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NETL Viewpoint

Background

Thegoal of Fossil Energy Research, Development, and Demonstration (RB&bg¢nsure the

availability of ultracleen ( iz er 0 0 e mi s sdog, danestieleatdcity ardl amergy, | ow
(including hydrogen) to fuel economic prosperity and strengthen energy seéubitpad

portfolio of technologies is being developed within the Clean Coal Program to accomgish thi
objective. Ever increasingechnological enhancements are in various stages of the research

Api peline, 0 and mul t icgeehtea pprdotiohobpromisirg tebheoiogies pur s
for development, demonstration, and eventual deploymiémtechnologicalprogress of recent

years has createdremarkable new opportunity for coéhdvances in technology are making it

possible to generate power from fossil fuels with great improvements in ttieraffi of energy

usewhile at the same time sigiaaintly reducing the impact on the environment, including the

longt er m i mpact of fossil e The abjgcliveoitlre €leam Coat he Ear
RD&D Programis to build onthese advances and bring these buildilogks together into a

new, rewlutionaryconcept for future codbased power anehergy production.

Objective

To establish baseline performance atisd cost es
necessary to look at the current state of technology. Such a baseline cantbébasetimark

the progress of the Fossil Energy RD&D portfolio. This study provides an accurate, independent
assessment of the cost and performance for Pulverized Coal (PC) Combustion and Circulating
Fluidized Bed (CFB) Combustion with and without carldavxide (CQ) capture and

sequestration using both Powder River Basin (PRB) and North Dakota lignite (NDL) coals.

Approach

The power plant configurations analyzed in this study were modeled using the ASPEN Plus®
(Aspen) modeling program. Performance pratess limits were based upon published reports,
information obtained from vendors and users of the technology, cost and performance data from
design/build utility projects, and/or best engineering judgment. Capital and operating costs were
estimated byVorleyParsons based on simulation results and through a combination of existing
vendor quotes, scaled estimates from previous design/build projects, or a combination of the two.
Operationand maintenance (O&M) costs and the cost for transporting, stardgmnonitoring

(TS&M) carbon dioxide (Cg) in the cases with carbon capture were also estimated based on
reference data and scaled estimates. The cost of electricity (COE) was determined for all plants
assuming investeowned utility (IOU) financing. Me initial results of this analysis were

subjected to a significant peer review by industry experts, academia and government research
and regulatory agencies. Based on the feedback from these experts, the report was updated both
in terms of technical coaht and revised costs.

Fossil Energy RD&D aims at improving the performance and cost of clean coal power systems
including the development of new approaches to capture and sequester greenhouse gases

(GHGs). Improved efficiencies and reduced costs arearezfjto improve the competitiveness of
these systems in todayds mar ket and regul ator
scenario. The results of this analysis provide a starting point from which to measure the progress

of RD&D achievements.
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EXECUTIVE SUMMARY

The objective of this report is to presentameurateindependent assessmeiithecost and
performance ot ow-Rank CoalFired Power Systems, specifically pulverized coal (PC) and
circulating fluidized bed (CFB) plants, using a consistent technical and economic approach that
accurately reflects current near termmarket conditios. This document is Volume 3b of the

Low Rank Coal Baseline Reports, which are part of avolume series consiag of the

following:

¢ Volume 1: Bituminous Coal and Natural Gas to Electricity

¢ Volume 2: Coal to Synthetic Natural Gas and Ammonia (Vasi€oal Ranks)
¢ Volume 3: Low Rank Coal and Natural Gas to Electricity

e Volume 4: Bituminous Coal to Liquid Fuels with Carbon Capture

The cost and performance of the various fossil-hasled technologies will most likely
determine which combination of tewologies will be utilized to meet the demands of the power
market. Selection of new generation technologies will depend on many factors, including:

e Capital and operating costs

e Overall energy efficiency

e Fuel prices

e Cost of electricity (COE)

¢ Availability, reliability, and environmental performance

e Current and potential regulation of air, water, and solid waste discharges from fossil
fueled power plants

¢ Market penetration oflean coal technologies that have matured and improved as a result
of recent commeial-scale demonstrationsundehh e Depar t medQE) of Ener
Clean Coal Programs

Twelve combustion power plant configurations were analyzed as liseecibit ES-1. The list
includes four PC cases, two sugréical (SC)and two ultrasupercriticalUSC), with and
without carbon dioxideCO,) capture; and two CFB plants with and without &@pture.

The methodology included performing steadgte simulations of the various technologies using
the Aspen PIU$(Aspen) modelingoftware The resulting mass and energy balance data from

the Aspen model were used to size major pieces of equipment. These equipment sizes formed
the basis for cost estimating. Performance and process limits were based upondrdpishs,
information obtained from vendors and users of the technology, performance data from
design/build utility projects, and/or best engineering judgment. Capital and operating costs were
estimated based on simulation results and through a conanirzdtvendor quotes, scaled

estimates from previous design/build projects, or a combination of the two. Baseline fuel costs
for this analysis were determined using data from the Energy Infforman Ad mi ni st r at i
(E1A) 2008Annual Energy Outlook (AEO)Thefirst year of capital expenditure@07)

delivered costssed are $0.84digajoule GJ) ($0.89million British thermal unit MMBtu]) for
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Powder River Basin (PRR)al and $0.79/GJ ($0.88MBtu) for North Dakotalignite (NDL),
both on a higher heating @ (HHV) basis and idune2007United States{.S) dollars.

Exhibit ES-1 Case Descriptions

Unit Steam Cycle, Boiler NOx Sulfur CO,
Case . Coal 1 .
Cycle psig/°F/°F Technology Control | Removal Separation
S12A PC | 3500/1100/1100 SC PC PRB |LNB+ SCR Spriégryer -
L12A PC | 3500/1100/1100 sc PC Lignite | LNB + SCR Spr%gryer -
S12B PC | 3500/1100/1100 SC PC PRB |LNB + SCR Sprla:ngryer Amine Absorber
L12B PC | 3500/1100/1100 sc PC Lignite | LNB + SCR Spr%gryer Amine Absorber
S13A PC | 4000/1200/1200 USC PC PRB |LNB + SCR Spr%gryer -
L13A PC | 4000/1200/1200 USC PC Lignite | LNB + SCR Spr?:égryer -
S13B PC | 4000/1200/1200 USC PC PRB |LNB+ SCR Spr?}égryer Amine Absorber
L138B PC | 4000/1200/1200 USCPC Lignite | LNB + SCR Spr@égryer Amine Absorber
s22A | cFB | 3500/1100/1100 SC CFB PRB SNCR _in-bed -
limestone
. in-bed
L22A CFB | 3500/1100/1100 SC CFB Lignite | SNCR imestone -
s22B | cFB | 3500/1100/1100 SC CFB PRB SNCR in-bed |\ ine Absorber
limestone
L22B CFB | 3500/1100/1100 SC CFB Lignite | SNCR in-bed | A mine Absorber
limestone

In CO, capture cases a polishing scrubber is used to reduceocBCentrations to less than 10 ppmv
prior to the CQabsorber.

All plant configurationsvereevaluated based on installation at a greemhféle (Montana for

PRB cases andorth Dakota foNDL cases).Since these are stavé-the-art plants, they will

have higher efficiencies than the average power plant population. Consequently, these plants
would be expected to be near the top of thpateh list and thetudycapacity facto(CF)is

chosen to reflect the maximum availability demonstrated for the specific plant typg5 i.e.

percent for both PC and CFB configurations. Since variations in fuel costs and other factors can
influence dispch order ancCF, sensitivity of COE t&CFis evaluated and presented later in this
Executive Summarygxhibit ES-9).

The nominal net plant output for this studgsset at 550negawattsNIW). The boilers and
steam turbines in ¢hcombustion cases are readily available in a wide range of capacities.
Higher auxiliary load and extraction steam requirements inda@ture cases are accommodated
in the PC and CFB casby usinglarger boiles and steam turbirse

Exhibit ES-2 shows the cost, performance, and environmental profile summary for all cases.
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Exhibit ES-2 Costand Performance Summary and Environmental Profile for Combustion Cases

Supercritical Pulverized Coal Boiler Ultra-supercritical Pulverized Coal Boiler Supercritical CFB
PERFORMANCE S12A L12A S12B L12B S13A L13A S13B L13B S22A L22A S22B L22B
CO, Capture 0% 0% 90% 90% 0% 0% 90% 90% 0% 0% 90% 90%
Gross Power Output (kWe) 582,700 584,700 673,000 683,900 581,500 583,200 665,400 675,200 578,400 578,700 664,000 672,900
Auxiliary Power Requirement (kW) 32,660 34,640 122,940 133,850 31,430 33,170 115,320 125,170 28,330 28,670 113,990 122,820
Net Power Output (kWe) 550,040 550,060 550,060 550,050 550,070 550,030 550,080 550,030 550,070 550,030 550,010 550,080
Coal Flowrate (Ib/hr) 566,042 755,859 811,486 1,110,668 549,326 731,085 764,212 1,043,879 563,307 745,997 801,270 1,095,812
HHV Thermal Input (KWy,) 1,420,686 | 1,465,801 | 2,036,717 | 2,153,863 | 1,378,732 | 1,417,757 | 1,918,067 | 2,024,343 | 1,413,821 | 1,446,676 | 2,011,075 | 2,125,054
Net Plant HHV Efficiency (%) 38.7% 37.5% 27.0% 25.5% 39.9% 38.8% 28.7% 27.2% 38.9% 38.0% 27.3% 25.9%
Net Plant HHV Heat Rate (Btu/kWh) 8,813 9,093 12,634 13,361 8,552 8,795 11,898 12,558 8,770 8,975 12,476 13,182
Raw Water Withdrawal (gpm/MW ) 4.8 4.9 13.9 14.2 4.7 4.7 12.9 13.2 4.4 4.3 14.1 14.5
Process Water Discharge (gpm/MW ) 1.0 1.0 3.8 4.3 1.0 1.0 3.6 4.0 1.0 1.0 3.7 4.2
Raw Water Consumption (@pm/MW pe) 3.8 3.9 10.0 9.9 3.7 3.7 9.3 9.2 3.3 3.3 10.4 10.4
CO; Emissions (Ib/MMBtu) 215 219 21 22 215 219 21 22 213 219 21 22
CO, Emissions (Ib/MWhgoss) 1,786 1,877 222 236 1,737 1,820 211 225 1,775 1,865 220 236
CO; Emissions (Ib/MWhpet) 1,892 1,996 271 293 1,836 1,930 255 276 1,866 1,963 265 288
SO, Emissions (Ib/MMBtu) 0.119 0.132 0.002 0.002 0.119 0.132 0.002 0.002 0.102 0.113 0.002 0.002
SO, Emissions (Ib/MWhg;oss) 0.990 1.130 0.020 0.020 0.960 1.100 0.020 0.020 0.850 0.970 0.020 0.020
NOx Emissions (Ib/MMBtu) 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070
NOx Emissions (Ib/MWhg;oss) 0.582 0.599 0.723 0.752 0.566 0.581 0.689 0.716 0.584 0.597 0.723 0.754
PM Emissions (Ib/MMBtu) 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013
PM Emissions (Ib/MWhgross) 0.108 0.111 0.134 0.140 0.105 0.108 0.128 0.133 0.108 0.111 0.134 0.140
Hg Emissions (Ib/TBtu) 0.597 1.121 0.597 1.121 0.597 1.121 0.597 1.121 0.302 0.482 0.302 0.482
Hg Emissions (Ib/MWhg;oss) 4.96E-06 | 9.59E-06 | 6.16E-06 | 1.20E-05 | 4.83E-06 [ 9.29-06 | 5.87E-06 | 1.15E-05 | 2.52E-06 | 4.11E-06 | 3.12E-06 | 5.19E-06
COST
Total Plant Cost (2007$/kW) 1,879 2,041 3,268 3,560 1,972 2,156 3,322 3,588 1,932 2,042 3,295 3,533
Total Overnight Cost (2007$/kW) 2,293 2,489 3,987 4,341 2,405 2,628 4,049 4,372 2,357 2,490 4,018 4,307
Bare Erected Cost 1,530 1,663 2,517 2,750 1,577 1,725 2,530 2,738 1,480 1,563 2,424 2,600
Home Office Expenses 145 157 238 261 149 163 239 259 141 149 230 247
Project Contingency 204 220 406 438 213 231 408 437 210 221 407 435
Process Contingency 0 0 107 112 33 37 144 154 102 110 233 251
Owner's Costs 414 448 718 781 433 472 727 783 425 448 722 773
Total Overnight Cost (2007$ x 1,000) 1,261,175 | 1,369,100 | 2,192,877 | 2,387,887 | 1,322,909 | 1,445,367 | 2,227,086 | 2,404,506 | 1,296,474 | 1,369,642 | 2,209,764 | 2,368,935
Total As Spent Capital (2007$/kW) 2,600 2,823 4,545 4,949 2,742 2,996 4,615 4,984 2,687 2,839 4,580 4,909
COE (mills/lkWh, 2007$)1 57.8 62.2 107.5 116.4 62.2 67.3 107.7 115.4 61.5 64.6 108.0 115.2
CO, TS&M Costs 0.0 0.0 6.0 6.2 0.0 0.0 5.8 6.0 0.0 0.0 5.9 6.1
Fuel Costs 7.8 7.5 11.2 11.0 7.6 7.3 10.6 10.4 7.8 7.4 11.1 10.9
Variable Costs 5.1 6.1 9.3 11.0 5.1 6.1 9.0 10.3 5.3 6.1 9.5 11.0
Fixed Costs 9.0 9.7 14.5 15.7 9.3 10.1 14.7 15.8 9.1 9.5 14.5 15.4
Capital Costs 35.9 39.0 66.5 72.4 40.1 43.9 67.6 73.0 39.3 41.6 67.0 71.9
LCOE (mills/kWh, 2007$)" 73.3 78.8 136.3 147.5 78.8 85.3 136.5 146.3 78.0 81.9 136.9 146.0

1 COE and Levelized COE are definedSection2.6
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Enerqy Efficiency

The net plant efficiency (HHV basis) for all 12 cases is shovixhibit ES-3. There are

competing effects that impact efficiency: the more aggre$$8€ steam conditions increase
efficiencyrelative to SC conditiongoorer qualitylignite coal decreases efficiency relative to

PRB coal; and CFB technology increases efficiency relative to PC primarily because of the lower
boiler exit temperature enabléy in-bed limestone injection (eliminates adew point

concerns).The primary conclusions that can be drawn are:

e The USC PC with no C{rapture and PRB coal has the highest net efficiency of the
technologies modeled in this study with an efficienc@9 percent.

e The USC PC case with GO@apture and PRB coal results in the highest efficiency
(28.7 percent) among all of the capture technologies.

e CO,capture results in an efficiency penalty of 11 to 12 absolute percent, relative to
the noncapturecase for all the technologies.

e The relative efficiency penalglsovaries over narrow range, from 28 to 32 percent.
The relative penalty is lowest for the USC PC casebknearly equal for the SC PC
andSC CFBcases for both coal types

Water Use

Three vater values are presented for each technologximbit ES-4: raw water withdrawal,

process discharge, and raw water consumption. Each value is normalized by net output. Raw
water withdrawal is the difference between demartiaternal recycle. Demand is the amount

of water required to satisfy a particular process (cooling tower makaamds desulfurization

[FGD] makeup, etc.) and internal recycle is water available within the process. Raw water
withdrawal is the wateremoved from the ground or diverted from a surfaeger source for use

in the plant. Raw water consumption is the portion of the raw water withdrawn that is
evaporated, transpired, incorporated into products or otherwise not returned to the watet source i
was withdrawn from. Raw water consumption is the difference between withdrawal and process
discharge, and represents the overall impact of the process on the water source, which in this
study is considered to be 50 percent from groundwater (wetlsh@mpercent from a municipal
source. The largest consumer of raw water in all cases is cooling tower makeup.pimise

located in the Westeld.S. need to consider limited water supplies, a parallel wet/dnglenser

was chosen for all plant configtions. In a parallel cooling system half of the turbine exhaust
steam is condensed in an-edoled condenser and half in a wateoled condenser. The

cooling water is provided by a mechanical draft, evaporative cooling tokiner primary
conclusionghat can be drawn are:

e Among nonRcapture cases the normalized water withdrawal and consumption of the
USC PC cases are slightly less than the SC PC cases primarily because of the higher
USC net efficiency. The same is true for both coal types.

¢ Also amonghon-capture cases the normalized withdrawal and consumption is lowest
for SC CFB cases for both coal types. The CFB cases have reduced water demand
because of usingibed limestone injection for S@ontrol in place of a spray dryer
FGD system.
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Exhibit ES-3 Net Plant Efficiency (HHV Basis)

Efficiency, % (HHV Basi

50%
Montana Powder River Basin Coal North Dakota Lignite Coal
Elevation: 3,400 ft Elevation: 1,900 ft
45%
39.9%
0
35% -
30% - 28.7%
27.0% 27.3% 27.2%
25.50 25.9%
25% -
20% -
15% -
10% -
5% -
0% -
S12ANo| S12B | S13ANo| S13B | S22ANo| S22B | L12ANo, L12B | L13ANo| L13B | L22ANo| L22B
Cap W/Cap Cap W/Cap Cap W/Cap Cap W/Cap Cap W/Cap Cap W/Cap
Supercritical Ultra-supercritical | Supercritical CFE Supercritical Ultra-supercritical | Supercritical CFI
Pulverized Coal Boildrulverized Coal Boiler Pulverized Coal Boildrulverized Coal Boiler
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Exhibit ES-4 Raw Water Withdrawal and Consumption

Water, gpm/MWnet
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Montana Powder River Basin Coal
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e For CQ capture cases normalizecta withdrawal is on average 3 times greater than
the analogouson-capture case and normalized consumption is on average 2.7 times
greater than the analogous rmapture case. The G©@apture process, Econamine FG
Plus™, requires a significant amount of cooling water that is provided by an evaporative
cooling toweryresulting in greatly increased water demand.

e Also for CQ, capture cases normalized water consumption is nearly constant within each
coal type because much of the water withdrawtdrishe cooling tower makeup and 90
percent of the blowdown is returnemthe source as process discharge.

Cost Results

The Total Plant Cost (TPC) for each technology was determined through a combination of

vendor quotes, scaled estimates from previous design/build projects, or a combination of the two.
TPC includes all egpment (complete with initial chemical and catalyst loadings), materials,

labor (direct and indirect), engineering and construction management, and contingencies (process
and project). Owner 6s costs, incllodtiong prepr
catalyst and chemicals, | and, financing costs
generate total overnight cost (TOC). Property taxes and insurance were included in the fixed
operating costs as BEscalat@rdad interésioon @ebt dusiryg the cadital c o st
expenditure period were estimated and added to the TOC to provide the F8a¢@sCost

(TASC).

The cost estimates carry an accuracyl6f+30%, consistent witta A f e aswdyldevel of t y
design engineering aped to the various cases in this study. The value of the study lies not in
the absolute accuracy of the individual case reduliisin the fact that all cases were evaluated
under the same set of technical and economic assumptions. This consistgmyath allows
meaningful relative comparisons among the cases evaluated.

Project contingencies were added to the Engineering/Procurement/Construction Management
(EPCM) capital accounts to cover project uncertainty and the cost of any additional eguipm

that would result from a detailed design. The contingencies represent costs that are expected to
occur. Each bare erected cost (BEC) account was evaluated against the level of estimate detalil
and field experience to determine project contingencgcdas contingency was added to cost
account items that were deemed to be-fifsé-kind (FOAK) or posed significant risk due to

lack of operating experience. The cost accounts that received a process contingency include:

e Fluor Econamine FG PIG¥ (Econanine) CO, Removal Systerii 20 percent on all
capture casesunproven technology at commercial scale in PC service.

e USC Boiler and Steam Turbiries percent. A contingency of only 5 percent was used
since the advanced material requirements for the stedimeuwand boiler only impact a
fraction of the equipment cost.

¢ Instrumentation and Controls5 percent on all accounts fGO, capture cases.

o CFB Boileri 15 percent. A contingency of 15 percent was used since the boiler in this
study is significantlydrger than any current CFB unitghich typically have a maximum
capacity in the range of 300 to 350 MW per boiler. The Lagisza plant in Poland is a 460
MW SC CFB and started operation in the summerof 20D9T he CFB&s i n t hi

S
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have a gross outpuanging from 58670 MW per boiler, making these cases truly
FOAK.

Thenormalized components fOC and overall TASC arshown for each plant configuration in
Exhibit ES'5. The following conclusions can be drawn:

e For the SC PCases the TOC is higher for tN®L coal cases as compared to tfBP
coal cases: approximately §e@ércent for both the necapture and C&capture case.

e Forthe SC PC cases the TOC increase to addc@@dure is approximately fercent
for both the PREAandNDL cases.

e Forthe USC PC cases the TOGilsohigher for theNDL coal cases as compared to the
PRB coal casesapproximately ercent for the neoapture case andggrcent for the
CO;, capture case.

e Forthe USC PC cases the TOC increase to addc@@ure is approximately g&rcent
for the PRB case and @@rcent for thé&NDL case.

e Following the same trend as the SC PC and USC PC casése fSC CFB cases the
TOC is higher for thé&lDL coal cases as compared to the PRB coal cases: approximately
5.6 percent for the newapture case andZpercent for the C@capture case. THéDL
cases haveonsistentlyhigher TOC because of higher coal feed associated with lower
boiler efficiency.

e Forthe SC CFB cases the TOC increase to addc@g@ure is approriately 70percent
for the PRB case and P@rcent for théNDL case.

Cost of Electricity

The cost metric used in this study is the COE, wigdhe revenue received by the generator per
netmegawath our during the power agumingthabtke COEr st year
escalates thereafter at a nominal annual rate equal to the general inflation rate, i.e., that it

remains constant in real terms over the operational period of the power plantalculate the

COE, thePower Systems Financial Mod&iIFM) [2lwas used t o édyeetaaromi ne a
(2007) COE that, when escalated at an assumed nominal annual general inflation rate of 3

percent, provided the stipulated internal rate of return on equity over the entire economic

analysis period (capital expditure period plus thirty years of operatiof)he first year capital

charge factor (CCF) shown Exhibit ES-6, which was derived using the PSFM, can also be

used to calculate COE using a simplified equation as detailed imi$2@i4

! This nominal scalation rate is equal to the average annual inflation rate between 1947 and 2008 for the U.S.

Department of Laborés Producer Price Index for Finishe
Index for the Electric Power Generation Indydiecause the Electric Power Index only dates back to December
2003 and the Producer Price Index is considered the ahq«
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Exhibit ES-5 Plant Capital Costs

TOC or TASC ($/kW

Montana Powder River Basin Coal
Elevation: 3,400 ft

North Dakota Lignite Coal
Elevation: 1,900 ft

4,949 4,984

6,000 "mTASC
m Owner's Cost
O Process Contingenc
B Project Contingency
B Home Office Expensg
5,000 7| mBare Erected Cos
4,545
4,000 -
3,000
2,000 -
1,000 -
0 -

Note: TOC expressed in 2007 dollars. TASC expressed in ryp@d2007 to 2011 year dollars.
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The project financial structure varies depending ortype of project (high risk or low risk). All

cases were assumed to be undertaken at investor owned utilities (I0Us). High risk projects are
those in which commercial scale operating experience is limited. The USC PC and CFB cases
(with and without CQcapture) and SC PC cases with &f@pture were considered to be high

risk and the norcapture SC PC cases were considered to be low risk. All cases were assumed to
have a 5 year capital expenditure period. The cudeltdr, 30year levelized cost of atricity

(LCOE) was also calculated arskshown inExhibit ES-2, but the primary metric used in the

balance of this study is COE. A more detailed discussion of the two metrics is provided in
Section2.6 of the report.

