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EXECUTIVE SUMMARY

The National Energy Technology Laboratory (NETL) is funding research aimed at improving the
performance and reducing the cost of oxycombustion. The objective of this study is to guide

oxycombustion research in areas that can provide the largest benefits in electricity cost and plant
performance. The advanced oxycombustion technologies evaluated in this study can be
categorized into four major areas: advanced boiler design, advanced oxygen production,
advanced flue gas treatment, and innovative CO, compression concepts. This report contains the
results of a techno-economic study of eight advanced oxycombustion systems that were
anticipated to improve oxycombustion performance. In all, the report covers nine cases: eight

cases employing advanced oxycombustion technologies and a base case employing what is

considered to be current oxycombustion technology. These cases are summarized in Exhibit

ES-1.
Exhibit ES-1 Case Descriptions

Case Boiler Technology Advanced PC Coal Oxidant Sulfur CO,
psig/°F/°F Concept Type Removal Storage
Base Supercritical PC Current Illinois | 95% Oxygen/ Wet Remote
3500/1110/1150 Oxycombustion No. 6 | Cryogenic ASU FGD Geologic

. Advanced O, - ~100%
Supercritical PC . Ilinois Wet Remote
! 3500/1110/1150 Membrane with | "y g™ | Advanced O, | pany | Gapiagic
Boiler Integration Membrane
Advanced O, ~100%
1a Supercritical PC Membrane with Ilinois Advance(; 0 Wet Remote
3500/1110/1150 Natural Gas No. 6 2 FGD Geologic
Membrane
Preheater
2 Chemical Loopin et In & -
Ping separate study
3 Ultra-supercritical PC f';dl\j?tr; ;?guwﬁf;ﬂ?gzl Illinois | 95% Oxygen/ Wet Remote
4000/1350/1400 ip No. 6 | Cryogenic ASU FGD Geologic
Conditions

4 Supercritical PC Co-sequestration [llinois | 95% Oxygen/ Co- Remote
3500/1110/1150 a No. 6 | Cryogenic ASU | capture Geologic
Supercritical PC [llinois | 95% Oxygen/ Wet Remote
3 3500/1110/1150 Advanced Recycle | “\o°6" | Cryogenic ASU | FGD | Geologic
6 Supercritical PC Advanced CO, [llinois | 95% Oxygen/ Wet Remote
3500/1110/1150 Compression No. 6 | Cryogenic ASU FGD Geologic
7 Supercritical PC Oxycombustion Illinois | 95% Oxygen/ Wet Remote
3500/1110/1150 Boiler No. 6 | Cryogenic ASU FGD Geologic
Cumulative Ultra-supercritical PC Cumulative Case [linois Ad;;r?(?:{;) 0 Co- Remote
4000/1350/1400 No. 6 Membrane 2 capture Geologic

Each of the advanced oxycombustion cases are modeled as new, commercial-scale plants
projected to be designed and built in the 2030 timeframe. These advances are compared to what
is considered to be current technology: a supercritical pulverized coal plant operated with flue
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gas recycle and equipped with a state of the art cryogenic distillation ASU, a wet FGD sulfur
removal unit, and a conventional CO, purification/compression system.

In order to meet the challenges of reducing greenhouse gas emissions, DOE/NETL has
established carbon capture, utilization and storage (CCUS) goals for the Existing Plants,
Emissions & Capture (EPEC) program. By 2020, advanced technologies will be demonstrated
and best practices will be implemented to achieve the following goals:

e 90 percent CO, capture

e 99+ percent storage permanence

e For post- and oxy-combustion carbon capture, the increase in the cost of electricity
(COE) should be less than 35 percent above that of an equivalent plant without carbon
capture, excluding the cost of CO, transport, storage and monitoring.

The advanced oxycombustion technologies studied were evaluated to determine if they could
meet the DOE goal. The first year electricity costs of the advanced technology cases were
compared to the cost of electricity (COE) of an air-fired, supercritical boiler with no carbon
capture. The results are shown in Exhibit ES-2 and Exhibit ES-3. None of the advanced
technologies currently meet the DOE goal on their own, however the combined effect of
including all advanced technologies in the same plant is shown here to exceed the DOE goal.

