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NETL Viewpoint

Background

The goal of Fossil Energy Research, Development, and Demonstration (RD&D) is to ensure the
availability of ultra-clean (“zero” emissions), abundant, low-cost, domestic electricity and energy
(including hydrogen) to fuel economic prosperity and strengthen energy security. A broad
portfolio of technologies is being developed within the Clean Coal Program to accomplish this
objective. Ever increasing technological enhancements are in various stages of the research
“pipeline,” and multiple paths are being pursued to create a portfolio of promising technologies
for development, demonstration, and eventual deployment. The technological progress of recent
years has created a remarkable new opportunity for coal. Advances in technology are making it
possible to generate power from fossil fuels with great improvements in the efficiency of energy
use while at the same time significantly reducing the impact on the environment, including the
long-term impact of fossil energy use on the Earth’s climate. The objective of the Clean Coal
RD&D Program is to build on these advances and bring these building blocks together into a
new, revolutionary concept for future coal-based power and energy production.

Objective

To establish baseline performance and cost estimates for today’s fossil energy plants, it is
necessary to look at the current state of technology. Such a baseline can be used to benchmark
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, Integrated
Gasification Combined Cycles (IGCC), and Natural Gas Combined Cycles (NGCC), all with and
without carbon dioxide (CO,) capture and sequestration assuming that the plants use technology
available today.

Approach

The power plant configurations analyzed in this study were modeled using the ASPEN Plus®
(Aspen) modeling program. Performance and process 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 by WorleyParsons 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.
Operation and maintenance (O&M) costs and the cost for transporting, storing, and monitoring
(TS&M) carbon dioxide (CO,) 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 investor-owned utility (IOU) financing. The 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 content and revised costs.



Results

This independent analysis of fossil energy plant cost and performance is considered to be the
most comprehensive set of publicly available data to date. While input was sought from
technology vendors, the final assessment of performance and cost was determined
independently, and may not represent the views of the technology vendors. The extent of
collaboration with technology vendors varied from case to case, with minimal or no input from
some vendors. Selection of system components and plant configurations from potential options
and the rapid escalation in labor and material costs made it a challenge to develop state-of-the-art
configurations and cost estimates. The rigorous expert technical review and systematic use of
existing vendor quotes and project design/build data to develop the cost estimates in this report
are believed to provide the most up-to-date performance and costs available in the public
literature. The main purpose of publishing Revision 2 is to update performance and economic
results. New data from technology vendors was incorporated into the modeling approach,
owner’s costs were added to the financial model, and supplemental chapters were added that
extend beyond the original report scope. The following are highlights of the study:

e C(Coal-based plants using today’s technology are capable of producing electricity at
relatively high efficiencies of about 39 percent, higher heating value ((HHV], without
CO; capture) on bituminous coal while meeting or exceeding current environmental
requirements for criteria pollutants.

e Total overnight cost (TOC) for the non-capture plants are as follows: NGCC, $718/kW;
PC, $2,010/kW (average); IGCC, $2,505/kW (average). With CO; capture, capital costs
are: NGCC, $1,497/kW; PC, $3,590/kW (average); IGCC, $3,568/kW (average).

o At fuel costs of $1.64/MMBtu of coal and $6.55/MMBtu of natural gas, the COE for the
non-capture plants is: 59 mills/kWh for NGCC, 59 mills/kWh for PC (average), and 77
mills/kWh (average) for IGCC.

e When today’s technology for CO, capture and sequestration (CCS) is integrated into
these new power plants, the resultant COE, including the cost of CO, TS&M, is: 86
mills/kWh for NGCC; 108 mills/kWh (average) for PC; and 112 mills/kWh (average) for
IGCC. The cost of transporting CO, 50 miles for storage in a geologic formation with
over 30 years of monitoring is estimated to add about 3 to 6 mills/’kWh. This represents
less than 5.5 percent of the COE for each CO, capture case.

e A sensitivity study on natural gas price shows that at a coal price of $1.64/MMBtu, the
average COE for IGCC with capture equals that of NGCC with CO, capture at a gas price
of $9.80/MMBtu. The average COE for PC with capture equals that of NGCC with
capture at a gas price of $9.25/MMBtu. In terms of capacity factor (CF), when non-
capture NGCC drops to 40 percent, such as in a peaking application, the COE is
comparable to non-capture IGCC operating at base load (80 percent CF).

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 are required to improve the competitiveness of
these systems in today’s market and regulatory environment as well as in a carbon constrained
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 present an accurate, independent assessment of the cost and
performance of fossil energy power systems, specifically integrated gasification combined cycle
(IGCC), pulverized coal (PC), and natural gas combined cycle (NGCC) plants, using a consistent
technical and economic approach that accurately reflects current market conditions. This is
Volume 1 of a four volume report. The four volume series consists of the following:

e Volume 1: Bituminous Coal and Natural Gas to Electricity

e Volume 2: Coal to Synthetic Natural Gas and Ammonia (Various Coal Ranks)
e 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 fuel-based technologies will most likely
determine which combination of technologies 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)

e Auvailability, reliability, and environmental performance

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

e Market penetration of clean coal technologies that have matured and improved as a result
of recent commercial-scale demonstrations under the Department of Energy’s (DOE)
Clean Coal Programs

Twelve power plant configurations were analyzed as listed in Exhibit ES-1. The list includes six
IGCC cases utilizing General Electric Energy (GEE), ConocoPhillips (CoP), and Shell Global
Solutions (Shell) gasifiers each with and without carbon dioxide (CO,) capture; four PC cases,
two subcritical and two supercritical (SC), each with and without CO, capture; and two NGCC
plants with and without CO; capture. Two additional cases were originally included in this study
and involve production of synthetic natural gas (SNG) and the repowering of an existing NGCC
facility using SNG. The two SNG cases were subsequently moved to Volume 2 of this report
resulting in the discontinuity of case numbers (1-6 and 9-14).

