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ABSTRACT

Research has been conducted under United States Department of Energy Contract DE-
FC26-02NT41621 to anayze the feashbility of a new type of coa-fired plant for eectric
power generation. This new type of plant, caled the Advanced CO, Hybrid Power
Pant, offers the promise of efficiencies nearing 36 percent, while concentrating CO,
for 100% sequestration. Other pollutants, such as SO2 and NOx, are sequestered aong
with the CO; yidding a zero emissons cod plant.

The CO, Hybrid is a gas turbine- steam turbine combined cycle plant that uses CO; as
itsworking fluid to facilitate carbon sequestration. The key components of the plant are
acryogenic air separation unit (ASU), a pressurized circulating fluidized bed gasifier, a
CO, powered gas turbine, a circulating fluidized bed boiler, and a super-critica
pressure steam turbine. The gasifier generates a syngas thet fuds the gasturbine and a
char residue that, together with cod, fuels a CFB boiler to power the supercritica
pressure steam turbine. Both the gasifier and the CFB boiler use amix of ASU oxygen
and recycled boiler flue gas as thair oxidant. The resulting CFB boiler flue gasis
essentialy amixture of oxygen, carbon dioxide and water. Cooling the CFB flue gasto
80 deg. F condenses most of the moisture and leaves a CO, rich stream containing 3%ov
oxygen. Approximately 30% of this flue gas stream is further cooled, dried, and
compressed for pipeline transport to the sequestration Site (the small amount of oxygen
in this stream is released and recycled to the system when the CO, is condensed after
final compression and cooling). The remaining 70% of the flue gas sream is mixed
with oxygen from the ASU and is ducted to the gas turbine compressor inlet. Asa
result, the gas turbine compresses a mixture of carbon dioxide (ca. 64%v) and oxygen
(ca 32.5%v) rather than air. This carbon dioxide rich mixture then becomes the gas
turbine working fluid and aso becomes the oxidant in the gasification and combustion
processes. As aresult, the plant provides CO» for sequestration without the
performance and economic penalties associated with water gas shifting and separating
CO, from gas sreams containing nitrogen.

The cost estimate of the reference plant (the Foster Whedler combustion hybrid) was
based on a detailed prior study of anomina 300 MWe demonstration plant with a 6F
turbine. Therefore, the reference plant capital costs were found to be 30% higher than

an esimate for a425 MW fully commercia IGCC with an H class turbine (1438 $/kW
vs. 1111 $/kW). Consequently, the capital cost of the CO, hybrid plant was found to be
25% higher than that of the IGCC with pre-combustion CO, removal (1892 $/kW vs.
1510 $kW), and the levelized cost of dectricity (COE) was found to be 20% higher
(7.53 c/kWh vs. 6.26 c/kwh). Although the find costs for the CO, hybrid are higher,
the study confirms that the relative change in cost (or mitigation cost) will be lower.

The conceptud design of the plant and its performance and cog, including losses due to
CO; sequedtration, is reported. Comparison with other proposed power plant CO,
removal techniques reported by a December 2000 EPRI report is shown. This project
supports the DOE research objective of development of concepts for the capture and
storage of COs.
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EXECUTIVE SUMMARY
I ntroduction

The linkage between globd climatic change and the emission of greenhouse gases such as carbon
dioxide (COy) iswell documented. Coal-fired power plants are some of the largest emitters of CO,. To
assure continued U.S. power generation from its abundant domestic cod resources, new coa
combustion technologies for power plants with CO, remova and high efficiency must be developed to
meet the future emissions standards, especidly CO, sequestration. Reduction of CO, emission from
power plants can be obtained by a new concept that has high power generation efficiency and low CO,
mitigation cog.

Combustion of foss| fuelsin apower plant will inevitably lead to CO, emissons Environmenta
legidation is currently driving the development of power generation schemes that alow the CO,
produced to be sequestered. Severa possible dternatives exist for the CO, remova and sequestration.
The smplest method, referred to as post-combustion capture, is merely to scrub the CO, from flue gas
by chemicd absorption. However, thisis the most expensive option. One dternative isto apply pre-
combustion capture in a pressurized gasfication system to separate the CO, from a pressurized syngas
stream before combustion. This method, where a water-gas shift reaction isfirst used to maximize the
CO, patid pressure, dlows for a physica aosorption, which incurs less energy pendty than chemicdl
absorption. Another approach is direct CO, remova in a CO, cycle, where fue is combusted using pure
O, =0 that the flue gas produced is essentidly CO,. A comparison of CO, remova methodsis shown in
Figure ES-1.

Pre-Combustion
CO2
stack
Gasification H,| Combustion co2 —
| > M Sep |
Cco
* 2
H.0 air  Post-Combustion
CO, Cycle
N2
fuel
Air >| Gasification or CO-
02 Combustion >
—> 2 > e

CO,
Figure ES-1. CO, Remova Methods

Published studies [1, 2] have shown that CO, removal/sequestration systems gpplied to the back end of a
pulverized cod-fired plant can reduce its efficiency by up to 11 points with a resulting cost of $44 per
tonne of CO, avoided (mitigation cost). For oxygenblown gasification plants, carbon monoxide can be
water gas shifted to hydrogen and CO, upstream of the gas turbine. The concentrated CO; isthen



separated by pre-combustion absorption, and regenerated by stripping or flashing. The resulting CO,
stream is compressed to a pipdine pressure for sequestration.

There are both direct and indirect power (or efficiency) penalties associated with CO, removd. The
direct penalty occurs as aresult of the increase in auxiliary power requirements of CO, separation and
compression. Theindirect pendty isless obvious and refers to the gross power decrease due to CO;
enrichment and remova processes. The systems net power and efficiency is reduced due to both direct
and indirect pendties.

In the pre-combustion separation technique, the water-gas shift reaction is used to shift CO to CO, in
order to concentrate the CO, in syngas. It has been well documented that this reaction reduces the
syngas LHV while rdleasing its fud energy as heat. Therefore, more syngas needs to be generated from
gasfication to compensate for the LHV loss by shifting. The low-grade heat from the shift reaction and
syngas cooling before CO, absorption contributes to system energy loss. An efficiency loss of 6% to
7.7% and a CO, mitigation cost of between $21 and $23 per tonne is estimated for such a power plant
with a pre-combustion CO, removal system [1, 2]. To obtain ahigh CO conversion for more CO; to be
removed, aratio of HO/CO > 2 needs to be maintained by steam injection into the syngas. This steam
can be extracted from the steam turbine, or generated from syngas cooling. Both ways reduce seam
turbine power generation because of less steam flow to the bottoming cycle.

Theloss of working fluid is another source of indirect pendty. In the pre-combustion separation
technique, working fluid loss is caused by the remova of pressurized CO, from the syngas stream and
by condensation of excess steam from the water gas shift. The losses of working fluids reduce power
generation from the gas turbine because of less flow through the turbine. Indirect pendties can be quite
sgnificant and should be minimized to produce the maximum sysem efficiency.

The Advanced CO, Hybrid Cycle diminates dl indirect pendties by usng amixture of CO, recycled
from the gas turbine exhaust together with oxygen as the working fluid. This facilitates Sraightforward
concentration of CO, without enriching and separation processes. It diminates the need for CO shifting,
syngas cooling, absorption, and gtripping and alows direct collection of CO, from recycled flue gas. It
leads to asimpler CO; collection process than the conventiona oxygen-blown pre-combustion CO,
capture systems, while providing the advantages of lower energy cost and lower efficiency loss.
Moreover, oxygen usage is minimized by recycling from the gas turbine exhaust most of excess oxygen
aong with the CO; back to the system.