Exhibit ES-2 Cost of Electricity

Without CO, Capture With CO, Capture
A
120 A / \
Individual Advanced Oxycombustion Technologies
100
= 91.07 91.12 89.96
; 87.19 .
=
@ 80 7815 Target COE
N— —
W > $79.5/MWh
o]
O
8 58.90 o
Q . oy
L 60 3 R R
o N N X N
=
LL
40 A T
HBFuel
BVariable O&M
20 1 - EFixed O&M
BCapital
0 - T T T T T T T T T
Non-Cap BaseCase Casel Case 1A Case3 Case4 Caseb Case6 Case7 Cumulative
Current Adv. Adv. usc Co-Seq. Adv.  Adv.Comp.Oxy-Boiler
Tech. Membrane Membrane Recycle
(Boiler) (NG)
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Exhibit ES-3 Percent Increase in Cost of Electricity with CCS

First Year Cost of Electricity ($/MWh) Increase in

Study Case Capital | Fixed 0&M Vg'g&'e Fuel TS&M (Les?%l ann| COE (%)’
Non-Capture Reference, Air-fired SC w/o CCS 31.68 7.97 5.03 14.22 0.00 58.90 -
Current OF Technology, O,-fired SC w/ASU & CCS 53.72 11.81 6.47 19.08 5.83 91.07 54.6
Case 1, O,-fired SC w/Boiler Adv. Membrane & CCS 52.35 11.53 5.99 17.32 5.60 87.19 48.0
Case 1A, O,-fired SC w/NG Adv. Membrane & CCS 50.45 11.23 5.63 23.81 5.25 91.12 54.7
Case 3, O,-fired USC w/ASU & CCS 54.15 11.81 6.10 17.25 5.58 89.31 51.6
Case 4, O,-fired SC W/ASU & Co-Sequestration 48.85 10.79 4.78 17.60 5.67 82.02 39.3
Case 5, O-fired SC w/ASU, Wet Recycle & CCS 53.66 11.80 6.47 19.11 5.91 91.03 54.5
Case 6 O,-fired SC W/ASU & Shock Compression 52.59 11.60 6.34 18.81 5.87 89.34 51.7
Case 7, O,-fired SC w/ASU, Adv. Boiler & CCS 53.13 11.65 6.32 18.87 5.89 89.96 52.7
Cumulative Technology Case 48.52 10.66 4.30 14.68 5.28 78.15 32.7

While the Cumulative Case has been shown to meet the DOE carbon capture goal, none of the
advanced technologies are yet ready for commercial implementation and require substantial
research, development and demonstration before they can be considered viable solutions for
carbon capture.

The results of this report suggest that both cost and performance improvements need to be made
in multiple technologies applicable to the oxycombustion pathway for CO, capture in order to
meet DOE’s CO, capture goals.

The major conclusions of this study uncover how future research and development should focus
on developing oxycombustion-specific technologies for the most beneficial improvements in
performance and cost. Based on the results of this study, improvements in the following
technologies should have the largest positive impact on oxycombustion:

e Oxygen Supply: Advanced membrane-based air separation technology shows promise
due to its high temperature and high pressure operation, which allows for a relatively
high amount of heat and power recovery. Membrane system integration, membrane
performance enhancements, and capital cost reduction should be the main areas of
focus for this technology area based on the results of this study.

e Sulfur-Tolerant Materials: Research should be conducted to develop sulfur-tolerant
materials to handle the recycled flue gas in systems with reduced flue gas
desulfurization. It is understood that completely eliminating the FGD may not be
possible in the near-term because of materials constraints and potential restrictions on
sequestration, however if continual progress is made in these areas, system efficiency
will continue to increase in proportion.

o Oxycombustion Boilers: As sulfur-tolerant materials are developed, smaller
oxycombustion-based boiler designs with enhanced heat transfer may become more
effective. Sulfur-tolerant materials will allow less recycle, less flue gas desulfurization
requirements, and therefore higher efficiencies all while decreasing the boiler size, and
potentially cost depending on the premium for exotic material.