While input was sought from various technology vendors, the final assessment of performance
and cost was determined independently and has not been reviewed by individual vendors. Thus,
portions of this report may not represent the views of the technology vendors. The extent of
collaboration with technology vendors varied from case to case, with minimal or no
collaboration obtained from some vendors.

The methodology included performing steady-state simulations of the various technologies using
the ASPEN Plus® (Aspen) modeling program. The resulting mass and energy balance data from
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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 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 by WorleyParsons based on simulation results and through a combination of vendor

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 Information
Administration’s (EIA) Annual Energy Outlook (AEO) 2008. The first year of capital
expenditure (2007) costs used are $1.55/MMKJ ($1.64/MMBtu) for coal (Illinois No. 6) and

$6.21/MMKkIJ ($6.55 /MMBtu) for natural gas, both on a HHV basis and in 2007 United States

(U.S.) dollars.
Exhibit ES-1 Case Descriptions
, . ope . H,S Sulfur CO,
Case Cur::IIte Ste:imlocltzyllflle, CO'ITI l:l;‘iit:m G.?:(':fl"enrélB:"er Oxidant| Separation/ | Removal/ | Separa-
y psig oy Removal | Recovery | tion
1 |1ecc [1800/1050/1050| 2 X"__A“é‘l’:gged GEEOi?fia”t 95 8;"% Selexol | Claus Plant
1 0,
2 | 1cce |1800/1000/1000| 2 X Advanced | - GEE Radiant |95 mol% | g1 | Glaus Plant | Selex!
F Class Only 0O, 2" stage
2 x Advanced 95 mol% | Refrigerated
3 IGCC [{1800/1050/1050 F Class CoP E-Gas™ 0, MDEA Claus Plant
4 |1ccc |1800/1000/1000|2 X AdVanced | o o e oo (95MOI% | il | Claus Plant | Selex!
F Class 0O, 2" stage
5 |1GCC |1800/1050/1050| 2 X?g‘l’:gged Shell 95 8;'% Sulfinol-M | Claus Plant
6 |1GCC 1800/1000/1000| 2 X Advanced Shell B mol%|  goexol | Claus Plant | S8'€x0
F Class O, 2" stage
Wet Flue gas
" . desulfuri-
9 PC (2400/1050/1050 Subcritical PC Air zation (FGD)/
Gypsum
10 | PC |2400/1050/1050 Subcritical PC | Air Wet FGD/ | Amine
Gypsum | Absorber
1 PC |3500/1100/1100 Supercritical PC Air V\C/;et FGD/
ypsum
12 | PC |3500/1100/1100 Supercritical PC|  Air Wet FGD/ | Amine
Gypsum | Absorber
13 |NGCC 2400105011050 2 X Advanced HRSG Air
F Class
14 |NGCC [2400/1050/1050| 2 X Advanced HRSG Air Amine
F Class Absorber

All plant configurations are evaluated based on installation at a greenfield site. Since these are
state-of-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 the dispatch list and the study
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capacity factor (CF) is chosen to reflect the maximum availability demonstrated for the specific
plant type, i.e., 80 percent for IGCC and 85 percent for PC and NGCC configurations. Since
variations in fuel costs and other factors can influence dispatch order and CF, sensitivity of the
cost of electricity (COE) to CF is evaluated and presented later in this Executive Summary
(Exhibit ES-10) and in the body of the report.

The nominal net plant output for this study is set at 550 megawatt (MW). The actual net output
varies between technologies because the combustion turbines (CTs) in the IGCC and NGCC
cases are manufactured in discrete sizes, but the boilers and steam turbines in the PC cases are
readily available in a wide range of capacities. The result is that all of the PC cases have a net
output of 550 MW, but the IGCC cases have net outputs ranging from 497 (Case 6) to 629 MW
(Case 5). The range in IGCC net output is caused by the much higher auxiliary load imposed in
the CO, capture cases, primarily due to CO, compression, and the need for extraction steam in
the water-gas shift (WGS) reactions, which reduces steam turbine output. Higher auxiliary load
and extraction steam requirements can be accommodated in the PC cases (larger boiler and steam
turbine) but not in the IGCC cases where it is impossible to maintain a constant net output from
the steam cycle given the fixed input (CT). Likewise, the two NGCC cases have a net output of
555 and 474 MW because of the CT constraint.