Exhibit ES-6 Economic Parameters Used to Calculate COE

High Risk Low Risk
(5 year capital | (5 year capital
expenditure expenditure
period) period)
First YearCapital
Charge Factor 0.1243 0.1165

Commodityprices fluctuate over time based on overall economic activity and general supply and
demand curves. While the cost basis for this study is June 2007, many price indices had similar
values in January 2010 compared to June 2007. For example, the Clargioakring Plant

Cost Index was 532.7 in June 2007 and 532.9 in January 2010, and the Gross Domestic Product
Chaintype Price Index was 106.7 on July 1, 2007 and 110.0 on January 1, 2010. Hence the June
2007 dollar cost base used in this study is expectée representative of January 2010 costs.

The COE results are shown Exhibit ES-7 with the capital cost, fixed operating cost, variable
operating cost, and fuel cost shown separately. In the capturetbas€és) Transport Storage
and Monitoring (TS&M) costs are also shown as a separate bar segment. The following
conclusions can be drawn:

e TheCOE is dominated by capital charges in all cagéwe capital cost component of
COE comprises 683 percent in all four SC PC casd3-65 percent in all four USC PC
cases, and®64 percent in all four CFB cases.

e The fuel cost component is relatively minor in all casesessmting 1614 percent of the
COE costs in the PRB cases &t percent in th&NDL cases.

e For each coal typand CQ capture scenario, tHeOE is lowest for the more
conventional technology (SC PC) compared to the more advanced technologies (USC PC
and SC CFB). The only exception is fddbDL coal with CQ capture where USC PC and
SC CFB have a very slight costriefit because of the higher USC efficiency.

e The TS&M component o€OE in the CQcapture cases &6 percent for both PRB and
NDL coal.

e TheCOE is5-8 percent lower in both th€ O, capture and nenapture PRB cases
compared to thBIDL coal cases becauséhigher efficiencies resulting ilower plant
costs.

10
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Exhibit ES-8 shows theCOE sensitivity to coal costsAll cases show a linear increaseédOE
with anincrease in coal pricesthe slopes of the lines are relatively sball as expected given
the small fraction of total COE represented by fuel costs.

The sensitivity ofCOE toCFis shown inExhibit ES-9. The baseline CF is 85 percent for all
cases.The curves plotted ikxhibit ES-9 assume that CF could be extended to 90 percent with
no additional capital equipment. The three lignite coal cases witltc&fure and the three

PRB coal cases with G@apture fall nearly on the same line and are difficult to distinguigh.

lines in the figure are nearly parallel indicating that a change in capacity factor affects all cases
equally. This is a result of a nearly constant split between capital and fixed operating costs
which are unaffected by CF, and variable operatingsasd fuel costs which are affected.

Cost of CO, Avoided

The CQ emissions pemegawatthour (MWh) are about the same for each technology for a
given coal type and site, and slightly higher forMi2L cases compared to the comparable PRB
cases. Thérst yearcost of CQ avoided was calculated using the equation:

{COEWithremoval_COEreferenc} $/ MWh

AvoidedCost= — —
{CO, EMISSIONS,,enee— CO, EMISSIONS, 1, cmovat tONSY MWh

(ES1)

The COE with CQ removal includes the costs of capture and compresasowell as TS&M
costs. The resulting avoided costs are shoviEximbit ES10for each of the Céxapture
technologies modeledl'he avoided costs for each capture case are calculated using the
analogous nowapture plant as the reference and again with SC PC without&@p@ure as the
reference.The cost of CQavoidedfor analogous plant desigaserages &3.8tonne
($62.4/ton)with a range of 67-$70/tonne ($61-$64/ton)for the SC PC cases6$.7/tonne
($57.8/ton)with a range of 63-$64tonne ($57-$58/ton)for the USC PC casgand $5.6tonne
($59.5/tonwith a mnge of $4-$67/tonne ($58%61/ton)for the CFB casesThe CQ avoided
costs are lower for PRB coal thAIDL, mainly because of the significant capital cost increase in
theNDL fuel cases resulting from lower plant efficienagO, avoided costs are alstiown
compared to the baseline SC PC plant (12 series cases) firing the same coal.

11
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Exhibit ES-7 COE by Cost Component

COE (2007 mills/kWh

140 ™ mCO2TS&M Cost
m Fue| Costs ] Montana Powder River Basin Coal North Dakota Lignite Coal
W Variable Costs Elevation: 3,400 ft Elevation: 1,900 ft
120 m Fixed Costs 116.4
| mCapital Costs " 115.4 115.2—
107.5 107.7 108.0
100
80
67.3
62.2 61.5 62.2 64.6
60 | 57.8
40 -
20 -
O -
S12ANo S12B | S13ANg S13B | S22ANo S22B | L12ANo| L12B | L13ANo| L13B | L22A No| L22B
Cap W/Cap Cap W/Cap Cap W/Cap Cap W/Cap Cap W/Cap Cap W/Cap
Supercritical Ultra-supercritical | Supercritical CFE Supercritical Ultra-supercritical | Supercritical CFE
Pulverized Coal BoilePulverized Coal Boiler Pulverized Coal BoilgPulverized Coal Boiler
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Exhibit ES-8 COE Sensitivity to Coal Cost

COE (2007 mills/kWh

140 |
| SC PC Lignite w/Captul
"
./
 ‘—
120 ot — a3 | — - SC CFB Lignite w/Captu
— o= = = By
— — - «"" L
g S— e —— -USC PC Lignite w/Captu
f” ’m"
106 ™~ - —— -SC CFB PRB w/Captu
TP TTTT
------ SC PC PRB w/Captu
= - USC PC PRB w/CaptL
80
e '= — USC PC Lignite No Captt
= - - = .——'ﬂn'%:":“““"“
— . - = .r:ﬂ:-ﬂﬁ‘nh-ﬁﬁ"""""— = . «SC CFB Lignite No Captt
B0 T, = e e T T —
- = L)
mm AT — = SC PC Lignite No Captt
=== USC PC PRB No Captl
40
Capacity Factor 85% forallcases | | | | ceeee SC CFB PRB No Capt
Study Coalosts:
Lignite = $0.83/MMBtu ——SCPC PRB No Captt
20 PRB = $0.89/MMBtu
0
0.0 0.5 1.0 1.5 2.0 2.5
Coal Price ($/MMBtu)
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Exhibit ES'9 COE Sensitivity to Capacity Factor

COE (2007 mills/kWh

300 K
280
260 L1 SC PC Lignite w/Captu \_\ StudyCapacity Factor is
- S 85% for all cases
— — SC CFB Lignite w/Captu \
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Exhibit ES-10 First Year CO, Avoided Cost

First year CQAvoided Cost (2007$/tonne’

100

90

80

m Avoided Cost (Analogous Technology w/o Capture Refere

m Avoided Cost (SC PC w/o Capture Refere

Montana Powder River Basin Coal
Elevation: 3,400 ft

North Dakota Lignite Coal
Elevation: 1,900 ft

70.1 70.1

67.1- 683
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Environmental Performance

The environmental targets are based on presumed best available control technology (BACT) for
each echnology and are summarizedgrhibit ES-11. The targets are identical for all

pollutants except mercury, which is coal type and technology type dependent. Emissioh rates
sulfur dioxide §0;,), nitrogen oxide NOXx), and paiiculate matterM) are shown graphicallyi
Exhibit ES-12, and emission rates of mercyig) are shown separately Exhibit ES-13

because of the orders of magnitude difference in emission rate values.

Exhibit ES-11 Study Environmental Targets

Technology
Pollutant SC PC USC PC SC CFB
SO, 0.132Ib/MMBtu | 0.132Ib/MMBtu 0.132lb/MMBtu
NOX 0.071b/MMBtu 0.071b/MMBtu 0.07lb/MMBtu

PM (Filterable) 0.013Ib/MMBtu | 0.013Ib/MMBtu 0.013Ib/MMBtu

Hg (PRB Coal) 0.60 Ib/TBtu 0.60 Ib/TBtu 3.0 Ib/TBtu

Hg (Lignite Coal) 1.12 Ib/TBtu 1.12 Ib/TBtu 4.8 Ib/TBtu

The primary conclusions that can be drawn are:

The NOx emissions are constant for all cases because a study assumptiat leas th

NOXx burners with overfire air and selective catalytic reduction in the PC cases and low
bed temperature and selective faatalytic reduction in the CFB cases could achieve the
0.07 Ib/MMBtu emission limit.

Similarly particulate emissions are comgthecause a study assumption was that a dry
FGD with baghouse in PC cases and cyclones and a baghouse in the CFB cases could
achieve the 0.013 Ib/MMBtu emission limit.

SO, emissions vary with coal type and technology typebdd limestone injection ime

CFB cases is assumed to have an ®@@oval efficiency of 94 percent while the spray
dryer absorbers used in the PC cases is assumed to have a removal efficiency of 93
percent. While PRB and lignite coals have the same sulfur content onereasd

basis, more lignite coal is required to generate the same amount of electricity because of
its lower heating value. As a consequemgere SQis emitted at a constant capture
efficiency in the lignite coal cases.

In capture cases the $€bncentration iseduced to the equivalent of 10 ppmv through

the use of a polishing scrubber ahead of the amine absorber.

Mercury emissions are higher for lignite coal cases compared to the analogous
technology PRB coal case because there is fmenefit capture obsergeavith lignite

coals while PRB coal cases achieve sombamefit capture. In addition, lignite coal has

a higher Hg concentration and a lower heating value.

16
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e Hg emissions are lower for the CFB cases because of the highenebt capture in
addition tothe use of carbon injection.

Overall Conclusions

e The increase in TO® addCO, capture ranges from 66 to pércent.
e The increase in CO#® addCO, capture ranges froffil to 87 percent.
e COE for plants using PR&balis 51 8 percent less than a similaiapt usingNDL.

17
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Exhibit ES-12 SO,, NOx and Particulate Emission Rates

Emissions (Ib/MMBtu)

0.16

0.14

Montana Powder River Basin Coal
Elevation: 3,400 ft

North Dakota Lignite Coal
Elevation: 1,900 ft

m SQ
m NG
HE Particulate
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0.132

0.12

0.10

0.08

0.06

0.04

0.02

0.00

0.070  0.070 0.070

0.070

0.070 0.070

0.070  0.070

Pulverized Coal BoilgPulverized Coal Boil

Supercritical LUItra—supercriticalL Supercritical CFE
r

Supercritical
Pulverized Coal Boll

Li Ultra-supercritical

ulverized Coal Boil

L Supercritical CFE
r
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Exhibit ES-13 Mercury Emission Rates

Mercury Emissions, Ib/TBtt

1.6

Montana Powder River Basin Coal
Elevation: 3,400 ft

North Dakota Lignite Coal
Elevation: 1,900 ft

14
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0.8
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0.2

1.12 1.12 1.12
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1. INTRODUCTION

The objective of this report t® present aaccurateindependent assessment of the cost and
performance of fossil energy power systems, specifically SC and US@ihecycle power
plants and SC CFBower plants using low rank coals, in a consistent technical and economic
manner tht accurately reflects curreot near termmarket conditions.This document is

Volume 3a of the Low Rank Coal Baseline Reports, which are part of adlwme series
consising of the following:

¢ Volume 1: Bituminous Coal and Natural Gas to Electricity

e Volume 2: Coal to Synthetic Natural Gas and Ammonia (Various Coal Ranks)
¢ Volume 3: Low Rank Coablnd Natural Gas to Electricity

e Volume 4: Bituminous Coal to Liquid Fuels with Carbon Capture

Typically four cases are modeled and analyzed for each tegynol'wo cases use PRB
subbituminous coal, with and without @€apture, and two cases U$BL coal, with and
without CQ capture. The naming convention for the cases covered in this report is as follows:

o First letter represents coal type: S = subbitlwus(PRB) coal; L NDL coal
e Two digit number represents technology type: 12 = SC PC; 13 = USC PC; 22 = CFB
¢ Final letter indicates C{rapture: A = no capture; B = capture

Volume 3bcovers all the combustion process cases:

Case S12A This case is based @m SC PC plant without G@apture. Rosebud PRB coal is
the fuel and the plant is located in Montana.

Case S12B This case is the same as S12A except it includesc&@iure.

Case L12Ai1 This cases based on an SC PC plant without@pture NDL caoal is the fuel,
and the plant is located at a minemouth site in North Dakota.

Case L12Bi This case is the same as L12A except it includesdature.

Case S13A This case is based on an USC PC plant without @pture. Rosebud PRB coal is
the fuel, ad the plant is located in Montana.

Case S13B This case is the same as S13A except it includesc&@iure.

Case L13Ai1 This cases based on an USC PC plant without &@pture NDL coal is the fuel,
and the plant is located at a minemouth site in INDakota.

Case L13Bi This case is the same as L13A except it includesdapture.

Case S22A This case is based on an SC CFB plant without €&Pture. Rosebud PRB coal is
the fue|] and the plant is located in Montana.

Case S22B This case is the sanas S22A except it includes GQ@apture.

Case L22Ai1 This cases based on an SC CFB plant without Qf@pture NDL coal is the fuel,
and the plant is located at a minemouth site in North Dakota.

Case L22Bi This case is the same as L22A except it inetu@Q capture.
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While input was sought from various technology vendors, the final assessment of performance
and cost was determined independently, and may not represent the views of the technology
vendors.

Generating Unit Configurations

All twelve combusion cases have a net output of 550 MW. The boiler and steam turbine
industryds ability to match unit size to a
demonstrated enabling a common net output comparison of the cases in this study. While the
CFB indwstry has not commercially demonstrated a unit as large in size as that needed for the
cases in this study, it is assumed that such a design will be possible in the ne§BJfutline

coal feed rate was increased in @©, capture cases to increase tjiess steam turbine output

and account for the higher auxiliary load, resulting in a constant net output.

The balance of this report is organized as follows:
e Chapter 2 provides the basis for technical, environmental, and cost evaluations.

e Chapter 3 desilyes the systems common to all eight SC and USC PC cases and four SC
CFB cases.

e Chapter 4 provides the detdlresults of the eight SC and USC PC cases.
e Chapter 5 provides the detdlresults of the four SC CFB cases.

e Chapter 6 describes the SC R&sivity to MEA systemperformance andost(from
the bituminous coal study)

e Chapter7 summarizes the results of the twelve combustion cases.

e Chapter8 contains the reference list.
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2. GENERAL EVALUATION B ASIS

For each of the plant configurations in this studyAapen model was developed and used to
generate material and energy balances, which provided the design basis for items in the major
equipment list. The equipment list and material balances were used as the basis for generating
the capital and operatin@st estimates. Performance and process limits were based upon
published reports, information obtained from vendors and users of the technology, performance
data from design/build utility projects, and/or best engineering judgment. Capital and operating
costs were estimated MyorleyParsondased on simulation results and through a combination

of vendor quotes and scaled estimates from previous design/build projects. Ultimm&tel¢

was calculated for each of the cases and is reported as the ecogongoffimerit.

The balance of this chapter documents the design basis, environmental targets and cost
assumptions used in the study.

2.1 SITE CHARACTERISTICS

The plants are located at two different generic plant sites. Plants using PRB coal are assumed to
belocated at a site in Montana. Plants using lignite coal are assumed to be located at a
minemouth site in North Dakota. The ambient conditions for the two sites are shown in

Exhibit 2-1 andExhibit 2-2.

Exhibit 2-1 Montana Site Ambient Conditions for PRB Coal Cases

Elevation, m (ft) 1,036(3,400)
Barometric Pressure, MPa (psia) 0.09(13.0)
Design Ambient Temperature, Dry Bulb, °T 5.6 (42)
Design Anbient Temperature, Wet Bulb, °CH) 2.8 (37)
Design Ambient Relative Humidity, % 62

Exhibit 2-2 North Dakota Site Ambient Conditions for Lignite Coal Cases

Elevation, m (ft) 579 (1,900)
Barometric Presure, MPa (psia) 0.10 (13.8)
Design Ambient Temperature, Dry Bulb, °T) 4.4 (40)
Design Ambient Temperature, Wet Bulb, <€) 2.2 (36)
Design Ambient Relative Humidity, % 68

The site characteristics are assumed to be the same for both planheatshown in
Exhibit 2-3.
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Exhibit 2-3 Site Characteristics

Location Greenfield, Montana (PRB coal) or North Dakota (ligni
Topography Level

Size, acres 300

Transportation Rail

Ash/Slag Disposal Off Site

Water

Municipal (50%) / Groundwater (50%)

Access Land locked having access kil and highway
Compressed to 15.3 MPa (2,215 psia), transported 80
CO, Storage kilometers (50 miles) and sequestered in a saline formg

at a depth 01,239 m (4,055 ft)

The land area for all cases assumes 30 acres are required for the plant proper and the balance
provides a buffer of approximately 0.25 miles to the fence line. The extra land could also
provide for a rail loop if required

In all cases it was assumed that buildings are included to house the steam turbine and boiler. The
following design parameters are consideredgpiecific, and are not quantified for this study.
Allowances for normal conditions and construction actuhed in the cost estimates.

Flood plain considerations

Existing soil/site conditions

Water discharges and reuse

Rainfall/snowfall criteria

Seismic design

Buildings/enclosures

Fire protection

Local code height requirements

Noise regulation$ Impact on ge and surrounding area
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2.2 COAL CHARACTERISTICS

The two design coals are a subbituminous PRB coal from Montana and lignite coal from North
Dakot a. The coal properties are from NETLOS
Exhibit 2-4 andExhibit 2-5 [4].

The Power Systems Financial Model (PSFM) was used to deriviesthgearcapital charge

factor for this study. The PSFM requires that all cost inputs have a consistent cost year basis.
Because theapital and operating cost estimates are in June 2007 dollars, the fuel costs must also
be in June 2007 dollars.

The cost of coal used in this study is&BGJ ($089YMMBtu) for PRBcoal and $0.8/GJ
($0.83MMBtu) for NDL coal (2@7 cost of coal idJune2007 dollars). All coal costs are based
on HHV. These costs were determined using the following information froil #2008

AEO:

e The 2M7 minemouth cost of PRB coal in 2006 dollars, $131@&fic ton {onne
($11.81/ton), was obtained from Supplemefitel b1 e 112 of the EI A6s
western Montana mediwsulfur subbituminous coal. The @Dminemouth cost diDL
coal in 2006 dollars, $11.67/tonne ($10.59/ton), was obtained from the same source.

e The 2M7 cost of PRB coal was escalatedltme2007dollars using the gross domestic
product (GDP) chattype price index from AEO 2008, resulting in a price of
$13.42/tonne ($12.17/tofy]. Similarly, the 2@7 cost ofNDL coal inJune2007 dollars
is $12.04/tonne ($10.92/ton) or $0.79/GJ ($0.83/MMBtu).

e Transportation costs for PRB coal were estimated to lpe@®nof the minemouth cost
based on the average transportation rate for medium subbituminous coal from the western
Montana region delivered to the mountain red@n The final delivered cosif PRB
coal used in the calculations is $16.78/tonne ($15.22/ton) or $0.85/GJ ($0.89/MMBtu).

Note: The PRB coal cost conversion of $15.22/ton to dollars per million Btu results in
$0.8884/MMBty which was used in calculations, but only two decimal placeshown in the
report. Similarly, theNDL fuel cost converts to $0.8251/MMBtwhich was used in
calculations, but only two decimal places are shown.
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Exhibit 2-4 Montana Rosebud PRB, Area DWestern Enagy Co. Mine,
Subbituminous Design Coal Analysis

Proximate Analysis

Dry Basis, %

As Received, %

Moisture 0.0 25.77
Ash 11.04 8.19
Volatile Matter 40.87 30.34
Fixed Carbon 48.09 35.70
Total 100.0 100.0
Ultimate Analysis Dry Basis, % As Received, %
Carbon 67.45 50.07
Hydrogen 4.56 3.38
Nitrogen 0.96 0.71
Sulfur 0.98 0.73
Chlorine 0.01 0.01
Ash 11.03 8.19
Moisture 0.00 25.77
Oxygen 15.01 11.14
Total 100.0 100.0
Heating Value Dry Basis As Received, %
HHV, kJ/kg 26,787 19,920
HHV, Btu/lb 11,516 8,564
LHV, kJ/kg 25,810 19,195
LHV, Btu/lb 11,096 8,252
Hardgrove Grindability Index 57
IAsh Mineral Analysis %
Silica Sio, 38.09
Aluminum Oxide Al,O4 16.73
Iron Oxide Fe0, 6.46
Titanium Dioxide TiO, 0.72
Calcium Oxide CaO 16.56
Magnesium Oxide MgO 4.25
Sodium Oxide Na,O 0.54
Potassium Oxide K,0 0.38
Sulfur Trioxide SO; 15.08
Phosphorous Pentoxide P,Os 0.35
Barium Oxide Ba,O 0.00
Strontium Oxide SrO 0.00
Unknown 0.84
Total 100.0
Trace Components ppmd
Mercury2 Hg 0.081
! By Difference

2 Mercuryvalue is the mean plusone stantfard e vi at i on usi ng

EPAOGSs
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Exhibit 2-5 North Dakota Beulah-Zap Lignite, Freedom, ND Mine,

Lignite Design Coal Analysis

Proximate Analysis

Dry Basis, %

As Received, %

Moisture 0.0 36.08
Ash 15.43 9.86
Volatile Matter 41.49 26.52
Fixed Carbon 43.09 27.54
Total 100.0 100.0
Ultimate Analysis Dry Basis, % As Received, %
Carbon 61.88 39.55
Hydrogen 4.29 2.74
Nitrogen 0.98 0.63
Sulfur 0.98 0.63
Chlorine 0.00 0.00
Ash 15.43 9.86
Moisture 0.00 36.08
Oxygert 16.44 10.51
Total 100.0 100.0
Heating Value LIy EEES As Received, %
HHV, kJ/kg 24,254 15,391
HHV, Btu/lb 10,427 6,617
LHV, kd/kg 23,335 14,804
LHV, Btu/lb 10,032 6,364
Hardgrove Grindability Index Not applicable
Ash Mineral Analysis %
Silica SiO, 35.06
Aluminum Oxide Al,O4 12.29
Iron Oxide Fe,0; 5.12
Titanium Dioxide TiO, 0.58
Calcium Oxide CaO 14.39
Magnesium Oxide MgO 6.61
Sodium Oxide Na,O 5.18
Potassium Oxide K,0O 0.64
Sulfur Trioxide SO, 16.27
Barium Oxide Ba,O 0.56
Strontium Oxide SrO 0.27
Manganese Dioxide MnO, 0.02
Unknown -—- 3.00
Total 100.0
Trace Components ppmd
Mercury’ | Hg 0.116
' By Difference
Mercury value is the mean plus one

standard
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2.3 ENVIRONMENTAL TARGET S

The environmental targets for the study were considered onraotegl and fuelspecific basis.

In setting the environmental targets a number of factors were considered, including current
emission regulations, regulation trends, results from recent permitting activities, and the status of
current best available cootrtechnology (BACT).

The current federal regulation governing new feisl fired electric utility steam generating
units is the New Source Performance Standards (NSPS) as amended in June 2007 and shown in
Exhibit 2-6. This rgresents the minimum level of control that would be required for a new

fossil energy plant7].

The new NSPS standards apply to units with the capacity to generate greater than 73 MW of
power by burning fossil fuels, as well as cogeneration units thahee#l than 25 MW of power

and more than orthird of their potential output capacity to any utility power distribution

system. In cases where both an emission limit and a percent reduction are presented, the unit has
the option of meeting one or the othell limits with the unitpound per megawatt hour

(Ib/MWh) are based on gross power output.