e Advanced Steam Conditions: While not specific to oxycombustion, raising steam
conditions in the Rankine cycle also has a beneficial effect on oxycombustion systems.
Advancing steam conditions in the Rankine cycle can maximize the benefit of the
potentially high temperatures of the oxycombustion process and should be taken into
consideration when designing oxycombustion-specific boiler designs.
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The objective of this study was not to review the degree to which research and development in
these areas is already progressing, nor was it to uncover any thermodynamic, physical or
economic limitations on improvements in these areas. Instead, the main objective was to identify
major performance bottlenecks and the effect of eliminating them. Therefore, it is possible that
room for improvement in one or more of the targeted research areas is limited, which would limit
the potential performance of oxycombustion as predicted by this study. Nevertheless, this study
suggests that a diverse portfolio of oxycombustion-based technologies should be included in
RD&D plans for government, industrial and academic entities as a means to drive down costs
and improve the performance of carbon capture and sequestration.

The overall performance summary comparison is shown in Exhibit ES-4. This study was
designed to incorporate advanced oxycombustion technologies anticipated to improve cost
and/or performance over an oxycombustion system composed of currently available
technologies. The Cumulative Case incorporates all concepts under the assumption that all
advanced technologies will enhance performance in an integrated system as well. A decision
was made to use the indirect fired, coal-integrated advanced membrane ASU system (represented
in Case 1) in the cumulative case because it was the lower cost (COE) of the two advanced
membrane systems analyzed. In addition, this case does not vent the CO, generated from the air
preheat like the natural gas-integrated advanced membrane configuration (Case 1A) does. The
amount of natural gas required to completely preheat the air feed would result in an excessive
amount of vented CO,, decreasing overall CO, capture below 90%. Therefore, a regenerative
heat exchanger immediately prior to the N, vent gas expander was used to perform a portion of
the preheat.
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Exhibit ES-4 Performance Summary Comparison

Case Base Case Case 1 Case 1A Case 3 Case 4 Case 5 Case 6 Case 7 Case 10
Advanced Advanced
Current Membrane/Boiler| Membrane/NG usc w/Ad\{anced Co-Sequestration Advanced Advanced CO, Oxyfuel Boiler Cumulative
o Technology . X Material Recycle Compression
Description Integration Integration
Plant Output
Steam Turbine Power 790,800 620,500 662,300 765,900 765,500 790,600 814,000 785,900 624,700 kW,
Advanced Membrane Expander Power N/A 345,200 272,400 N/A N/A N/A N/A N/A 295,500 kW,
Gross Power 790,800 965,700 934,700 765,900 765,500 790,600 814,000 785,900 920,200 kwe
Auxiliary Load
Coal Handling and Conweying 500 480 440 480 480 500 500 500 440 kW,
Limestone Handling & Reagent Preparation 1,210 1,100 930 1,090 0 1,210 1,190 1,200 0 kWe
Pulverizers 3,740 3,390 2,860 3,380 3,450 3,740 3,680 3,690 2,880 kW,
Ash Handling 720 650 550 650 660 720 710 710 550 kWe
Primary Air Fans 1,010 910 770 910 1,410 980 1,010 790 860 kWe
Forced Draft Fans 1,280 1,150 990 1,150 1,800 1,240 1,270 1,010 1,080 kWe
Induced Draft Fans 7,080 6,330 5,390 6,380 3,610 6,610 7,010 6,030 2,380 kW,
Air Separation Unit Main Air Compressor 125,720 315,240 296,100 113,350 115,970 125,880 123,950 124,190 269,910 kW,
ASU Auxiliaries 1,000 0 0 1,000 1,000 1,000 1,000 1,000 0 kWe
Baghouse 90 90 70 80 90 90 90 90 70 kWe
FGD Pumps and Agitators 4,050 3,680 3,230 3,650 0 4,050 3,990 4,000 0 kwe
CO, Compression 73,410 64,170 55,550 65,070 67,770 73,620 98,700 72,520 76,250 kWe
Condensate Pumps 1,040 810 880 960 1,020 1,040 1,070 1,050 890 kW,
Boiler Feedwater Booster Pumps N/A N/A N/A N/A N/A N/A N/A N/A N/A kW,
Miscellaneous Balance of Plant™* 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000 kW,
Steam Turbine Auxiliaries 400 400 400 400 400 400 400 400 400 kW,
Circulating Water Pumps 9,160 7,730 7,310 7,990 8,170 9,180 8,930 9,010 6,030 kWe
Cooling Tower Fans 5,340 4,510 4,270 4,670 4,770 5,360 5,220 5,260 3,520 kWe
Transformer Losses 3,030 3,000 3,040 2,880 2,880 3,030 3,160 3,000 2,880 kW,
Total 240,780 415,640 384,780 216,090 215,480 240,650 263,880 236,450 370,140 kWe
Plant Performance

