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Abstract

Over the next two decades, our nation will need to add a substantial amount of new power generation capacity. The
possibility of more stringent environmental regulations for greenhouse gas emissions in the utility sector has opened
a unique window of opportunity for integrated gasification combined cycles (IGCCs) equipped with carbon capture
and sequestration (CCS) to participate significantly in this expansion. This paper analyzes several advanced
technologies under development in the Department of Energy (DOE) research and development (R&D) portfolio
that have the potential to improve process efficiency, reduce capital and operating expense, and increase plant
availability resulting in asignificant reduction in the cost of electricity for plants that capture carbon.
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1. Introduction

Today's energy situation has created a dilemma for coa use in the United States. On one hand, the
environmental challenges of using coal appear formidable, particularly with growing concern over the impact of
carbon dioxide (CO,) emissions on global climate change. This threatens coa’s long-term future. On the other
hand, the projected demand for electricity coupled with high fuel costs presents a near-term opportunity for the
greater use of coal to ensure energy security for America. The solution to this “Catch-22" is to apply technological
advancements that enable coal-based energy plants to produce much needed electricity and fuels for secure and
stable economic growth while protecting the planet by preventing air pollution and greenhouse gas emissions. The
Department of Energy’s (DOE) Clean Coad R&D Program is pursing a broad portfolio of technologies along
multiple technology paths to develop affordable and clean advanced fossil energy power systems.

* Corresponding author. Tel.: 412-386-6089; fax: 412-386-5917.
E-mail address: julianne.klara@netl.doe.gov.
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2. Approach

To make IGCC plants with carbon capture and sequestration (IGCC/CCS) competitive in today’s marketplace,
additional cost reduction and performance improvement will be needed. Latest estimates by NETL [1] indicate that
adding CCS to an IGCC plant will add at least 30 percent to the cost of electricity (COE). In this study, new
technologies under development at DOE are evaluated using the ASPEN Plus™ steady-state process engineering
program. Emerging technologies are incorporated step-wise over time into a reference IGCC/CCS configuration to
lay out a“pathway” of technology development and implementation. Performance and process limits for advanced
technologies are based upon information obtained from the technology developers or published technical reports.
Cost estimates for novel technology are provided by the vendors, or are scaled from existing design/build utility
projects and best engineering judgment. Performance and capital and operating costs for conventional equipment
are based on the NETL’s baseline study [1]. Capital costs reported are at the total plant cost (TPC)® level and do not
include owner’s costs, which can be substantial. Levelized cost of electricity is determined for all plants assuming
investor owned utility financing. All costs are reported in 1% quarter 2007 U.S. dollars.

3. Basdline

A block flow diagram of a non-capture IGCC plant isillustrated on the left in Figure 1. This plant is configured
with single-stage, slurry feed, entrained-flow gasifiers with radiant-only syngas coolers, cryogenic air separation,
water scrub for particulate removal, carbonyl sulfide (COS) hydrolysis, Selexol acid gas removal, Claus sulfur
recovery, current-vintage F-Class syngas turbines with an output of 232 MW each, heat recovery steam generator
(HRSG), and steam turbine bottoming cycle with high, intermediate, and low pressure (condensing) turbine sections.
Steam conditions are 12.5 MPa/601°C/601°C (1815 psia/1050°F/1050°F). Some air is extracted from the gas
turbine compressor for use in the air separation unit (ASU). Compressed nitrogen from the ASU is used to dilute
the fuel gasfor turbine NO, control.