Exhibit 2-6 Standards of Performance for Electric Utility Steam Generating Units Built,
Reconstructed, or Modified After February 28, 2005

Pollutant New Units Reconstructed Units Modified Units
Emission % Emission Limit % Emission Limit %
Limit Reduction | (Ib/MMBtu) Reduction | (Ib/MMBtu) Reduction
0.015
PM Ib/MMBtu 99.9 0.015 99.9 0.015 99.97
SO, 1.4 Ib/MWh 95 0.15 95 0.15 90
NOx 1.0 Ib/MWh N/A 0.11 N/A 0.15 N/A

Other regulations that could affect emissions limits from a new plant include the New Source
Review (NSR) permitting process and Prevention of Significant Deterioration (PSD). The NSR
process requirggstallation of emission control technology meeting either BACT determinations
for new sources being located in areas meeting ambient air quality standards (attainment areas),
or Lowest Achievable Emission Rate (LAER) technology for sources being looadeekdis not
meeting ambient air quality standards (rattainment areas). The Clean Air Act authorizes EPA

to establish regulations to prevent significant deterioration of air quality due to emissions of any
pollutant for which a national ambient air giyaktandard (NAAQS) has been promulgated.
Environmental area designation varies by county and can be established only for a specific site
location. Based on the EPA Green Book Ndtainment Area Map relatively few areas in the
Western U.S. are clas®fid a sa tithaoinn ment 0 so t he plant site
in an attainment ard8).

In addition to federal regulations, state and local jurisdictions can impose even more stringent
regulations on a new facility. However, since each nantgias unique environmental
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requirements, it was necessary to apply some judgment in setting the environmental targets for
this study.

Mercury

The Clean Air Mercury Rule (CAMR) issued on March 15, 2005 established NSPS limits for

mercury Hg) emissions fom newPCfired power plants. These rules were vacated by court

action on February 8, 200&8nd the final resolution of these rules is unknown. Even though the

rules are vacated, the CAMR emission limits are included for reference only. There were two

NSPS limits for mercury in combination with subbituminous coal, one for wet units and one for

dry units. Wet units were defined as plants located in a county that receives moreitichre25

(in) per year mean annual precipitation according taXt&Dep ar t ment of Agri cul t
(USDA) most recent publicly available 30 year data, and dry units were plants located in a

county receiving 25 in or less. The subbituminous coal plants in this study are located in the

state of Montana. Most of the PRB coaMontana is located in areas that receive substantially

l ess than 25 in of rainfall, and therd¥ore th
10]. The vacated NSPS limits, based on gross output, are shdaxhiiit 2-7.

Exhibit 2-7 NSPS Mercury Emission Limits

Coal Type / Technology Hg Emission Limit

Bituminous 20 x 10° Ib/MWh
Subbituminous (wet units) 66 x 10° [b/MWh
Subbituminous (dry units) | 97 x 10° Ib/MWh

Lignite 175 x 10° Ib/MWh
Coal refuse 16 x 10° Ib/MWh
IGCC 20 x 10° Ib/MWh

The coal mercury concentration used for this study was determined from the EPA Information
Collection Request (ICR) database. The ICR database has 137 records of Montand Roseb
subbituminous coal with an average Hg concentration of Q886 per million ppm) (dry) and

a standard deviation of 0.025 ppm. There are 266 records forffdbr the Beulah seam with

an average Hg concentration of 0.081 ppm (dry) and a standaedidewf 0.035 ppm. The
mercury values ifexhibit 2-4 andExhibit 2-5 are the mean plus one standard deviation, or 0.081
ppm (dry) for PRB coal and 0.116 ppm (dry) for N[11]. It was further assumedahall of the
coal Hg enters the gas phase and none leaves with the bottom ash or slag.

Design Targets

The environmental targets for combustion cases were established using a presumed BACT and
are the same for subbituminous and lignite coal, with the &gcepf mercury, as shown in
Exhibit 2-8.
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Exhibit 2-8 Environmental Target

Environmental 1
Pollutants Target NSPS Limit Type of Technology
Filterable PM 0.013lb/MMBtu 0.015Ib/MMBtu | Fabric Filter
Low-Sulfur Fuel and Dry
SO, 0.132I/MMBtu |, 24 IMWh - Eah o LowsSulfur Fuel and
(0.1051b/MMBtu) ) .
In-bed Limestone Injection
1.0 Ib/MWh LNBOG s, OF Adbr an
NOXx 0.07Ib/MMBW |y 375 |o/MMBtu) | CFB with SNCR
N 0.60 Ib/TBtu 6 2 | Co-benefit capture, low coal
I(—|Pgé§glb§)|tun|nous (-5.0x 10 7 (); %cl)b/l_?_g\ﬂx;/h Hg content, and carbon
y Ib/MWh) ' injection
1.12 Ib/TBtu 2
Hg, Lignite (PConly) C0.6x 10 175 x 10° Ib/MWh? | Low coal Hg contenand
Ib/MWh) (13.1 Ib/TBtu) carbon injection
Hg, Subbituminous ?;Ozlé)/);rit)g 97 x 10° Ib/MWh? | Co-benefit capture and low
(CFBonly) Ib/MWh) (7.8 Ib/TBtu) coal Hg conten12,13]
4.8 Ib/TBtu 2 .
- 175 x 10° Ib/MWh? | Co-benefit capture and low
Hg, Lignite(CFBonly) (Ibffl\}l\;(V&)OG (13.3 Ib/TBtu) coal Hg contenf12,13]

*The values in parenthesis are calculated usiadowest efficiency plant heat rate for the applicable technology
limit (CO, capture case$C or CFB as described).

2CAMR limits were vacated on February 8, 2008 by court action.

The environmental target represents the maximum allowable emissions for any of the
combustion cases. In some cases actual emissions are less than the targemgter the CQ
capture cases require a polishing scrubber to resllfig dioxide §O,) concentrations to less
than 10parts per million voluméppmv). In those cases the $€@missions are substantially less
than the environmental target. The CFB cad#ige in-bed limestone injection for S@ontrol
with aCO, capture efficiency of 94 percent. The spray dryer abs¢8i2A) used in the
combustion cases ha<®, capture efficiency of 93 percent so the CFB cases haye SO
emissions less than the eronmental target. Deeper $f@ductions are possible in the CFB
cases with the addition of a downstream spray dryer, but that option was not included in this
study.

Carbon Dioxide

COsis not currently regulatedationally However, the possibility exsthat carbon limits will
be imposed in the future and this study examines cases that include a reductign in CO
emissions. C@emissions are reported on bothaund (b)/(gross) MWh and Ib/(net) MWh
basis in each capture case emissions table.

For the canbustion cases that have £€&pture, the basis is a nominal postmbustion 90
percent removal based on carbon input from the coal.
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The cost of CQcapture was calculated as an avoided cost as illustrated in the equation below.
Analogous noftapture techologies and SC necapture PC were chosen as separate reference
cases. The COE in the @€apture cases includes TS&M as well as capture and compression.

{COEWithremovaI_ COEreferencl $/ MWh
{CO, EMissionsS,;yence— CO, EMISSIONS;i,1emovat tONS/ MWhH

AvoidedCost=

2.4 CAPACITY FACTOR

This study assumes that each new plant would be dispaidlyddne it is available and would

be capable of generating maximum capacity when online; ther€Bemd availability are

equal. The availability for combustion cases was determined using the Generating Availability
Data System (GADS) from the North Asmcan Electric Reliability Council (NERQ14].

NERC defines an equivalent availability factor (EAF) as a measure of theQiassuming

there is always a demand for the output. The EAF accounts for planned and scheduled derated
hoursaswellasseasanl der ated hour s. As such, the EAF
CF.

The average EAF for codired plants in the 40899 MW size range was 84.9 percent in 2004

and averaged 83.9 percent from 2@0D4. Given that many of the plants in this sizgyeaare

older, the EAF was rounded up to 85 percent and that value was used as the PC and CFB plant
CF.

The addition of CQcapture was assumed notingpactthe CF even without redundant
pipelines, wells or subsurface infrastructure. This assumption wds ta enable a
comparisorbased on the impact of capital and variable operating costs Anjyreduction in
assumedCF would further increase tHeOE.

2.5 RAW WATER WITHDRAWAL AND CONSU MPTION

A water balance was performém each casen the major water esumers in the process. The

total water demand for each major subsystem was determined. The internal recycle water
available from various sources was used to offset the water demand and determine the total water
withdrawal. Discharge water stream quti@si were estimated and subtracted from the water
withdrawal to determine the water consumption from the environment required for the plant.

Fifty percent of the raw water withdrawal was assumed to be provided by a publicly owned
treatment works (POTW) arliD percent was provided from groundwater. Raw water
withdrawal is defined as the water metered from a raw water source and used in the plant
processes for any and all purposes, such as cooling tower makeilyeayes desulfurization
(FGD) makeup.

The largest consumer of raw water in all cases is cooling tower makeup. p&intelocated in

the WestertJ.S.need to consider limited water supplies, a parallel wetdnglensewas

chosen for all plant configurations similar to the system being installidet currently under
construction Comanche 3 plarih a parallel cooling system half of the turbine exhaust steam is
condensed in an agooled condenser and half in a wateoled condenser. The cooling water is
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provided by a mechanical draft, evagiive cooling tower, and all process blowdown streams

were assumed to be treated and recycled to the cooling tdWwercooling tower blowdown was
assumed to be treated and 90 percent returned to the water source with the balance sent to the ash
ponds fo evaporation.The design ambient wet bu{l&/B) temperature of 3°C (37°F) at the

Montana site and 2°C (36°F) at tN®L site Exhibit 2-1 andExhibit 2-2) was used to achieve a

cooling water temperatuid 9°C (48°F) and 8°C (47°F), respectively at the two sites using an
approach of 6°C (11°F). The cooling water range was assumed to be 11°C (20°F). The cooling
tower makeup rate was determined using the followdia [

e Evaporative losses = 0.8 percentloé circulating water flow rate per 10°F of range
e Drift losses = 0.001 percent of the circulating water flow rate

e Blowdown losses = Evaporative Losses / (Cycles of Concentratipn
Where cycles of concentration are a measure of water quality, andramgil value of 4
was chosen for this study.

Typical design conditions for adooled condensers include an initial temperature difference
(ITD) of 40-55°F[16]. The ITD is theemperature difference between saturated stedine at
steam turbine generatTG) exhaust antheinlet dry bulb cooling air temperatur@he ITDs

at the two locations in this study are 48 and 50°F. The fan power requirement is esatrBdied
times the power required for a wet cooling tower with equivalent hea{ trjty

The wate balances presented in subsequent sections include the water demand of the major
water consumers within the process, the amount provided by internal reélcgceount of raw
water withdrawal by differen¢éhe amount of process water returned to thecgoand the raw
water consumption, again by difference.

26 COST ESTIMATING METH ODOLOGY

The estimating methodology for capital costs, operations and maintenance costs; aiS&®0
costs are described below. The finance structure, basis for the discouhtédwaalysis, and
first-year COE cost calculations are also described.

2.6.1 Capital Costs

As illustrated inExhibit 2-9, this study reports capital cost at four leveBare Erected Cost

(BEC), Total Plant CostTPC), Total Overnight Cost{OC) andTotal Asspent Capital{ASC).

BEC, TPC and TOC are Aovernigleboocdst $ aasd ail
year is the first year of capital expenditure, which for this study is assumed to be 2007. TASC is
expressed in mixegear, currenyear dollars over the entire capital expenditure period, which is
assumed to last fiveegrs for coal plant&®007 to 202).

The BEC comprises the cost of process equipmenssitnfacilities and infrastructure that

suppat the plant (e.g., shops, offices, labs, road), and the direct and indirect labor required for its
construction and/or installation. The cost of EPC services and contingsmoi¢sncluded in

BEC. BEC is an overnight cost expressed in fyase (2007 dollars.
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Exhibit 2-9 Capital Cost Levels and their Elements

\
) \ Bare Erected Cost

Total Plant Cost
Total Overnight Cost
\ TPC Total AsSpent Cost

process equipment
supporting facilities p» BEC
direct and indirect labor

EPC contractor servicep
process contingency

_ . > TOC
project contingency
/ >TASC
preproduction costs
inventory capital
. . BEC, TPC and TOC are al
financing costs G2OSNYAIKGE ¢
2 G KSNJI EIZYSNDé O3 in baseyear dollars.
/

TASC is expressed in mixe
escalation during capital expenditure peri(j year current dollars, sprea

IJLJ_h

. . . . . over the capital expenditure
interest on debt during capital expenditure perio period.

TheTPCcomprises the BEC plus the cost of services provided by the engineering, procurement
and construction (EPC) contractor and projectamogess contingencie€PC services include:
detailed design, contractor permitting (i.e., those permits that individual contractors must obtain
to perform their scopes of work, as opposed to project permitting, which is not included here),
and projecttonstruction management cosiC is an overnight cost expressed in bgesar

(2007) dollars.

TheTOCcompri ses the TPTOElIl us aeawné8oderobghs0 cos
year (2007) dollars and as sutiies not include escalation duriognstruction or interest during
construction.

TheTASC s the sum of all capital expenditures as they are incurred during the capital
expenditure period including their escalation. TASC also includes interest during construction.
Accordingly, TASC is exgessed in mixed, currefyear dollars over the capital expenditure
period.

Cost Estimate Basis and Classification

The TPC and Operation and Maintenance (O&M) costs for each of the cases in the study were
estimated by WorleyParsonsngan inhouse databasand conceptual estimating models.

Costs were further calibrated using a combination of adjusted waumdshed and actual cost

data from recent design projects.

Recommended Practice 18R of the Association for the Advancement of Cost Engineering
International (AACE) describes a Cost Estimate Classification System as applied in Engineering,
Procurement and Construction for the process indu$frés
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Most techneeconomic studiesompleted by NETL feature cost estimates intended for the
purposeacf balfFy St udEyhibit2(lAdasCribes e characteristics of
an AACE Class 4 Cost Estimat€ost estimates ithis study have an expected accuracy range
of -15%/+30%.

Exhibit 2-10 Features of an AACE Class 4 Cost Estimate

ngﬂﬁgn Typical Engineering Completed Expected Accuracy
process fow Giagrams fof main pocess system,| L5 5-30% an the low
0 Jo 0 0
1o 15% preliminaryengineered process and utility equipmg side, ang +§‘0€o t'0d+50
lists on the high side

The capital costs for each cost account were reviewed by comparing individual accounts across

all cases to ensure an accurate representatitre oélative cost differences between the cases

and account s. All capital costs are presente
dollars. The dollar values have been held at June 2007 to allow direct comparison with earlier
results. Significantpricing fluctuations have occurred between June 2007 and March 2009. A
retrospective look suggests that pricing for these commodities peaked in mid 2008 and generally
declined during the latter parts of 2008 into 20B@ased on published informationjg@ng at the

end of 2008 remains higher than June 2007 values.

System Codeof-Accounts

The costs are grouped according to a process/system oriented code of accounts. This type of
codeof-account structure has the advantage of grouping all reasonaloigtddl@omponents of

a system or process, so they are included within the specific system aqddustwvould not be

the case had a facility, area, or commodity account structure been chosen instead).

Non-CO, Capture Plant Maturity

Non-capture SC PC cas are based on commercial offerings for a mature technofbgfta
kind (NOAK) cost. Thus, each of these cases reflects the expected cost for the next commercial
sale ofthistechnolog.

Non-capture USC PC cases are based on technologies that héveengiroven and are
consequently treated as FOAK with appropriate process contingencies applied.

Non-capture CFB cases are based on available technologies that have not been proven at a scale
equivalent to that required in this study and are consequesalet as FOAK with appropriate
process contingencies applied.

CO, Removal Plant Maturity

While the posttombustion technology for the PC plants has been practiced at smaller scale, it
has never been practiced at a scale equivalent to that requiresistuthy. There are domestic
aminebased CQ@capture systems operating on edalived flue gas at scales ranging from-150
800tons per dayTPD) [19]. The plants in this study will captuea average 16,000 TP&f

CO,. Consequently the G@apture casegretreated as FOAK.
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Contracting Strategy

The estimates are based on an EPCM approach utilizing multiple subcontracts. This approach
provides the Owner with greater control of the project, while minimizing, if not eliminating most
of the risk premiumsypically included in an Engineer/Procure/Construct (EPC) contract price.

In a traditional lump sum EPC contract, the Contractor assumes all risk for performance,
schedule, and cost. As a result of current market conditions, EPC contractors appear more
reluctant to assume that overall level of risk. The current trend appears to be a modified EPC
approach where much of the risk remains with the Owner. Where Contractors are willing to
accept the risk in EPC type lupspm arrangements, it is reflectedinég pr oj ect cost .
market, Contractor premiums for accepting these risks, particularly performance risk, can be
substantial and increase the overall project costs dramatically.

The EPCM approach used as the basis for the estimates hereijmtedito be the most cost
effective approach for the Owner. While the Owner retains the risks and absorbs higher project
management costs, the risks become reduced with time, as there is better scope definition at the
time of contract award(s).

Estimate Scope

The estimates represent a complete power plant facility on a generi€ls#plantboundary

l'imit i s defined as the total plant facility
water supply system, but terminating at the high volsge of the main power transformers.

TS&M cost is not included in the reported capital cost or O&M costs, but is treated separately

and added to the COE.

Capital Cost Assumptions

WorleyParsons developed the capital cost estimates for each plant using timg a n-hodse i n
database and conceptual estimating models for each of the specific technologies. This database
and the respective models are maintained by WorleyParsons as part of a commercial power plant
design base of experience for similar equipmeni n t he companyd6s range o
projects. A reference bottorup estimate for each major component provides the basis for the
estimating models. This provides a basis for subsequent comparisons and easy modification
when comparing betweepexcific caseby-case variations.

Other key estimate considerations include the following:

e Labor costs are based on Midwest, Merit Shop using factors from PAROINPAS
presents information for eight separate regiovislume 1 of this study used a geit
Midwestern site, typical of Region 5 (IL, IN, MIl, MN, OldndW]1). The weighted
average rate for Region 8 (CO, MT, ND, SD, @RdWY) is within less than onbalf of
one percent of that for Region $he difference is inconsequential so the sartesnased
in Volume 1 were maintained in this study. Costs would need to-dé@eataated for
projects employing union labor.

e The estimates are based on a competitive bidding environment, with adequate skilled
craft labor available locally.

e Labor is basedn a 56hour workweek (510s). No additional incentives such as-per
diems or bonuses have been included to attract craft labor.

35



Cost and Performance Baselineow Rank, Volume 3b (Combustion Cases)

¢ While not included at this time, labor incentives may ultimately be required to attract and
retain skilled labor dependiran the amount of competing work in the region, and the
availability of skilled craft in the area at the time the projects proceed to construction.

e The estimates are based on a greenfield site.

e The site is considered to be Seismic Zone 1, relatived},lend free from hazardous
materials, archeological artifacts, or excessive rock. Soil conditions are considered
adequate for spread footing foundations. The soil bearing capability is assumed adequate
such that piling is not needed to support the fatiod loads.

e Costs are | imited to within the Afence | in
main power transformers with the extiep of costs included for TS&M, which are
treated as an addition to COE.

e Engineering and Construction Managemeate estimated as a percenB&C. These
costs consist of all home office engineering and procurement services as well as field
construction management costs. Site staffing generally includes a construction manager,
resident engineer, scheduler, andspanel for project controls, document control,
materials management, site safety, and field inspection.

Price Fluctuations

During the course of this study, the prices of equipment and bulk materials fluctuated quite
substantially. Some reference qugiesdated the 2007 year cost basis while others were

received pos007. All vendor quotes used to develop these estimates were adjusted to June
2007 dollars accounting for the price fluctuations. Adjustments of costaprg 2007

benefitted from a wedor survey of actual and projected pricing increases from 2004 through
mid-2007 that WorleyParsons conducted for another project. The results of that survey were
used to validate/recalibrate the corresponding escalation factors used in the conceptual
estmating models.The more recent economic down turn has resulted in a reduction of
commodity prices such that many price indices have similar values in January 2010 compared to
June 2007. For example, the Chemical Engineering Plant Cost Index was 5Rih& 2007

and 532.9 in January 2010, and the Gross Domestic ProductigpaiRrice Index was 106.7

on July 1, 2007 and 110.0 on January 1, 2010. While these overall indices are nearly constant, it
should be noted that the cost of individual equipmgred may still deviate from the June 2007
reference point.

Cross-comparisons

In all technology comparison studies, the relative differences in costs are often more important
than the absolute level of TPC. This requires caxs®punt comparison betweearthnologies to
review the consistency of the direction of the costs.

Exclusions

The capital cost estimate includes all anticipated costs for equipment and materials, installation
labor, professional services (Engineering and Construction Managemerthrdimgiency. The
following items areexcludedrom the capital costs:

e All taxes, with the exception of payroll and property tageperty taxes are included
with the fixed O&M costs)
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e Site specific consideratiorisincluding, but not limited to, seismaone, accessibility,
local regulatory requirements, excessive rock, piles, laydown space, etc.

e Labor incentives in excess ofl®s
¢ Additional premiums associated with an EPC contracting approach
Contingency

Process and project contingencies are inaudeestimates to account for unknown costs that are
omitted or unforeseen due to a lack of complete project definition and engineering.

Contingencies are added because experience has shown that such costs are likely, and expected,
to be incurred even thigh they cannot be explicitly determined at the time the estimate is

prepared.

Capital cost contingencies do not cover uncertainties or risks associated with

scope changes

changes in labor availability or productivity

delays in equipment deliveries

changps in regulatory requirements

unexpected cost escalation

performance of the plant after startup (e.g., availability, efficiency)

Project Contingency

AACE16R9 0 st ates that projdgtpedoretsitngnan ey (fAArCEa
should be 15a 30percentof the sum of BEC, EPC fees and process contingehlais was

used as a general guideline, but some project contingency values outside of this range occur
based on Wo rhowseeRpenesce.n s d i n

Process Contingency

Process contingengy intended to compensate for uncertainty in cost estimates caused by
performance uncertainties associated with the development status of a technology. Process
contingencies are applied to each plant section based on its current technology status.

As shown in Exhibit 2-11, AACE International Recommended Practice 4Rprovides
guidelines for estimating process contingency based on EPRI philogziphy

Process contingencies have been applied to the estimalés studyas follows:

e CO; Removal System (EconaminieR0 percent on alCO, capture casesunproven
technology at commercial scale in PC service.

e USC Boiler and Steam Turbiriefive percent. A contingency of onfive percent was
used since the advanced material requareis for the steam turbine and boiler only
impact a fraction of the equipment.

¢ Instrumentation and Contralsfive percent on all accounts fQO, capture cases.

o CFB Boileri 15 percent. A contingency of 15 percent was used since the boiler in this
studyis significantly larger than any current SC CFB ynitkich typically have a
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maximum capacity in the range of 300 to 380/ per boiler making these cases truly

FOAK.
Exhibit 2-11 AACE Guidelines for Process Contingency
Process Contingency
Technology Status : :
(% of Associated Process Capital)

New concept with limited data 40+
Concept with benclscale data 30-70
Small pilot plant data 20-35
Full-sized modules have been operated 5-20
Process is used conemtially 0-10

Process contingency is typically not applied to costs that are set equal to a research goal or
programmatic target since these values presume to reflect the total cost.

All contingencies included in the TPC, both project and process, rapests that are expected
to be spent in the developntend execution of the project.

Owner 6s Cost s

Exhibit2-13e x pl ai ns the estimation method for owner
estimation method follows guidelines $ections 12.4.7 to 12.4.12 of AACE International

Recommended Practice No. 1:8R[21]. The El ectric Power Researc
Assessment Guide (TAG@®)Power Generation and Storage Tech
gui delines for estimating ownero6s costs. The

instances where they differ, this study has sometimes adopted the EPRI approach

Interest during construction and escalation during construction are not includledase r 6 s c o st
but are factored into the COE and are included in TASC. These costs vary based on the capital
expenditure period and the financing scenario. Ratios of TASC/TOC determined from the PSFM

are used to account for escalation and interest daoanstruction. Given TOC, TASC can be
determined from the ratios givenkixhibit 2-12.

