data
presented for the baseline plant and its first four sendtivity study cases show that 2'¢ Gen PFB
Combustion Plants will be more efficient (48.2 versus 38.9 percent), less expensve ($1,077
versus $1,202/KW), and operate with a lower cost of eectricity (40.7 versus 46.4 millskWh)
than a comparable PC plant; based on Case 4, a 2" Gen PFB Combustion Plant can be 24
percent more efficient and have a 12 percent lower cost of dectricity. These advantages are
achieved using ar-blown, pressurized fluidized bed technologies operating with crushed cod and
limesone, there is no need for oxygen generating ar separation units or chemicd plant
processes.

In Cases 5 though 8 the effect of dternative operating conditions on overdl plant performance
were investigated. Case 5 shows tha increasing the Size of the steam turbine without increasing
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geam conditions will result in a reduction in plant efficiency but, par an andyss presented in
[ES-1], should result in a reduction in cost of dectricity. If the basdine plant should require 90
percent removal of its CO, via cold gas technologies, it can be peformed ether upstream or
downstream of the gas turbine. With downstream removd the plant efficiency will drop to 33.1
percent whereas upstream removal, based on a prdiminary andyss peformed by FWDC,
indicates an efficiency of 35.4 percent; both values are consderably higher than that of a super
critica pressure PC plant also designed for CO, remova. Incorporating a super critical pressure
geam turbine will increase the efficency of the basdine plant by 2.3 percentage points yielding
avaue of 50.5 percent.

Table 6.8.1 Sensitivity Study Results

Turbine

* Not Determined

Case Description Net Output, HHV Total Plant COE, COE% less
MWe Efficiency,% Cost, $/KW mills/kWh than PC**

Baseline Plant 477.56 48.0 1,083 41.9 9.7
with Limestone Sorbent 469.51 48.2 1,085 40.9 11.9
with Large Filter Vessels 477.56 48.0 1,077 41.7 9.9
with Metal Filters 467.36 45.8 1,124 43.0 7.3
with Limestone & Large 469.51 48.2 1,079 40.7 12.3
Filter Vessels
with Large Steam 490.31 47.8 ND* ND* ND*
Turbine
with Post Gas Turbine 329.24 33.1++ ND* ND* ND*
CO, Removal
with Pre-Gas Turbine 422.10 354 ND* ND* ND*
CO,; Removal (Preliminary) (Preliminary)
with Supercritical Steam 984.50 50.5 ND* ND* ND*

** Pulverized Coal-Fired Plant with FGD at $1,202/KW and COE of 46.4 mills/lkWh
++Efficiency of Super Critical Pulverized Coal-Fired Plant with 90% CO2 Removal is 28.9%

In [ES-3] the effect of 90 percent CO, remova on two Illinois No 6 cod fired power plants were
studied. Both plants used a steam condenser back pressure of 2 inches of mercury; one used aPC
fired boiler operating with a double reheat supercriticd pressure seam cycle and the other an
Integrated Gadfication Combined Cycde (IGCC) Plant operating with an H Class gas turbine.
Table 6.8.2 compares the basdine plant with the findings of tha study. Even though the basdine
operaes with less advanced steam and or gas turbines, it yidds a much higher efficiency than
both of these aternative technologies, eg., 48.0 versus 43.1 and 405 percent. The 2% Gen PFB
Combustion Plant can remove its CO, either upstream of (Case 7) or downstream of (Case 6) the
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gas turbine. Downgtream CO, remova reduces the plant efficiency to 33.1 percent versus 28.9
percent for the super criticd pressure PC plant. A prdiminary andyss of pre-gas turbine
remova (Case 7) indicates an efficiency of 35.4 percent, a vaue smilar to that predicted for the
IGCC plant operating with a more advanced H Class gas turbine. Although 90 percent CO,
remova will reduce the efficiency of 2% Gen PFB Combustion Plants, their reduced vaues will
be at least equd to if not superior to that of other cod based power generation technologies.

Table 6.8.2 Comparison of Coal-Fired Plants with 90% CO, Removal

Plant Gas Turbine CO2 Capture
no no yes yes
Net MWe Efficiency,% Net MWe Efficiency,%

PC with SC Steam* NA 462.1 40.5 329.5 28.9
IGCC H Class 424.5 43.1 386.8 354
2nd Gen PFB** G Class 477.6 48.0
Pre Gas Turbine Prelim @ 422.1 Prelim @ 35.4
Post Gas Turbine 329.2 33.1

*3500psig/1050F/1050F/1050F
**2400psig/1050F/1050F
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Section 7
RESEARCH AND DEVELOPMENT NEEDS