Net Auxiliary Load 240,780 415,640 384,780 216,090 215,480 240,650 263,880 236,450 370,140 kWe
Net Plant Power 550,020 550,060 549,920 549,810 550,020 549,950 550,120 549,450 550,060 kWe

Net Plant Efficiency (HHV) 29.3% 32.2% 33.0% 32.4% 31.7% 29.2% 29.7% 29.6% 38.1%

Net Plant Heat Rate (HHV)

12,300 (11,658)

11,167 (10,584)

10,904 (10,335)

11,120 (10,540)

11,347 (10,754)

12,317 (11,675)

12,124 (11,492)

12,163 (11,528)

9,461 (8,968)

kJ/KWhr (Btu/kWhr)

Coal Feed Flowrate| 249,312 (549,638) | 226,371 (499,062) | 190,935 (420,941) [ 225,320 (496,745) | 229,991 (507,043) | 249,640 (550,361) | 245,804 (541,905) | 246,282 (542,960) | 191,790 (422,825) [kg/hr (Ib/hr)
Natural Gas N/A N/A 15,544 (34,268) N/A N/A N/A N/A N/A N/A kg/hr (Ib/hr)
Coal Thermal Input* 1,879,193 1,706,276 1,439,182 1,698,356 1,733,562 1,881,666 1,852,755 1,856,362 1,445,623 kWi
Natural Gas Thermal Input* N/A N/A 226,458 N/A N/A N/A N/A N/A N/A kWi
Thermal Input (Coal + Natural Gas) 1,879,193 1,706,276 1,665,640 1,698,356 1,733,562 1,881,666 1,852,755 1,856,362 1,445,623 KWih
Condenser Duty| 3,079 (2,918) 2,831 (2,683) 2,821 (2,674) 2,648 (2,510) 3,160 (2,995) 3,088 (2,927) 3,398 (3,221) 3,062 (2,902) 2,618 (2,482) |GJ/hr (MMBtu/hr)
Raw Water Withdrawal|  33.0 (8,729) 27.6 (7,304) 27.2 (7,186) 29.6 (7,822) 30.2 (7,976) 33.2 (8,777) 32.2 (8,499) 32.5 (8,587) 21.8(5,771) |m*min (gpm)

1 - HHV of as-received lllinois No. 6 coal is 27,135 kJ/kg(11,666 Btu/lb)

2 - Boiler feed pumps are turbine driven

3 - Includes plant control systems, lighting, HYAC, and miscellaneous low woltage loads

4 - HHV of natural gas is 22,549 Btu/lb
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1. INTRODUCTION

The rising concentration of carbon dioxide (CO,) in the environment has been widely
documented. Levels of CO, in the atmosphere have shown a steady rise from approximately 300
parts per million (ppm) in 1940 to more than 370 ppm today [1]. At the same time, various
studies have documented noticeable changes in climate during recent years, and model
predictions suggest that CO, levels play a role in these climate variations [2]. Given the
potential implications surrounding global climate change and increasing concentrations of CO, in
the atmosphere, technology and policy options are being investigated for mitigating CO,
emissions.

Electric power generation represents one of the largest CO, contributors in the United States.
Electricity consumption is expected to grow and fossil fuels are expected to continue to be the
dominant fuel source. Therefore, fossil-fuel-based power generation can be expected to provide
an even greater CO, contribution in the future. Coal fuels nearly half of this electric power
generation capacity and typically produces the cheapest electricity among all fuel sources,
however coal is generally more CO,-intensive. This creates a need for more aggressive and
more cost effective CO, mitigation for coal-based power generation.