Exhibit 2-12 TASC/TOC Factors

Finance Structure IOU High Risk | IOU Low Risk

TASC/TOC 1.140 1.134
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Exhibit 2213 Owner 6 s Costs I ncluded in TOC

Owner O0s Estimate Basis

Any technology royalties are assumed to be included in the associated equipment cost, and thulaedaas an

Prepaid Royalties owneros cost .

e 6 months operating labor
¢ 1 month maintenance materials at full capacity
¢ 1 month norfuel consumables at full capacity
e 1 month waste disposal
Preproduction (Start- | * 25% of one mont hds fuel cost at full capacity
Up) Costs o 2% of TPC
Compared to AACE 1610, this includes additional costs for operating labor (6 months versus 1 month) to cove
cost of training the plant operators, including their participation in startup, and involving them occasionally durin
design and awstruction. AACE 16R-90 and EPRI TAG® differ on the amount of fuel cost to include; this estimate|
follows EPRI.
Working Capital Although inventory capital (see below) is accounted for, no additional costs are included for working capital.

e 0.5% of TPC for spare parts

e 60 day supply (at full capacity) of fuel. Not applicable for natural gas.

e 60 day supply (at full capacity) of ndael consumables (e.g., chemicals and catalysts) that are stored on site,
Inventory Capital not include catalysts and atbents that are batch replacements such as WGS, COS, and SCR catalysts and
activated carbon.

AACE 16R90 does not include an inventory cost for fuel, but EPRI TAG® does.

Land e $3,000/acre (300 acres for IGCC and PC, 100 acres for NGCC)

o 2.7 of TPC

This financing cost (not included by AACE 1&R) covers the cost of securing financing, including fees and closin
costs but not including interest during construct
on a 2008 priate communication with a capital services firm.

Financing Cost

e 15% of TPC

Ot her Owne _ - _ _ R
This additional lumped cost is not included by AACE1SR or EPRI TAGE. The Aru
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Owner 06s Estimate Basis

TPC) is based on a 2009 private communication with WorleyPar&igsificant deviation from this value is possiblg
as it is very site and owner specifithe lumped cost includes:

- Preliminary feasibility studies, including a Fredfmd Engineering Design (FEED) study

- Economic development (costs for incentivizing lamalaboration and support)

- Construction and/or improvement of roads and/or railroad spurs outside of site boundary

- Legal fees

- Permitting costs

- Owner déds engineering ( s{patyddvicp @ad td help the awnen aversed/evalugtadiies
of the EPC contractor and other contractors)

- Owner 6s contingency (Sometimes called fAimanageme:];
startup, fluctuations in equipment costs, unplanned labor incentives in excess afayfteehourperday work
week. Owner 6s contingency is NOT a part of proj

This lumped cost does NOT include:

- EPC Risk Premiums (Costs estimates are based on an Engineering Procurement Construction Manageme
utilizing multiple subcon#ticts, in which the owner assumes project risks for performance, schedule and cost

- Transmission interconnection: the cost of interconnecting with power transmission infrastructure beyond th
busbar.

- Taxes on capital costs: all capital costs ararassl to be exempt from state and local taxes.

- Unusual site improvements: normal costs associated with improvements to the plant site are included in th
erected cost, assuming that the site is level and requires no environmental remediation. cosissas$ociated
with the following design parameters are excluded: flood plain considerations, existing soil/site conditions,
discharges and reuse, rainfall/snowfall criteria, seismic design, buildings/enclosures, fire protection, local cg
heigh requirementsandnoise regulations.

Initial Cost for
Catalysts and o Allinitial fills not included in BEC
Chemicals

Taxes & Insurance | e 2% of TPC (Fixed O&M Cost)
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2.6.2 Operations and MaintenanceCosts

The production costs or operating costs and relatedtem@nce expenses (O&M) pertain to
those charges associated waferating and maintainirthe power plants over their expected
life. These costs include:

e Operating labor

e Maintenancéd material and labor

e Administrative and support labor

e Consumables

e Fuel

¢ Waste disposal

e Co-product or byproduct credit (that is, a negative cost for anypbyducts sold)

There are two components of O&M costs; fixed O&M, which is independent of power
generation, and variable O&M, which is proportional to power generation.

Operating Labor

Operating labor cost was determined based on the number of operators required for each specific
case. The average base labor rate used to determine annual cost i©&34(@)/ The

associated labor burden is estimated at 30 percene dfase labor ratélaxes and insurance are
included as fixed O&M costs totaling 2 percent of the TPC.

Maintenance Material and Labor

Maintenance cost was evaluated on the basis of relationships of maintenance cost to initial
capital cost. This represard weighted analysis in which the individual cost relationships were
considered for each major plant component or section.

Administrative and Support Labor

Labor administration and overhead charges are assessed at a rate of 25 percent of the burdened
O&M labor.

Consumables

The cost of consumables, including fuel, was determined on the basis of individual rates of
consumption, the unit cost of each specific consumable commodity, and the plant annual
operating hours.

Quantities for major consumables susHzel were taken from technologypecific heat and
mass balance diagrams developed for each plant application. Other consumables were evaluated
on the basis of the quantity required using reference data.

The quantities for initial fills and daily consiables were calculated on a 100 percent operating
capacity basis. The annual cost for the daily consumables was then adjusted to incorporate the
annual plant operating basis, ©F.
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Initial fills of the consumables, fuels and chemicals, are different the initial chemical
loadings (such as reactor catalyst), which are included with the equipment pricing in the capital
cost.

Waste Disposal

Waste quantities and disposal costs were determined similarly to the consuriratilesstudy
fly ash and botim ash from the PC cases are considered a waste with a disposal cost of
$17.89/tonne ($16.23/ton).

Co-Products and By-Products (Other than COy)

By-product quantities were also determined similarly to the consumables. However, due to the
variable marketaility of these byproducts (bottom ash; fly ash-aasingled with FGD products;
or CFB bed ash emingled with FGD products) no credit was taken for potential saleable value.

It should be noted that gyroduct credits and/or disposal costs could paéintbe an additional
determining factor in the choice of technology for some companies and in selecting some sites.
A high local value of the product can establish whether or not added capital should be included
in the plant costs to produce a particldesproduct. Ash is a potential fyroduct in certain

markets and would have potential marketability. Howea®stated abovsince in these cases

the fly ash contains mercury from carbon injection and FGD byproducts, it was assumed to be a
waste mateal rather than a saleable byproduct.

2.6.3 CO-, Transport, Storage and Monitoring

For those cases that feature carbeguestration, the capital and operating costs fortS8a&M
were independently estimated by NETL. Those costs were convertd®&iv COE
increment that was added to the plant COE.

CO, TS&M was modeledbased on the following assumptions:

e COis supplied to the pipeline at the plant fence line at a pressure of 15.3 MPa (2,215
psia). The C@product gas composition varies in the cases presdnieds expected to
meet the specification describeddrhibit 2-14[22]. A glycol dryer located near the
mid-point of the compression train is used to meet the moisture specification.

e The CQis transported 8Rm (50 miles) via peline to a geologic sequestration field for
injection into a saline formation.

e The CQis transported and injected aS@fluid in order to avoid twephase flow and
achieve maximum efficiend23]. The pipeline is assumed to have an outlet pressure
(above theSCpressure) 08.3 MPa (1200 psia) with no recompression along the way.
Accordingly, CQ flow in the pipeline was modeled to determine the pipe diameter that
results in a pressure drop®$9 MPa (1,000 psi) over an 88m (50 mile) pipeline lendt
[24]. (Although not explored in this study, the use of boost compressors and a smaller
pipeline diameter could possibly reduce capital costs for sufficiently long pipelines.) The
diameter of the injection pipe will be of sufficient size that frictidnases during
injection are minimal and no booster compression is required at théeaellin order to
achieve an appropriate dovinole pressurewith hydrostatic head making up the
difference between the injection and reservoir pressure.
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Exhibit 2-14 CO, Pipeline Specification

Parameter Units Parameter Value

Inlet Pressure MPa (psia) 15.3 (2,215)
Outlet Pressure MPa (psia) 10.4 (1,515)
Inlet Temperature °C (°F) 35 (95)

N, Concentration ppmv < 300

O, Concentration ppmv <40

Ar Concentration ppmv <10

H,O Concentration ppmv <150

e The saline formation is at a depth of 1628 (4,055 ft) and has a permeability of 22
mi | | i dar c y)agdfodnatiof @ezsure of 8.4 MPa (1,220 pg§). Thisis

considered an average storage site and requires roughly one injection well for each 9,360

tonnes (10,320 short tons) of gidjected per day25]. The assumed aquifer
characteristics are tabulatedgrhibit 2-15.

Exhibit 2-15 Deep Saline Aquifer Specification

Parameter Units Base Case
Pressure MPa (psi) 8.4 (1,220)
Thickness m (ft) 161 (530)
Depth m (ft) 1,236 (4,055)
Permeability md @em 22 (22)
Pipeline Distance Km (miles) 80 (50)
Injection Rate per Well| Tonne (ton) CQ@day 9,360 (10,320)

The cost metrics utilized in this study providbest estimate of§ & M
sequestration project, and may vary siguifitly based on variables such as terrain to be crossed

c o s tfavorabl® r

by the pipeline, reservoir characteristics, and number of land owners from whisbrfate

rights must be acquired. Raw capital and operating costs are derived from detailed cost metrics
found in he literature, escalated to June 2§@ar dollars using appropriate price indices. These

a

costs were then verified against values quoted by industrial sources where possible. Where

regulatory uncertainty exists or costs are undefined, such as liabsity &nd the acquisition of
underground pore volume, analogous existing policies were used for representative cost

scenarios.

The followingsulsections describe the sources and methodology used for each metric.
TS&M Capital Costs

TS&M capital costsncludeboth a 2Qpercentprocess contingency and pércentroject
contingency.
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In several areas, such as Pore Volume Acquisition, Monitoring, and Liability, cost outlays occur
over a longer time period, up to 100 years. In these cases a capital fundlishestddased on
the net present value of the cost outlay, and this fund is then levelized similar to the other costs.

Transport Costs

CO;, transport costs are broken down into three categories: pipeline costs, related capital
expenditures, and O&M costs.

Ppeline costs are derived from data published
Pipeline Economics Report for existing natural gas, oil, and petroleum pipeline project costs

from 1991 to 2003. These costs are expeitdet analogous to the costwilding a CQ

pipeline, as noted in various studj@8, 25, 26]. The University of California performed a

regression analysis to generate @astes from the O&GJ data: (1)deline Materials, (2)

Direct Labor, (3) Indirect Costs, and (4) Rigiftway acquisition, with each represented as a

function of pipelne length and diametg26]. These cost curves were escalated to the June 2007

year dollas used in this study.

Related capital expenditures were based on the findings of a previous study funded by
DOE/NETL, Carbon Dioxide Sequestration in Saline FormatioBegineering and Economic
Assessmer25]. This study utized a similar basis for pipeline costs&GJ Pipeline cost data
up to the year 2000) but added a 30rge tank and pipeline control system to the project.

Transport O&M costs were assessed using metrics published in a second DOE/NETL sponsored
reportentitled Economic Evaluation of GGtorage and Sink Enhancement Optig@8]. This

study was chosen due to the reporting of O&M costs in terms of pipeline length, whereas the
other studies mentioned above either (a) daewbdrt operating costs, or (b) report them in

absolute terms for one pipeline, as opposed to as a {engllametetbased metric.

Storage Costs

Storage costs wervidedinto five categories: (1) Site Screening and Evaluation, (2) Injection
Wells, (3)Injection Equipment, (4) O&M Costs, and (5) Pore Volume Acquisition. With the
exception of Pore Volume Acquisition, all of the costs were obtained from Economic Evaluation
of CO; Storage and Sink Enhancement Optif28}. These costs include all of the costs
associated with determining, developing, and maintaining as@@age location, including site
evaluation, well drilling, and the capital equipment required for distributing and injecting CO

Pore Volume Acquisition cts are the costs associated with acquiring rights to use the sub
surfacevolumewhere the C@will be storedj.e.,the pore space in the geologic formation.

These costs were based on recent research by Carnegie Mellon Uniwdsityexamined
existingsubsurface rights acquisition aspiértains to natural gas stord@&]. The regulatory

uncertainty in this area combined with unknowns regarding the number and type (private or
government) of property owners, nequdeei sai aom
be made In this study it was assumed that letegm lease rights were acquired from the

property owners in the projected €@lume growth region for a nominal fee, and that an annual
Arent o was pai d when t hacrepfltheimppertydon @ dereod of gpa ¢ h i
to 100 years from the injection start daléne present value of the litgcle pore volumecosts
areassessed at a percentdiscount rate and a capital fund is set up to pay for these costs over

the 100year ent scenario.
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Liability Protection

Liability Protection addresses the fact that if damages are caused by injection atedriong
storage of CQ theinjecting party may bear financial liability. Several types of liability
protection schees have been sggsted for C@storage, including Bonding, Insurance, and
Federal Compensation Systems combined with either tort law (as with theAlaska Pipeline
Fund), or with damage caps and preemption, as is used for nuclear energy under the Price
Anderson Ac(28]. However, at present, a specific liability regime has yet to be dictated either
at a Federal or (to our knowledge) State level. However, certain state governments have enacted
legislation which assigns liability to the injecting party, either in pere{Wyoming) or until

ten years after the cessation of injection operations, pending reservoir integrity certification, at
which time liability is turned over to the state (North Dakota and Louis{@%aB0, 31]. In the

case of Louisiana, a trust fubataling five million dollars is established over the first ten years
(120 months) of injection operatiofe each injectar This fund is then used by the state for

CO, monitoring and, in the event of anfault incident, damage payments.

Liability costs assume that a bond must be purchased before injection operations are permitted in
order to establish the ability and good will of an injector to address damages where they are
deemed liable. A figure of five million dollars was used for the bond bas#ted_ouisiana

fund level. Thisond level may be conservatlyenigh, in that the Louisiana fund covers both

liability and monitoring, but that fund also pertains to a certified reservoir where injection
operations have ceased, having a reduced riskamd to active operations. Thend cost was

not escalated.

Monitoring Costs

Monitoring costs were evaluated based on the methodology set forthimeth@tional Energy
Agency(IEA) Greenhouse GA&HG)R &D Pr ogr ammedés Overvierw of M
Geologic Storage Projeatsport[32]. In this scenario, operational monitoring of the qme

occurs over thirty years (during plant operation) and closure monitoring occurs for the following

fifty years (for a total of eighty years). Monitoringvig electromagnetic (EM) survey, gravity

survey, and periodic seismic sury&M and gravity surveys are ongoing while seismic survey
occursinyears 1, 2,5, 10, 15, 20, 25, and 30 during the operational period, then in years 40, 50,

60, 70, and 80 aftenjection ceases.

2.6.4 Finance Structure, Discounted Cash Flow Analysis, and COE

The global economic assumptions are listeBxhibit 2-16.

Finance structures were chosen based on the assumed type of developenoesterdwned

utility (IOU) or independent power producer) and the assumed risk profile of the plant being
assessed (lowisk or highrisk). For this study the owner/developer was assumed to be an IOU.
The SC norcapture PC plants are categorized asristvand all the Cecapture cases, USC
plants, and CFB plants are categorized as high Eskibit 2-17 describes the lowisk IOU and
high-risk IOU finance structures that were assumed for this study. Timesed structures were
recommended in a 2008 NETL report based on interviews with project developers/owners,
financial organizations and law firnp33)].
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Exhibit 2-16 Global Economic Assumptions

Parameter \ Value
TAXES
Income Tax Rate 38% (Effective 34% Federal, 6% State)
Capital Depreciation 20 years, 150% declining balance
Investment Tax Credit 0%
Tax Holiday 0 years

CONTRACTING AND FINANCING TERMS

Engineering Procurement Construatio
Contracting Strategy Managementdwner assumes project risks for
performance, schedule and cost)
Non-Recourse (collateral that secures debt is
limited to the real assets of the project)

Type of Debt Financing

Repayment Term of Debt 15 years
Grace Period on Debt Repayment 0 years
Debt Reserve Fund None
ANALYSIS TIME PERIODS

Capital Expenditure Period 5 Years
Operational Period 30 years

Economic Analysis Period (used for IRROE) 35 Ye"?“s (caplt_al expenditure period plus
operational period)

TREATMENT OF CAPITAL COSTS
Capital Cost Escalation During Capital
Expenditure Period (nominal annual rate)
Dlstrlbutlon of T_otal Oveymght Capital over_the 5-Year Period10%, 30%, 25%, 20%. 15%
Capital Expenditure Period (before escalation)
Working Capital zero for all paranters
100%(this assumption introduces a very small
% of Total Overnight Capital that is Depreciate error even if a substantial amount of TOC is
actually nondepreciable)
ESCALATION OF OPERATING REVENUES AND COSTS
Escalation of C@& (revenue), O&M Costsand 3

; 3.0%
Fuel Costs (nominal annual rate)

3.6%

2 A nominal average annual rate of Pércentis assumed for escalationadpital costs during constructiofhis
rate is equivalent to the nominal average annual escalation rate for process plant construction costs between 1947
and 2008 according to tlighemical Engineerin@lant Cost Index.

% An average annual inflation raoé 3.0 percents assumedThis rate is equivalent to the average annual escalation
rate between 1947 and 2008 for the U.S. Department of Labor's Producer Price Index for Finished Goeds, the so
called "headline" index of the various Producer Price Indi¢Ese Producer Price Index for the Electric Power
Generation Industry may be more applicable, but that data does not providetertohgstorical perspective since

it only dates back to December 2003.)
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Exhibit 2-17 Financial Structure for Investor Owned Utility High and Low Risk Projects

Type of Qurrent Weighted After Tax
Security % of Total (Nominal) Dollar Cgrre nt Welghteq Cost of
Cost (Nominal) Cost Capital

Low Risk

Debt 50 4.5% 2.25%

Equity 50 12% 6%

Total 8.25% 7.39%

High Risk

Debt 45 5.5% 2.475%

Equity 55 12% 6.6%

Total 9.075% 8.13%

DCFE Analysis and Cost of Electricity

The NETL PoweSystems Financial Model (PSFM) is a nomidallar* (current dollar)

discounted cash flow (DCF) analysis tool. As explained below, the PSFM was used to calculate
COF’in two ways: a COE and a levelized COE (LCOE illustrate how the two are related,

COE solutions are shown Exhibit 2-18 for a generic pulverized coal (PC) power plant and a
generic natural gas combined cycle (NGCC) power p&atth with carbon capture and
sequestration installed

e TheCOE isthe revenue received by the generator per net meghwatiduring the power
pl ant 6s f i r s tassymingthat tbefCOB gs@alatastthiereafter at a nominal
annual rate equal to the general inflation rate, i.e., that it remains constant in reed terer
the operational period of the power planto calculate the COE, the PSFM was used to
det er mi Ayee aar Ofi b(a2s0e0 7) COE t hat, when escal at e
general inflation rate of Bercent, provided the stipulated internal ratereturn on equity
over the entire economic analysis period (capital expenditure period plus thirty years of
operation). The COE solutions are shown@asgvedlinesin the upper portion of
Exhibit 2-18 for a PCpower plant and a NGCC power plant. Since this analysis assumes that
COE increases over the economic analysis period at the nominal annual general inflation
rate, it remains constant in real terms and theyesr COE is equivalent to the bagsar
COEwhen expressed in bagear (2007) dollars.

* Since the analysis takes into account taxesdepdeciation, a nominal dollar basis is preferred to properly reflect
the interplay between depreciation and inflation.

®For this calculation, Afcost of electricityo is somewha
i s actunrildego thec dipved f oioachieve thedtaed IRROEHowetey, singestimegnica t e d
paid for generation is wultimately charged to the end u:
electricity.

® This nominal escalatiorate is equal to the average annual inflation rate between 1947 and 2008 for the U.S.
Department of Laborés Producer Price Index for Finishe
Index for the Electric Power Generation Industry bec#iusdlectric Power Index only dates back to December

2003 and the Producer Price Index is considered the fAh:q
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e TheLEVELIZED COE is the revenue received by the generator per net megaoatt
during the power pl assiming that thee COE esgalatasrtheredfter o p e r a
at a nominal annual rate of @ercant, i.e., that it remains constant in nominal terms over the
operational period of the power plantThis study reports LCOE on a currattllar basis
over thirty years. ACurrent doll aro refers
rather han a real, basis n-ybearsygy refers to the | ength of
assumed for the economic analysis. To calculate the LCOE, the PSFM was used to calculate
a baseyear COE that, when escalated at a nominal annual ratpestént providel the
stipulated return on equity over the entire economic analysis period. For the example PC and
NGCC power plant cases, the LCOE solutions are showoraontallines in the upper
portionof Exhibit 2-18.

Exhibit 2-18 also illustrates the relationship between COE and the assumed developmental and
operational timelines for the power planss shown in the lower portion @&xhibit 2-18, the

capital expenditure period is assumed to start in 2007 for all cases in this Adpoapital costs
included in this analysis, including project development and construction costs, are assumed to
be incurred during the capital expenditperiod. Coafueled plants are assumed to have a
capital expenditure period of five years and naturalfgeled plants are assumed to have a

capital expenditure period of three yeance both types of plants begin expending capital in
the base yegR007), this means that the analysis assumes that they begin operating in different
years 2012 for coal plants and 2010 for natural gas plamntisis study (see Volume 3c for cost

and performance of NGCC plantd)ote that, according to th@hemical EngeeringPlant Cost
Index, June2007 dollars are nearly equivalent to Jant20¢0 dollars.

In addition to the capital expenditure period, the economic analysis considers thirty years of
operation.

Since 2007 is the first year of the capital expenditurgeit is also the base year for the

economic analysis. Accordingly, it is convenient to report the results of the economic analysis in
baseyear (June 2007) dollars, except for TASC, which is expressed in 1y@agdcurrent

dollars over the capital eenditure period.

Consistent with our nominalollar discounted cash flow methodology, the COEs shown on
Exhibit 2-18 are expressed in current dollars. However, they can also be expressed in constant,
base yeadollars (June 2007) as shownEwrhibit 2-19 by adjusting them with the assumed

nominal annual general inflation rateg8rcen}.

Exhibit 2-19 illustrates the same informan as inExhibit 2-18 for a PC plant with CCS only on

a constant 2007 dollar basis. With an assumed nominal COE escalation rate equal to the rate of
inflation, the COE line now becomes horizontal and the LCOIEedses at a rate ofp@&rcent

per year.

" For this currentdollar analysis, the LCOE is uniform in current dollars over théyaisaperiod. In contrast, a
constandollar analysis would yield an LCOE that is uniform in constant dollars over the analysis period.
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Exhibit 2-18 lllustration of COE Solutions using DCF Analysis
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300 For the specified economic assumptions and finance structure, either of
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Estimating COE with Capital Charge Factors

For scenarios that adhere to the global economic assumptions ligbelitit 2-16 and utilize

one of the finance structures listedErhibit 2-17, the following simplified equation can be used

to estimate COE as a functionB®C?, fixed O&M, variable O&M (including fuel), capacity

factor and net output. The equation requires the application of one of the capital charge factors
(CCF) listed inExhibit 2-20. These CCFs are valid only for the global economic assumptions
listed inExhibit 2-16, the stated finance structure, and the stated capital expenditure period.

Exhibit 2-20 Capital Charge Factors for COE Equation

Finance Structure High Risk IOU Low Risk IOU

Capital Charge Factor (CCF) 0.1243 0.1165

All factors in the COE equation are expressed indyase dollars. The base year is the first year

of capital expenditure, which for this study is assumed to be 2007. As shduhiloit 2-16, all

factors (COE, O&M and fuel) are assumed to escalate at a nominal annual general inflation rate
of 3.0percent Accordingly, all firstyearcosts (COE and O&M) are equivalent to basar

costs when expressed in basar (2007) dollars.

first year first year first year
capital charge T fixed operating + variable operating
COE = costs costs

annual net megawatt hours
of power generated

(CCF)(TOC) + OCgix + (CF)(OCy4g)

COE = (CF)(MWH)

where:

COE = revenue received by the generator ($/MWh, equivalent to mills/kwWh)
during the power pl ddutexpresseflinbaset year
year dollarg, assuming that the COE escalates thereafter at a nominal
annual rate equal to the general inflation rate, i.e., that it remains constant
in real terms over the operational period of the power plant.