While the CO2 Hybrid Cycle diminatesindirect energy costs, higher direct pendties are incurred due to
the requirement for alarger air separation unit compared to an IGCC plant of the same net output. As the
following sections will show, the net result isa6.1% loss in cycle efficiency, and amitigation cost (MC)
of $18.3 per tonne? of CO,, 11% lower than the best IGCC estimate.

The reference plant for the CO, hybrid cycle was chosen to be Foster Wheder's combustion hybrid
plant, known as Gadficaion Huid-bed Combined Cycle (GFBCC) [3]. However, the CO, recycle
concept can be goplied just as readily to a conventionad 1GCC plant. This would entall enlarging the ar
separation unit to provide 100% stiochiometric oxygen, instead of 40 to 50%, and going to an oxygen
and recycled CO, fired turbine leading to an enriched CO, dream tha could be drawn off and
sequedtered. This is illugrated in Figure ES-2, which shows comparison of IGCC plant equipment with
pre-combustion CO, removd (blue lines) to the CO, recycle concept (red lines). Compared to the CO;

recycle plant, the IGCC plant requires the following additiona processes.

! Cases 3A and 3E in references 1 and 2. Year 2000 dollars, 65% capacity factor.
% Year 2000 Dollars, 65% capacity factor
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Plant Description

The Foster Wheder Hybrid CO, Cycle is a smple and efficient method of generating power while
sequestering 100% of the CO, and other pollutants formed in the process. A Schematic of the process,
based on Foser Wheder’'s combudtion hybrid technology cdled Gasfication Huid Bed Combined

Cycle (GFBCC) [3], isshown on Figure ES-3.

The firsd step of the process is air separation, where oxygen is extracted from ar for use in both the
gasfication and combustion processes. The oxygen is routed to the following equipment:

In the Partial Gadifier, oxygen reacts with cod and steam to generate two fuel streams. Syngas and
Char Residue.
In the Combusgtion Turbine (CT), oxygen is used to burn the syngas generated by the PGM and

drive the gas turbine generator.
In the CFB Steam Generator, oxygen is used to burn the char generated in the PGM to make steam

for the eam cycle.

To avoid the cost and energy penaty of CO, gas separation, the CO; is concentrated in the working fluid
of the process by recycling the exhaust gas flow between the CFB combustor, CT, and the partid
gadfier. This recirculation occurs in two man ways and provides for the exchange of energy between

the topping and bottoming cycles:

The gas turbine exhaust, which congsts mogly of CO,, O, and HO, is sent to the CFB combustor.
The condderable sensble heat contained in the CT exhaust contributes to the CFB’'s steam



production while its oxygen content is used to support the combugtion of the char from the partid
gasfier and the fresh cod directly sent to the CFB.

The CO; rich flue gas from the CFB is firs cooled to remove much of its moisture, then combined
with the oxygen from the air separation unit and recycled to the gas turbine compressor inlet. Once
pressurized, the recycled gas is sent to the partial gasifier as well as the CT combugtor. The gasfier
uses the recycle gas for its CO, and oxygen content to support the gasfication reactions. The CT
combustor uses the oxygen content of the recycled gas to support syngas combustion.

As the find step to balance the process, a portion of the recycle gas from the cooled CFB flue gas is
diverted from the process for sequestration or disposal. This gas contains (by volume) about 94% CO2,
2% water, 3% oxygen, 0.7% trace gases (O2, N3) and .3% trace pollutants (oxide forms of sulfur and
nitrogen, metals).

This exhaust stream is then compressed in three stages and further dried in intercoolers and a find
dehydration unit. This process yields a dry mixture (< 50 ppmv moisture) of about 96% CO, and 3% O,
at about 850 psia. At this pressure, the stream is cooled down to about 8 deg F and sent to a flash tank
separator where the O; is removed in vapor form and reclamed by the process. The CO,, which is
removed as condensate a the bottom of the flash tank, is pumped directly to a CO, pipeine and
trangported in liquid form to a sequedration dte. In this study it has been assumed that trace pollutants
will not be separated from the CO, (this needs further evauation). Other then the nitrogen, and argon
vent dreams from the ASU and the cod ash discharge from the CFB combustor, there are no other
waste streams from the process. There is no plant stack and all waste streams including CO, from
the processarein their most concentrated and manageable form.

This concept, which offers an dternative method to achieve carbon sequestration from cod fired power
plants, holds severd unique benefits.

A completely zero emisson stackless plant that can produce power and a high pressure CO, exhaust
sdream with equa or better efficency® than conventiona gasfication technology with pre-
combustion CO, separation.

CO, sguedrdtion is achieved while avoiding the codly, energy-intensve CO dhifting, CO;
chemicd/physcd absorption, and CO, dripping processes used in conventiond gasfication
technology.

A wide range of inexpendve cods can be used as fud since fluid bed technology is used for both the
gasification and combustion process and gasification takes place at a modest 2000 deg. F

All effluent stream from the process (SO2, CO2, NOx, N2, H20, Metals, Ash) are concentrated for
efficient reuse or disposa

It isagmplified process offering higher rdiability

% When the more realistic IGCC case with a water scrubber (ref. 2 case 3E) is considered, the CO2 cycle has a
0.7 percentage point (or 20%) higher efficiency, and incurs a lesser efficiency drop between no sequestration and
with sequestration configurations (6.1% drop for CO2 cycle vs 7.7% for IGCC).
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Performance and Economics

Table ES-1 shows asummary of the plant performance in comparison with IGCC plants from references
[1] and [2]. The two IGCC plants shown are both e-gas gasifiers with H-class turbines employing pre-
combustion CO, removd.

Notice thet in spite of the Sgnificantly higher oxygen usage of the CO, cycle compared to the IGCC
plants (1640 Ibs’hr/MWe vs. 647 and 680), the plant efficiencies are on a par with each other. In fact, the
authors of references [1], and [2] have characterized the IGCC with water scrubber asthe “more
redigtic” case, which makesthe CO, cycle efficiency 0.5 points better than an IGCC plant with pre-
combustion CO, removal.

Figure ES-4 showsthe loss of net efficiency when different CO, removal processes are added to a power
plant [1, 2]. Theloss of efficiency is caused by the reduction of power generation and/or the energy loss
prior to turbine-generator. As expected, the PC boiler with post-combustion separation has the highest
efficiency drop because of the energy intensive nature of the chemical absorption/regeneretion.

The CO,-hybrid process has among the lowest efficiency drops for CO, sequestration (compared to the
ar-blown hybrid cycle [3]) than an IGCC with pre-combustion CO, remova because the CO»-hybrid
cycle diminates indirect losses such as working fluid loss, energy loss due to CO;, enriching by water-

gas shift, and CO, separation energy loss. The CO, separation pendty of the process can be further
separated into two components: 1) due to CO, compression and 2) due to CO, removal processes, such
as steam extraction, CO, enrichment and separation, and O,/air separation as shown in Figure ES-4. CO,



compression and air separation are direct losses, while steam extraction and CO, enrichment and
separation are indirect losses. Note that with the exception of the CO, hybrid, the efficiency loss due to
CO», separation is higher than the efficiency loss due to CO, compression.