Exhibit ES-2 shows the cost, performance, and environmental profile summary for all cases.
The results are discussed below in the following order:

e Performance (efficiency and raw water consumption)
e Cost (plant capital costs and COE)

e Environmental profile
PERFORMANCE

Energy Efficiency

The net plant efficiency (HHV basis) for all twelve cases is shown in Exhibit ES-3. The primary
conclusions that can be drawn are:

e The NGCC with no CO; capture has the highest net efficiency of the technologies
modeled in this study with an efficiency of 50.2 percent.

e The NGCC case with CO; capture results in the highest efficiency (42.8 percent)
among all of the capture technologies.

e The NGCC with CO, capture results in a relative efficiency penalty of 14.7 percent
(7.4 absolute percent), compared to the non-capture case. The NGCC penalty is less
than for the PC cases because natural gas is less carbon intensive than coal, and there
is less CO; to capture and to compress for equal net power outputs.

e The energy efficiency of the IGCC non-capture cases is as follows: the dry-fed Shell
gasifier (42.1 percent), the slurry-fed, two-stage CoP gasifier (39.7 percent) and the
slurry-fed, single-stage GEE gasifier (39.0 percent).
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When CO, capture is added to the IGCC cases, the energy efficiency of all three cases
is more nearly equal than the non-capture cases, ranging from 31.0 percent for CoP to
32.6 percent for GEE, with Shell intermediate at 31.2 percent.

The relative efficiency penalty for adding CO, capture to the IGCC cases is 21.4
percent on average. The relative penalty for subcritical and SC PC is 28.9 and 27.6
percent, respectively. The relative penalty for NGCC is 14.7 percent.

SC PC without CO, capture has an efficiency of 39.3 percent. Subcritical PC has an
efficiency of 36.8 percent, which is the lowest of all the non-capture cases in the
study.

The addition of CO, capture to the PC cases via the Fluor Econamine FG Plus™
(Econamine) process has the highest relative efficiency penalties out of all the cases
studied. This is primarily because the low partial pressure of CO; in the flue gas (FG)
from a PC plant requires a chemical absorption process rather than physical
absorption. For chemical absorption processes, the regeneration requirements are
more energy intensive. The relative efficiency impact on NGCC is less because of
the lower carbon intensity of natural gas relative to coal as mentioned above.
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Exhibit ES-2 Cost and Performance Summary and Environmental Profile for All Cases