CCF = capital charge factor taken froaxhibit 2-20 that matches the applicable
finance structure and capital expenditure period

TOC = total overnight capitakgxpressed in basgear dollars

8 Although TOC is used in the simplified COE equation, the CCF that multiplies it accounts for escalation during
constuction and interest during construction (along with other factors related to the recovery of capital costs).
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OCrix = the sum of all fixed annual operating costspressed indseyear dollars
OGCyar = the sum of all variable annual operating costs, including fuel at 100
percentcapacity factorexpressed in basgear dollars
CF = plant capacity factor, assumed to be constant over the operational period
MWH = ?nnual net megawtahours of power generated at J€rcentcapacity
actor

The primary cost metric in this study is the COE, which is the-p@aecost presented in base

year dollars.Exhibit 2-21 presents this cost metric along with the CO&akded to the first year

of operation (2010 for NGCC cases and 2012 for coal cases) using the average annual inflation
rate of 3 percent. Similarly, the LCOE is presented in both-yeesedollars and first year of
operation dollars. Using a similar rhetlology, the reader may generate either metric in the
desired cost year basis.

Exhibit 2-21 COE and LCOE Summary

COE LCOE
Case | BaseYear First Operational BaseYear First Operational
Year Year

2007 2012% 2007% 2012%
S12A 57.80 67.00 73.27 84.93
S12B 107.50 124.62 136.27 157.97
L12A 62.20 72.10 78.84 91.40
L12B 116.36 134.90 147.51 171.00
S13A 62.17 72.07 78.81 91.36
S13B 107.66 124.80 136.47 158.20
L13A 67.31 78.03 85.32 98.91
L13B 115.38 133.6 146.26 169.56
S22A 61.53 71.33 78.00 90.42
S22B 107.97 125.17 136.87 158.67
L22A 64.57 74.86 81.85 94.89
L22B 115.19 133.54 146.02 169.27
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3. COMBUSTION POWER PLA NT PROCESS DESCRIPTIONS
3.1 COMMON PROCESS AREASFOR ALL CO MBUSTION CASES

The combustion cases have process areas that are common to each plant configuration such as
coal receiving and storage, emissions control technologies, power generation, etc. As detailed
descriptions of these process areas in each casenseculd be burdensome and repetitious,

they are presented in this section for general background information. The performance features
of these sections are then presented in thes@sgfic sections.

3.1.1 Coal and Sorbent Receiving and Storage

The functio of the coal portion of the Coal and Sorbent Receiving and Storage system is to
provide the equipment required for unloading, conveying, preparing, and storing the fuel
delivered to the plant. The scope of the system is from the coal conveyor recepegshup

to the coal storage silos. The system is designed to supportesinorperation at maximum
power output at thBve percent over pressure/valves wide open (OP/VWO) conditiohqus)
and longterm operation of 9@ays or more at the maximuzontinuous rating (MCR).

The scope of the sorbent receiving and storage systems includes truck roadways, turnarounds,
unloading hoppers, conveyors, and the day storage bin. The limestone system for the CFB cases
also includes reclaim hoppers and feeders.

Operation Descriptioni TheNDL plants are located at the minemouth and coal is delivered to
the plant from the mine by conveyor into two receiving hoppers. Coal is delivered to the PRB
plants by 10&ar unit traingcomprisedf 91 tonne (100 ton) rail c& The unloading is done by

a trestle dumpewhich unloads the coal into two receiving hoppers.

For both plant types, coal from each hopper is fed directly into a vibratory feeder. The 8
centimete(cm) x 0 (B x 0) coal from the feeder is dischargedma belt conveyor. Two

conveyors with an intermediate transfer tower are assumed to convey the coal to the coal stacker,
which transfer the coal to either the letggm storage pile or to the reclaim area. The conveyor
passes under a magnetic plateasafor to remove tramp iron and then to the reclaim pile.

Coal from the reclaim pile is fed by two vibratory feeders, located under the pile, onto a belt
conveyor, which transfers the coal to the coal surge bin located in the crusher tower. The coal is
reduced in size to 2.5 cm x 00(% 0) by the coal crushers. The coal is then transferred by
conveyor to the transfer tower. In the transfer tower the coal is routed to the tripper that loads
the coal into one of the six boiler silos.

For the PC casesnie is delivered to the site using 23 tonne (25 ton) trucks and conveyed to
storage. Lime is stored in a bulk storage lime silo. The lime is pneumatically conveyed to a day
bin.

For the CFB caseimestone is delivered to the site using 23 tonne (25ttoaks. The trucks
empty into a below grade hopper where a feeder transfers the limestone to a conveyor for
delivery to the storage pile. Limestone from the storage pile is transferred to a reclaim hopper
and conveyed to a day bin.
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3.1.2 Steam Generator andAncillaries

The steam generating boilers are described in Segtibhfor the PC case and Secti8rB.1for
the CFB cases. The steam generator operates as follows:

Feedwateand Steam

For theSCandUSC steam systemé$gedwater FW) enters the bottom header of the economizer
and passes upward through the economizer tube bank, through stringer tubes that support the
primary superheater, and discharges to the economizer outlet headers. Frothettheaders,

water flows to the furnace hopper inlet headers via external downcomers. Water then flows
upward through the furnace hopper and furnace wall tubes. From the furnace, water flows to the
steam water separator. During low load operation &tiger below thdBensonpoint), the water

from the separator is returned to the economizer inlet with the boiler recirculating pump.
Operation at loads above tBensonpoint is once through.

Steam flows from the separator through the furnace roof tootieection pass enclosure walls,
primary superheater, through the first stage of water attemperation, to the furnace platens. From
the platens, the steam flows through the second stage of attemperation and then to the
intermediate superheater. The stehentflows to the final superheater and on to the outlet pipe
terminal. Two stages of spray attemperation are used to provide tight temperature control in all
high temperature sections during rapid load changes.

Steam returning from the turbine passesufglothe primary reheatéRH) surface, then through
crossover piping containing intstage attemperation. The crossover piping feeds the steam to
the finalRH banks and then out to the turbine. Irdtage attemperation is used to provide outlet
temperaure control during load changes.

3.1.3 Particulate Control

A pulsejet baghouse with air to cloth ratio of 3éet per minutef¢/min) is provided. The

baghouse is provided with a spare compartment for off line cleaning to maintain the opacity at 10
percent oless. The wastis pneumatically conveyed to a waste storage silo wittday3storage
capacity, which is in accordance with typical utility desigiue gas exits the baghouse and

enters the Induced Draft (ID) fan suction.

3.1.4 Carbon Dioxide Recovery Fadity

A Carbon Dioxide Recovery (CDR) facility is useddases S12B, S13B, L12B, L13B, S22B
and L22Bto remove 90 percent of the € the flue gas exiting theaghousenit, purify it,
and compress it to a SC condition. The CDR is comprised of thgdkisupply, S&polishing,
CO, absorption, solvent stripping and reclaiming, and, €@npression and drying.

The CQ absorption/stripping/solvent reclaim process for the Eipture cases is based on the

Fluor Econamine FG PIg¥ technology 4,35]. A typical flowsheet is shown iBxhibit 3-1.
TheEconamine FG Plugsrocess uses a formulation of monoethanolamine (MEA) and a

proprietary corrosion inhibitor to recover gfdom the flue gas. This process is desigrmed t

recover highpurity CQ, from low-pressuréLP) streams that contai@,, such as flue gas from

coalfired power plants, gas turbine exhaust gas, and other waste gases. The Econamine process
used in this study differs from previous studies, including0@ IEA study 34], in the

following ways:
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e The complexity of the control and operation of the plant is significantly decreased
e Solvent consumption is decreased
e Hard to dispose waste from the plangtieatly reduced

The aboveare achieved at the expense of a slightly higher steam requirement in the stripper
reboiler (3,556 kJ/kg [1,530 Btu/lb] versus 3,242 kJ/kg [1,395 Btu/lb] used in the IEA study)
[36]. A recent Fluor publicationd] indicatesthat a reboiler steam duty of 1,270 Btddpis
possible with higher MEA concentration andpiraved corrosion inhibitors. Aensitivity
analysiswas conducted to estimate the impact of the lower reboiler steasumption on the
COE. This sensitivity sy is included in Sectio6.

SO, Polishing and FG Cooling and Supply

To minimizethe accumulation of heat stable sgH§$S) the incoming flue gas must have an

SO, concentration of 10 ppmv or less. The gas exiting the @2 passes through an SO
polishing step to achieve this objective. The polishing step consists ofunming, low
differentiatpressure, spragaffle-type scrubber using a 2@eight percentwt%) solution of

sodium hydroxide (NaOH). A removal afiency ofabout80 percent is necessary to reduce,SO
emissions from the FGD outlet to 10 ppmv as required by the Econamine process. The polishing
scrubber proposed for this application has been demonstrated in numerous industrial applications
throughouthe world and can achieve removal efficiencies of over 95 percent if necessary.

The polishing scrubber also serves as the flue gas cooling system. Cooling water from the
PC/CFB plant is used to reduite flue gas temperature to below the adiabatic saiara

temperature resulting in a reduction of the flue gas moisture corfkré gas is cooled beyond

the CQ absorption process requirements to 32°C (90°F) to account for the subsequent
temperature increase of about 17°C (30°F) in the flue gas blovevnddream from the

Polishing Scrubber flue gas pressure is boosted in the Flue Gas Blowers by approximately 0.014
MPa (2pounds per square incpdi]) to overcome pressure drop in the {&Bsorber tower.

Circulating Water System

Cooling water is provideddm the PC/CFB plant circulating water systg@wS)and returned

to the plant cooling tower. The CDR facility requires a significant amount of cooling water for
flue gas cooling, water wash cooling, absorber intercooling, reflux condenser duty, reclaimer
cooling, the lean solvent cooler, and £ZfOmpression intstage cooling.

CO, Absorption

The cooled flue gas enters the bottom of the Bkorber and flows up through the tower
countercurrent to a stream odtfeMEA-based solventApproximately 90 peent of the CQin

the feed gas is absorbed into the lean solvent, and the rest leaves the top of the absorber section
and flows into the water wash section of the tower. The lean solvent enters the top of the
absorbesection absorbs the CQOrom the flle gas, and leaves the bottom of the absorber with

the absorbed CO The FG Plus process also includes solvent intercooling. Thersdmi

solvent is extracted from the column, cooled using cooling water, and returned to the absorber
section just below #extraction point. The G@arrying capacity of the solvent is increased at
lower temperature, which reduces the solvent circulation rate.
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Exhibit 3-1 Fluor Econamine FG Plus™ Typical Flow Diagram
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Water Wash Section

The purpose of the Water Wash section is to minimize solvent losses due to mechanical
entrainment and evaporation. The flue gas from the top of thédA@€drption section is

contacted with a reirculating stream of water for the removéihaost of the lean solvent. The
scrubbed gases, along with unrecovered solvent, exit the top of the wash section for discharge to
the atmosphere via the vent stack. The water stream from the bottom of the wash section is
collected on a chimney tray. Agion of the water collected on the chimney tray spills over to

the absorber section as water makeup for the amine with the remaingezguia the Wash

Water Pumpgooled by the Wash Water Cooler, and recirculated to the top of thalid0rber.

The wah water level is maintained yashwater makeup

Rich/Lean Amine Heat Exchange System

The rich solvent from the bottom of the €8bsorber is preheated by the lean solvent from the
Solvent Stripper in the Lean/Rich Cross Exchanger. The heated riemssivouted to the

Solvent Stripper for removal of the absorbed,C®Ohe stripped solvent from the bottom of the
Solvent Stripper is pumped via the Lean Solvent Pump to the Lean Solvent Cooler. A slipstream
of the lean solvent is then sent throughAineine Filter Package to prevent buildup of

contaminants in the solution. The filtered lean solvent is mixed with the remaining lean solvent
from the Lean Solvent Cooler and sent to the 8@sorber, completing the circulating solvent
circuit.

Solvent Stmpper

The purpose of the Solvent Stripper is to separate thdrG@ the rich solvent feed exiting the
bottom of the C@Absorber. The rich solvent is collected on a chimney tray below the bottom
packed section of the Stripper and routed to the Rebofierarthe rich solvent is heated by
steam, stripping the GGrom the solution.Steam is provided from thossover pipe between

the IP and LP sections of the steam turlain@.51MPa (74psia) and 292°C (557°F)lhe hot

wet vapor from the top of thergiper containing Cg steam, and solvent vapor, is partially
condensed in the Reflux Condenser by cross exchanging the hot wet vapor with cooling water.
The partially condensed stream then flows to the Reflux Drum where the vapor and liquid are
separatedlhe uncondensed G@ich gas is then delivered to the €@oduct compressorThe
condensed liquid from the Reflux Drum is pumped via the Reflux Pump where a portion of
condensed overhead liquiddsmbined with the lean solvent entering @@, Absorber The

rest of the pumped liquid is routed back to the Solvent Stripper as reflux, which aids in limiting
the amount of solvent vapors entering the stripper overhead system.

Solvent Reclaimer

The low temperature reclaimer technology is a recent develdgoreéhe FG Plus technology.

A small slipstream of the lean solvent is fed to the Solvent Reclaimer for the removal-of high

boiling nonvolatile impurities including HSS, volatile acids and iron products from the

circulating solvent solution. Reclaimimgcurs in two steps, the first is aniexchange process.

There is a small amount of degradation products that cannot be removedexahamge, and a

second atmospheric pressure reclaiming process is used to remove the degradation products. The
solvent reclaimer system reduces corrosion, foaming and fouling in the solvent system. The
reclaimed solvent is returned to the Solvent Stripper and the spent solvent is pumped via the
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Solvent Reclaimer Drain Pump to the Solvent Reclaimer Drain Tank for dispbse quantity
of spent solvent is greatly reduced from the previously used thermal reclaimer systems.

Steam Condensate

Steam condensate from the Solvent Stripper Reclaimer accumulates in the Solvent Reclaimer
Condensate Drum and is level controlledie Solvent Reboiler Condensate Drum. Steam
condensate from the Solvent Stripper Reboilers is also collected in the Solvent Reboiler
Condensate Drum and returned to the steam cycle beBFatheaters 4 and 5 via the Solvent
Reboiler Condensate Pumps.

Conrosion Inhibitor System

A proprietary corrosion inhibitor is continuously injected into the, @8sorber rich solvent
bottoms outlet line. Thiadditiveis to help control the rate of corrosion throughout the CO
recovery plant system.

Gas Compression amdtying System

In the compression section, the £®compressed to 15.3 MPa (2,215 psia) by &&ige
centrifugal compressor. The discharge pressures of the stages were balanced to give reasonable
power distribution and discharge temperatures acresgatious stages as showrExhibit 3-2.

Exhibit 3-2 CO, Compressor Interstage Pressures

Outlet Pressure,
MPa (psia)

0.35 (51)
0.77 (112)
1.69 (245)
3.71 (538)
8.16 (1,184)
15.3 (2,215)

Stage

OO W|IN|F

Power consumption for this large compressor was estimated assuming a polytropic efficiency of
86 percent and mechanical efficiency of 98 pertenall stages During compression to 15.3

MPa (2,215 psia) in the multiptage, intercooled compressor, the 3®eam is dehydrated to
adew pointof -40°C ¢40°F) with triethylene glycolTEG). The virtually moisturdree SCCGO;

stream is delivered to the plant battery limit as sequestration readyT SXM costswere

estimded and included ihCOE andCOE using the methodology described in Sec@dn

3.1.5 Power Generation

Since there is no single consensus definitiod 8€ conditions, a literature search was
conducted to identify conditions to beadl in this study. Main steam conditions of 24.1
MPa/593°C (3,50@sig/1,100°F) are used f&CPC and CFB cases and 2Ki®a/649°C (4,000
psig/1,200°F) folJSCPC cases in this study.
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Reasons for this decision include:

The SC steam conditions are coreigtwith SC PC cases in Volume 1 of this stugifj [
Even without a precise definition fISC, these steam conditions would be categorized
asUSChby all

e TheSCandUSCsteam conditions are sufficiently different to see a meaningful
difference in plant effiency

The steam turbine is designed for lelegm operation (9days or more) at MCR with throttle
control valves 95 percent open. Itis also capable of a-shanfive percent OP/VWO
condition (16hours).

The steam turbine is a tandem compound typesistng of HRintermediate pressuré)-two

LP (double flow) sections enclosed in three casings, designed for condensing single reheat
operation, and equipped with nantomatic extractions and fetlow exhaust. The turbine

drives ahydrogen cooledererator. The turbine habrect currentDC) motoroperated lube oll
pumps, and main lube oil pumps, which are driven off the turbine [38hft The exhaust
pressure is 35.6entimeter ¢m) (1.4in) Hg in the single pressure condenser. The condenser is
two-shell, transverse, single pressure with divided waterbox for each shell.

Turbine bearings are lubricated by a clessmp (CL), watercooled pressurized oil system.
Turbine shafts are sealed against alleakage or steam blowout using a labyrintmdla
arrangement connected t@.B steam seal system. The generator stator is cooled With a
water system consisting of circulating pumps, shell and tube or plate and frame type heat
exchangers, filters, and deionizers, all skidunted. The generatortoo is cooled with a
hydrogen gas recirculation system using fans mounted on the generator rotor shatt.

Operation Description

The turbine stop valves, control valves, reheat stop valves, and intercept valves are controlled by
an electrenydraulic contrbsystem. Main steam from the boiler passes through the stop valves
and control valves and enters the turbine at 24.1 MPa/593°C (3,500 psig/1,100°FSf0r the

cases and 27.6 MPa/649°C (4,000 psig/1,200°F) fodB@€cases. The steam initially enters

the turbine near the middle of th#° span, flows through the turbine, and returns to the boiler

for reheating. The reheat steam flows through the reheat stop valves and intercept valves and
enters the IP section at 593°C (1,100°F) inSkkxxases and 649°(,200°F) in thaJSCcases.

After passing through the IP section, the steam enters a crossover pipe, which transports the
steam to the two LP sections. The steam divides into four paths and flows through the LP
sections exhausting downward into the camgker.

The turbine is designed to operate at constant inlet steam pressure over the entire load range.

3.1.6 Balance of Plant

The balance of plant components consist of the condeRd&tanain and reheat steam,
extraction steam, ash handling, ducting andkstaaste treatmenand miscellaneous systems as
described below.

Condensate

The function of the condensate system is to pump condensatédtbihe air-cooled and
watercooledcondenser to the deaeratitmough the LP FW heaters. Each system consists
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two main condensers (one-awoled and one wat&ooled); two variable speed electric metor
driven vertical condensate pumps each sized fqres€ent capacity; four LP heaters; and one
deaerator with storage tank.

Condensate is delivered to a comma@thdarge header through two separate pump discharge
lines, each with a check valve and a gate valve. A common minimum flow recirculation line
discharging to the condenser is provided downstream of the gland steam condenser to maintain
minimum flow requirenents for the gland steam condenser and the condensate pumps.

LP FW heaterd through 4 are 5percent capacity, parallel flow, and are located in the

condenser neck. All remaining FW heaters are@0ent capacity shell andtube heat
exchangers. Ead.P FW heater is provided with inlet/outlet isolation valves and a full capacity
bypass. LP FW heater drains cascade down to the next lowest extraction pressure heater and
finally discharge into the condenser. Pneumatic level control valves contralranaim levels

in the heaters. High heater level dump lines discharging to the condenser are provided for each
heater for turbine water induction protection. Pneumatic level control valves control dump line
flow.

Feedwater

The function of the FW systers to pump the FW from the deaerator storage tank through the
HP FW heaters to the economizer. One turdineen BFW pump sized at 1Q&rcent capacity

is provided to pump FW through the HP FW heaters. Orpegfent motodriven BFW pump

is provided fo startup. The pumps are provided with inlet and outlet isolation valves, and
individual minimum flow recirculation lines discharging back to the deaerator storage tank. The
recirculation flow is controlled by automatic recirculation valves, which arination check
valve in the main line and in the bypass, bypass control valve, and flow sensing element. The
suction of the boiler feed pump is equipped with startup strainers, which are utilized during
initial startup and following major outages os®m maintenance.

Each HP FW heater is provided with inlet/outlet isolation valves and a full capacity bypass. FW
heater drains cascade down to the next lowest extraction pressure heater and finally discharge
into the deaerator. Pneumatic level contadises control normal drain level in the heaters.

High heater level dump lines discharging to the condenser are provided for each heater for
turbine water induction protection. Dump line flow is controlled by pneumatic level control
valves.

The deaeratas a horizontal, spray tray type with internal direct contact stainless steel (SS) vent
condenser and storage tank. The boiler feed pump turbine is driven by main steam up to

60 percent plant load. Above @@rcent load, extraction from the IP turbindavst provides

steam to the boiler feed pump steam turbine.

Main and Reheat Steam

The function of the main steam system is to convey main steam from the boiler superheater
outlet to the HP turbine stop valves. The function of the reheat system is tg steam from

the HP turbine exhaust to the boiRiH and from the boileRH outlet to the IP turbine stop
valves.

Main steam exits the boiler superheater through a rugterated stop/check valve and a metor
operated gate valve and is routed in a singke feeding the HP turbine. A branch line off the IP
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turbine exhaust feeds tlB#=W pump turbine during unit operation starting at approximately
60 percent load.

Cold reheat steam exits the HP turbine, flows through a roprated isolation gate valve and
a flow control valve, and enters the boii. Hot reheat steam exits the boidd through a
motoroperated gate valve and is routed to the IP turbine.

Extraction Steam

The function of the extraction steam system is to convey steam from turbindiextpaants to
theFW heaters, deaerator, and CDR facility for G@pture cases.

The turbine is protected from overspeed on turbine trip, from flash steam reverse flow from the
heaters through the extraction piping to the turbine. This protection igl@dovy positive

closing, balanced disc narturn valves located in all extraction lines except the lines to the LP
FW heaters in the condenser neck. The extractiorreimn valves are located only in

horizontal runs of piping and as close to the nelas possible.

The turbine trip signal automatically trips the r@turn valves through relay dumps. The
remote manual control for each heater level control system is used to releasertteinmon
valves to normal check valve service when requireégtart the system.

Circulating Water System

Exhaust steam from the steam turbine is split 50/50 to a surface condenser cooled with cooling
water and to an aitooled condenser using ambient air and forced convection. A decision to use
a parallel wet/dry @oling system was based primarily on the plans for the Xcel Energy
Comanche 3 PC plant currently under construction, and the desire to reduce the plant water
requirement.

The major impact of parallel cooling is a significant reduction in water requiresminemt
compared to a wet cooling system. This impact is included in the water balance presented later
in this report.

Because of the low ambient temperatures at the sites in this study, a condenser pressure of 4.81
kilopascal absolut&kPg (0.698 psia) (@ndensing temperature of 32°C [90°F]) is used in the
model as compared to 6.77 kPa (0.983 psia) (condensing temperature of 38°C [101°F]) used in
Volume 1 of this repoijt37].

TheCWSis a closeetycle cooling water system thagjects heat through a wet cooling tower

and supplies cooling water to the surface condenser to condenrbalbokthe main turbine

exhaust steam. The system also supplies cooling water to the CDR plant as required, and to the
auxiliary cooling systemThe auxiliary cooling system is@L process that utilizes a higher

guality water to remove heat from compressor intercoolers, oil coolers and other ancillary
equipment and transfers that heat to the main circulating cooling water system in platenand fra
heat exchangers. The heat transferred to the circulating water in the surface condenser and other
applications is removed by a mechanical draft cooling tower.

The system consists of two percent capacity vertic&lWPs a mechanical draft evaporative
cooling tower, and carbon st€€lS)cementlined interconnecting piping. The pumps are
singlestage vertical pumps. The piping system is equipped with isolation valves and all required
expansion joints. The cooling tower is a makil wood frame couerflow mechanical draft

cooling tower.
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Thewatercooledsurface condenser is a singlass, horizontal type with divided water boxes.
There are two separate circulating water circuits in each box-h@lhef the condenser can be
removed from service faleaning or for plugging tubes. This can be done during normal
operation at reduced load. The-e@oled condenser utilizes ambient air and forced convection
across tube bundles to condenserémaining onéhalf of the turbine exhaust steam.