On theright in Figure 1, yellow blocks indicate the process steps that are added for an IGCC/CCS plant. After
gasification, the carbon monoxide (CO) in the syngas must be shifted with steam to produce CO, and hydrogen (H.).
This is done prior to acid gas removal, and therefore is termed sour water gas shift. Acid gases are removed from
the shifted syngas in a two-stage Selexol process in which the first stage preferentially removes sulfur compounds
that are then sent for recovery in conventional Claus technology. Carbon dioxideis removed in the second Selexol
stage and is compressed to 15.3 MPa (2,215 psia) for pipeline transport to long-term storage. The cleaned Hy-rich
fuel gas powers the F-Class syngas turbines, HRSG, and steam turbine bottoming cycle with steam conditions of
12.5 MPa/538°C/538°C (1815 psia’1000°F/1000°F). In the IGCC/CCS configuration, turbine firing temperature is
reduced to protect turbine blade service life due to the high moisture content in the turbine exhaust. Asaresult of a
lower gas turbine exhaust temperature, the steam reheat temperature is lower in the CCS case. There is no air
integration with the ASU as there was in the case without CCS. Thisis due to the additional gas flow needed in the
gas turbine when firing with fuel that is primarily H,, and that precludes diverting any air flow to the ASU from the
gasturbine. However, nitrogen dilution of the fuel gasis used for turbine NO, control.

Table 1 compares the performance and cost of both plants. With CCS, the base plant size is reduced from 637
megawatts (MW) to 552 MW because the CO, capture process increases the auxiliary load on the plant by more
than 60 MW and reduces the amount of steam available for the steam cycle. The increase in auxiliary power in the
carbon capture case is due to (1) increased plant size in general, due to increased coal feed rate, (2) addition of the
CO, compressors, and (3) increased Selexol auxiliary power as the result of separating both H,S and CO,. Overall
efficiency drops by 5.3 percentage points. The TPC increases more than 500 dollars per kilowatt ($/kW) from
$1809/kW to $2382/kW — an increase of more than 30 percent. Gas cleanup section costs increase considerably due
to (1) additional cost of water gas shift reactors (not used in the non-capture process), and (2) increased cost of two-

! Total plant cost (TPC) is an overnight bare erected cost plus engineering and home office fees and contingencies. Owner’s costs,
including time-value of money, are often project specific and are not included. Care should be taken when comparing TPC with
guotes for IGCC project cost estimates in the literature, which often include sizeable owner’s costs that result in a total capital
requirement that is 50 — 75% higher than the TPC.
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Figure 1. Baseline| GCC Configuration with and without CCS

stage Selexal in the carbon capture case vs. single-stage Selexol used in the non-capture case. The CO, removal and
compression section is an additional cost to the carbon capture case that is not present in the non-capture reference
plant. The resulting 20-year levelized cost of eectricity for the IGCC/CCS case is estimated at 10.3 cents per
kilowatt-hour (¢/kWh), including CO, transport, storage and monitoring costs. This is an increase in COE of 32
percent over the non-capture case.

Table 1. Baseline Configuration Performance and Cost

IGCC Base Plant IGCC/CCS
Gas Turbine Power (MWe) 464 464
Fuel Gas Expander (MWe) 8 6
Steam Turbine Power (MWe) 293 274
Total Power Produced (MWe) 765 744
Auxiliary Power Use (MWe) -128 -191
Net Power (MWe) 637 552
As-Received Coal Feed (kg/h) 223,005 224,670
Net Plant Efficiency (%, HHV) 37.9 32.6
Total Plant Cost ($/kW, 2007%) 1,809 2,382
20 year levelized COE (¢/kWh, 2007%) 7.80 103

4. Opportunitiesfor reducing cost of CCS

4.1. Improve gasifier flexibility and performance

The ability to cost-effectively gasify both high- and low-rank coals and alternative feedstocks will provide a
much greater opportunity for coal-based power plants to meet the environmental and economic characteristics that
future energy markets will demand. One method of enhancing feedstock flexibility, gasifier conversion efficiency,
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and process economics is to develop more efficient and reliable feed systems that (1) accommodate different solid
fuels, (2) function simply and accurately, (3) provide controlled and continuous fuel delivery, (4) minimize gas
losses, (5) inject at pressure at and beyond 3.4 MPa (500 psia), and (6) eliminate high maintenance costs and
downtime risks of existing feed systems.