The new technology components of the 29 Gen PFB Combustion Plant are the carbonizer, char
transfer N valves, PCFB boiler, ceramic candle filters, and syngas burners (MASBs) used in the
gas turbine topping combustor. Each of these components has been tested separately at a pilot
plant scde to determine ther individud peformance characterigics. In addition a 12 inch
diameter carbonizer and a 13 inch diameter PCFB combustor have been/operated as an
integrated subsystem. The latter was conducted a gpproximately 120 psg and involved
aoproximately five continuous days of safe controlled trandfer of char between these two units
during which two different cods one petroleum coke, one dolomite, and two different
limestones were tested/changed on the fly. All of these tests were successful, however, some
components had limited test times, some need further tedting to define operating limits, some
need improved materids of condruction that make them more durable, corroson resstant, etc
(ceramic candlefilters), etc.

Consequently it is recommended that R& D efforts continue as a minimum to:
develop improved candle materias for high temperature filtration applications,
determine the lower oxygen limit and part load characteristics of the MASB,
develop gas turbine modifications that alow export of large quantities of air, and
develop aless expensive dternative to lock hoppers for materid feeding/removal.

As with any new technology, the firg demondration will not be without risk. The Section 6
Sengitivity Study has investigated severa dternative 2" Gen PFB plant configurations. In the
Metd Filter Case the syngas, char, and PCFB boiler flue gas are cooled before they ae
transferred to downstream components.  Cooling the gases eiminates the need for dkali
gettering and enables commercidly proven, porous metd candle, filtration systems to be used to
protect the gas turbine from eroson and depostion. In addition, operating requirements of
downstream components are eased thereby amplifying the design of interconnecting piping and
gas turbine vaving, burners, and casng modifications. Smilarly, by cooling the char the hot
non-mechanicad N vaves and ceramic lined dide vaves provided in the carbonizer to PCFB
boiler char trandfer lines can be replaced by lower temperature, and or conventional components.
The low temperaures associated with the metd filter arangement minimize technology and
component risks. As a result the metd filter gpproach linked with a smdl, well proven gas
turbine is recommended for the first demongration of 2" Gen PFB technology; while such a
demondtration is underway, the above R&D efforts will pepare for the next step forward to the

large capacity peak efficiency plant configuration.
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Section 8
CONCLUSIONS

Comparison of the updated 2 Gen PFB Combustion Plant design with that of a comparable PC
plant operating with the same cod, limestone, sulfur capture efficiency, NOx emisson rate, and
seam cycle conditions continues to show the attractiveness of this new type of plant. When
operating with Fittsburgh No 8 cod and limestone, a Semens Westinghouse W501G gas turbine,
and a 2400psig/1050F/1050F/2Y%' Hg steam turbine, a nomind 500 MWe 2"¢ Gen PFB
combustion plant has:

an HHV efficency of 48.2%----------------- avaue 24% higher than the PC plant
atotal plant cost of $1,079/KW------------- avaue 10% less than the PC plant
a 40.7 millskWh cogt of dectricity---------- avaue 12% less than the PC plant
water consumption of 354 gd/MWe--------- avaue 40% less than the PC plant

ash production rate of 178 Ib/hr/MWe------- avaue within 1% of the PC plant
CO2 release rate of 1,468 Ib/hr/MWe------- avaue 19% less than the PC plant
emissonswell below NSPS values

- 97% sulfur capture efficiency for astack SO, release of 0.97 Ib/hr/MWe

- NOx emission is 1.22 Ib/hr/MWe or 0.17 Ib/hr/MMBtu

- particulate emisson isless than 0.003 IYMMBtu

NouobkowdpE

Much of the equipment required by a 2" Gen PFB Combustion Plant is state of the art and is
avalable with commercid guarantess. The layout and congruction methods employed for the
plant reflect techniques/practices dready utilized in either the utility or other mgjor indudtries.

With regard to the cost estimating of the new technology components, most of this equipment
has been operated at a smaller scale or at atmospheric pressure and, for the purpose of this study,
they were scaled up in Sze, pressure, or both to provide a conceptual design/costing basis. When
esdimating the cost of the plant, those new components and their subsystems were assgned
process contingencies based on engineering judgment and EPRI  Technicd Assessment
Guiddines [ES-2]. With the PC plant being a mature technology, it was not assessed any process
contingency charges and a 15 percent project contingency was applied to both overal plant cost
estimates. When added up, the charges associated with 2 Gen PFB Combustion Plant process
contingencies tota approximady 34 million dollars. All of the above cods are given in January
2002 dollars. Compared with the origind study performed in 1987, the 29 Gen PFB Combustion
Pant has essentidly maintained its efficiency advantage but its cost of eectricity advantage has
reduced from 22 to 12 percent; the reason for the latter is that despite 15 years of inflation, PC
total plant costs have not increased, primarily because:

advances in scrubber technology have markedly reduced scrubber costs and
sructura steel costs on adollar per ton basis are now hdf that previoudy used.