Both conensers are equipped with an air extraction system to evacuate the condenser steam
space for removal of necondensable gases during steam turbine operation and to rapidly reduce
the condenser pressure from atmospheric pressure before unit startup astcadhseam to

the condenser.

Ash Handling System

The function of the ash handling system is to provide the equipment required for conveying,
preparing, storing, and disposing of the fly ash and bottom ash produced on a daily basis by the
boiler. The sape of the system is from the baghouse hoppers, air haateeconomizer hopper
collectors, and bottom ash hoppers todbe/ateringpins (for bottom ash) and truck filling

stations (for fly ash). The system is designed to support-sdrartoperation tathe

five percentOP/VWO condition (16ours) and longerm operation at the 1Qf&rcent guarantee
point (90days or more).

The fly ash collected in the baghouse and the air heaters is conveyed to the fly ash storage silo.
A pneumatic transport systersing lowpressure air from a blower provides the transport
mechanism for the fly ash. Fly ash is discharged through a wet unloader, which conditions the
fly ash and conveys it through a telescopic unloading chute into a truck for disposal. Bottom ash
removal is handled by truck.

For systems that include an SDA FGD, ash collected in the baghouse includes particulates from
the FGD that include unreacted lime. Sorbent utilization is increased by about 40 percent by
slurrying and recycling a portion of thaghouse ash into the absorber with the virgin lime

slurry.

Ash from the economizer hoppers and pyrites (rejected from the coal pulverizers in the PC cases)
is conveyed using water to the economizer/pyrites transfer tank. This material is then sluiced on
a periodic basis to the hydrobins.

Ducting and Stack

One stack is provided with a single fiberglasmforced plastic (FRP) liner. The stack is
constructed of reinforced concrete. The stack is 152 mf{bB@h for adequate particulate
dispersion. Th ID fans were sized large enough to allow for additional stack velocity to
overcome the buoyancy losses resulting from colder than normal flue gas temperatures for the
CO, capture cases.

Waste Treatment/Miscellaneous Systems

An onsite water treatment féity treats all runoff, cleaning wastes, blowdown, and backwash to
within the U.S. EPA standards for suspended solids, oil and grease, pH, and miscellaneous
metals. Waste treatment equipment is housed in a separate building. The waste treatment
system casists of a water collection basin, three raw waste pumps, an acid neutralization
system, an oxidation system, flocculation, clarification/thickening, and sludge dewatering. The
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water collection basin is a synthetitembrandined earthen basin, which ¢etts rainfall
runoff, maintenance cleaning wastes, and backwash flows.

The raw waste is pumped to the treatment system at a controlled rate by the raw waste pumps.
The neutralization system neutralizes the acidic wastewater with hydrated lime wstadgeo
system, consisting of a lime storage silo/lime slurry makeup system, dry lime feeder, lime slurry
tank, slurry tank mixer, and lime slurry feed pumps.

The oxidation system consists of an air compressor, which injects air through a sparger pipe into
thesecondstage neutralization tank. The flocculation tank is fiberglass with a variable speed
agitator. A polymer dilution and feed system is also provided for flocculation. The clarifier is a
platetype, with the sludge pumped to the dewatering sysiEme. sludge is dewatered in filter

presses and disposed offsite. Trucking and disposal costs are included in the cost estimate. The
filtrate from the sludge dewatering is returned to the raw waste sump.

Miscellaneous systems consisting of fuel oil, se=air, instrument air, and service water are
provided. A storage tank provides a supply of Rléuel oil used for startup and for a small
auxiliary boiler. Fuel oil is delivered by truck. All truck roadways and unloading stations inside
the fence areare provided.

Buildings and Structures

Foundations are provided for the support structures, pumps, tanks, and other plant components.
The following buildings are included in the design basis:

U Steam turbine building U Fuel oil pump house 0 Guard house

U Boiler building U Coal crusher building U Runoff water pump house

U Administration and U Continuous emissions U Industrial waste treatment
service building monitoring building building

U Makeup water and U Pump house and electrici i FGD system buildings
pretreatment building equipment building

3.1.7 Accessory Electric Plant

The accessory electric plant consists of switchgear and control equipment, generator equipment,
station service equipment, conduit and cable trays, and wire and cable. It also includes the main
power transfaner, required foundations, and standby equipment.

3.1.8 Instrumentation and Control

An integrated plantvide control and monitorindistributed control systenbCS) is provided.

The DCS is a redundant microprocesiBased, functionally distributed system. Toatrol

room houses an array of multiple video monitor and keyboard units. The monitor/keyboard units
are the primary interface between the generating process and operations personnel. The DCS
incorporates plant monitoring and control functions fortadl tajor plant equipment. The DCS

is designed to provide 99dercent availability. The plant equipment and the DCS are designed
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for automatic response to load changes from minimum load tpd@@nt. Startup and
shutdown routines are implemented agsesuised manual, with operator selection of modular
automation routines available.

3.2 COMMON PROCESS AREASFOR PC CASES ONLY

3.2.1 Steam Generator and Ancillaries

The steam generator for the super BI&C plants is a oncéhrough, spiralwound, Benson
boiler, wallfired, balanced draft type unit with a watoled dry bottom furnace. It includes a
superheateiRH, economizer, and air heater.

It is assumed for the purposes of this study that the power plant is designed to be operated as a
baseloaded unit but witlsome consideration for daily or weekly cycling, as can be cost
effectively included in the base design.

The combustion systems fSCandUSC steam conditions are equipped witiv NOx burners
(LNBs) and OFA.

Scope
The steam generator includes the follogvin

U Oncethrough type U Economizer U Low NOx Coal burners
steam generator and light oil igniters/
warmup system
U Startup circuit, U Spray type u OFA
including integral desuperheater
separators
U Watercooled furnace, U Soot blower system U Forced draf(FD) fans
dry bottom
U Two-stage superheater U Air preheaters 0 Primary air (PA) fans
(Regenerativéype)
U RH U Coal feeders and u ID fans
pulverizers

Air and Combustion Products

Combustion air from the FD fans is heateddagenerativeype air preheaters, recoveringat

energy from the exhaust gases exiting the boiler. This air is distributed to the burner windbox as
secondary air. Air for conveyingCto the burners is supplied by the PA fans. This air is heated

in theregenerativeype air preheaters to permitydrg of thePC, and a portion of the air from

the PA fans bypasses the air preheaters to be used for regulating the outlet coal/air temperature
leaving the mills.

ThePCand air mixture flows to the coal nozzles at various elevations of the furnacéofThe
combustion products rise to the top of the boiler and pass through the superheBtdr and
sections. The gases then pass through the economizer and air preheater. The gases exit the
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steam generator at this point and flow to the Selective Catalytiedden (SCR) reactor, FGD
system, fabric filter, ID fan, and stack.

Fuel Feed

The crushed coal is fed through feeders to each of the mills (pulverizers), where its size is
reduced to approximately 72 percent passing 200 mesh with less than 0.5 peraemhgeon

50 mesH39]. ThePCexits each mill via the coal piping and is distributed to the coal nozzles in
the furnace walls using air supplied by the PA fans.

Ash Removal

The furnace bottom comprises several hoppers, with a clinker grinder under ppeh hibhe

hoppers are of welded steel construction, lined with refractory. The hopper design incorporates a
waterfilled seal trough around the upper periphery for cooling and sealing. Water and ash
discharged from the hopper pass through the clinkedgrto an ash sluice system for

conveyance to hydrobins, where the ash is dewatered before it is transferred to trucks for offsite
disposal. The bottom ash from the boiler is fed into a clinker grinder. The clinker grinder is
provided to break up anyigkers that may form. From the clinker grinders the bottom ash is
sluiced to hydrobins for dewatering and offsite removal by truck. The steam generator
incorporates fly ash hoppers under the economizer outlet and air heater outlet.

Burners

A boiler of this capacity employs approximately 24 tocg@l nozzles arranged at multiple
elevations. Each burner is designed as aN@x configuration, with staging of the coal
combustion to minimize NOx formation. In additiddf-A nozzles are provided to furthstiage
combustion and thereby minimize NOx formation.

Oil-fired pilot torches are provided for each coal burner for ignition, wawrand flame
stabilization at startup and low loads.

Air Preheaters

Each steam generator is furnished with two versteift,tri-sector, regenerative type air
preheaters with an assumed total air leakage of 5.5 percent. These units are driven by electric
motors through gear reducers.

Soot Blowers

The sootblowing system utilizes an array of 50 to I&€ractable nozzles andhliees that clean

the furnace walls and convection surfaces with jetdR$team. The blowers are sequenced to
provide an effective cleaning cycle depending on the coal quality and design of the furnace and
convection surfaces. Electric motors drive tbet$lowers through their cycles.

3.2.2 NO, Control System

The plant is designed to achieve the environmental target offtON@x/MMBtu. Two
measures are taken to reduce the NOx. The first is a combinatidiBsfand the introduction
of stagedOFA in the bdler. TheLNBs andOFA reduce the emissions to about l/AMBtu.

The second measure taken to reduce the NOx emissions is the installation of a SCR system prior
to the air heater. SCR uses aqueous ammonia and a catalyst to reduce Naxdwaier
(H20). The SCR system consists of three subsystems: reactor vessel, ammonia storage and
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injection, and gas flow control. The SCR system is designed fpe@®nt reduction with 2
ppmv ammonia slip at the end of the catalyst life. This, along withXHgs, achieves the
emission limit of 0.07b/MMBtu.

The SCR capital costs are included with the boiler costs, as is the cost for the initial load of
catalyst.

SNCR was considered for this application. However, with the installation bf\tBe andOFA
sysem, the boiler exhaust gas contains relatively small amounts of NOx, which makes removal
of the quantity of NOx with SNCR to reach the emissions limit of bMMBtu difficult.

SNCR works better in applications that contain medium to high quantitid®xfand require
removal efficiencies in the range of 40 tof@¥cent. SCR, because of the catalyst used in the
reaction, can achieve higher efficiencies with lower concentrations of NOXx.

SCR Operation Description

The reactor vessel is designed to alloaper retention time for the ammonia to contact the NOx

in the boiler exhaust gas. Ammonia is injected into the gas immediately prior to entering the
reactor vessel. The catalyst contained in the reactor vessel enhances the reaction between the
ammonia ad the NOx in the gas. Catalysts consist of various active materials such as titanium
dioxide, vanadium pentoxide, and tungsten trioxide. The operating range for vanadium/titanium
based catalysts is 260°C (360 to 455°C (85€¢F). The boiler is equippesith economizer

bypass to provide flue gas to the reactors at the desired temperature during periods of low flow
rate, such as low load operation. Also included with the reactor vessel-ld®omtg

equipment used for cleaning the catalyst.

The agueouammonia storage and injection system consists of the unloading facilities, bulk
storage tank, vaporizers, dilution air skid, and injection grid.

The flue gas flow control consists of ductwork, dampers, and flow straightening devices required
to route theboiler exhaust to the SCR reactor and then to the air heater. The economizer bypass
and associated dampers for low load temperature control are also included.

3.2.3 Flue Gas Desulfurization

The FGD process uses a lin&DA system. The function of the FGD systes to scrub the

boiler exhaust gases to remove the Bfior to release to the environment, or entering the CDR
facility. Sulfur removal efficiency is 93 percent in the FGD unit for all cases. The scope of the
FGD system is from the outlet of the corsban air preheater to the ID fan.

As discussed in Sectidhl.4 the CDR unit includes a polishing scrubber to further reduce the
flue gas S@concentration from about 55 ppmv at the FGD exit to the required 10 ppmv prior to
the CDR absorber.

Lime-spray drying is a dry scrubbing process that is generally used fesulbw coal[40].

Flue gas is treated in an absorber by mixing the gas stream concurrently with atomized lime
slurry droplets. The lime slurry is atomizeddhgh rotary cup spray atomizers or through dual

fluid nozzles. Water in the spray droplets evaporates, cooling the gas from the inlet temperature
of 149°C B00°H or higher to71°C to 82°C {60°F to 180°Ff. The final temperature is

maintained at approxiately17°C @0°H above the flue gas adiabatic saturation temperature by
regulating the quantity of the slurry water. The droplets absoslir6@ the gas and react the

SO, with the lime in the slurry. The desulfurized flue gas, along with reaction gigdu
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unreacted lime, and the fly ash pass out of the dry scrubber to the baghouse. Sorbent utilization
is increased by about 40 percent by slurrying and recycling a portion of the solid effluent
collected in the baghouse into the absorber with the vilgm slurry.

The system description is divided into three sections:

e Lime Handling and Reagent Preparation
e SO, Removal
o Particulate Control (described in Sect®d.3

Lime Reagent Handling and Preparation

Lime is received byrtick and conveyed to storage. Lime is stored in-dayicapacity bulk

storage lime silo. The lime is pneumatically conveyed to-adlé capacity day bin. The lime

day bin and a gravimetric feeder supply the lime to a 150 percent slaking systemiillThis

allow two shift operations for the unit operating continuously at 100 percent load. A
conventional lime slaker with higéfficiency grit removal and lime recovery system is used.

Two 100 percent capacity slurry transfer pumps are used to providechiapility to transfer

the slurry to the slurry tank. The process makeup water is added to the slaker to produce 20
percent solids slurry. The slurry is diluted on line, if required, prior to injection into an absorber.
The slurry is fed to the abdmer by a dedicated reagent feed pump (100 percent spare capacity
provided).

SO, Removal

Two absorbers, each treating 50 percent of the flue gas, are provided to achieve 93 percent SO
removal efficiency in the absorber and baghouse. The absorber igalyepen chamber with
cocurrent contact between the flue gas and lime slurry. The slurry is injected into the tower at
the top using a rotary atomizer to remove,S@ spare rotary atomizer is provided. The hopper

in the bottom of th&€S absorber alscemoves large particles that may drop in the absorber. The
absorber will be operated at 30°F adiabatic approach to saturation temperature. In the past, a
lower approach had been proposed. However, over the years, operational problems associated
with the lower adiabatic approach to saturation temperature, due to wetting of the walls and large
deposits in the absorber, were alleviated by designsiwi@ @0°F) adiabatic approach to

saturation temperature.

3.2.4 Mercury Removal

Mercury removal is based on aatdig content of 0.081 ppm (dry) for PRB coal and 0.116 ppm
(dry) for NDL. The basis for the coal Hg concentration was discussed in S2@&iohhe
combination of pollution control technologies used in the PC plants, SERGID, and fabric
filters, result in a range of estimatedlmenefit capture depending on the study so[t2e41].
Average values of 15 percent-benefit Hg reduction for the PRB coal and O percertemefit
reduction forthe NDL coal were assumed.

An injection system utilizing brominated carbon is included to reduce Hg emission by 90 percent
beyond the cdoenefit capture levels. This requires an injection rate of 1.0 and 1.5 Ib carbon/
million standard cubic feeMMscf) flue gas for PRB and NIDcoals, respectively.

The carbon injection system includes a carbon silo with a capacity to stomesg 30pply of
carbon. The silo houses the equipment to regulate and pneumatically convey the carbon to the
flue gas duct.

67



Cost and Performance Baselineow Rank, Volume 3b (Combustion Cases)

3.3 COMMO N PROCESS AREAS FORCFB CASES ONLY

3.3.1 Steam Generator and Ancillaries

The steam generator for t&& CFB plant is an atmosphei@FB boiler. It includes a

superheateiRH, economizer, and air heater. It is assumed for the purposes of this study that the
power plant is designed to be operated as a-lm@sked unit but with some consideration for

daily or weekly cycling, as can be cost effectively included in the base design.

Scope
The steam generator includes the following:

U CFB combustor U Economizer U FD Fars

U Startup circuit, U Air preheaters U PAFans
including integral
cyclone separators

U Coal feeders U Limestone feeders U ID Fans
U Backpass

Air, Coal, Limestone, and Combustion Products

Fluidizing combustion air enters the furnace through an air plenum antdwtisn nozzles with

the balance injected through secondary air ports above the fluidizing grid. Combustion air from
the PA and FD fans is heated in regenerative air preheaters, recovering heat energy from the
exhaust gases exiting the boiler. The bagscoal and limestone are fed to the furnace through

the lower walls. The upward flow of solids decreases with increased furnace height as heavier
particles recirculate back down the furnace, resulting in declining local density with increased
furnace heght. Particle separators in the top of the furnace enclosure collect most of the solids
that remain in the flue gas and return them to the furnace while passing the flue gas to the
convection pass (backpass) of the heat transfer surfaces. The dedsedrdt contain any-n

bed tube bundle heating surfaces. Because the mass flow rate of the recycled solids is many
times the mass flow rate of the incoming fuel and air and the combustion gas, the bed solids
temperature remains relatively uniform throaghthe surface height. Thus the water cooled
furnace walls provide adequate heat absorption to maintain a target bed temperature of ~871°C
(1,600°F). The hot combustion products rise to the top of the boiler and pass through internal
cyclones, then supleeater RH, and economizer sections that comprise the backpass. The gases
then pass through the regenerative air preheater and flow to the fabric filter, ID fan, and stack or
CDR system.

SO, Removal

When limestone is added to the fluidized bed, it unolesgalcination and then reacts with the

SO in the flue gas to form calcium sulfate. S@ductions of 90 to 95 percent are typical. The
coakfired CFB produces low levels of NOx by combusting the coal in the circulating bed, where
temperatures are maained at approximately 871°C (1,600°F). This low temperature minimizes
the formation of NOx, while allowing the oxidation of carbon and the capture of sulfur by
calcium to proceed to completion. Further NOx reduction is achieved with SNCR ammonia
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injection. Addition of dry limestone to the bed, in appropriate particle sizes, provides the
calcium carbonate for sulfur capture.

Ash Removal

Solids are collected in multiyclone hoppers and recycled to the furnace. Excess solids are
purged via the bed sdk drain (with cooling) or the baghouse, and sent to the plant ash handling
system.

Air Preheaters

Each steam generator is furnished with two versteift, trisector, regenerative type air
preheaters with an assumed total air leakage of 5.5 perceese Tinits are driven by electric
motors through gear reducers.

3.3.2 NO, Control System

The plant is designed to achieve the environmental target oftON@x/MMBtu. The coal

fired CFB produces low levels of NOx by combusting the coal in the circulatingvbede
temperatures are maintained at approximately 871°C (1,600°F). This low temperature along
with OFA minimizes the formation of NOx to approximately OlA3IOx/MMBtu. Further

NOx reduction is achieved with SNCR ammonia injectighich achieves themission limit of
0.07Ib/MMBtu.

SNCR uses aqueous ammonia to reduce NOx g HO. The SNCR system consists of
ammonia storage and injection. The SNCR system is designed percknt reduction with
2 ppmv ammonia slip

The SNCR capital costs areclnded with the boiler costs. The agueous ammonia storage and
injection system consists of the unloading facilities, bulk storage tank, vaporizers, dilution air
skid, and injection grid.

3.3.3 Mercury Removal

Mercury removal is based on a coal Hg content @D jpm (dry) for PRB coal and 0.116 ppm
(dry) for NDL. The basis for the coal Hg concentration was discussed in S2@&iohhe
combination of pollution control technologies used in the CFB plantseanimestone injectign
SNCR, and fabric filters, result in an assumed 57 percehéenefit mercury removal for both
coal typed12]. This level of cebenefit capture is sufficient to meet the mercury emissions
targets, however since it is curtlynstandard practice to also include carbon injection, carbon
injection was also included.
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4. PC CASES

This section contains an evaluationSgf plant designgCases S12A, S12B, L12A, and L12B
andUSCPC plantgCases $3A, S13B, L13A, and L13B All the designs have a nominal net
output of 550megawatts electridWe). All four SC plants use a single reheat 24.1
MPa/593°C/593°C (3,500sig/1,100°F/1,100°F) cycle. All four USC plants use a single reheat
27.6MPa/649°@649°C(4,000 psi/1,200°F/1,200%ycle. Cases S12A and S12B are very

similar in terms of process, equipment, scope, and arrangement, except that Case S12B employs
CO, absorption/regeneration and compression/transport systems. Cases L12A and L12B differ
from Cases S12A and S12B only through the use of a different coaNiteifstead of PRB).

The same is true for tHéSCcases. Cases S13A and S13B are very similar in terms of process,
equipment, scope, and arrangement, except that Case S13B enpjoys C
absorption/regeneration and compression/transport systems. Cases L13A and L13B differ from
Cases S13A and S13B only through the use of a different coalNyjieifistead of PRB).

Sectiord.1 covers the founoncarbon capture cases and Sectidhcovers the four C@capture
cases coal. The sections are organized analogously as follows:

e Process and System Description provides an overview of the technologympasati
applied to Cases S12A/L12A and S13A/L13A in Sectidnland S12B/L12B and
S13B/L13B in Sectiod.2.1

o Key Assumptions is a summary of study and modeling assumptions relevant to Cases
S12A/L12A and S13A/L13A in Sectiod.1.2and S12B/L12B and S13B/L13B in
Section4.2.2

e Sparing Philosophy is provided for Cases S12A/L12A and S13A/L13A in Seéclich
and S1B/L12B and S13B/L13B in Sectioh2.3

e Performance Results provide the main modeling results from Cases S12A/L12A and
S13A/L13A in Sectiort.1.4and S12B/L12B and S13B/L13B in Sect2.4 including
the performance summary, environmental performance, carbon balance, sulfur balance,
water balance, mass and energy balance diagrams and mass and energy balance tables.

e Equipment Lists provide an itemized list of major equinirfor Cases S12A/L12A and
S13A/L13A in Sectiort.1.5and S12B/L12B and S13B/L13B in Secti2.5with
account codes that correspond to the cost accounts in the Cost Estimates section.

e Cost Estimees provide a summary of capital and operating costs for Cases S12A/L12A
and S13A/L13A in Sectiod.1.6and S12B/L12B and S13B/L13B in Secti2.6

If the information for theCO, capture cases identical to that presented for the roapture
cases, a reference is made to the earlier section rather than repeating the information.

4.1 SC & USC PC NONCAPTURE CASES (PRB AND LIGNITE)

4.1.1 Process Description

In this section th&CandUSCPC processes witho@O, capture are described. Both th€
andUSC process descriptions follow the block flow diagram (BFDExmibit 4-1 and stream
numbers reference the same exhibit. The tablEsibit 4-2 throughExhibit 4-5 provide
process data for the numbered streams in the BFD.
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Coal (stream 8) andA (stream 4) are introduced into the boiler through the-firaldl burners.
Additional combustion air, including tH@FA, is provided bythe FD fans (stream 2). The boiler
operates at a slight negative pressure so air leakage is into the boiler, and the infiltration air is
accounted for in stream 7.