Integrated Gasification Combined Cycle Pulverized Coal Boiler NGCC

GEE R+Q CoP E-Gas FSQ Shell PC Subcritical PC Supercritical | Advanced F Class
PERFORMANCE Case 1 Case2 | Case3 | Case4 | Case 5 | Case 6 Case 9 | Case 10 | Case 11 | Case 12 | Case 13 | Case 14
CO2 Capture 0% 90% 0% 90% 0% 90% 0% 90% 0% 90% 0% 90%
Gross Power Output (kWe) 747,800 | 734,000 | 738,200 | 703,700 | 737,000 | 673,400 | 582,600 | 672,700 | 580,400 | 662,800 | 564,700 | 511,000
Auxiliary Power Requirement (kWe) 125,750 | 190,750 | 113,140 | 190,090 | 108,020 | 176,540 | 32,580 122,740 | 30,410 112,830 9,620 37,430
Net Power Output (kWe) 622,050 | 543,250 | 625,060 | 513,610 | 628,980 | 496,860 | 550,020 | 549,960 | 549,990 | 549,970 | 555,080 | 473,570
Coal Flowrate (Ib/hr) 466,901 | 487,011 | 459,958 | 484,212 | 436,646 | 465,264 | 437,378 | 614,994 | 409,528 | 565,820 N/A N/A
Natural Gas Flowrate (Ib/hr) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 167,333 | 167,333
HHV Thermal Input (kWth) 1,596,320(1,665,074]1,572,582|1,655,503] 1,492,878 11,590,722 1,495,379 |2,102,643] 1,400,162 | 1,934,519] 1,105,812 (1,105,812
Net Plant HHV Efficiency (%) 39.0% 32.6% 39.7% 31.0% 42.1% 31.2% 36.8% 26.2% 39.3% 28.4% 50.2% 42.8%
Net Plant HHV Heat Rate (Btu/kWh) 8,756 10,458 8,585 10,998 8,099 10,924 9,277 13,046 8,687 12,002 6,798 7,968
Raw Water Withdrawal (gpm/MW,,¢) 7.6 10.7 7.0 11.1 6.6 11.3 10.7 20.4 9.7 18.3 4.3 8.4
Process Water Discharge (gpm/MW ) 1.6 2.0 1.4 2.1 1.2 2.0 2.2 4.7 2.0 4.3 1.0 21
Raw Water Consumption (gpm/MW ) 6.0 8.7 5.5 9.0 5.3 9.3 8.5 15.7 7.7 141 3.3 6.3
CO; Emissions (Ib/MMBtu) 197 20 199 20 197 20 204 20 204 20 118 12
CO; Emissions (Ib/MWhg,,ss) 1,434 152 1,448 158 1,361 161 1,783 217 1,675 203 790 87
CO; Emissions (Ib/MWh,,) 1,723 206 1,710 217 1,595 218 1,888 266 1,768 244 804 94
SO, Emissions (Ib/MMBtu) 0.0012 0.0022 0.0117 0.0022 0.0042 0.0021 0.0858 0.0017 0.0858 0.0016 | Negligible | Negligible
SO, Emissions (Ib/MWhg,oss) 0.0090 0.0166 0.0852 0.0173 0.0290 0.0171 0.7515 0.0176 0.7063 0.0162 | Negligible [ Negligible
NOx Emissions (Ib/MMBtu) 0.059 0.049 0.060 0.049 0.059 0.049 0.070 0.070 0.070 0.070 0.009 0.008
NOx Emissions (Ib/MWhg,oss) 0.430 0.376 0.434 0.396 0.409 0.396 0.613 0.747 0.576 0.697 0.060 0.061
PM Emissions (Ib/MMBtu) 0.0071 0.0071 0.0071 0.0071 0.0071 0.0071 0.0130 0.0130 0.0130 0.0130 | Negligible | Negligible
PM Emissions (Ib/MWhgoss) 0.052 0.055 0.052 0.057 0.049 0.057 0.114 0.139 0.107 0.129 | Negligible | Negligible
Hg Emissions (Ib/TBtu) 0.571 0.571 0.571 0.571 0.571 0.571 1.143 1.143 1.143 1.143 | Negligible [ Negligible
Hg Emissions (Ib/MWhgross) 4.16E-06 | 4.42E-06 | 4.15E-06 | 4.59E-06 | 3.95E-06 | 4.61E-06 | 1.00E-05 | 1.22E-05| 9.41E-06 | 1.14E-05 | Negligible | Negligible
COST
Total Plant Cost (2007$/kW) 1,987 2,711 1,913 2,817 2,217 3,181 1,622 2,942 1,647 2,913 584 1,226
Total Overnight Cost (2007$/kW) 2,447 3,334 2,351 3,466 2,716 3,904 1,996 3,610 2,024 3,570 718 1,497
Bare Erected Cost 1,528 2,032 1,470 2,113 1,695 2,385 1,317 2,255 1,345 2,239 482 926
Home Office Expenses 144 191 138 199 156 221 124 213 127 211 40 78
Project Contingency 265 369 256 385 302 444 182 369 176 362 62 162
Process Contingency 50 119 50 120 63 131 0 105 0 100 0 60
Owner's Costs 460 623 438 649 500 723 374 667 377 657 133 271
Total Overnight Cost (2007$ x 1,000) 1,521,880(1,811,411] 1,469,577 1,780,290 1,708,524 11,939,878] 1,098,124 [ 1,985,432] 1,113,445 1,963,644| 398,290 | 709,039
Total As Spent Capital (2007$/kW) 2,789 3,801 2,680 3,952 3,097 4,451 2,264 4,115 2,296 4,070 771 1,614
COE (mills/kkWh, 2007$)"2 76.3 105.6 74.0 110.3 81.3 119.4 59.4 109.6 58.9 106.5 58.9 85.9
CO2 TS&M Costs 0.0 52 0.0 55 0.0 5.6 0.0 5.8 0.0 5.6 0.0 3.2
Fuel Costs 14.3 17.1 14.0 18.0 13.3 17.9 15.2 21.3 14.2 19.6 44.5 52.2
Variable Costs 7.3 9.3 7.2 9.8 7.8 9.9 5.1 9.2 5.0 8.7 1.3 2.6
Fixed Costs 11.3 14.8 11.1 15.5 12.1 16.7 7.8 13.1 8.0 13.0 3.0 5.7
Capital Costs 43.4 59.1 41.7 61.5 48.2 69.2 31.2 60.2 31.7 59.6 10.1 22.3
LCOE (mills’/kWh, 2007$)1‘2 96.7 133.9 93.8 139.9 103.1 151.4 75.3 139.0 74.7 135.2 74.7 108.9

U'CF is 80% for IGCC cases and 85% for PC and NGCC cases
2 COE and Levelized COE are defined in Section 2.7.
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Exhibit ES-3 Net Plant Efficiency (HHYV Basis)
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Water Use

Three water values are presented for each technology in Exhibit 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 demand and internal recycle. Demand is the amount
of water required to satisfy a particular process (slurry, quench, flue gas desulfurization [FGD]
makeup, etc.) and internal recycle is water available within the process (boiler feedwater [BFW]
blowdown, condensate, etc.). Raw water withdrawal is the water removed from the ground or
diverted from a surface-water 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 water source it was withdrawn from. Raw water consumption is
the difference between withdrawal and process discharge, and it represents the overall impact of
the process on the water source, which in this study is considered to be 50 percent from
groundwater (wells) and 50 percent from a municipal source. All plants are equipped with
evaporative cooling towers, and all process blowdown streams are assumed to be treated and
recycled to the cooling tower. The primary conclusions that can be drawn are:

e In all cases the primary water consumer is cooling tower makeup, which ranges from
73 to 99 percent of the total raw water consumption.

e Among non-capture cases, NGCC requires the least amount of raw water withdrawal,
followed by IGCC and PC. If an average raw water consumption for the three IGCC
cases and two PC cases is used, the relative normalized raw water consumption for
the technologies is 2.5:1.7:1.0 (PC:IGCC:NGCC). The relative results are as
expected given the much higher steam turbine output in the PC cases, which results in
higher condenser duties, higher cooling water flows, and ultimately higher cooling
water makeup. The IGCC cases and the NGCC case have comparable steam turbine
outputs, but IGCC requires additional water for coal slurry (GEE and CoP), syngas
quench (GEE), humidification (CoP and Shell), gasifier steam (Shell), and slag
handling (all cases), which increases the IGCC water withdrawal over NGCC.