Table ES-1. Comparison of the CO, Hybrid and IGCC Plants with CO, Sequestration

CO2 Hybrid IGCC wi/o IGCC with
Plant Water Scrub. Water Scrub.
Plant Performance

HHYV Efficiency, % 35.9 37 35.4

Net Power, MWe 294.9 403.5 386.8

Gross Power, MWe

Gas Turbine 129 345 345
Steam Turbine (3850/1050/1050/2"Hg) 270 144 127

Emissions

S02, Ib/hr/iMWe 0 0 0

NOx, Ib/hr/MWe 0 0.25 0.26

CO2, Ib/hr/IMWe 0 162 169

Particulate 0 0 0
Oxygen Usage, Ib/hr/MWe 1640 647 680
Oxygen Plant Cost, $/kWe (yr. 2000 dollars) 294 145 123
Illinois #6 Coal, Ibs/hriIMWe 814 790 826
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Figure ES-4. Efficency Pendty Dueto CO, Removad for Various Plant Types

However, in spite of its favorable energy efficiency, the capital cost of the CO, cycle was found to be
higher than most IGCC egtimates with CO, sequestration [1]. Thisis due to the higher cost of the base
(reference) plant for the CO, hybrid cycle compared to the reference IGCC configurations. The cost
estimate of the reference plant (the Foster Wheder combustion hybrid) was based on a detailed prior
sudy of anomind 300 MWe demonstration plant with a 6F turbine. Therefore, the reference plant



capitd costs were found to be 30% higher than an estimate for a425 MW fully commercia 1GCC with
an H class turbine (1438 $/kW vs. 1111 $kW).

As shown on Table ES-2 in year 2000 dollars, the capita cost of the best IGCC estimate (with
sequestration) was reported to be [2] $1510/kW* compared to $1884/kW for the CO, hybrid.
Consequently, the levelized cost of ectricity for the CO, hybrid is 20% higher than the best IGCC
estimate ($75/MWh vs. $62.6/MWh).

Table ES-2. Plant Cost Comparisons With and Without CO, Capture (year 2000 dollars, 65% capacity
factor)

Withoul G022 Rernoual With CO2 Remowval Percen increase
Capital Cost | Hel Ouiput |Lewelized COE Capital Cost | Hel Qutput | Levelized COE| Capital Cost | Lewelized COE
kW gy KWk SN A7 'kilfh
IGCC [Audus] 1470 403 4.4 2200 3Bz 5.9 19.65% 43.75%
IGCC Herzog 2000) 1401 4.29 1909 6.58 36.%5% 307 %
IGCE [Simbeck) 1100 400 3.9 1474 400 5.1 34.00% 077
1GCE [Parsons) Al 425 477 1610 44 i 35 % I 24%
FUV Combustion Hybrid 1438 am 5.04 1852 o5 753 NER 23.65%

Values compiled fromreferences[1] and [ 2]

This study dso shows that the increase in both capita cost and the levelized cost of dectricity in going
from the reference plant to the carbon-removing configuration islower for the CO, hybrid concept than
for the IGCC with pre-combustion separation. Since the CO, recycle concept can be applied to a
conventional IGCC just asreadily, the merit of the concept should be judged largely based on the
change in cogts incurred in converting the reference plant to its new configuration with carbon
sequestration.

Figures ES-5 and ES-6 illudrate that the relative increases, repectively, in capital cost and levelized
cost of eectricity incurred in going to the CO, capture configuration is lower for the CO, recycle
concept.
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Figure ES-5. Capita Cost Increase in Going From the Base Plant to the CO, Capturing Configuration

* Case 3E, ref. 2
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Figure ES-6. Impact of CO, Capture on the Leveized Cost of Electricity

Lower impact of the CO2 recycle concept on the reference plant aso resultsin lower mitigation costs

for the CO2 cycle (in $ per tonne of CO, avoided) compared to an IGCC with pre-combustion

separation. Thisisillusrated in Table ES-3, which shows that the carbon mitigation cost of the CO2
cycleis 10% lower than the lowest IGCC estimate ($18.7 per tonne of CO2 compared to $20.6 per tonne
for IGCC). Both cost numbers are based on year 2000 dollars and a capacity factor of 65%.

Table ES-3. CO, Mitigation Cost of Various Technologies (year 2000 dollars)

Technology | CO2Hybrid NGCC IGCC |GCC® Supercritical
Plant with H Class | with H Class | with H Class PC
Turbine Turbine Turbine

$/tonne of

CO, avoided 18.7 69.1 20.6 23.2 51.1

at 65% CF

$ltonne of

CO, avoided 135 48.2 17.5 19.5 44.1

at 80% CF

% CO, 100 90 9 90 90

removd

Technology Risks

An open issue in the current sudy is whether it iS necessary to remove the sulfur oxide compounds,
trace metas, and nitrogen oxide compounds from the CO, stream before being sent to the sequestration
dgte. The form (liquid or gaseous) of the CO, is dso an important factor in assessng CO, purity

® with water scrubber added



requirements, since these trace compounds can be very corrosive if mixed with liquid water. This issue
has a significant impact on defining the CO, hybrid cycle process, plant cog, rdiability, and efficiency.

There are two main areas of concern:

Trangport Safety. Pipdine and storage tank (dtationary or mobile tanks for ral, barge, or truck
transport) corroson from trace contaminants needs investigation. Currently the U.S. Depatment of
Transportation (DOT) regulates pipelines and transport of CO,. Although it has not declared CO; as
a hazardous materid, the DOT has condgtently adapted the language of “hazardous materids and
cabon dioxide’ [4]. This means that a higher levd of ingpection is demanded for CO, transport
gysems than for, say, crude oil transport. A compromised pipeline or tank presents the obvious
hazard of releasng trace contaminants into the amosphere aong with CO,, which is a ground
hugging asphyxiate. Although Canadian experience® shows that up to 45% HS in CO, mixtures can
be handled in pipelines there is no experience with SO, or other compounds at levels that might be
expected from coad or cod derived syngas combugtion [4]. An assessment will be conducted to
determine the safety issues of transporting CO, with varying levels of the trace pollutants expected
from the CO, Hybrid Power Plant.

Co-digposal of CO, with SOx, NOx, and Hg. DOT will regulate SOx and NOx as hazardous
materids. Therefore co-disposal of CO, with these contaminants must be investigated. Proposalsto
co-dispose of SO, and NOx are covered in 49 CFR 195.579, however, co-disposal issues need to be
investigated beyond trangportation safety requirements. The ecologica impact of trace contaminants

in the sdlected sequestration sinks must be understood. The main categories of CO, sequestration

snks are soragein terrestrial ecosystems, geologic formations and in oceans. An assessment will be
conducted to determine the potential interaction between the sequestered CO, and the environment

for each storage method.

A second and, perhaps, more sgnificant risk isthe availability of a gas turbine to meet the demands of

the cycle. The aerodynamic and physical properties of the CO; rich working fluid necessitate aturbine
with a pressure ratio of 49. This requires the use of the Advanced Inter-cooler Aero-deriveive engine
(ICAD). Although this engine is conceptud in nature and is not commercidly available, the new

LM S100 from GE comes close with a pressure ratio of 42. Considering the higher reported performance
of the LMSI100, it islikely that the required expansion can be achieved at a pressure ratio of 42.

Another gas turbine related issue, aside from the high pressure-ratio requirement, is that the CO; rich
working fluid will require new arfoil and centerline designs for the compressor aswell asthe turbine.
Thisisacogly product development effort and is only likely to hgppen if aclear market need is
demongtrated. Therefore, dthough the LM S100 seems a close match, acommercid engine is currently
not available for this technology.

In this study, the gas turbine performance was determined by making certain assumptions regarding the
isentropic efficiency of the compression and expansion steps. Specificdly, it was assumed that the
engine, when designed for the CO; rich working fluid, would achieve the same efficiencies that are
typica and reasonable for current air-fired units. The cost of the turbine was taken from a paper [5] that
projected the development of ICAD engines capable of pressure ratios up to 49.