New coal feed pump technology, capable of delivering solid feed to an elevated pressure gasifier, improves the
gasifier cold gas efficiency since less energy is consumed in the gasifier to evaporate water from the slurry. With
higher cold gas efficiency, less coa is needed to achieve the F-Class gas turbine rating. Power consumption for the
main air compressor is reduced because of the reduced oxygen demand. The absence of moisture from slurry water
with the use of a coal feed pump does require that relatively more shift steam be added. This requirement, together
with decreased heat recovery in the gasifier radiant cooler and syngas cooling section as the result of decreased coal
throughput, reduces power output from the steam cycle. Auxiliary power consumption is reduced as the result of
less air processed by the ASU, with corresponding reduced compressor loads.

Overdl, the net power generated with the dry feed pump is less than that with slurry feed, but a more significant
reduction in coal feed rate results in an improved net plant efficiency of 1.0 percentage point. Primary capital cost
advantages of switching from slurry feed to dry feed occur in the gasifier section (due to reduced radiant cooler heat
duty) and the air separation unit (due to reduced oxygen demand). However, the cost per kilowatt remains nearly
unchanged because of the reduced net power production, resulting in avery small reduction in COE.

4.2. Improve reliability, availability, and maintainability (RAM)

Entrained gasifiers have had extensive operating experience at full commercial scale. An advantage of the high
operating pressure and entrained-flow regime provide a high H,/CO ratio syngas with no hydrocarbon liquids and an
inert dlag as the only solid waste product. However, a key disadvantage of this technology is the limited refractory
life. The harsh environment created in the gasification process also represents a challenge to sensors and
instruments needed for critical measurements. For example, thermocouple life for temperature measurements is
often on the order of 30 — 45 days.

Advances in gasifier technology, materials, and process instrumentation and control provide greater plant
flexibility, reliability, and improve process economics. R&D activities have focused on corrosion- and erosion-
resistant materials and in-situ repair techniques that can extend refractory lifetime from six to 18 months to beyond 3
years. Improved process reliability, availability, and maintainability (RAM) aso results from new instrumentation
technology that can measure, in real-time, critical process conditions and diagnose feed injector corrosion and
erosion and refractory wear. Greater on-line time increases the revenues from power production resulting in a
significant decrease in the COE.

For example, an increase in the cost of electricity for the IGCC/CCS plant by increasing capacity factor from 80
percent to 85 percent results in a decrease in COE of about 4 percent. Increasing capacity factor to 90 percent
decreases COE by another 3 percent.

4.3. Replace cold cleanup processes with warm, multi-contaminant cleaning and conditioning

Conventional gas cleanup technologies for ammonia, sulfur, and trace contaminants typically operate at low
temperatures of 38°C (100°F) or less because they rely on chemical or physical absorption processes. This requires
that the syngas be cooled and re-heated after contaminant removal, which adversely affects plant efficiency.
Additionally, multiple unit operations are often needed to remove the wide variety of contaminants (ammonia,
hydrogen chloride, arsine, mercury, selenium and cadmium) in the syngas. To avoid the penalties associated with
cooling the gas stream to temperatures at which conventional clean-up systems are used, warm gas cleanup
processes are being developed to operate at mild to high temperatures and to incorporate multi-contaminant control
to parts-per-billion levels.
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In awarm gas cleanup process, solid sorbents are used to remove chlorides and sulfur at high temperatures (about
482°C or 900°F). The solid sorbent is regenerated by oxidization, which produces high quality heat for the steam
cycle. This, coupled with the elimination of the energy-intensive Selexol solvent reboiler, contributes to increased
steam power generation and therefore increased energy efficiency.

Desulfurized syngas proceeds through two stages of water gas shift that operate at 343°C (650°F) and 238°C
(460°F), which provide a good temperature match for a novel ammonia and trace element removal section. The
novel treatment system for ammonia (NHz), mercury (Hg) and other trace contaminants also operates above the dew
point temperature to avoid condensation. For a fuel gas containing significant moisture, this has the benefit of
requiring less dilution nitrogen in the topping combustor (which decreases auxiliary power consumption).