With carbon dioxide (CO,) being a greenhouse gas, future regulations may require that power
plants incorporate CO, remova for sequedtration. Similar to PC and Integrated Cod Gasification
Combined Cycle (IGCC) plants, 2"¢ Gen PFB Combustion Plants can accommodate 90 percent
CO, remova using “cold” gas cleanup technologies, eg., gases are cooled to ~100°% to enable
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CO, dbsorption by ether chemicd or physcd solvents followed by stripping/solvent
regeneration. Although the 2" Gen PFB Combustion Plant will experience an efficiency loss, its
operating efficiency with CO, removd will be equd to if not Sgnificantly higher than that of
competing cod fired technologies.

In addition the use of cold gas cleanup will increase the plant sulfur capture efficiency to over 99
percent and reduce NOx emissons to near single digit ppm vaues. Should the future dso bring
advances in both gas turbine and steam turbine technologies, the 2¢ Gen PFB Combustion Plant,
being a hybrid, can easly utilize their advantages. For example operation with a super critica
pressure double reheat steam turbine (4000psig/1100F/1100F/1100F2Y2 in. Hg.) will increase
the plant HHV efficiency to 50.5 percent.

A 2" Generation PFB Combustion Plant offers electric utilities significantly higher efficiencies,
lower costs of eectricity, lower emissons, and lower water consumption rates. In addition it
offers amplicity in that it operates with crushed cod and limestone and does not require oxygen
generding ar separation units, chemica deanup systems, or SCR sysems. With maurity, it is
expected to operate with PC plant avalabilities. If future emisson regulations should require
mercury capture and or CO, capture/sequestration, it can incorporate those processng steps
found best for their remova (they can be incorporated either upstream of the gas turbine where
gas volumes are reduced or downstream of the gas turbine where pressures are reduced). In
addition it can easly accommodate future gas turbine and steam turbine advances that will
further increase its efficiency advantage.

2" Generation PFB Combustion Plants appear idedlly suited for meeting the present and future
needs of the dectric utility industry. Recognizing that the key components of this new
technology have been tested separatedly a the pilot plant stage, the next step forward is
condruction of a smdl scade fully integrated power producing sysem. As with any new
technology, deployment of the first unit will involve risk. From the stand point of the 29 Gen
PFB, the risk lies mainly with firing the syngas and PCFB boiler flue gas hot, as the 1600°F
temperatures involved impose severe design requirements on downstream components, eg.,
filters, piping, and gas turbine vaving and burners.  Since cooling the syngas and PCFB boiler
flue gas to dlow operation with commercidly proven metd filters eases the desgn requirements
of dl downstream components and diminates al gas turbine corroson, eroson, and fouling
issues, the metd filter configuration is recommended for the first demonstration of 2" Gen PFB
technology.
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AFDC
BOP
CF
CO,
COE
CRT
DCS
DOE
EDI
EPRI
ESP
FC
FWDC
1&C
ID
/1O
P
Hg
HHV
HP
HVAC
LHV
LP
MCC
NERC
NOx
NPHR
o&M
oD
0J
OLC

PCFB
PFB
PLC
RAM
RCRA
RO
SC
SCR

Section 11

ACRONYMSAND ABBREVIATIONS

Cogt of Financing During Congtruction
Bdance of Plant

Capacity Factor

Carbon Dioxide

Cost of Electricity

Cathode Ray Tube

Digributed Control System

U.S. Department of Energy
Electrodeionization

Electric Power Research Ingtitute
Electrostatic Precipitator

Delivered Fud (Cod) Cost in ¥MMBtu
Foster Whedler Development Corporation
Instrumentation and Control

Insde diameter

I nput/Output

Intermediate Pressure

Mercury

Higher Heeting Vdue

High Pressure

Hesting, Ventilation, and Air Conditioning
Lower Hegting Vdue

Low Pressure

Motor Control Center

North Americaan Electric Reliability Council
Oxides of Nitrogen

Net Plant Heat Rate

Operating and Maintenance

Outsde Diameter

Operating Jobs

Operating Labor Charge

Pulverized Cod

Pressurized Circulating Huidized Bed
Pressurized Huidized Bed
Programmable Logic Controller
Rdiahility, Avallability, and Mantainability
Resource Conservation and Recovery Act
Reverse Osmosis

Silicon Carbide

Sdlective Cataytic Reduction

Sulfur Dioxide
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SWPC
TAG
TCR
TG
TPC
TPI

Siemens Westighouse Power Corporation
Technicd Assessment Guide

Tota Capitd Requirement

Steam Turbine Generator

Tota Plant Cost

Totd Plant Investment
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