Conclusions

Although the potentid of the CO, recycle concept to reduce the incremental costs of avoiding CO»
emissions was demonstrated, the Foster Whedler combustion hybrid cycle used as a reference for the

® The DOE, through a bhilateral agreement with Natural Resources Canada is conducting a CO2 Sequestration
field test at the Weyburn oil field in southeastern Saskatchewan.



study led to higher capital and levelized cogts than the leading estimates for IGCC plants with pre-
combustion CO2 removal.

It is believed that the cogt of the reference plant is higher because the estimate is based on a
demondtration plant. One can make the argument that gpplication of the concept at alarger commercid
scale could bring the cost down on a par with the IGCC cases used as comparison. However, thereis
currently no data available to subgtantiate this thought.

Other argumentsin favor of the combustion hybrid concept are:

Pant riability would be higher due to smpler configuration compared to IGCC. This would imply
that the combustion hybrid might be able to take credit for a higher capacity factor than the IGCC,
changing the economic equation. Operating the CO2 hybrid cycle a 80% CF would match the cost
of dectricity of the best IGCC estimate derived a 65% CF.

The combustion hybrid plant utilizes circulaing fluidized beds for both gasification and combustion.
Furthermore, the gasifier operates at amodest 2000 deg. F. In addition to improving availability,
these attributes dlow the technology to be highly fud flexible and able to utilize awide variety of
inexpengve cods.

Gasturbine availability is aso likely to be an issue in the commercidization of this concept. Gas turbine
manufacturers must see a clear market demand for this technology to engage in costly development
work for a high pressure-ratio engine that can efficiently use a CO2 rich working fluid. Market demand
could be created if the concept can demondtrate a clear and substantial benefit compared to the IGCC
with pre-combustion capture approach.

L ooking Ahead

To further evauate the merits and potentid of the CO, recycle concept, a conventiona 1GCC plant
should be used as areference. The IGCC would then be converted to a CO2 cycle configuration by
enlarging the air separation unit to provide 100% stiochiometric oxygen, instead of 40 to 50%, and
going to an oxygen and recycled CO; fired turbine. This would enable an enriched CO, stream that
could be drawn off and sequestered.

The economic feashility of such a conversgon can be directly compared with the same reference IGCC
with pre-combustion CO, removd.

Air separation costs make up a significant portion of the cost adder to the base plant configuration. New
developmentsin air separation, such as oxygen transport membranes (OTM) have the potentia to reduce
this cost. The feasibility of the concept should be evaluated with the OTM, and with customized and
optimized cryogenic ASU designs integrated into the cycle (best possible cryogenic design).

Lagtly, better gas turbine definition (design, performance, and economics) and gas turbine availability
assessments are necessary to evaluate the future commercidization of the concept.
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Section 1
INTRODUCTION

Research has been conducted under United States Department of Energy (DOE) contract DE-FC26-
02NT41621 to develop the conceptua design and conduct a feasibility sudy of anew hybrid
gasification/combustion power plant that can efficiency produce both power and a concentrated CO;
exhaust stream for sequesiration. The concept utilizes efficient combined cycle technology while
avoiding the energy intensive process of separating CO, from syngas or flue gas. This new type of cod
fired hybrid power plant promises high cydle efficiency, zero ambient air emissions, and complete
capture of dl of the CO, generated in the process.

In this plant cod isfed to a pressurized circulating fluid bed gasifier that produces a low-Btu syngas and
char. After being cooled and passing through a barrier filter to remove the particulate the syngasis
burned in an Advanced Inter-cooled Aero-derivative (ICAD) gas turbine. The char generated from the
gasfier is depressurized and transferred to an atmospheric pressure circulating fluidized bed (ACFB)
bailer, which generates supercriticd steam to drive a sleam turbine. The exhaust from the gasturbineis
aso fed to the ACFB and provides the oxidant for combustion. Both the gasification and combustion
reactions use a mixture of recycled CO, and oxygen (generated by an air separation unit) as the oxidant,
aswdl as the working fluid through the gas turbine and the rest of the cycle. In this manner, thereisno
nitrogen in the cycle and CO;, is concentrated for direct remova from the exhaust stream. Thisleadsto a
ampler CO; collection process, which diminates the need for CO shifting, Syngas cooling, absorption,
and stripping.

The fluid bed gasifier operates a a temperature of 2000 deg. F or less, which diminates problems
related to dag remova and dlows for greeter rdigbility, availability, and fud flexibility compared to
conventiond IGCC systems.

The work has been carried out in 4 tasks;

In Task 1 (Section 2) aconceptua design was devel oped and thermodynamic cycle andyses were
conducted to determine the performance of the plant.

In Task 2 (Section 3) the key components of the plant, namely the pressurized circulaing bed
gasfier and the amospheric pressure circulating fluidized bed boiler, were designed in sufficient
detail to dlow cost estimation.

In Task 3 (Sections 3 and 4) the baance of plant components were specified and the plant cost
estimate was devel oped.

Findly, in Task 4 (Section 4) an economic analyss was conducted where the plant capital cost, cost
of eectricity, and CO, mitigation cost were calculated and compared with IGCC, NGCC, and PC
plants incorporating CO, sequestration.

Recommendations for further study include application of the CO, recycle concept to a conventiona
IGCC plant, conducting a gas turbine availability/feasbility study, and exploring the use of advanced ar
Separation concepts.
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Section 2
CONCEPTUAL DESIGN AND THERMODYNAMIC CYCLE ANALYSIS
2.1 MAJOR ASSUMPTIONS AND PROCESS CONDITIONS

During task 1 of the study the plant was conceptudly designed and its performance and emissons were
determined by thermodynamic cycle andyses.

A sealevd plant Ste was assumed with the following ambient design conditions:

Barometric pressure 14.7 psa
Dry bulb temperature 60 deg. F
Rdative humidity 55%
Condenser Pressure 2’ Hg

These conditions were used for performance caculations and to determine cycle efficiencies. For
equipment design purposes, atemperature range of between 20 deg. F and 95 deg. F was assumed.

[llinois#6 cod (Table 2.1) was used as the fud. It was assumed that dl emissons, including SO2 and
NOx would be sequestered dong with the CO2. Therefore sorbent is not used in the plant, and dl
associated sorbent handling and feed fecilities are diminated.

Table 2-1. Desgn Cod Andyss— lllinois#6 Cod

Proximate Analysis As-received (Wt%) Dry Basis (wt%)
Moisture 11.12 --
Ash 9.70 10.91
Voldile Matter 34.99 39.37
Fixed Carbon 44.19 49.72
TOTAL 100.00 100.00
HHV (Btu/lb) 11,666 13,126
Ultimate Analysis As-received (Wt%) Dry Basis(wt%)
Moisture 11.12 --
Carbon 63.75 71.72
Hydrogen 4.50 5.06
Nitrogen 1.25 141
Chlorine 0.29 0.33
Sulfur 251 2.82
Ash 9.70 10.91
Oxygen (by difference) 6.88 7.75
TOTAL 100.00 100.00

Due to the aerodynamic and physicd properties of the CO» rich working fluid, a turbine with a pressure
ratio of 49 isrequired for this cycle, in order to reach the optima combined cycle efficiency and achieve
the desired gas turbine exhaust energy for the bottoming cycle. Therefore the gas turbine used in the
plant design is an Advanced Inter-cooled Aero-derivaive engine (ICAD) [5]. It was assumed that the
compressor and turbine stages of the engine, when designed for the CO, rich working fluid, would
achieve the same efficiencies that are typica and reasonable for current air-fired units.
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The bottoming cydeisasingle reheat, supercritical-steam, Rankine cycle operating a
3850/1050/1050/2" Hg.