e Among capture cases, raw water withdrawal requirements increase (relative to non-
capture cases) more dramatically for the PC and NGCC cases than for IGCC cases
because of the large cooling water demand of the Econamine process, which results in
greater cooling water makeup requirements. If average water consumption values are
used for IGCC and PC cases, the relative normalized raw water consumption for the
technologies in CO, capture cases is 2.4:1.4:1.0 (PC:IGCC:NGCC). The NGCC CO,
capture case still has the lowest water consumption.

e (CO; capture increases the average raw water consumption for all three technologies
evaluated, but the increase is lowest for the IGCC cases. The average normalized raw
water consumption for the three IGCC cases increases by about 58 percent due
primarily to the need for additional water in the syngas to accomplish the WGS
reaction. With the addition of CO; capture, PC normalized raw water consumption
increases by 83 percent and NGCC by 91 percent. The large cooling water demand
of the Econamine process drives this substantial increase for PC and NGCC.
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Exhibit ES-4 Raw Water Withdrawal and Consumption
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COST RESULTS

Total Overnight Cost

The Total Overnight Cost (TOC) for each plant was calculated by adding owner’s costs to the
Total Plant Cost (TPC). The 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 equipment (complete with initial chemical and catalyst loadings), materials,
labor (direct and indirect), engineering and construction management, and contingencies (process
and project). Escalation and interest on debt during the capital expenditure period were
estimated and added to the TOC to provide the Total As-Spent Cost (TASC).

The cost estimates carry an accuracy of -15%/+30%, consistent with a “feasibility study” level of
design engineering applied to the various cases in this study. The value of the study lies not in
the absolute accuracy of the individual case results but in the fact that all cases were evaluated
under the same set of technical and economic assumptions. This consistency of approach allows
meaningful 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 equipment
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 detail
and field experience to determine project contingency. Process contingency was added to cost
account items that were deemed to be first-of-a-kind (FOAK) or posed significant risk due to
lack of operating experience. The cost accounts that received a process contingency include:

e Slurry Prep and Feed — 5 percent on GE IGCC cases - systems are operating at
approximately 800 psia as compared to 600 psia for the other IGCC cases.

e Qasifiers and Syngas Coolers — 15 percent on all IGCC cases — next-generation
commercial offering and integration with the power island.

e Two Stage Selexol — 20 percent on all IGCC capture cases — lack of operating
experience at commercial scale in IGCC service.

e Mercury Removal — 5 percent on all IGCC cases — minimal commercial scale
experience in IGCC applications.

e (CO; Removal System — 20 percent on all PC/NGCC capture cases - post-combustion
process unproven at commercial scale for power plant applications.

e Combustion Turbine-Generator (CTG) — 5 percent on all IGCC non-capture cases —
syngas firing and air separation unit (ASU) integration; 10 percent on all IGCC
capture cases — high hydrogen firing.

e Instrumentation and Controls — 5 percent on all IGCC accounts and 5 percent on the
PC and NGCC capture cases — integration issues.

The normalized components of TOC and overall TASC are shown for each technology in
Exhibit ES-5. The following conclusions can be drawn:
e Among the non-capture cases, NGCC has the lowest TOC at $718 kW followed by PC
with an average cost of $2,010/kW and IGCC with an average cost of $2,505/kW.
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Exhibit ES-5 Plant Capital Costs
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The average IGCC cost is 25 percent greater than the average PC cost. The process
contingency for the IGCC cases ranges from $50-63/kW while there is zero process
contingency for the PC and NGCC non-capture cases. The differential between
IGCC and PC is reduced to 22 percent when process contingency is eliminated.

e The three IGCC non-capture cases have a TOC ranging from $2,351/kW (CoP) to
$2,716/kW (Shell) with GEE intermediate at $2,447/kW.

e Among the capture cases, NGCC has the lowest TOC, despite the fact that the TOC
of the NGCC capture case is more than double the cost of the non-capture case at
$1,497kW.

e Among the capture cases, the PC cases have the highest TOC at an average of
$3,590/kW. The average TOC for IGCC CO; capture cases is $3,568/kW, which is
less than one percent lower than the average of the PC cases. The process
contingency for the IGCC capture cases ranges from $119-131/kW, for the PC cases
from $100-105/kW and $60/kW for the NGCC case.

Cost of Electricity

The cost metric used in this study is the COE, which is the revenue received by the generator per
net megawatt-hour during the power plant’s first year of operation, 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. To calculate the
COE, the Power Systems Financial Model (PSFM) [2] was used to determine a “base-year”
(2007) COE that, when escalated at an assumed nominal annual general inflation rate of 3
percentl, provided the stipulated internal rate of return on equity over the entire economic
analysis period (capital expenditure period plus thirty years of operation). The first year capital
charge factor (CCF) shown in Exhibit ES-6, which was derived using the PSFM, can also be
used to calculate COE using a simplified equation as detailed in Section 2.7.4.