Flue gas exits the boiler through the SCR reactor (stream 10) and is cooled to 143°Ci(R90°F
the combustion air preheater (not shown) before passing to thedsyesyabsorbers. The gases
from the absorbers are sent to the baghouse to collect the waste products and the fly ash.
Activated carbon is injected for additional mercury removigrfo the baghouse. Flue gas exits
the baghouse and enters the ID fan suction (stream 15). The clean flue gas passes to the plant
stack and is discharged to the atmosphere.
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Exhibit 4-1 Cases S12A, L1&, S13A, and L13A Process Flow Diagram

LIME
SLURRY ACTIVATED STACK GAS
Note: Block Flow Diagram is not intended to CARBON
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Exhibit 4-2 Case S12A Stream Table

1 2 3 4 5 6 7 8 9 10 11
V-L Mole Fraction
Ar 0.0093 [ 0.0093 | 0.0093 | 0.0093 | 0.0093 | 0.0093 | 0.0093 | 0.0000 | 0.0000 | 0.0084 | 0.0000
CO, 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0000 | 0.0000 | 0.1471 | 0.0000
H, 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
H,O 0.0064 | 0.0064 | 0.0064 | 0.0064 | 0.0064 | 0.0064 | 0.0064 | 0.0000 | 0.0000 | 0.1153 | 1.0000
N, 0.7759 | 0.7759 | 0.7759 | 0.7759 | 0.7759 | 0.7759 | 0.7759 | 0.0000 | 0.0000 | 0.7046 | 0.0000
0O, 0.2081 | 0.2081 | 0.2081 | 0.2081 | 0.2081 | 0.2081 | 0.2081 | 0.0000 | 0.0000 | 0.0239 | 0.0000
SO, 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0008 | 0.0000
Total 1.0000 | 1.0000 | 1.0000 [ 1.0000 | 1.0000 | 1.0000 | 1.0000 | 0.0000 | 0.0000 | 1.0000 | 1.0000
V-L Flowrate (kgno/hr) 38,993 | 38,993 1,473 25,996 | 25,996 2,102 1,150 0 0 72,928 3,117
V-L Flowrate (kg/hr) 1,126,714{1,126,714] 42,548 | 751,143 | 751,143 | 60,734 | 33,242 0 0 2,146,830] 56,162
Solids Flowrate (kg/hr) 0 0 0 0 0 0 0 256,752 | 4,204 16,817 3,910
Temperature (°C) 6 10 10 6 17 17 6 6 143 143 6
Pressure (MPa, abs) 0.09 0.09 0.09 0.09 0.10 0.10 0.09 0.09 0.09 0.09 0.09
Enthalpy (kJ/kg)” 15.26 19.77 19.77 15.26 26.74 26.74 15.26 349.88 | 200.23
Density (kg/m°) 1.1 1.1 1.1 1.1 1.2 1.2 1.1 0.7 1,012.1
V-L Molecular Weight 28.895 | 28.895 | 28.895 [ 28.895 | 28.895 | 28.895 | 28.895 29.438 | 18.015
V-L Flowrate (Ib,/hr) 85,966 | 85,966 3,246 57,310 | 57,310 4,634 2,536 0 0 160,778 | 6,873
V-L Flowrate (Ib/hr) 2,483,979]2,483,979| 93,803 |1,655,986]1,655,986| 133,896 | 73,287 0 0 4,732,949 123,815
Solids Flowrate (Ib/hr) 0 0 0 0 0 0 0 566,042 | 9,269 37,076 8,620
Temperature (°F) 42 50 50 42 63 63 42 42 289 289 42
Pressure (psia) 13.0 13.6 13.6 13.0 14.4 14.4 13.0 13.0 12.7 12.7 13.0
Enthalpy (Btu/lb)* 6.6 8.5 8.5 6.6 115 11.5 6.6 150.4 86.1
Density (Ib/ft) 0.070 0.072 0.072 0.070 0.075 0.075 0.070 0.047 63.182

A - Reference conditions are 32.02 F & 0.089 PSIA
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Exhibit 4-2 Case S12A Stream Tabl¢Continued)

12 13 14 15 16 17 18 19 20 21 22
V-L Mole Fraction
Ar 0.0081 | 0.0000 | 0.0000 | 0.0081 | 0.0081 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000
CO, 0.1412 | 0.0000 | 0.0000 | 0.1412 | 0.1412 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
H, 0.0000 | 0.0000 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
H,O 0.1513 | 0.0000 | 0.0000 | 0.1513 | 0.1513 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
N, 0.6764 | 0.0000 [ 0.0000 | 0.6764 | 0.6764 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
0O, 0.0229 | 0.0000 | 0.0000 | 0.0229 | 0.0229 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
SO, 0.0001 | 0.0000 | 0.0000 [ 0.0001 | 0.0001 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000
Total 1.0000 | 0.0000 | 0.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
V-L Flowrate (kgo/hr) 75,964 0 0 75,964 | 75,964 | 91,251 | 75,638 | 75,638 | 34,515 | 34,515 | 69,030
V-L Flowrate (kg/hr) 2,199,033 0 0 2,199,033]2,199,033]1,643,917]1,362,633[1,362,633| 621,796 | 621,796 |1,243,591
Solids Flowrate (kg/hr) 24,686 42 24,728 0 0 0 0 0 0 0 0
Temperature (°C) 82 6 82 82 92 593 354 593 32 32 32
Pressure (MPa, abs) 0.08 0.11 0.08 0.08 0.09 24.23 4.90 4.52 0.005 0.005 1.72
Enthalpy (kJ/kg)" 321.63 323.33 | 333.95 | 3,477.66| 3,083.97 | 3,653.25| 1,933.01] 1,933.01| 137.98
Density (kg/m°) 0.8 0.8 0.9 69.2 18.7 11.6 0.05 0.05 995.7
V-L Molecular Weight 28.948 28.948 | 28.948 | 18.015 | 18.015 | 18.015 | 18.015 | 18.015 | 18.015
V-L Flowrate (Ib,/hr) 167,471 0 0 167,471 | 167,471 | 201,175 | 166,752 | 166,752 | 76,092 | 76,092 | 152,185
V-L Flowrate (Ib/hr) 4,848,038 0 0 4,848,038]4,848,038| 3,624,217]3,004,091{3,004,091|1,370,825]1,370,825| 2,741,650
Solids Flowrate (Ib/hr) 54,423 93 54,516 0 0 0 0 0 0 0 0
Temperature (°F) 180 42 180 180 198 1,100 669 1,100 90 90 90
Pressure (psia) 12.3 16.0 12.1 12.1 13.1 3,514.7 710.8 655.8 0.7 0.7 250.0
Enthalpy (Btu/lb)" 138.3 139.0 143.6 1,495.1 | 1,325.9 | 1,570.6 | 831.0 831.0 59.3
Density (Ib/ft) 0.052 0.051 0.054 4.319 1.164 0.722 0.003 0.003 62.162
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Exhibit 4-3 Case L12A Stream Table

1 2 3 4 5 6 7 8 9 10 11
V-L Mole Fraction
Ar 0.0093 | 0.0093 [ 0.0093 | 0.0093 | 0.0093 | 0.0093 | 0.0093 [ 0.0000 | 0.0000 | 0.0081 | 0.0000
CO, 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0000 | 0.0000 | 0.1422 | 0.0000
H, 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000
H,O 0.0062 | 0.0062 | 0.0062 | 0.0062 | 0.0062 | 0.0062 | 0.0062 | 0.0000 | 0.0000 | 0.1502 | 1.0000
N, 0.7761 | 0.7761 | 0.7761 | 0.7761 | 0.7761 | 0.7761 | 0.7761 | 0.0000 | 0.0000 | 0.6756 | 0.0000
O, 0.2082 | 0.2082 | 0.2082 | 0.2082 | 0.2082 | 0.2082 | 0.2082 | 0.0000 | 0.0000 | 0.0231 | 0.0000
SO, 0.0000 | 0.0000 [ ©0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0008 | 0.0000
Total 1.0000 [ 1.0000 | 1.0000 { 1.0000 | 1.0000 | 1.0000 [ 1.0000 | 0.0000 | 0.0000 | 1.0000 | 1.0000
V-L Flowrate (kgme/hr) 40,786 | 40,786 1,540 27,191 | 27,191 2,199 1,202 0 0 79,580 3,444
V-L Flowrate (kg/hr) 1,178,623[1,178,623| 44,508 | 785,749 | 785,749 | 63,532 | 34,738 0 0 2,308,147] 62,046
Solids Flowrate (kg/hr) 0 0 0 0 0 0 0 342,852 | 6,763 27,052 4,485
Temperature (°C) 4 9 9 4 15 15 4 4 143 143 4
Pressure (MPa, abs) 0.10 0.10 0.10 0.10 0.11 0.11 0.10 0.10 0.09 0.09 0.10
Enthalpy (kJ/kg)" 13.75 17.98 17.98 13.75 24.54 24.54 13.75 423.98 18.61
Density (kg/m°) 1.2 1.2 1.2 1.2 1.3 1.3 1.2 0.8 1,013.1
V-L Molecular Weight 28.898 [ 28.898 | 28.898 | 28.898 | 28.898 | 28.898 | 28.898 29.004 | 18.015
V-L Flowrate (Ib/hr) 89,918 | 89,918 3,396 59,945 | 59,945 4,847 2,650 0 0 175,444 | 7,593
V-L Flowrate (Ib/hr) 2,598,420|2,598,420| 98,124 |1,732,280]1,732,280| 140,064 | 76,584 0 0 5,088,593| 136,788
Solids Flowrate (Ib/hr) 0 0 0 0 0 0 0 755,859 | 14,910 | 59,639 9,889
Temperature (°F) 40 48 48 40 59 59 40 40 290 290 40
Pressure (psia) 13.8 14.4 14.4 13.8 15.2 15.2 13.8 13.8 13.5 135 13.8
Enthalpy (Btu/lb)* 5.9 7.7 7.7 5.9 10.6 10.6 5.9 182.3 8.0
Density (Ib/ft%) 0.074 0.076 0.076 0.074 0.079 0.079 0.074 0.049 63.247

A - Reference conditions are 32.02 F & 0.089 PSIA
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Exhibit 4-3 Case L12A Stream TablgContinued)

12 13 14 15 16 17 18 19 20 21 22
V-L Mole Fraction
Ar 0.0077 | 0.0000 | 0.0000 | 0.0077 | 0.0077 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
CO, 0.1364 | 0.0000 | 0.0000 [ 0.1364 | 0.1364 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000
H, 0.0000 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000
H,O 0.1853 | 0.0000 | 0.0000 | 0.1853 | 0.1853 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
N, 0.6483 | 0.0000 | 0.0000 | 0.6483 | 0.6483 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
0O, 0.0222 | 0.0000 | 0.0000 | 0.0222 | 0.0222 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
SO, 0.0001 | 0.0000 | 0.0000 [ 0.0001 | 0.0001 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000
Total 1.0000 | 0.0000 | 0.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
V-L Flowrate (kgo/hr) 82,931 0 0 82,931 | 82,931 | 91,565 | 75,901 | 75,901 | 34,634 | 34,634 | 69,267
V-L Flowrate (kg/hr) 2,365,642 0 0 2,365,642]2,365,642|1,649,575]1,367,371[1,367,371] 623,935 | 623,935 |1,247,870
Solids Flowrate (kg/hr) 36,089 65 36,154 0 0 0 0 0 0 0 0
Temperature (°C) 82 6 82 82 91 593 354 593 32 32 32
Pressure (MPa, abs) 0.09 0.11 0.09 0.09 0.10 24.23 4.90 4.52 0.005 0.005 1.72
Enthalpy (kJ/kg)" 394.49 382.06 | 392.18 | 3,477.66| 3,083.96 | 3,653.25| 134.90 | 134.90 | 135.51
Density (kg/m°) 0.9 0.9 0.9 69.2 18.7 11.6 0.05 0.05 995.7
V-L Molecular Weight 28.526 28.526 | 28.526 | 18.015 | 18.015 | 18.015 | 18.015 | 18.015 | 18.015
V-L Flowrate (Ib,/hr) 182,830 0 0 182,830 | 182,830 | 201,867 | 167,332 | 167,332 | 76,354 | 76,354 | 152,708
V-L Flowrate (Ib/hr) 5,215,347 0 0 5,215,347]5,215,347] 3,636,690] 3,014,536( 3,014,536| 1,375,542|1,375,542]| 2,751,083
Solids Flowrate (Ib/hr) 79,563 143 79,706 0 0 0 0 0 0 0 0
Temperature (°F) 180 42 180 180 196 1,100 669 1,100 90 90 90
Pressure (psia) 13.1 16.0 12.9 12.9 13.9 3,514.7 710.8 655.8 0.7 0.7 250.0
Enthalpy (Btu/lb)" 169.6 164.3 168.6 1,495.1 | 1,325.9 | 1,570.6 58.0 58.0 58.3
Density (Ib/ft) 0.055 0.054 0.056 4.319 1.164 0.722 0.003 0.003 62.162
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Exhibit 4-4 Case S13A Stream Table

1 2 3 4 5 6 7 8 9 10 11
V-L Mole Fraction
Ar 0.0093 [ 0.0093 | 0.0093 | 0.0093 | 0.0093 | 0.0093 | 0.0093 | 0.0000 | 0.0000 | 0.0084 | 0.0000
CO, 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0000 | 0.0000 | 0.1470 | 0.0000
H, 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
H,O 0.0064 | 0.0064 | 0.0064 | 0.0064 | 0.0064 | 0.0064 | 0.0064 | 0.0000 | 0.0000 | 0.1153 | 1.0000
N, 0.7759 | 0.7759 | 0.7759 | 0.7759 | 0.7759 | 0.7759 | 0.7759 | 0.0000 | 0.0000 | 0.7046 | 0.0000
0O, 0.2081 | 0.2081 | 0.2081 | 0.2081 | 0.2081 | 0.2081 | 0.2081 | 0.0000 | 0.0000 | 0.0239 | 0.0000
SO, 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0008 | 0.0000
Total 1.0000 | 1.0000 | 1.0000 [ 1.0000 | 1.0000 | 1.0000 | 1.0000 | 0.0000 | 0.0000 | 1.0000 | 1.0000
V-L Flowrate (kgno/hr) 37,847 | 37,847 1,429 25,231 | 25,231 2,040 1,116 0 0 70,782 3,026
V-L Flowrate (kg/hr) 1,093,586(1,093,586] 41,297 | 729,057 | 729,057 | 58,948 | 32,261 0 0 2,083,673] 54,509
Solids Flowrate (kg/hr) 0 0 0 0 0 0 0 249,170 | 4,080 16,321 3,758
Temperature (°C) 6 10 10 6 17 17 6 6 143 143 6
Pressure (MPa, abs) 0.09 0.09 0.09 0.09 0.10 0.10 0.09 0.09 0.09 0.09 0.09
Enthalpy (kJ/kg)” 15.26 19.77 19.77 15.26 26.74 26.74 15.26 349.85 | 197.59
Density (kg/m°) 1.1 1.1 1.1 1.1 1.2 1.2 1.1 0.7 1,012.1
V-L Molecular Weight 28.895 | 28.895 | 28.895 [ 28.895 | 28.895 | 28.895 | 28.895 29.438 | 18.015
V-L Flowrate (Ib,/hr) 83,438 | 83,438 3,151 55,625 | 55,625 4,498 2,461 0 0 156,048 | 6,671
V-L Flowrate (Ib/hr) 2,410,945]2,410,945| 91,045 |1,607,296]1,607,296| 129,959 | 71,123 0 0 4,593,713 120,172
Solids Flowrate (Ib/hr) 0 0 0 0 0 0 0 549,326 | 8,995 35,981 8,285
Temperature (°F) 42 50 50 42 63 63 42 42 289 289 42
Pressure (psia) 13.0 13.6 13.6 13.0 14.4 14.4 13.0 13.0 12.7 12.7 13.0
Enthalpy (Btu/lb)* 6.6 8.5 8.5 6.6 115 11.5 6.6 150.4 84.9
Density (Ib/ft) 0.070 0.072 0.072 0.070 0.075 0.075 0.070 0.047 63.182

A - Reference conditions are 32.02 F & 0.089 PSIA
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Exhibit 4-4 Case S13A Stream Tabl¢Continued)

12 13 14 15 16 17 18 19 20 21 22
V-L Mole Fraction
Ar 0.0081 | 0.0000 | 0.0000 | 0.0081 | 0.0081 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000
CO, 0.1412 | 0.0000 | 0.0000 | 0.1412 | 0.1412 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
H, 0.0000 | 0.0000 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
H,O 0.1513 | 0.0000 | 0.0000 | 0.1513 | 0.1513 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
N, 0.6764 | 0.0000 [ 0.0000 | 0.6764 | 0.6764 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
0O, 0.0230 | 0.0000 | 0.0000 | 0.0230 | 0.0230 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
SO, 0.0001 | 0.0000 | 0.0000 [ 0.0001 | 0.0001 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000
Total 1.0000 | 0.0000 | 0.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
V-L Flowrate (kgo/hr) 73,729 0 0 73,729 | 73,729 | 94,891 | 71,267 | 71,267 | 28,502 | 28,502 | 57,005
V-L Flowrate (kg/hr) 2,134,341 0 0 2,134,341]2,134,341]1,709,484]1,283,899(1,283,899| 513,479 | 513,479 |1,026,958
Solids Flowrate (kg/hr) 23,920 41 23,961 0 0 0 0 0 0 0 0
Temperature (°C) 82 6 82 82 92 649 450 649 32 32 32
Pressure (MPa, abs) 0.08 0.11 0.08 0.08 0.09 27.68 8.27 7.78 0.005 0.005 0.86
Enthalpy (kJ/kg)" 321.75 323.31 | 333.93 | 3,609.84| 3,270.42| 3,758.29 | 2,252.88 | 2,252.88 | 136.90
Density (kg/m°) 0.8 0.8 0.9 72.8 27.2 18.8 0.04 0.04 995.4
V-L Molecular Weight 28.948 28.948 | 28.948 | 18.015 | 18.015 | 18.015 | 18.015 | 18.015 | 18.015
V-L Flowrate (Ib,/hr) 162,545 0 0 162,545 | 162,545 | 209,198 | 157,117 | 157,117 | 62,837 | 62,837 | 125,674
V-L Flowrate (Ib/hr) 4,705,417 0 0 4,705,417]4,705,417]3,768,766] 2,830,513(2,830,513| 1,132,027]1,132,027] 2,264,054
Solids Flowrate (Ib/hr) 52,735 91 52,826 0 0 0 0 0 0 0 0
Temperature (°F) 180 42 180 180 198 1,200 842 1,200 90 90 90
Pressure (psia) 12.3 16.0 12.1 12.1 13.1 4,014.7 | 1,200.0 | 1,128.0 0.7 0.7 125.0
Enthalpy (Btu/lb)" 138.3 139.0 143.6 1,552.0 | 1,406.0 | 1,615.8 | 968.6 968.6 58.9
Density (Ib/ft) 0.052 0.051 0.054 4.542 1.698 1.176 0.002 0.002 62.139
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Exhibit 4-5 Case L13A Stream Table

1 2 3 4 5 6 7 8 9 10 11
V-L Mole Fraction
Ar 0.0093 | 0.0093 [ 0.0093 | 0.0093 | 0.0093 | 0.0093 | 0.0093 [ 0.0000 | 0.0000 | 0.0081 | 0.0000
CO, 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0000 | 0.0000 | 0.1423 | 0.0000
H, 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000
H,O 0.0062 | 0.0062 | 0.0062 | 0.0062 | 0.0062 | 0.0062 | 0.0062 | 0.0000 | 0.0000 | 0.1504 | 1.0000
N, 0.7761 | 0.7761 | 0.7761 | 0.7761 | 0.7761 | 0.7761 | 0.7761 | 0.0000 | 0.0000 | 0.6755 | 0.0000
O, 0.2082 | 0.2082 | 0.2082 | 0.2082 | 0.2082 | 0.2082 | 0.2082 | 0.0000 | 0.0000 | 0.0229 | 0.0000
SO, 0.0000 | 0.0000 [ ©0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0008 | 0.0000
Total 1.0000 [ 1.0000 | 1.0000 { 1.0000 | 1.0000 | 1.0000 [ 1.0000 | 0.0000 | 0.0000 | 1.0000 | 1.0000
V-L Flowrate (kgme/hr) 39,390 | 39,390 1,491 26,260 | 26,260 1,805 1,163 0 0 76,873 3,353
V-L Flowrate (kg/hr) 1,138,288(1,138,288| 43,091 | 758,859 | 758,859 | 52,163 | 33,599 0 0 2,229,654] 60,399
Solids Flowrate (kg/hr) 0 0 0 0 0 0 0 331,614 | 6,541 26,165 4,304
Temperature (°C) 4 9 9 4 15 15 4 4 144 144 4
Pressure (MPa, abs) 0.10 0.10 0.10 0.10 0.11 0.11 0.10 0.10 0.09 0.09 0.10
Enthalpy (kJ/kg)" 13.75 17.98 17.98 13.75 24.54 24.54 13.75 424.91 | 201.84
Density (kg/m°) 1.2 1.2 1.2 1.2 1.3 1.3 1.2 0.8 1,013.1
V-L Molecular Weight 28.898 [ 28.898 | 28.898 | 28.898 | 28.898 | 28.898 | 28.898 29.004 | 18.015
V-L Flowrate (Ib/hr) 86,841 | 86,841 3,287 57,894 | 57,894 3,980 2,563 0 0 169,477 | 7,391
V-L Flowrate (Ib/hr) 2,509,496|2,509,496 95,000 |1,672,998]1,672,998| 115,000 | 74,074 0 0 4,915,547 133,156
Solids Flowrate (Ib/hr) 0 0 0 0 0 0 0 731,085 | 14,421 | 57,685 9,490
Temperature (°F) 40 48 48 40 59 59 40 40 290 290 40
Pressure (psia) 13.8 14.4 14.4 13.8 15.2 15.2 13.8 13.8 13.5 135 13.8
Enthalpy (Btu/lb)* 5.9 7.7 7.7 5.9 10.6 10.6 5.9 182.7 86.8
Density (Ib/ft%) 0.074 0.076 0.076 0.074 0.079 0.079 0.074 0.049 63.247

A - Reference conditions are 32.02 F & 0.089 PSIA
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Exhibit 4-5 Case L13A Stream TablgContinued)

12 13 14 15 16 17 18 19 20 21 22
V-L Mole Fraction
Ar 0.0077 | 0.0000 | 0.0000 | 0.0077 | 0.0077 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
CO, 0.1365 | 0.0000 | 0.0000 [ 0.1365 | 0.1365 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000
H, 0.0000 | 0.0000 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
H,O 0.1858 | 0.0000 | 0.0000 | 0.1858 | 0.1858 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
N, 0.6480 | 0.0000 | 0.0000 | 0.6480 | 0.6480 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
0O, 0.0219 | 0.0000 | 0.0000 | 0.0219 | 0.0219 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
SO, 0.0001 | 0.0000 | 0.0000 [ 0.0001 | 0.0001 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000
Total 1.0000 | 0.0000 | 0.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
V-L Flowrate (kgo/hr) 80,136 0 0 80,136 | 80,136 | 94,882 | 71,260 | 71,260 | 28,485 | 28,485 | 56,970
V-L Flowrate (kg/hr) 2,285,651 0 0 2,285,651]2,285,651|1,709,321]1,283,772(1,283,772| 513,166 | 513,166 |1,026,332
Solids Flowrate (kg/hr) 34,872 63 34,935 0 0 0 0 0 0 0 0
Temperature (°C) 82 6 82 82 91 649 450 649 32 32 32
Pressure (MPa, abs) 0.09 0.11 0.09 0.09 0.10 27.68 8.27 7.78 0.005 0.005 0.86
Enthalpy (kJ/kg)" 395.46 382.81 | 392.93 | 3,609.84| 3,270.42| 3,758.29 | 2,247.71] 2,247.71| 136.90
Density (kg/m°) 0.9 0.9 0.9 72.8 27.2 18.8 0.04 0.04 995.4
V-L Molecular Weight 28.522 28.522 | 28.522 | 18.015 | 18.015 | 18.015 | 18.015 | 18.015 | 18.015
V-L Flowrate (Ib,/hr) 176,669 0 0 176,669 | 176,669 | 209,178 | 157,102 | 157,102 | 62,799 | 62,799 | 125,598
V-L Flowrate (Ib/hr) 5,038,997 0 0 5,038,997]5,038,997| 3,768,408] 2,830,232(2,830,232] 1,131,338]1,131,338| 2,262,675
Solids Flowrate (Ib/hr) 76,880 139 77,019 0 0 0 0 0 0 0 0
Temperature (°F) 180 42 180 180 196 1,200 842 1,200 90 90 90
Pressure (psia) 13.1 16.0 12.9 12.9 13.9 4,014.7 | 1,200.0 | 1,128.0 0.7 0.7 125.0
Enthalpy (Btu/lb)" 170.0 164.6 168.9 1,552.0 | 1,406.0 | 1,615.8 | 966.3 966.3 58.9
Density (Ib/ft) 0.055 0.054 0.056 4.542 1.698 1.176 0.002 0.002 62.139
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4.1.2 Key Systan Assumptions

System assumptions for Cases S12A and LE2PC without CQ capture, and Cases S13A
and L13A,USCPC without CQ capture, are compiled Exhibit 4-6.