22 PROCESSDESCRIPTION

A process flow diagram of the CO, hybrid plant is shown in Figure 2-1. Thefirst step of the processis
alr separation, where oxygen is extracted for use in both the gasification and combustion processes
throughout the plant. The oxygen is mixed with recycled flue gas and is routed to the partid gasification
module (PGM) operating at 820 psia and 1950 deg. F, the combustion turbine (CT), and the CFB steam
generaor. In the partia gasification module, oxygen reacts with cod and steam to generate two fuel
sreams. syngas and char resdue. The syngas generated by the PGM is combusted with a mixture of
oxygen and recycled CO; to drive a gas turbine generator. In the steam generator, char generated in the
PGM is burned with the oxygen in the gas turbine exhaust to generate steam for the steam cycle.
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Figure 2-1. CO2 Hybrid Cycle Process Flow Diagram

Since pure oxygen is used in the combustion process, exhaust flow recirculaion is used to control
temperature and maintain process velocities. This recirculation occursin two main ways and provides
for the exchange of energy between the topping and bottoming cycles. The gas turbine exhaust, which
consgs mostly of CO,, O, and H,0, is sent to the steam generator. This allows the steam generator to
recover the congderable sensible heat contained in the GT exhaust and aso to utilize its oxygen content
for combustion. The COs rich flue gas from the steam generator is recycled to the gas turbine
compressor inlet. Once pressurized, the recycle gas goes to the PGM, and a so to the GT combustor for
temperature control. No additional compressor and associated power is required for O, pressurization
sncethe O, is part of the working fluid, which is mixed with the recycled CO, and sent to the gas
turbine compressor.
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Asthe find step of the process, a portion of the recycled gasis diverted to a separator where CO; is
condensed out and pumped away to the sequestration Ste. Thisisthe only discharge from the plant.
Thereis no stack and no gaseous effluents emitted to the atmosphere. The cycle is completed with zero
emissions and 100% of the CO, sequestered. The oxygen separated from the CO, at the separator is
recycled back into the process.

Because of the aerodynamic and physical properties of the CO2 rich working fluid the combustion
turbine operates at a pressure ratio of 49. The CT inlet temperature is 2295 deg. F.

The CO, Hybrid Cycle is based on Foster Whedler’ s combustion hybrid technology, also known asthe
Gadfication Huid-bed Combined Cycle (GFBCC) plant. A process flow diagram of thisair-blown
reference plant (without CO, sequedtration) is shown in Figure 2-2.
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Figure 2-2. Air Fired Reference Plant Configuration Without CO, Sequestration

Ash

In the reference plant configuration (GFBCC) solid fud is partidly gasified in an ar blown CFB gasfier
operating at gpproximately 1800-2000 °F temperature and 350-450 psia pressure. Depending on the fue,
carbon conversion can vary between 50-90 % resulting in a syngas with alower hesting va ue between
125-150 btu/scf. The gasifier receives pressurized air from a separate dedicated air compressor.

The syngasis cooled to gpproximately 650 °F and cleaned of solidswith ametalic filter before being
combusted in a Generd Electric moddl 6FA combustion turbine (CT). No other gas cleaning of the
syngasis performed, since the exhaust gas from the gas turbine is directed to a supercriticad CFB bailer.
The CFB boiler absorbs the energy of the hot (1000-1100 °F) CT exhaust gas while smultaneoudy
cleaning it before exhaudting to the environmen.
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The residua carbortrich char from the gasifier is depressurized and stored in a containment vessel
before being injected into the once through variable pressure supercritica CFB for fina combustion.
The hot gas from the combustion turbine is directed to the plenum under the CFB’sfluidizing grid. This
gasis used to fluidize the solids within the CFB and as the source of oxygen (contains between 10-15%
Oxygen by weight) to support the CFB combustion process. The heat from the char combustion
generates steam for the Rankine steam cycle. A separate fuel and limestone feed system supplies
limestone and fresh fud to the supercritical CFB power plant.

Both the combustion turbine and steam turbine generate power within the GFBCC cycle. Snce the
integration between the gasification process, combustion turbine and CFB steam plant islimited, awide
range of steam turbine capacities can be achieved for a given gas turbine resulting in awide range of
plant sze. The CFB can be szed to fire solid fuel in addition to the char generated by the gasification
process. More importantly, both the CT and the CFB can generate their full power ratings operating
independently without the gasification system.

23 HEAT AND MATERIAL BALANCES

Thermodynamic cycle andyses of both the reference plant and the CO, cycle were conducted to
determine the impact of 100% carbon sequestration on the base plant performance. Before the find plant
configuration was chosen, severa cases based on the following criteria were investigated:

Because of anticipated gas turbine availability issues a configuration usng existing industria
equipment (e.g. from Dresser-Rand or Man-Turbo) was sought.

Two oxygen delivery options were investigated; oxygen from the ASU at near atmospheric pressure,
and oxygen from the ASU at process pressure (850 psia).

Two CO; removal locations were investigated; (1) high pressure remova from gas compressor
discharge, and (2) low pressure remova from CFB boiler exhaust.

The following cases were run:

Case 1 Commercidly available indugtrid turbomachinery with gas reheet is used for the topping
cycle/ASU delivers oxygen at 15 psa/CO; is removed from the cycle a low pressure
(compressor inlet).

Case 2. Deleted (avariation of case 1)

Case3: Advanced Intercooled Aeroderivative (ICAD) engine used for the topping cycle/ASU
delivers oxygen at 15 psa/CO2 is removed from the cycle at high pressure (compressor
discharge)

Case 4: Advanced Intercooled Aeroderivative (ICAD) engine used for the topping cycle/ASU
delivers oxygen at 850 psa/CO2 is removed from the cycle at high pressure (compressor
discharge)

Caseb: Advanced Intercooled Aeroderivative (ICAD) engine used for the topping cycle/ASU
delivers oxygen at 15 psa/CO2 is removed from the cycle at low pressure (compressor
inlet)

Table 2-2 summarizes the process conditions and performance results for these cases in comparison with
the ar-fired reference (GFBCC) plant configuration. Based on net plant efficiency, case 5 emerges as
the best dternative. The conceptua design presented in the previous sections pertains to this case.

ASPEN process smulation software coupled with Foster Wheder’s extensive plant performance
database was used to generate the heat and materia baances, and the plant performance results.
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The air separation power requirements shown on Table 2-2 were obtained from Air Products based on
what would be their sandard offering for the given oxygen demand. Foster Wheder believes that there
may be amore efficient ASU design to ddliver high-pressure cryogenic oxygen to improve Case 4
results. Thisissue needs further evauation with the participation of an air separations vendor.

This section will focus on Case 5, as the design case. Heat and mass balances for the other cases can be
found in Appendix A.