The project financial structure varies depending on the type of project (high risk or low risk) and
the length of the capital expenditure period (3 year or 5 year). All cases were assumed to be
undertaken at investor owned utilities (IOUs). High risk projects are those in which commercial
scale operating experience is limited. The IGCC cases (with and without CO, capture) and the
PC and NGCC cases with CO, capture were considered to be high risk. The non-capture PC and
NGCC cases were considered to be low risk. Coal based cases were assumed to have a 5 year
capital expenditure period and natural gas cases a 3 year period. The current-dollar, 30-year
levelized cost of electricity (LCOE) was also calculated and is shown in Exhibit 2-23, but the
primary metric used in the balance of this study is COE. A more detailed discussion of the two
metrics is provided in Section 2.7 of the report.

! This nominal escalation rate is equal to the average annual inflation rate between 1947 and 2008 for the U.S.
Department of Labor’s Producer Price Index for Finished Goods. This index was used instead of the Producer Price
Index for the Electric Power Generation Industry because the Electric Power Index only dates back to December
2003 and the Producer Price Index is considered the “headline” index for all of the various Producer Price Indices.
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Exhibit ES-6 Economic Parameters Used to Calculate COE

High Risk Low Risk High Risk Low Risk
(5 year capital (5 year capital | (3 year capital | (3 year capital
expenditure expenditure expenditure expenditure
period) period) period) period)
First Year Capital 0.1243 0.1165 01111 01048
Charge Factor

Commodity prices 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 Chemical Engineering Plant
Cost Index was 532.7 in June 2007 and 532.9 in January 2010, and the Gross Domestic Product
Chain-type 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 expected to be representative of January 2010 costs.

The COE results are shown in Exhibit ES-7 with the capital cost, fixed operating cost, variable
operating cost, and fuel cost shown separately. In the capture cases, the CO, transport, storage,

and monitoring (TS&M) costs are also shown as a separate bar segment. The following
conclusions can be drawn:

In non-capture cases, NGCC plants have the lowest COE (58.9 mills/kWh), followed by
PC (average 59.2 mills/kWh) and IGCC (average 77.2 mills/kWh).

In capture cases, NGCC plants have the lowest COE (85.9 mills/kWh), followed by PC
(average 108.2 mills/kWh) and IGCC (average 111.8 mills/kWh).

The COE for the three IGCC non-capture cases ranges from 74.0 mills/’kWh (CoP) to
81.3 mills/kWh (Shell) with GEE intermediate at 76.3 mills/kWh. The study level of
accuracy is insufficient to definitively quantify the differences in COE of the three IGCC
technologies.

Non-capture SC PC has a COE of 58.9 mills/kWh and subcritical PC is 59.4 mills/kWh,
an insignificant difference given the level of accuracy of the study estimate.

IGCC is the most expensive technology with CO, capture, 3 percent higher than PC and
30 percent higher than NGCC.

The capital cost component of COE is between 56 and 59 percent in all IGCC and PC
cases. It represents only 17 percent of COE in the NGCC non-capture case and 26
percent in the CO; capture case.

The fuel component of COE ranges from 15-19 percent for the IGCC cases and the PC
CO; capture cases. For the PC non-capture cases the fuel component varies from 24-26
percent. The fuel component is 76 percent of the total in the NGCC non-capture case and
61 percent in the CO; capture case.

CO, TS&M is estimated to add 3 to 6 mills’kWh to the COE, which is less than 5.5
percent of the total for all capture cases.
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Exhibit ES-7 COE by Cost Component
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Exhibit ES-8 shows the COE sensitivity to fuel costs for the non-capture cases. The solid line is
the COE of NGCC as a function of natural gas cost. The points on the line represent the natural
gas cost that would be required to make the COE of NGCC equal to PC or IGCC at a given coal
cost. The coal prices shown ($1.23, $1.64, and $2.05/MMBtu) represent the baseline cost and a
range of £25 percent around the baseline. As an example, at a coal cost of $1.64/MMBtu, the
COE of PC equals NGCC at a natural gas price of $6.59/MMBtu.

Another observation from Exhibit ES-8 is that the COE of IGCC at a coal price of $1.23/MMBtu
is greater than PC at a coal price of $2.05/MMBtu, due to the higher capital cost of IGCC and its
relative insensitivity to fuel price. For example, a decrease in coal cost of 40 percent (from $2.05
to $1.23/MMBtu) results in an IGCC COE decrease of only nine percent (80.7 to 73.7
mills/kWh).

Fuel cost sensitivity is presented for the CO, capture cases in Exhibit ES-9. Even at the lowest
coal cost shown, the COE of NGCC is less than IGCC and PC at the baseline natural gas price of
$6.55/MMBtu. For the coal-based technologies at the baseline coal cost of $1.64/MMBtu to be
equal to NGCC, the cost of natural gas would have to be $9.34/MMBtu (PC) or $9.80/MMBtu
(IGCC). Alternatively, for the COE of coal-based technologies to be equal to NGCC at the high
end coal cost of $2.05/MMBtu, natural gas prices would have to be $9.98/MMBtu for PC and
$10.35/MMBtu for IGCC.