The U.S. Department of Energy (DOE) has adopted a goal of developing technology capable of
capturing and sequestering 90 percent of the CO, produced in a pulverized coal (PC)-fired power
plant with an increase in the cost of electricity (COE) of no more than 35 percent over that for a
non-capture base plant. Systems studies have shown that this is an appropriate stretch goal that
will encourage aggressive technology advances in CO; capture and compression as a means to
stabilize atmospheric CO, concentrations.

Recent analyses carried out by ALSTOM Power [3], Air Liquide [4], IEA GHG [5] and the
National Energy Technology Laboratory’s (NETL's) Office of Systems, Analyses and Planning
[7] have shown that oxycombustion with CO, capture is competitive with conventional air-based
combustion utilizing amine scrubbing for CO, control. In addition, these studies identified
potential areas for oxycombustion process improvements that have the potential to significantly
decrease CO, mitigation costs and to approach the DOE carbon capture goal.

The main objectives of this study are to (1) identify performance bottlenecks in oxycombustion
technology (2) assess how removing these barriers may contribute to achieving the DOE goal of
no more than a 35 percent increase in COE for 90 percent CO; capture (excluding CO, transport,
storage and monitoring [TS&M]).

1.1  OXYCOMBUSTION TECHNOLOGY

Oxycombustion is one of the pathways to implement CO, capture on coal-fired power plants. In
an oxycombustion process, a pure or enriched oxygen gas stream is used instead of air as the
oxidant for combustion. In this process, almost all of the nitrogen is removed from the air
yielding a concentrated stream of oxygen (typically ~95 percent O,). Oxycombustion
technology involves three components: an oxygen production unit, a combustion (fuel
conversion) unit, and a CO,, purification and compression unit. Exhibit 1-1 shows these three
components, along with different options for each.
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Exhibit 1-1 Components of an Oxycombustion System

: O, Production . i Fuel Conversion ~ ;  ; CO2Compression:
i Technologies: : Conditions: : Conventional &
Syogene | SCandUSCBoilers | Advanced /Co-
5 vance : : Advanced Recycle : : sequestration and
: Membranes : Compression
Electricity Impurity
Nitrogen
Fuel ......................................................................................

Fuel FI eéGéas e :

_ _ Conversion ! : 1 |CO2 Purification and| O,

_ i | Air Separation | } »  Compression [+
Air iy Unit e Process :

(Case 1, 1a) (Case 3,5,7) (Case 4, 6)

Compared to traditional air-fired plants, oxycombustion has many potential advantages. The
main benefits of oxycombustion technology as a CO, capture and sequestration solution are:

1.

Due to the removal of nitrogen in air, oxycombustion produces approximately 75 percent
or less flue gas than air-fired combustion, and produces exhaust consisting of typically
over 70 vol% CO,[6]. Due to lower flue gas volumes, plant equipment sizes, and thus
the capital cost, have the potential to be significantly reduced.

Oxycombustion produces high purity, near-sequestration-ready CO,, which requires
minimal purification.

As a result of the lower nitrogen levels in the oxidant, 60—70 percent reduction of NOy
versus air-fired combustion is possible. Some nitrogen is still available from the coal and
from air infiltration, however, which may still contribute to NO, formation.

Increased mercury ionization. With oxycombustion, there is potential for enhancement
of Hg removal in the baghouse and flue gas desulfurization (FGD) unit based on Babcock
& Wilcox (B&W) data during Small Boiler Simulator (~5 MMBtu/hr) tests, which
showed an increase in the oxidized Hg/elemental Hg ratio during oxycombustion with
bituminous coal. Oxidized Hg is more efficiently captured in the baghouse and FGD
unit.

Oxycombustion technology can readily be applied to new and existing coal-fired power
plants. Current oxycombustion technology uses conventional equipment already proven
in the power generation industry; however it has not yet been demonstrated as a fully
integrated system at commercial scale.
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The above benefits position oxycombustion as a viable alternative to post-combustion CO;
removal technology for conventional air-fired boilers. Like post-combustion technologies
however, the appeal of oxycombustion is tempered by some challenges, as described below:

1.

Since pure or enriched oxygen is used, oxygen separation is required, which is an energy-
and capital-intensive process.