Table 2-2. Process Conditions and Performance of Four Alternate Cycle Configurations in Comparison

with the Reference Plant

Air Fired Casel Case 3 Case4 Case 5

Reference
ASU
O, How, kib/hr 422 497 506 497
Power Consumption, MW Air Blown 42.8 55.5 88.1 55.5
O, Ddlivery Pressure, psia 15 15 850 15
Gasifier
Coal Feed Rate, kib/hr 107 99 180 190 164
O, Feed Rate, kib/hr 265 (Air) 51 89 91 82
Steam Feed Rate, kib/hr 27 9 16 15 13
Syngas Flowrate, klb/hr 373 294 582 577 434
Syngas LHV, btu/scf 133 189 156 159 205
Syngas Cooler Duty, mmbtu/hr 168 144 280 283 218
Char Flowrate, kib/hr 30 28 63 69 47
Gas Turbine
Type GEG6FA  2-Stgindustriad ICAD ICAD ICAD
Output, MW 87.4 47 108 107 129
Exhaust Flow, kib/hr 1828 2050 2030 2091 2170
1* Stage Turbine Inlet Temp., F 2097 1000 2270 2225 2295
2" Stage Turbine Inlet Temp., F N/A 1600 N/A N/A N/A
Turbine Exhaust Temp., F 1089 925 1167 1137 1142
Steam Turbine
Output, MW 250 258 284 281 270
Main Steam Howrate, kib/hr 1300 1300 1300 1300 1300
Reheat Steam Flowrate, kib/hr 1340 1369 1521 1524 1451
CFB Boiler
Cod Feed Rate, kib/hr 102 105 61 54 76
Flue Gas Flowrate, klb/hr 2563 2167 2379 2443 2274
CO, Compression and Dehyd.
CO; Inlet Pressure, psia 15 756 838 15
CO, Howrate, kib/hr N/A 480 571 580 568
CO; Sequestered as Liquid Vapor Liguid Liqud
Overall System Performance
Net Efficiency, % 42 30.9 35.7 33.2 35.9
Net Power Output, MWe 300 216 295 277 295
Auxiliary Power Consumption, MW 375 89.3 97.1 1114 104.1

Figures 2-3 and 2-4 show the ASPEN heat and materid flowsheets for, respectively, the ar-fired

reference plant and the CO2 hybrid cycle design represented by Case 5.
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Figure 2-3. Heat And Material Balances For The Air Fired Reference Hybrid Plant (GFBCC Without CO, Sequestration)
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24 POWER PENALTIESASSOCIATED WITH CO, SEQUESTRATION

There are both direct and indirect power (or efficiency) penalties associated with CO, remova. Direct
pendties occur as aresult of an increase in auxiliary power requirements due to air separation and CO,
separation and compression. Indirect pendties are less obvious and refer to the gross power decrease due
to CO; enrichment and remova processes. The systems net power and efficiency is reduced due to both
direct and indirect pendties.

Pre-combustion (i.e. the Selexal process for an IGCC) and post-combustion (i.e. amine absorption of
CO2 from the flue gas of a PC or NGCC plant) have large indirect losses. In the pre-combustion
separation technique, the water-gas shift reaction is used to shift CO to CO, in order to concentrate the
CO, in syngas. It has been well documented that this reaction reduces the syngas LHV while releasing
its fuel energy as heat. Therefore, more syngas needs to be generated from gasification to compensate
for the LHV loss by shifting. The low-grade heet from the shift reaction and syngas cooling before CO;
absorption contributes to system energy loss. An efficiency loss of 6% to 7.7% and a CO, mitigation
cost of between $21 and $23 per tonne’ is estimated for such a power plant with a pre-combustion CO,
remova system [1, 2]. To obtain a high CO conversion for more CO, to be removed, aratio of H,O/CO
> 2 needs to be maintained by steam injection into the syngas. This steam can be extracted from the
steam turbine, or generated from syngas cooling. Both ways reduce steam turbine power generation
because of less steam flow to the bottoming cycle.

The loss of working fluid is another source of indirect pendty. In the pre-combustion separation
technique, working fluid lossis caused by the remova of pressurized CO, from the syngas stream and
by condensation of excess steam from the water gas shift. The losses of working fluids reduce power
generation from the gas turbine because of less flow through the turbine. Indirect pendties can be quite
sgnificant and should be minimized to produce the maximum system efficiency.

The Advanced CO, Hybrid Cycle diminaes dl indirect pendties by usng amixture of CO, recycled
from the gas turbine exhaust together with oxygen as the working fluid. This facilitates straightforward
concentration of CO, without enriching and separation processes. It eiminates the need for CO shifting,
syngas cooling, absorption, and stripping and alows direct collection of CO, from recycled flue gas. It
leads to a smpler CO, collection process than the conventiona oxygenblown pre-combustion CO»
capture systems, while providing the advantages of lower energy cost and lower efficiency loss.
Moreover, oxygen usage is minimized by recycling from the gas turbine exhaust most of excess oxygen
aong with the CO, back to the system.

While the CO, Hyhbrid Cycle diminates indirect energy costs, higher direct pendties are incurred due to
the requirement for alarger air separation unit compared to an IGCC plant of the same net output. Table
2-3 shows a comparison of direct and indirect losses for the CO, cycle in comparison to an IGCC plant
with pre-combustion CO, separation.

The net result isthe same 6.1% loss in cycle efficiency due to CO, sequestration, for both the CO, cycle
and the IGCC with CO; sequedtration. Figure 2-5 illugtrates the direct vs. indirect efficiency losses for
the two technologies.

As Section 4 (Economic Anadysis) will show, due to the fewer equipment changes and Smpler operation
of the CO, recycle concept the actual dollar costs of CO, mitigetion islower, even though the energy
costs are the same.

" Ccases 3A and 3E in references 1 and 2. Year 2000 dollars, 65% capacity factor.
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Table 2-3. Summary of Power Pendties Incurred Due to CO, Remova

Plant Type IGCC FW Hybrid Cycle
With CO, Without CO, | With CO, Without CO,
Sequestration® | Sequestration® | Sequestration | Sequestration
Net Power 4035 4245 294.9 300
Aux Power 86.9 49.5 104 375
Net Cycle Efficiency, % 37 431 35.9 12
CO2 emissions, Ib/hr/MWe 162 1582 0 1709
CO2 removd, % 0 na 100 na
Oxygen Usage, Ibghr/MWe 647 568 1640 0
Power Pendlties, kWHh/Ib of CO2 avoided
Direct (due to aux power increase) 70 -- 133 --
Indirect (due to gross power decrease)* 65 -- 0 --

*Corrected for coa heat input differences

Direct Losses= (Aux Power)/(Net Power) — (Aux Power/Net POwWer) reerencelant
(klbs/hr CO2 Emitted/Net Power) reference plant — (KIbs/hr CO2 Emitted/Net Power)

Indirect Losses = Corrected Gross Power of Reference Plant — Gross Power with CO2 Sequestration
Klbs/hr CO2 Emissions from Reference Plant — kibs/hr CO2 Emissions with CO2 Sequestration

IGCC CO, Cycle

M@ Indirect
@ Direct

Efficiency Loss, %

1

0

Figure 2-5. Direct and Indirect Components of Efficiency Loss

An updated calculation for the IGCC with pre-combustion CO, sequestration from reference [2]
indicates that amore redistic plant design should incorporate a water scrubber (Case 3E, ref. [2]). If this
updated case is considered the IGCC plant efficiency drop goes up to 7.7%.

25 PLANT OXYGEN USAGE
As mentioned in the previous sections, a significant cost adder to the reference plant is the air separation

unit. The CO, Hybrid Plant uses 25 times the amount of oxygen required by an IGCC with pre-
combustion CO, capture (Table 2-2). Consequently, 54% of the efficiency losses of the CO, cycle are

8 Reference 1, Chapter 4, case 3A
® Reference 1, Chapter 4, case 3B
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due to ar separation. It is clear that future reductions in the cost of air separation will benefit the CO,
cycle more than it would any dternate CO, mitigation techniques for fossl fuds The rdaive smplicity
of operating and maintaining an ar separation plant compared to, say, a Sdlexol absorption/regeneration
plant will aso impact the technology codts favorably.