After multi-contaminant removal, clean syngas is reheated to the operating temperature (about 371°C or 700°F)
of a hydrogen separation membrane. Hydrogen permeates through the membrane, is cooled, compressed, and
diluted with nitrogen (N,) from the ASU. Because the CO,-rich non-permeate stream exiting the hydrogen
membrane is aready at high pressure, the CO, compressor power requirement is reduced. Although warm gas
cleanup consumes power for compression of regeneration air and hydrogen, these are partly offset by the auxiliary
power savings from eliminating the two-stage Selexol process. Overall, auxiliary power use decreases. The
combination of increased steam turbine power and decreased auxiliary power results in a 2.0 percentage point
improvement over cold gas cleanup.

There is a significant cost reduction by replacing cold gas cleanup with warm gas cleanup and H, membrane.
Warm gas cleanup is projected to cost about 75 percent of the cost of cold gas cleanup. A very significant
secondary cost incentive is the increased power produced by the warm gas cleanup case, which further reduces the
TPC on a$/kW basis. Thewarm gas cleanup process is projected to reduce the levelized COE by nearly 10 percent.

4.4. Develop efficient syngas/H ;> turbines

Although limited short-term testing has indicated that pure hydrogen can be fired in current-vintage F-Class
turbines, achieving significantly higher efficiency, reduced emissions, and lower cost will require advances in
combustor technology, materials, and aerodynamics. R&D is focused on increasing efficiency by two to five
percentage points compared to the F-frame turbines operating at the Tampa Electric and Wabash River IGCC
facilities. Current inlet temperature on syngas is 1232°C (2,250°F) at the Polk and Wabash projects. Higher
machine efficiencies can be achieved if this temperature were to increase to 1371-1454°C (2,500-2,650°F). Another
option for improving syngas turbine performance is to increase mass throughput, and therefore power output,
through improved expansion efficiency.

Assuming that an advanced turbine that is designed for hydrogen or hydrogen-rich fuel can operate at higher
pressure ratio and slightly higher throughput such that it can generate 250 MW of power (compared to 232 MW for
current-vintage F-Class machines), the IGCC/CCS process efficiency is increased by nearly one percentage point.
Because of the increased power output, TPC on a $/kW basis decreases. Thisis somewhat offset by the increase in
0O&M and fuel costs due to increased coa throughput, but still resultsin a 3 percent decreasein COE.

Pushing the performance of the advanced syngas turbine even further and coupling it with a low-cost oxygen
process results in even greater efficiency gains and cost reductions. This configuration is described in the next
section.

4.5. Generate low-cost oxygen
The cost of a cryogenic air separation unit (ASU) represents about 15 percent of an IGCC plant’s capital costs.

The ASU aso consumes 10 — 15 percent of the plant’s gross power output. The extremely low temperatures
required for cryogenic air separation incur athermal efficiency penalty in an IGCC plant.



Julianne M. Klara/ Energy Procedia 00 (2009) 000-000

lon transport membrane (ITM) technology represents a promising alternative to cryogenic technology for oxygen
production. ITM operates at between 800 — 900°C (1,471 — 1,651°F) producing a pure oxygen permeate stream at
low pressure and a nitrogen-rich non-permeate at high pressure for fuel stream dilution and expansion through the
gas turbine. Because the ITM produces nitrogen at elevated pressure, auxiliary power for compressing dilution
nitrogen is decreased; but, this gain is offset by two factors. oxygen must be compressed to gasifier pressure, and
about 15 percent of the hydrogen fuel must be burned to heat the ITM. The most efficient configuration is obtained
when the ITM is partialy integrated with the syngas turbine compressor eliminating the large auxiliary load and cost
of a stand-alone compressor for the ASU. The advanced syngas turbine is assumed to be capable of operating with
partial air integration.