Air infiltration into the boiler is an issue, as it dilutes the resulting flue gases. Various
options are being investigated to minimize infiltration.

Single-pass combustion of coal in pure oxygen would occur at temperatures too high for
existing burner designs and would have lower mass flows that would reduce convective
heat transfer and create heat transfer problems in existing boiler designs. This issue is
mitigated by diluting the oxygen with a cooled Flue Gas Recycle (FGR) stream; however
this results in an increase of the parasitic power load.

Because of the oxygen separation, flue gas recycle, and CO, compression, an
oxycombustion power plant is much less efficient than a traditional air-fired power plant
without CO, removal.

The intent of this study is to examine how some or all of these challenges may be alleviated to
improve the performance of an oxycombustion power plant. In the following sections, the
current status and detail of conventional oxycombustion technology is briefly summarized, and
the innovative technology concepts for advanced oxycombustion systems are evaluated.
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2. DESIGN BASIS

Eight advanced oxycombustion cases were evaluated and are compared to a supercritical current

technology case, which represents the current technology. The eight oxycombustion cases

include two cases with supercritical configurations using advanced membrane-derived oxygen,
one case with an ultra-supercritical configuration using cryogenic oxygen, and several cases with
advanced technologies involving alternative flue gas cleaning/recycle configurations, advanced
CO, compression, and advanced boiler configurations. The case descriptions are summarized in
Exhibit 2-1 followed by more detailed explanations below. The general design basis used for the
systems analyses is described in the following subsections.

Exhibit 2-1 Case Descriptions

Boiler Technology Coal . Sulfur CO,
Case osigl°FI°F Advanced PC Concept Type Oxidant Removal Storage
Supercritical PC - Illinois 95% Oxygen/ Wet Remote
Base 3500/1110/1150 | CurrentOxyeombustion | 06" | crvogenicASU | FGD | Geologic
. Advanced O - ~100% Oxygen/
Supercritical PC A Ilinois Wet Remote
! 3500/1110/1150 | Membrane with Boiler | "¢ Advanced FGD | Geologic
Integration Membrane
. Advanced O - ~100% Oxygen/
Supercritical PC 2 Ilinois Wet Remote
la 3500/1110/1150 Membrane with Natural No. 6 Advanced FGD Geologic
Gas Preheater Membrane
2 Chemical Looping Covered in a separate o o o o
study
3 Ultra-supercritical PC Adl\-/J?S quwﬁiiﬂ?g;for Ilinois 95% Oxygen/ Wet Remote
4000/1350/1400 pe! No. 6 Cryogenic ASU FGD Geologic
Conditions
4 Supercritical PC Co-sequestration Ilinois 95% Oxygen/ Co- Remote
3500/1110/1150 g No. 6 Cryogenic ASU capture | Geologic
Supercritical PC llinois 95% Oxygen/ Wet Remote
3 3500/1110/1150 Advanced Recycle No.6 | Cryogenic ASU FGD | Geologic
6 Supercritical PC Advanced CO, Ilinois 95% Oxygen/ Wet Remote
3500/1110/1150 Compression No. 6 Cryogenic ASU FGD Geologic
7 Supercritical PC Oxveombustion Boiler Hlinois 95% Oxygen/ Wet Remote
3500/1110/1150 y No. 6 Cryogenic ASU FGD Geologic
- o ~100% Oxygen/
. Ultra-supercritical PC . llinois Co- Remote
i 4000/1350/1400 Cumulative Case No. 6 Qg\r;a;r(;%% capture Geologic

Current Technology Case — This case includes a supercritical pulverized coal (SC PC)
oxycombustion plant with a wet FGD unit. The boiler design is based on bituminous coal air-

fired units. Consistent with current air-fired boiler designs, the theoretical adiabatic flame

temperature of the boiler is controlled to 2,031°C (3,687°F) by varying the amount of flue gas
recycled to the boiler. This adiabatic flame temperature is based on that of an air-fired
bituminous PC plant as represented in a previous NETL report [7]. The oxidant is supplied by

conventional cryogenic ASU technology that produces 95 vol% O,. The recycled flue gas
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stream is superheated to 9°C (15°F) before entering the primary and induced draft fans. The CO,
compression is accomplished by eight stages of centrifugal compression (86 percent polytropic
efficiency) with intercooling between each stage. This base plant is the “current” approach to
oxycombustion. Illinois No. 6 coal is the fuel and the plant is located at a generic non-
minemouth site in the Midwestern United States.