Exhibit 4-6 PC Cases without CQ Capture Study Configuration Matrix

Case S12A
w/o CO, Capture

Case L12A
w/o CO, Capture

Case S13A
w/o CO, Capture

Case L13A
w/o CO, Capture

Steam Cycle, MPa/°C/°C
(psig/°F/I°F)

24.1/593/593
(3,500/1,100/1,100)]

24.1/593/593
(3,5004,100/1,100)

27.6/649/649
(4,000/1,200/1,200

27.6/649/649
(4,000/1,200/1,200

Coal Subbituminous Lignite Subbituminous Lignite
Carbon Conversion, % 100 100 100 100
Condenser pressure, mm
Hg (in Hg) 36 (1.4) 36 (1.4) 36 (1.4) 36 (1.4)
Combustion Air Peheater
Flue Gas Exit Temp, °C 143 (290) 143 (290) 143 (290) 143 (290)
(°F)
E:gc(»(l:g)g water to condense 9 (48) 8 (47) 9 (48) 8 (47
Cooling water from
condenser, °C (°F) 20 (68) 19(67) 20 (68) 19(67)
FGD Outlet, °C (°F) 82 (180) 82 (180) 82 (180) 82 (180)
SO, Control SDAFGD SDAFGD SDAFGD SDAFGD
FGD Efficiency, %" 93 93 93 93
NOXx Control LNB w/OFA and LNB w/OFA and LNB w/OFA and LNB w/OFA and
SCR SCR SCR SCR
SCR Efficiency, % 65 65 65 65
Ammonia Slip (end of 5 5 5 5
catalyst life), ppmv
Particulate Control Fabric Filter Fabric Filter Fabric Filter Fabric Filter
Fabric FilterEfficiency, %* 99.97 99.97 99.97 99.97
Ash Distribution, 80% / 20% 80% / 20% 80% / 20% 80% / 20%

Fly/Bottom

Mercury Control

Co-benefit Capture
and
Carbon ingction

Carbon injection

Co-benefit Capture
and
Carbon injection

Carbon injection

Mercury removal

efficiency, %" 90 plus 90 90 plus 90
CO, Control N/A N/A N/A N/A
CO, Capture, % N/A N/A N/A N/A
CO, Sequestration N/A N/A N/A N/A

'Equipment removalféiciencies

Balance of Planit Cases S12A, L12A, S13A, and L13A

The balance of plant assumptions are common to all cases and were presented previously in

Section3.1.6
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4.1.3 Sparing Philosophy

Single trains are used throughout tiesign with exceptions where equipment capacity requires
an additional train. There is no redundancy other than normal sparing of rotating equipment.
The plant design consists of the following major subsystems:

e One drybottom, wallfired PCSCor USChboiler (1 x 100 percent)

e Two SCR reactors (2 x 50 percent)

e One lime spray dryer system with two absorbers (1 x 100 percent)

e Two singlestage, iAine, multr-compartment fabric filters (2 x 50 percent)

e One steam turbine (1 x 100 percent)

4.1.4 Cases S12A, L12A, S¥8 and L13A Performance Results

The noncapture SC PC plant using PRB coal produces a net output dd\B&0at a net plant
efficiency of 38.7percent (HHV basis). The same plant configuration using lignite coal
produces a net output of 58Ne at a net @nt efficiency of 37.%ercent (HHV basis). The
noncapture USC PC plant using PRB coal produces a net output M\B&0at a net plant
efficiency of 39.%ercent (HHV basis). The same plant configuration using lignite coal
produces a net output of 580We at a net plant efficiency of 38x@rcent (HHV basis).

Overall performance for the four plants is summarizeaxhibit 4-7, which includes auxiliary
power requirements. The cooling water system, includin@Wes coolingtower fan, and the
air-cooled condenser, account for aboup@@cent of the auxiliary load in all cases; andRie
FD andinduceddraft fans account for an additional Bércent in all cases.

In all PC combustion cases boiler efficiencies are 85.8 pefoethe PRB coal cases and 83.5
percenfor the lignite cases. In each case the boiler heat lasgegercent of the heat input and
carbon conversion is 100 percent.
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Exhibit 4-7 PC Cases without CQ Capture Plant Performance Summary

POWER SUMMARY (Gross Power at

Generator Terminals, kWe) S B2 el el
Steam Turbine Power 582,700 584,700 581,500 583,200
AUXILIARY LOAD SUMMARY, kWe
Coal Handling and Conveying 510 600 500 580
Pulverizers 3,80 5,140 3,740 4,970
Lime Handling & Preparation 170 190 170 180
Ash Handling 850 1,270 830 1,230
PA Fans 2,480 2,440 2,410 2,360
FD Fans 1,460 1,440 1,420 1,390
ID Fans 6,720 6,890 6,520 6,660
SCR 10 20 10 10
Baghouse 120 180 120 170
Spray Dryer D 2,230 2,570 2,170 2,490
Steam Turbine Auxiliaries 400 400 400 400
Condensate Pumps 790 790 320 320
CWP 2,400 2,410 2,340 2,340
Ground Water Pumps 250 250 240 240
Cooling Tower Fans 1,570 1,480 1,530 1,430
Air-Cooled Condenser Fans 5,020 4,730 4,88 4,560
Miscellaneous Balance of Plant 2,000 2,000 2,000 2,000
Transformer Loss 1,830 1,840 1,830 1,840
TOTAL AUXILIARIES, kWe 32,660 34,640 31,430 33,170
NET POWER, kWe 550,040 550,060 550,070 550,030
Plant Capacity Factor, % 85% 85% 85% 85%
Net Plant Efficiency, % (HHV) 38.7% 37.5% 39.9% 38.8%
Net Plant Heat Rate, kJ/kWh (Btu/kWh (géig) (g:ggg) (gzgég) (g:%g)
CONDENSER COOLING DUTY 2,235 2,243 2,174 2,167
GJ/hr (10° Btu/hr) (2,118) (2,126) (2,061) (2,054)
CONSUMABLES
As-Received CoaFeed, kg/h(lb/hr) égg:gig) (ggézggg) éjg:gg) (ggijg;g)
Thermal Input kWt 2 1,420,686 1,465,801 1,378,732 1,417,757
Raw WaterWithdrawal, ni/min (gpm 10.0 (2,649)| 10.2 (2,683)| 9.8 (2,578) | 9.8 (2,597)
Raw Water Consumption, ¥min (gpm) 7.9(2,093) | 8.0(2,125) | 7.7 (2,035) | 7.8 (2,056)

YIncludes plant control systems, lighting, HVAC and miscellaneous low voltage loads

% Thermal inpubased on aseceived HHV of coal

Environmental Performance

The environmental targets for emissions of Hg, NOx; 8@iPM were presented in
Section2.3. A summary of the plant air emissions for Cases S12A, L12A, S13A, &Alikl

presented ifExhibit 4-8.
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Exhibit 4-8 PC Cases without CQ Capture Air Emissions

kg/GJ Tonnel/year kg/MWh

6 (ton/year)
ez 85% capacity factor (alsictin)

S12A L12A S13A L13A S12A L12A S13A L13A S12A L12A S13A L13A

S0, 0.051 | 0057 | 0051 | 0.057 1,945 | 2,236 1,888 2,163 | 0.448 | 0514 | 0436 | 0.498
(0.119) | (0.132) | (0.119) | (0.132) | (2,144) | (2,465) | (2,081) | (2,384) | (0.99) | (1.13) | (0.96) | (1.10)

0.030 0.030 0.030 0.030 1,146 1,182 1,112 1,144 0.264 0.272 0.257 0.263

MO (0.070) | (0.070) | (0.070) | (0.070) | (1,263) | (1,303) | (1,226) | (1,261) | (0.582) | (0.599) | (0.567) | (0.581)

0.006 0.006 0.006 0.006 213 220 207 212 0.049 0.050 0.048 0.049

Particulates | 5 0130) | (0.0130) | (0.0130) | (0.0130) | (235) (242) (228) (234) | (0.108) | (0.111) | (0.105) | (0.108)

u 257E7 | 4.82E7 | 2.57E7 | 4.82E7 | 0.010 0.019 0.009 0.018 | 2.25E6 | 4.35E6 | 2.19E6 | 4.22E6
9 (5.97E7) | (1.12E6) | (5.97E7) | (1.12E6) | (0.011) | (0.021) | (0.010) | (0.020) | (4.96E6) | (9.59E6) | (4.83E6) | (9.29E6)

co 92.3 94.4 92.3 94.4 | 3514,375| 3,707,311| 3,410,593| 3,585,786 | 810 852 788 826
2 (214.7) | (219.5) | (214.7) | (219.5) | (3.873.936)| (4.086,611)| (3,759,535)| (3.952,653)| (1,786) | (1,877) | (1,737) | (1,820)

o1 858 905 833 876
2 (1,892) | (1,996) | (1,836) | (1,930)

*CO, emissions based on net power instead of gross power
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SO, emissions are controlled using a lime spray dryer FGD system that achieves a removal
efficiency of 93 percent. The wasscollected in the baghouse. A portion of the wasstored
in a regcle storage silo, whicis thenused to mix with lime slurry to increase the reagent
utilization.

NOx emissions are controlled to about 0.2 Ib/MMBtu through the use of LNBs and OFA. An
SCR unit then further reduces the NOx concentration by 65 percetadb/MMBtu.

Particulate emissions are controlled using a pulse jet fabrig filkech operates at an efficiency
of 99.97 percent.

Co-benefit capture and activated carbon injection result in greater than 90 percent reduction of
mercury emissions for é0PRB coal. For the lignite coal, no-lbenefit capture is assumed, and
carbon injection results in a total Hg capture of 90 percent.

CO, emissions represent the uncontrolled discharge from the process.

The carbon balances for the four amapture PC s are shown iBxhibit 4-9 and

Exhibit 4-10. The carbon input to the plant consists of carbon in the air in addition to carbon in
the coal. 100 percent carbon conversion is assumed since carborsiconfariow rank PC

plants is typically about 99.9 percent.

Carbon in the air is not neglected here since the model accounts for air components throughout.
Carbon leaves the plant as £0the stack gas. The activated carbon injected for mercury
remova is captured in the baghouse and removed with the ash.

Exhibit 4-9 Cases S12A and L12A Carbon Balance

Carbon In, kg/hr (Ib/hr) Carbon Out, kg/hr (Ib/hr)
S12A L12A S12A L12A
Coal 128,551 135611 Ash 42 (93) 65 (143)

(283,407 (298,970)
Air (CO») 260 (574) 273 (601) Stack Gas

128,812 135,883
(283981) | (299,571)

Activated
42 14
Carbon (93) 65 (143)
S 128,854 135,948 Faral 128,854 135,948

(284,074) | (299,715) (284,074) | (299,715)
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Exhibit 4-10 Cases S13A and L13A Carbon Balance

Carbon In, kg/hr (Ib/hr) Carbon Out, kg/hr (Ib/hr)
S13A L13A S13A L13A
124,755 131,166
Coal (275.037) (289.171) Ash 41 (92) 63 (139)
. 125,008 131,429
Air (CO») 253 (557) 263 (580) Stack Gas (275.595) (289.751)
Activated
R — 41 (91) 63 (139)
S 125,049 131,492 ol 125,049 131,492
(275,685) | (289,890) (275,685) | (289,890)

Exhibit 4-11 andExhibit 4-12 show the sulir balances for the four narapture PC cases.
Sulfur input comes solely from the sulfur in the coal. Sulfur output is the sulfur combined with
lime in the ash, and the sulfur emitted in the stack gas

Exhibit 4-11 Cases S12A and L12A Sulfur Balance

Sulfur In, kg/hr (Ib/hr) Sulfur Out, kg/hr (Ib/hr)
S12A L12A S12A L12A
Coal 1,868 (4,118) | 2,148 (4,735) Ash 1,737 (3,829) | 1,997 (4,403)
Stack Gas 131 (288) 150 (331)
Total 1,868 (4,118) 2,148 (4,73% Total 1,868 (4,118)| 2,148 (4,735)
Exhibit 4-12 Cases S13A and L13A Sulfur Balance
Sulfur In, kg/hr (Ib/hr) Sulfur Out, kg/hr (Ib/hr)
S13A L13A S13A L13A
Coal 1,813 (3,996) 2,077 (4,580) Ash 1,686 (3716) 1,932 (4,259)
Stack Gas 127 (280) 145 (321)
Total 1,813 (3,996) 2,077 (4,580) Total 1,813 (3,996)| 2,077 (4,580)

Exhibit 4-13, Exhibit 4-14, Exhibit 4-15, andExhibit 4-16 show the overall water balances for

the plants. Raw water withdrawal is obtained from groundwater (50 percent) and from

municipal sources (50 percent). Water demand represents the total amount of water required for
a paticular process. Some water is recovered within the process and that watesad ges

internal recycle. Raw wat&ithdrawalis the difference between water demand and internal
recycle. Some water is dischaddeom the process to a permitted outfallhe difference

between the withdrawal and discharge is the consumption.
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Exhibit 4-13 Case S12A Water Balance

Process
Water Internal R_aw Water Water Raw Water
Demand, Recycle, | Withdrawal, . :
Water Use 3y 3,7 3 Discharge, | Consumption,
m~/min m°/min m~/min 3y 3,
(gpm) (gpm) (gpm) m/min | mmin (gpm)
(gpm)
FGD Makeup 0.94 (248) 0(0) 0.94 (248) 0(0) 0.94 (248)
BFW Makeup 0 (0) 0(0) 0(0) 0 (0) 0(0)
Cooling Tower
Makeup 9.4 (2,474) | 0.27 (72) 9.1 (2,402) | 2.1 (556) 6.98 (1845)
Total 10.3 (2,722)| 0.27 (72) | 10.0 (2,649) | 2.1 (556) 7.92 (2,093)
Exhibit 4-14 Case L12A Water Balance
Process
Water Internal R_aw Water Water Raw Water
Demand, Recycle, | Withdrawal, . :
Water Use 3y 30 S Discharge, | Consumption,
m°/min m°/min m°/min 3 3, .
(gpm) (gpm) (gpm) mimin | mimin (gpm)
(g9pm)
FGD Makeup 1.04 (274) 0(0) 1.04 (274) 0 (0) 1.04 (274)
BFW Makeup 0(0) 0(0) 0(0) 0 (0) 0(0)
Cooling Tower
Makeup 9.4 (2,482) | 0.28 (73) 9.1 (2,409) | 2.11 (558)| 7.01 (1851)
Total 10.4 (2,755)| 0.28 (73) | 10.2(2,683) | 2.11 (558)| 8.04 (2,125)
Exhibit 4-15 Case S13A Water Balance
Process
Water Internal R_aw Water Water Raw Water
Demand, Recycle, | Withdrawal, . :
Water Use 3 Y 3 Discharge, | Consumption,
m°/min m°/min m°/min 3 - 3, .
(gpm) (gpm) (gpm) mimin | mmin (gpm)
(9pm)
FGD Makeup 0.91 (240) 0(0) 0.91 (240) 0 (0) 0.91 (240)
BFW Makeup 0(0) 0(0) 0(0) 0(0) 0(0)
Cooling Tower
Makeup 9.1 (2,413) | 0.29 (75) 8.8 (2,337) | 2.05(543)| 6.79 (1795)
Total 10.0 (2,653)| 0.29 (75) 9.8 (2,578) | 2.05(543)| 7.70 (2,035)
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Exhibit 4-16 Case L13A Water Balance

Process
Water Internal R_aw Water Water Raw Water
Demand, Recycle, | Withdrawal, . :
Water Use 3, 3,0 3 Discharge, | Consumption,
m>/min m>/min m>/min 3, 3,
(gpm) (gpm) (gpm) m/min.| m/min (gpm)
(g9pm)
FGD Makeup 1.01 (266) 0(0) 1.01 (266) 0(0) 1.01 (266)
BFW Makeup 0(0) 0(0) 0(0) 0(0) 0(0)
Cooling Tower
Makeup 9.1 (2,406) | 0.29 (75) 8.8(2,330) | 2.05(541)| 6.77 (1789)
Total 10.1 (2,672)| 0.29 (75) 9.8 (2,597) | 2.05(541)| 7.78 (2,056)

Heat and Mass Balance Diagrams

Heat and mass balance diagrams are shown for the following subsystexhgbih4-17 through
Exhibit 4-24:

¢ Boiler and flue gas cleanup

e Steam andFW

Overall plant energy balances are provided in tabular fofaximbit 4-25 andExhibit 4-26 for
the four norcapture cases. The power out is the steabin@& power after generator losses.
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Exhibit 4-17 Case S12A Boiler and Gas Cleanup System Heat and Mass Balance Diagram

AMMONIA == ==== === ——————
i
INFILTRATION_._4_®_ _____ N
73,287 W AIR 1
4207 !
13.0 P 501 T ,
66H 136 P |
85H i
AR —-@-»G“-—‘@-—T—E—
2,483,979 W P
4207 FORCED @ ,
13.0 P DRAFTFANS ooy Y 1
6.6 H x_ |
133,896 W |
,_.®._.l._.
AR -@,Gl'
1,655,986 W
4207 PRIMARY S22 T
13.0P ARFANS 1=y
6.6 H :
COAL <8\/
566,042 W

LIME
SLURRY ACTIVATED
CARBON
132,435 W :
420T
130P ‘
861H e 93w @
— —— — @ —— ! SDA ———<>— —'
4,902,461 W
4,770,025 W 180.0 T
2891T 123p
127 P 138.3 H
150.4 H
Throttle Steam
Y P> 1 HP Turbine
3,624 217 W
11000 T
35147 P
1,495.1H
Single Reheat
> > To IP Turbine
3,004,091 W
1,100.0 T
655.8 P
1,5706 H
g SCR
| g
. = 18
Pulverized
> 3,004,091 W
Coal 669.2T
i 7108 P
Boiler «——— 5o
Single Reheat
Extraction from
HP Turbine
|
From Feedwater
Heaters
3,624 217 W
556.6 T
BOTTOM ASH 4,185.0 P
9,269 W 5529 H

- —>

Baghouse

R o Camd

54,516 W 0

FLY ASH

STACK GAS
- —
|
STACK

4,848,038 W
180.0 T IDFAN
121P
139.0 H |
I
1976 T
131P @
1436 H
I
I
I
I
— — — — c—

LEGEND

Coal/Ash

Nitrogen

Flue Gas/
Combustion
Products

—0——o0——0—

Steam

Water

—e—eo——0— |jme

Activated
Carbon

Ammonia

ABSOLUTE PRESSURE, PSIA
TEMPERATURE, °F

FLOWRATE, LBM/HR

ENTHALPY, BTUALBM

MWE POWER, MEGAWATTS ELECTRICAL

I=-HT

NOTES:

1. ENTHALPY REFERENCE POINT IS NATURAL STATE
AT 32 °F AND 0.08865 PsIA

PLANT PERFORMANCE SUMMARY

Gross Plant Power: 583 MWe
Auxiliary Load: 33 MWe
Net Plant Power: 550 MWe
Net Plant Efficiency, HHV: 38.7%

Net Plant Heat Rate: 8,813 Btu/KWh

DOE/NETL

Low RANK COAL
FossiL ENERGY PLANT
CASE 512A

N=TL

HEAT AND MATERIAL FLOW DIAGRAM

SUBBITUMINOUS FEED
SUPERCRITICAL PULVERIZED COAL
BoILER AND GAS CLEANUP SYSTEMS

DWG. NO PAGES

LR-HMB-CS-S12A-PG-1 10F2
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Exhibit 4-18 Case S12A Power Block System Heat and Mass Balance Diagram

LEGEND
_______________ Air
Single Reheat CoalfAsh
Extraction
From Boiler i
Z —o0——o0——o— Nitrogen
3,004,091 W
1,1000T
o5 0p Flue Gas_/
15706 H —_— — —— — - Combustion
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TURBINE TURBINE DRIVES —e——0——80— |ime
" — .
I — | —] = 12617 Activated
al ol o o al o o 0 ol q al al ol o 2,015,620 W 20P L L R
ol of » o gl = ® - ~ o A - 000T 1,040 H Carbon
gl gl e o = s = 2 & ) 2 “ 0re
Single Reheat I q4 <« W § h—rh 890 9 o Ammonia
Extraction to >
Boiler s 3301W
« 35T 1,370,825 W 1370825 W
1377 P 90.0T 00T
3,004,091 W 13843 H 07 P 07p
sfgg; 831 0H 8310 H
13250 H ST F T ' y P ' P P P - N > STEAM SEAL
REGULATOR
AIR-COOLED P ABSOLUTE PRESSURE, PSIA
CONDENSER | CONDENSER T TEMPERATURE, °F
) W FLOWRATE, LBW/HR
To Boiler  «if—— 7482 W 2,793 W H ENTHALPY, BTUALBM
71357 71357 HOT WELL
3‘5245,?6 76v¥ p - 1377 P 1377P MWE POWER, MEGAWATTS ELECTRICAL
41850 P 13842 H 1,384 2H
5529H NoTES:
CONDENSATE 1. ENTHALPY REFERENCE POINT IS NATURAL STATE
of b b PUMFS AT 32 °F AND 0.08865 PSIA
03T
v, - N o ————————— - — 116,177 Wi 250.0 P
-1 AT . 1464 T 593 H
265 813 W 303455 W 167 545 W 198,167 W] 07,686 W 87405 W ’ 07235
77207 56397 8384 T 125,755 W 5456 20387 2M1.8T '
10850P 639.5 P 3008 P 667 T 69.0P 182P 81P
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3624217 W 3624 21T W 1.376.0H - SLAND SEAP Pl ANT PERFORMANCE SUMMARY
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! TR | 21807 \ 17847 Y 14147 A\ CONDENSER
N g} Lasan [T [t} Wi R L I RGR e K 3 T NG Toon RGE L Gross Plant Power: 583 MiVe
266 0 H 186.8 H 1472 H 1102 H 21207 :
™~ ™~ ™~ N N N N1t RIS 147P Auxiliary Load: 33 MWe
zf; g; 180.3H Net Plant Power: 550 MwWe
Net Plant Efficiency, HHV: 38.7%
05 H
DEAERATOR Net Plant Heat Rate: 8,813 Btu/KWh
p
265813 W 589 267 W 796,813 W 198,167 W 295 852 W 383,258 W
51157 2967 36957 22807 198.4T 15147 499 435 W
7537 P 3422P 1722p 200P 9.0P 30p mwwgg
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FEED PUMPS HEAT AND MATERIAL FLOW DIAGRAM
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Exhibit 4-19 Case L12A Boiler and Gas Cleanup System Heat and Mass Balance Diagram

SLURRY Leae
ACTIVATED
CARBON Air
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400T .
138 P : Coal/Ash
885H e ww <O
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11000 T
! 35147 P STACK GAS
i 1,495.1 H |
| | A . Single Reheat - — —l
1 3014 536 W To P Turbine I P ABSOLUTE PRESSURE, PSIA
! , 1 iOO 0T T TEMPERATURE, °F
,655.8 p I W FLOWRATE, LBW/HR
! 1 570.5 H H ENTHALPY, BTU/LBM
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INFILTRATION 1
AR - T ™
76,5084 W !
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Exhibit 4-20 Case L12A Power Block System Heat and Mass Balance Diagram

LEGEND
_______________ Air
Single Reheat Coal/Ash
Extraction
From Boiler .
- —o——o——o— Nitrogen
3,014 536 W
105007 Flue Gas/
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Exhibit 4-21 Case S13A Boiler and Gas Cleanup System Heat and Mass Balance Diagram
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Exhibit 4-22 Case S13A Power Block System Heat and Mass Balance Diagram
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Exhibit 4-23 Case L13A Boiler and Gas Cleanup System Heat and Mass Balance Diagram
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