For a configuration using the advanced syngas turbine described in the previous section with an output of 250
MW, the net result is no change to overall process efficiency, primarily because the increased net power output is
accompanied by a comparable increase in coal flow rate. A significant reduction in TPC results mainly in the ASU
as the capital cost of ITM is projected to cost one-third less than a cryogenic unit. A secondary factor in that cost
reduction isthe increase in power generated by the ITM plant. COE isreduced by about 4 percent.

If the performance of an advanced turbine is pushed to even higher firing temperatures, pressure ratios, and
efficiency such that the turbine output increases from 250 MW to 370 MW, the plant efficiency improves by another
2.0 percentage points. On a dollar per kilowatt basis, TPC decreases by about 5 percent. COE is reduced by an
additional 3.5 percent.

4.6. Convert chemical energy directly to electricity

Current IGCC/CCS systems rely on the combustion turbine to convert heat into work to generate electricity.
Higher efficiencies can be achieved if the chemical energy of the fuel is cleanly and efficiently converted directly to
electricity, as is the case with a fuel cell. Not only does a solid oxide fuel cell (SOFC) offer potentia for high
efficiency conversion of chemical potential into electrical energy, its inherent operation results in a concentrated
CO, stream that can be compressed for storage with relatively limited impacts on the plant performance and cost.
An integrated gasification fuel cell (IGFC) configuration based on a design developed by SAIC [2] was evaluated.
The original process operating conditions were adopted in this study, and no further systems analysis attempt was
made to optimize plant performance. The configuration consists of a pressurized SOFC operating at 1.9 MPa (275
psia) coupled with an oxygen-blown catalytic gasifier, warm gas cleanup, bottoming cycle and CO, compression.

Because the overall reaction of syngas and oxygen to form CO, and water (H,O) is exothermic, the fuel cell
depends as much as possible on endothermic internal reforming of methane to H, and CO in order to limit
temperature rise inside the fuel cell stack. Therefore, a catalytic gasifier that generates syngas with high (>15 mole
percent) methane content is deployed to promote reforming in the fuel cell. Both the gasifier and fuel cell rely on a
significant amount of steam, so warm gas cleanup is advantageous in avoiding moisture condensation during
desulfurization. Following warm chloride removal, desulfurization, and mercury removal, the clean fuel gas is
ready for conversion in the fuel cell. High pressure steam can be added if necessary to adjust the H,:CO ratio in the
fuel cell. Within the fuel cell anode, methane is completely reformed to CO and H,. The anode spent fuel stream is
heated in exchange with the anode feed stream. On the cathode side, air is compressed and is heated by the depleted
air stream exiting the fuel cell cathode. Oxygen diffuses from the cathode through the electrolyte to the anode,
creating an electric potential, and reacts with H, that is formed from the equilibrium mixture of anode gases. A
temperature rise of 150°C (302°F) from entrance to exit of the fuel cell is regulated by the use of alarge amount of
cathode air circulation through the fuel cell.

After heating the incoming cathode air stream, the spent cathode air enters an expander, and any remaining heat
from the cathode expander exhaust is recovered for boiler feedwater heating. The spent anode fuel enters an oxy-
combustor to burn any remaining fuel. The hot flue gas is expanded and heat is recovered to generate steam for the
gasifier and a small bottoming cycle. Following flue gas cooling, water is condensed and the remaining flue gas,
consisting almost entirely of CO,, is compressed to 15.3 MPa (2,215 psia) and transported for storage.
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Auxiliary power consumption is dominated by the large amount of cathode air that must be compressed and
circulated for temperature control within the fuel cell. However, much of this work is recovered by expanding the
outlet cathode air stream. Likewise, the anode exhaust expander produces a significant amount of power due to the
combined flow of CO, and H,0 in the spent anode stream.

This configuration produces a large amount of power (931 MW) resulting in significant capital cost reduction on
a $/kW basis. A very high process efficiency of 56.3 percent (HHV) results in a large cost savings in fuel. The
combination of low capital expense and reduced fuel cost results in a significantly reduced COE, particularly for a
plant equipped with CCS.