A point worthy of note is that the power consumption values used in references [1] and [2] for IGCC
plants are about 12% lower (in kWh/Ib of oxygen generated) than the values used here. For this study,
power consumption vaues communicated by Air Products were used. We have confidence in our vaues
and believe that they reflect the energy costs more accurately than the values used in references [1] and

2.
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Section 3
PLANT DESIGN
3.1 DESIGN BASIS

The primary objective of this study isto determine the feasibility of azero emissons cod plant that
utilizes the CO, Hybrid Cycle concept. As such, design of the components need to be detailed enough to
determine the cost of building the plant. Component designs and a detailed cost estimate for an air fired
Gasfication Huid-bed Combined Cycle (GFBCC) plant had previoudy been carried out during the
front-end engineering work for acommercia plant demonstration project™®. This demonstration plant
work, which was conducted in year 2001, produced detailed designs for the CFB and gasifier units, and
equipment definitions for the balance of plant. Since the CO, Hybrid cycle is based on the GFBCC, this
earlier design and cogting study was used as areference in this study.

Taking the existing GFBCC design as the reference, the CFB and gasifier were redesigned based on the
new process conditions listed on Table 2-2 (see previous section). Baance of plant equipment was
reviewed to see what changes are required for conversion to the CO, sequestering plant configuration.
Equipment was then removed, added, or altered, as required.

The plant site for the GFBCC demongtration was a Midwestern US location at an elevation of 4500 ft.
Although the CO; hybrid plant design was based on this reference, appropriate corrections for the site
elevation and ambient conditions were made to approach the following Ste characteristics, used in
References 1 and 2, for proper comparison of the results with IGCC plants:

Leve Topography

0 ft Elevation*

60 deg. F Dry Bulb Temperature
55% Reative Humidity

2" Hg Condenser Pressure

The feedstocks were Illinois#6 cod and Greer limestone. The cod analysisisgiven in Table 2-1 of the
previous section. The composition of the Greer limestone is shown in Table 3-1.

Table 3-1. Greer Limestone Andyss

Dry Basis, %
Cdcium Carbonate, CaCO3 80.40
Magnesium Carbonate, MgCOs 3.50
Silica, SO, 10.32
Aluminum Oxide, Al,O3 3.16
Iron Oxide, Fe;O3 1.24
Sodium Oxide, N&O 0.23
Potassum Oxide, KoO 0.72
Baance 0.43

Table 3-2 shows the origina system design parameters used for the GFBCC plant in the 2001 study and
Table 3-3 shows the design parameters for the CO2 Hybrid Cycle for the present study.

1% The demonstration plant was not built because the utility customer decided that the electricity demand they
were forecasting was not going to materialize
1 500 ft elevation was used in references [1] and [2]. This has a minor effect on performance and cost.
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Table 3-3. CO, Hybrid Plant Design Parameters*. Fuel Basis. Illinois #6 Coal.

Air Separation Unit
Oxygen Yidd, klb/hr 508
Oxygen Delivery Pressure, psia 15
Gasifier
Coal Feed Rate, kib/hr 190
Oxygen Usage, kib/hr 91
Process Steam Usage, klb/hr 15
Design Pressure, psia 900
Design Temperature, deg. F 2200
Syngas Yield, klb/hr 577
L ower Heating Value of Syngas, btu/scf 159
Syngas Cooler Duty, MMbtu/hr 283
Char Yield, klb/hr 69
Gas Turbine
Power Output, MW 130
Turbine Inlet Temperature, F 2300
Exhaust Gas Flowrate, kib/hr 2200
Exhaust Gas Temperature, F 1142
Boiler
Coal Feed Rate, kib/hr 163
Flue Gas, kib/hr 2480
Main Steam Flowrate, klb/hr 1300
Main Steam Temperature, F 1050
Main Steam Pressure, psig 4040
Reheat Steam Flowrate™, klb/hr 1525
Reheat Steam Temperature, F 1050
Reheat Steam Pressure, psig 830
Steam Turbine
Power Output, MW 270

*Note: Equipment design parameters do not necessarily reflect base case process design values.

32 GASIFIER DESIGN

The gasifier will utilize Foster Wheder’ s circulaing fluid bed technology for highest fud flexibility,
scaability, and operationd amplicity. Operating a 800 psig, it will be acompact unit at just 4ft in

internd diameter for 13 ft/sec nominad superficia gas velocity. Coa will be fed at the base of the unit
aong with oxygen, recycled CO,, and process sseam. A cyclone and solids return leg will recycle solids
back to the base of the gadfier to maintain temperature uniformity throughout the gasifier and to

enhance carbon conversion rates. Cod and char particleswill travel up the riser through a height of 80
ft, which will provide aresdence time of about 6 seconds.

The gadifier will generate about 575 kib/hr of syngas for the topping cycle and 69 klbs/hr of char to be
burned in the char combustor. The syngas will be generated at about 1950 degrees F. A fire-tube type
syngas cooler will be used to bring this temperature down to about 650 degrees F so that the syngas can
be put through sintered metd filters for fine particulate remova beforeit is burned in the gas turbine
combustor. The syngas cooler will generate IP steam for the steam cycle. The details of the gasifier
design, including the barrier filter, are summarized on Table 3-4. An devation drawing of the gesifier
showing outline dimensonsis shown on Figure 3-1.

Other components required for the gasifier idand are listed on Table 3-5.

2 ncludes IP steam generated by the gasifier syngas cooler
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Table 3-4. Gadfier Design

Riser Cyclone Downcomer leg
gas flow kibdhr 577 gas flow kibdhr aiy solid flow kib/hr 2685
gas flow kcfthr BO0 gas flow kcfthr BO0 salid flow kcffhr a5
gas flow fiis 13 gas flow fiis 100 solid flow ftiz 2
D ft 40 D ft 0 D ft 3.2
oD ft 65 0D ft 546 0D ft 56
H ft g0 H ft 9 H ft 75
design P psia 800 design P psia 200 design F psia 800
design T F 2200 design T F 2200 design T F 2200
thichness inch 2k thichness inch 2.8 thichness inch 2.4
Candle filter vessel Pipe Syngas cooler
gas flow kibdhe 577 gas flow kibdhe a7y shell side
gas flow kcthr 287 gas flow kctthr 277 gas flaw kib/hr 577
gas flow fiis gas flow fiis 50 gas flow kcft/hr E00
1D ft 6.7 1D ft 1.4 gas flaw in ftis 95
oD ft 94 0D ft 17] |P psia 820
H ft 50 H ft 2000 |duty bty 283
design P pEia 800 design P psia 900 shell ID ft 3:8
design T F 800 design T F 800 shell OD ft 42
thichness inch 472 thichness inch 2.0 shell H ft 93
Candles shell thick inch 20
gas flow kcfihe 207 tube side
face val ftfmin 2 gas flow out kcft/hr 277
length ft 2 gas wel out ftis 43
oD inch ) length ft o4
candles 109 1D inch 1.4
tubes - 170
Table 3-5. Gadfier Idand Mgor Components
Component Type Design Basis
Booster Compressor Vendor design 635 deg. F and 50 bar inlet. Medium: 30.5% O2, 69% CO2
Syngas System Refractory lined pipe 2200 deg. F, 900 psia, 500,000 cu. Ft./hr of syngas
Char system Lock hopper with 60 klbs/hr char continuous transport basis, 650 deg. F max char
pneumétic transport temperature and 850 psia max inlet pressure
Hot gaesfilter Sintered Metd Candles Included in gasifier design specifications (Table 3-3)
Syngas cooler Shell and tube Included in gadifier desgn specifications (Table 3-3)
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33 CFBDESGN

The char combustor will utilize Foster Wheder’s circulating fluidized bed combustion technology. It

will generate 1300 klbs/hr of supercritical steam at 3850 psig and 1040 degrees F. This steam will then
go through the HP stages of the steam turbine. The HP section discharge will combine with about 225
klbs'hr of intermediate pressure steam generated by the gasifier syngas cooler. The combination, about
1525 klbs/hr of steam, will return to the reheat section of the CFB char combustor. Rehester outlet steam
will be at 830 psig and 1050 degrees F.