Exhibit ES-8 COE Sensitivity to Fuel Costs in Non-Capture Cases
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Exhibit ES-9 COE Sensitivity to Fuel Costs in CO, Capture Cases
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The sensitivity of COE to CF is shown for all technologies in Exhibit ES-10. The subcritical and
SC PC cases with no CO; capture are nearly identical so that the two curves appear as a single
curve on the graph. The CF is plotted from 30 to 90 percent. The baseline CF is 80 percent for
IGCC cases with no spare gasifier and is 85 percent for PC and NGCC cases. The curves plotted
in Exhibit ES-10 for the IGCC cases assume that the CF could be extended to 90 percent with no
spare gasifier. Similarly, the PC and NGCC curves assume that the CF could reach 90 percent
with no additional capital equipment.

Technologies with high capital cost (PC and IGCC with CO, capture) show a greater increase in
COE with decreased CF. Conversely, NGCC with no CO; capture is relatively flat because the
COE is dominated by fuel charges, which decrease as the CF decreases. Conclusions that can be
drawn from Exhibit ES-10 include:

e AtaCF at or below 85 percent, NGCC has the lowest COE out of the non-capture
cases.

e The COE of NGCC with CO; capture is the lowest of the capture technologies in the
baseline study, and the advantage increases as CF decreases. The relatively low
capital cost component of NGCC accounts for the increased cost differential with

decreased CF.

¢ In non-capture cases, NGCC at 40 percent CF has approximately the same COE as
the average of the three IGCC cases at base load (80 percent CF) further illustrating
the relatively small impact of CF on NGCC COE.
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Exhibit ES-10 COE Sensitivity to Capacity Factor
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In the event that future legislation assigns a cost to carbon emissions, all of the technologies
examined in this study will become more expensive. The technologies without carbon capture
will be impacted to a larger extent than those with carbon capture, and coal-based technologies
will be impacted more than natural gas-based technologies. The most economically favored
option for each technology is shown in Exhibit ES-11. Hence the IGCC non-capture case is
based on the CoP gasifier, the IGCC capture case is based on the GEE technology, and the PC
technology is based on supercritical steam conditions.

The curves represent the study design conditions (capacity factor) and fuel prices used for each
technology; namely 80 percent capacity factor for IGCC plants and 85 percent for PC and NGCC
plants, and $1.64/MMBtu for coal and $6.55/MMBtu for natural gas. Natural gas fuel prices are
more volatile than coal and tend to fluctuate over a fairly large range. The two black lines shown
in Exhibit ES-11 represent NGCC at a fuel price of $9.50/MMBtu and are shown for reference.
The dispatch-based capacity factor for NGCC plants, addressed in Section 6.4 of this report, is
significantly less than 85 percent and would result in a higher COE as shown in Exhibit ES-10.
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Exhibit ES-11 Impact of Carbon Emissions Price on Study Technologies
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The intersection of the capture and non-capture curves for a given technology gives the cost of
CO, avoided for that technology, except for the IGCC cases which use different gasifier
technologies for the capture and non-capture cases. For example, the cost of CO, avoided is
$69/tonne ($63/ton) for SC PC and $84/tonne ($76/ton) for NGCC. These values can be
compared to those shown in Exhibit ES-13.

The following conclusions can be drawn from the carbon emissions price graph:

e At the baseline study conditions any cost applied to carbon emissions favors NGCC
technology. While PC and NGCC with no capture start at essentially equivalent
COEzs, they diverge rapidly as the CO, emission cost increases. The lower carbon
intensity of natural gas relative to coal and the greater efficiency of the NGCC
technology account for this effect.

e Capture for NGCC systems is only justified economically at CO, emissions prices
greater than $83/tonne ($75/ton) at the baseline natural gas price of $6.55/MMBtu
and $95/tonne ($86/ton) at the higher natural gas price of $9.50/MMBtu.

e The SC PC and IGCC non-capture curves are nearly parallel indicating that the CO,
emission price impacts the two technologies nearly equally. The two lines gradually
converge due to the slightly lower efficiency of SC PC relative to the CoP IGCC
technology (39.3 versus 39.7 percent net efficiency). The SC PC and GEE IGCC
cases with CO, capture start at nearly equivalent COE values and slowly diverge.
The COE of the SC PC case increases slightly faster than the GEE IGCC case
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because of the lower efficiency (28.4 versus 32.6 percent net efficiency) and slightly
lower capture efficiency (90.2 versus 90.3 percent).

e Comparing only the coal-based technologies, IGCC or PC with capture become the
favored technology compared to SC PC with no capture at an emission price of
$67/tonne ($61/ton).

e At a natural gas price of $9.50/MMBtu, NGCC with capture has nearly the same COE
as IGCC and SC PC with capture at a CO, emission price of $30/tonne ($27/ton).

e At anatural gas price of $9.50/MMBtu, SC PC without capture has a lower COE than
NGCC without capture until the CO, emissions price exceeds $46/tonne ($42/ton).

The relationship between technologies and CO, emission pricing can also be considered in a
“phase diagram” type plot as shown in Exhibit ES-12. The lines in the plot represent cost parity
between different pairs of technologies.