5. Summary of Results

Table 2 summarizes the impact of advanced technologies within the DOE R&D portfolio on efficiency, capital
cost, and levelized COE. Compared to conventiona technology for IGCC/CCS, advanced technology can increase
efficiency by nearly 6 percentage points, reduce capital cost by over $600/kW, and reduce COE by more than
2.5¢/kWh. With SOFC technology, an IGFC can capture carbon at a staggering increase in efficiency of nearly 24
percentage points, areduction in capital cost by over $700/kW, and areduction in COE by about 3¢/kWh.

Table 2. Advanced Technology Cumulative | mpacts

. Efficiency | mpact TPC Impact COE Impact
Technology Major Technology mpact (% point increase) ($/kW reduction) (¢/kWh reduction)
IGCCICCS Baseline - -
Dry coal feed pump Increases cold gas efficiency 1.0 -19.0 -0.08

Gasifier materials and

. . Increases on-line time 0.0 0.0 -0.39
Instrumentation

Eliminates cold gas cleanup thermal penalties

Warm gas cleanup and reduces cepital cost 2.0 -319.0 -0.96
Advanced syngasturbine  Increases power output 0.9 -73.0 -0.25
ITM and advanced Eliminates ASU thermal penalty and auxiliary 00 1180 033
syngas turbine load and reduces capital cost ' ' '
ITM and advanced Combination of increased power output and 21 -89.0 0.29
syngas turbine (11) efficient, cheaper ASU ' ’ '
Advanced sensors and Increases on-linetime 0.0 0.0 -0.26
controls

Advanced IGCC/CCS Technology Total Impact 59 -618.0 -2.6
IGEC/CCS Efficient conversion of chemical energy to 237 7160 31

power and reduces capital and operating costs

Figure 2 depicts the improvements for the IGCC/CCS and IGFC/CCS configurations graphically. Cost of
electricity with these advanced configurations is 25 — 30 percent lower than conventional technology for carbon
capture and sequestration from IGCC plants. Thisrivals the cost of power generation from conventional technology
IGCC plants without capture. Advanced technologies will make it possible to affordably generate power from
abundant U.S. coal resources while also protecting the environment.




Julianne M. Klara/ Energy Procedia 00 (2009) 000-000

Efficiency Total Plant Cost Levelized COE

2,600
%
2,400
10
50¢ 2,200
9 \
45% 2,000 8
* IGCC no capture v\
1,800 M
40%

1600 6

&
g
~1o

— 1400 E
I I I I I I | I I 1,200 4

Figure 2. Advanced Technology Results

6. Conclusions

The cumulative impact of the portfolio of advanced technologiesin DOE's Clean Coal R&D Program results in
power plant configurations that are significantly more efficient and affordable than today’s limited set of fossil
energy technologies. The results of this analysis highlight the importance of continued R&D, large-scale testing,
and integrated deployment so that these technologies are proven to the point where they become commercially
accepted technology for future coal-based power plants.

In the IGCC/CCS process alone, there is the potential to improve efficiency by nearly 6 percentage points over
conventional gasification and carbon capture technology, resulting in an efficiency of 38.5 percent (HHV). Capital
cost reductions of more than $600/kW arise from less expensive technology alternatives such as warm gas cleanup
and ITM air separation, and from increased power generation brought about by advanced technology such as syngas
turbines. Improvements in process efficiency, reductions in capital and operating expense, and increases in capacity
factor al contribute to a 25 percent decrease in cost of electricity to 7.7¢/kWh for advanced IGCC/CCS. With fuel
cell technology, process efficiency increases by more than 23 percentage points over conventional IGCC/CCS
resulting in IGFC/CCS efficiency of 56.3 percent (HHV basis). Plant capital cost is more than $700/kW lower than
conventional IGCC/CCS plant. Projected COE for the IGFC/CCS plant is 7.2¢/kWh — or a decrease of 30 percent
over conventional IGCC/CCS. With advanced technology, the COE of these plants that capture carbon rival that of
current fossil-powered generation technology without carbon capture.
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