Case 1 — This case includes a SC PC oxycombustion plant with a wet FGD unit. This plant
employs an advanced membrane air separation unit (ASU) to produce nearly 100 vol% purity O,
for combustion. The high temperatures are generated through integration of the membrane feed
stream with the PC boiler system. Due to the high temperatures generated in the process, the
oxidant cooling scheme is integrated with both high- and low-pressure boiler feedwater. This
reduces the amount of steam to be extracted from the steam cycle, which can increase the power
output of the steam cycle.

Case la — This case also uses an advanced membrane ASU system to produce the oxygen
necessary for combustion. Instead of pre-heating the air inlet stream by integration with the
boiler, a natural gas-fired direct contact heater is used. An oxidant cooling scheme similar to that
in Case 1 is employed.

Case 3 — This case is the same as the current technology case, except the oxycombustion boiler
drives a USC steam cycle. The USC steam cycle conditions are 27.6 MPa/732°C/760°C
(4,000 psig/1,350°F/1,400°F).

Case 4 — This case is the same as the current technology case, except the FGD unit is not
employed. Co-sequestration of all sulfur constituents is assumed to be possible.

Case 5 — This case is the same as the current technology case, except the recycled flue gas is not
superheated and enters the forced- and induced-draft fans at saturated conditions. This reduces
the amount of steam to be extracted from the steam cycle, which can increase the power output
of the steam cycle.

Case 6 — This case is the same as the current technology case, except the CO, compression
system utilizes advanced shock wave compression technology with higher stage compression
efficiency (90 percent polytropic). The interstage compression heat is recovered in the boiler
feedwater system, which reduces the amount of steam to be extracted from the steam cycle and
can increase the power output of the steam cycle.

Case 7 — This case is the same as the current technology case, except the adiabatic flame
temperature is controlled to 2,310°C (4,190°F) based on an oxycombustion boiler by reducing
the recycle rate relative to the Current Technology Case. This enables a reduction in the amount
of flue gas recycled to the boiler, which leads to lower parasitic load and improved system
efficiency.

Cumulative Case — This case is intended to model the cumulative effect and any synergies of
the proposed PC oxycombustion concepts.

2.1 SITE DESCRIPTION

All plants in this study are assumed to be located at a generic Midwestern U.S. plant site, with
ambient conditions and site characteristics as presented in Exhibit 2-2 and Exhibit 2-3. The

10



Advancing Oxycombustion Technology for Bituminous Coal Power Plants: An R&D Guide

ambient conditions are the same as International Standards Organization (ISO)
conditions [8].

Exhibit 2-2 Site Ambient Conditions

Elevation, ft 0

Barometric Pressure, psia 14.696

Design Ambient Temperature, Dry Bulb, °F 59

Design Ambient Temperature, Wet Bulb, °F 51.5

Design Ambient Relative Humidity, % 60

Exhibit 2-3 Site Characteristics

Location A Greenfield site in the Midwestern United States®

Topography Level

Size, acres 300

Transportation Rail

Ash Disposal Off Site

Water Municipal (50%) / Groundwater (50%)

Access Land locked, having access by rail and highway
Compressed to 15.3 MPa (2,215 psia), transported

CO, 50 miles, and sequestered in a saline formation at a
depth of 4,055 feet

a . . . .
Champaign County, lllinois, is assumed for assessment of
construction costs.

The following design parameters are considered site-specific, and are not quantified for this
study. Allowances for normal conditions and construction are included in the cost estimates:

e Flood plain considerations

e Existing soil/site conditions

e Water discharges and reuse

e Rainfall/snowfall criteria

e Seismic design

e Buildings/enclosures

e Fire protection

e Local code height requirements

e Noise regulations (impact on site and surrounding area)

2.2 COAL CHARACTERISTICS

The design coal characteristics are presented in Exhibit 2-4. All cases in this study were
modeled using Illinois No. 6 bituminous coal.

11
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