Exhibit ES-12 Lowest Cost Power Generation Options Comparing NGCC and Coal
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The plot demonstrates the following points:

e Non-capture plants are the low cost option below a first year CO, price of $60/tonne
($54/ton).
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e At natural gas prices below $6.50/MMBtu (and a capacity factor of 85 percent)
NGCC is always preferred.

e At natural gas prices above $11/MMBtu coal plants are always preferred.

Cost of CO, Avoided

The first year cost of CO, avoided was calculated as illustrated in Equation ES-1:

{COE with removal COE } $ /M Wh
Avoided Cost =

{CO, Emissions - CO, Emissions ;, .. .} tons| MWh

reference

(ES-1)

reference

The COE with CO, removal includes the costs of capture and compression as well as TS&M
costs. The resulting avoided costs are shown in Exhibit ES-13 for each of the six technologies
modeled. The avoided costs for each capture case are calculated using the analogous non-
capture plant as the reference and again with SC PC without CO,; capture as the reference. The
following conclusions can be drawn:

e The total first year cost of CO, avoided is $52.9/tonne ($48/ton) (average IGCC),
$68.3/tonne ($62/ton) (average PC), and $83.8/tonne ($76/ton) (NGCC) using
analogous non-capture plants as the reference and $75/tonne ($68/ton) (average
IGCC), $71.6/tonne ($65/ton) (average PC), and $35.3/tonne ($32/ton) (NGCC) using
SC PC without capture as the reference.

e (O, avoided costs for IGCC plants using analogous non-capture plants as reference
are substantially less than for PC and NGCC because the IGCC CO, removal is
accomplished prior to combustion and at elevated pressure using physical absorption.

e (O, avoided costs for IGCC plants using analogous non-capture as reference are less
than NGCC plants because the baseline CO, emissions for NGCC plants are 44
percent less than for IGCC plants. Consequently, the normalized removal cost for
NGCC plants is divided by a smaller amount of CO,.

e (CO;avoided costs for the GEE IGCC plant are less than for the CoP and Shell IGCC
plants. This is consistent with the efficiency changes observed when going from a
non-capture to capture configuration for the GEE IGCC plant. The GEE plant started
with the lowest efficiency of the IGCC plants but realized the smallest reduction in
efficiency between the non-capture and capture configurations.

e CO;avoided costs for NGCC using SC PC as the reference are 53 percent lower than
IGCC and 50 percent lower than PC because of the relatively low COE of the NGCC
capture plant compared to IGCC and PC.
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Exhibit ES-13 First Year CO; Avoided Costs

First Year CO, Avoided Cost, $/tonne (2007S)

100

B Avoided Cost (Analogous Technology w/o Capture Reference)

m Avoided Cost (SC PC w/o Capture Reference)

GEE CoP Shell

Subcritical PC Supercritical PC NGCC
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ENVIRONMENTAL PERFORMANCE

The environmental targets for each technology are summarized in Exhibit ES-14. Emission rates
of sulfur dioxide (SO,), nitrogen oxide (NOx), and particulate matter (PM) are shown
graphically in Exhibit ES-15, and emission rates of mercury (Hg) are shown separately in
Exhibit ES-16 because of the orders of magnitude difference in emission rate values.

Exhibit ES-14 Study Environmental Targets

Technology
Pollutant IGCC PC NGCC
SO, 0.0128 Ib/MMBtu | 0.085 Ib/MMBtu Negligible
NOx 15 pplr;;) (gzy) @1 0.070 b/MMBH | 2 plfr;;) (C‘)l;'y) @
PM (Filterable) 0.0071 Ib/MMBtu | 0.013 Ib/MMBtu Negligible
Hg >90% capture 1.14 Ib/TBtu N/A

Environmental targets were established for each of the technologies as follows:

IGCC cases use the EPRI targets established in their CoalFleet for Tomorrow work as
documented in the CoalFleet User Design Basis Specification for Coal-Based Integrated
Gasification Combined Cycle (IGCC) Power Plants, EPRI, Palo Alto, CA, 2009.

PC and NGCC cases are based on best available control technology (BACT)

The primary conclusions that can be drawn are:

The NGCC baseline plant generates the lowest emissions, followed by IGCC and then
PC.

In NGCC cases, study assumptions result in zero emissions of SO,, PM, and Hg. If the
pipeline natural gas contained the maximum amount of sulfur allowed by Environmental
Protection Agency (EPA) definition (0.6 gr/100 scf), SO, emissions would be 0.000839
kg/GJ (0.00195 1b/MMBtu).

Based on vendor data it was assumed that dry low NOx (DLN) burners could achieve 25
ppmv (dry) at 15 percent O, and, coupled with a selective catalytic reduction (SCR) unit
that achieves 90 percent NOx reduction efficiency, would result in the environmental
target of 2.5 ppmv (dry) at 15 percent O, for both NGCC cases.

Based on vendor data it was assumed that Selexol, Sulfinol-M, and refrigerated
methyldiethanolamine (MDEA) could all meet the sulfur environmental target, hence
emissions of approximately 0.0128 1b/MMBtu in each of the IGCC non-capture cases. In
the CO; capture cases, to achieve 95 percent CO, capture from the syngas, the sulfur
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removal is greater than in the non-capture cas