The CFB furnace, with its mgor dimengons, is shown on Figure 3-2. The main furnace section will be
58 ft wide by 28 ft deep. The overdl height of the structure will be about 236 ft from grade. The design
will feature wing wal superheaters aswell asin-duct HRA superhesaters.

For maximum operationd flexibility, the plant was desgned with a“ CFB stand-done’ option. This
entails running the CFB when the gadfier is down for repairsmaintenance, or due to an upset event (e.g.
agasturbine trip). In the standalone mode the CFB is operated with oxygen and recycled CO2, using the
gas recirculation fan ingtead of the GT exhaust as the oxidant. With this design festure, the facility can

gl operate (dbeit at alower efficiency) and generate about 68% of the combined cycle power output.

Design parameters for the norma and standa one operating modes, compared to the air-fired reference
unit are shown in Table 3-6.

In determining the pressure parts (waterwall and steam surfaces) for cost analys's a comparative

approach was taken. The metal weighs for each tube bank of the GFBCC reference CFB was adjusted by
using suitable criteria (e.g. bank width, heet transfer area, # of units, perimeter, etc.). Thisresulted in
revised metal masses, which could then be used to determine cost differentials. Table 3-7 shows the
pressure parts adjustments and adjustment bases. As the table shows, the net result was a 29% reduction
in the pressure parts used. Thisis due to the more compact nature of the O2/CO2 fired CFB compared to
the air-fired reference unit. Higher oxygen concentrations and higher working fluid density alow the use

of less surface area and hence an overdl lighter unit.

Other mgor components required for the CFB idand are shown on Table 3-8.
3.4 GASTURBINE

An Advanced Inter-cooled Aero-derivative (ICAD) engine was used for the plant, as described in
reference [5]. The components required for the ICAD turbine plant are listed in Table 3-9. The gas
turbine istreated as a“ black box” in this sudy and requires further investigation.

3.5 STEAM TURBINE AND BALANCE OF PLANT DESIGN

The seam plant remains essentidly unchanged from the air-fired reference. The steam turbine and
baance of plant equipment were pecified rlative to the ar-fired (GFBCC) reference plant. For the
steam turbine components, a cost adjustment factor, equal to the ratio of steam turbine gross power for
the CO2 cycleto that of the reference GFBCC (270/250), was applied to theingtaled cost. A list of
equipment for the steam turbine and baance of plant isgiven in Table 3-10.
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Table 3-6. CFB Design Parameters

Stearm Turbine Power
Main Stearn Flow
blain Stearm Temperature

Main Steamn Pressure

Reheat Steam Flow

Hot Reheat Steam Temperature

Hot Reheat Steam Pressure
Feedwater Temperature
Boiler Duty

Zas Turbine Exhaust Temp.
FEGT

Boiler Flue Gas Flow
Zas Fecirculation
Gas Molecular Weight
Plant Elevation
Armbient Pressure

Furnace Height
Furnace YWidth
Furnace Depth
Mumber of Separators
Separatar Type
Separator Depth

Reheat Pass Gas

“elocities:
Furnace
HRA Reheater
HRA Primary Superheater
Loweer Economizer

Economizer Gas Termp. Out
Evaporator Outlet Enthalpy

Flow Rates:
Char
Coal
=T Exhaust
Dxygen
Air
Syngas
Flue Gas
Limestone
Sand
Ash

kv

M Ib/h
psig

M Ib/h
psig

F

EE Btu/h

F
F

Ml 1b/h
%o

psia

=

¥a

s
ftis
ftis
ftis

F
Btu/lb

MW Ib/h
MW Ib/h
MW Ib/h
Ml Ib/h
fl Ibih
fl Ibih
fl Ibih
fl Ibih
fl Ibih
tl Ibih

Base-GFBCC

250

1404.5
1045
3904 .4

1379.4
1055
901.8

531
1632.5

1073
1578

2478
0
2928
Ga00
11.76

185
935

29

4
Criginal
22

7.3

4.9
o244
426

47

581.6
1099

17.99
12296
1632.61
0
716.91
0

2477 54
17.594

]

38.96

COZ -Hyhrid

270

1300
1049
4040.3

1451
1050
g67.5

518
18907

1142
15584

20745
0
38.52
0

14.7

160
54
281
2
070
20.7

64.9

4.9

51
38.2
47.8

562.3
1120

45,98
76.02
21706
0

0

502
227452
0

5

291

CO2-Hyhrid
Stand-Alone

270

1300
1045
4040.3

1451
1050
867 .5

518
1890.7

M4,
15584

210741
338

34 .87

0

14.7

160
a4
28.1
2
oFo
0.7

65.3

5.03
51.5
377
47.8

560.6
1118
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Table 3-7. CFB Pressure Parts

Wi, Adustm ant WEIGHT
Basis GFRCE COF Hylerid Factor C0F Hylwid
Diescription Wi
ECOhCMWIZER: HEADERS 1269352 HR Widib 23] 43 0.7E 93 457
ECOMCMIZER COLETURIMNG a2 H.T. Aras 1E9REE 10 B35 0ES 245 Ik
ECORCMIZER TRANSFERS IRy a5M
ECONIMIZER MISCELLANEQLUS O a
WIATERMWALL LARGE TRAKSFERS -2 i - 1\ A
WATERWALL PANELS 115145 Area (Appro.) Fans A 512 0% 34 55
WLTERWALL HEADERS 1EE910  Parmater + W0 145 173 073 113 401
WATERWALL ShiALL TRANEFERS EE 144 9 094
FURNACE ROOF SUPERHERATER HEADERS 0850 Fumsce Depth 25 2813 = Sy
FLRMACE ROOF SUPERHEATER PANELS BE1,540 AEd 21 1513 0.5 34 434
FLURMACE ROOF SUPERHEATER TRANSFERS 24 560 24 530
SUPERHEATER WHGNALL HEADERS 111864 Tatal Wia Widib 1315 1,14 0Es a4 537
SUFERHEATER WHGWALL PANELS 253043 H.T. Aras 11,155 11,1 1.0 250 29
SUFERHEATER WHGWALL TRANSFERS EL® 55 53
REHEATER HEADERE 104,517 HRA Widik E& L) 0.7E a3
REHEATER COILETLBING 1358371 H.T. Ares 1E9.7ER 165 452 nE 122054
REHEATER TRANSFERE BAIG a 18
HR& HEADERS TA2E0  Panmetar + Fysl 224 1% 0Es 51,751
HR& PANELBTUBING 538058 Perim, [same H) s 185 0Es A5 216
HRA TRANZFERZHFIFE EOIE s
F5H HEALDERS 58277 HRA Widih =) a1 076 4 [
PSH COILSTUBING arEa2 H.T. Ama TOSTE 54 FE1 o7 T 100
PEH TRANSFERES 100822 100 g33
INTRES ¢ FEH GOILS/TUBING 0 2
INTRE: ¢ FSH HEADERS o a
STRIFPER C22LER COILSTLEING O a
STRIFPER COCLER HEADERS o a
STRIFPER CiOOLER TRANSFERS 1] a
WATER GOLLECTING VESSEL EB,151 5,151
TANGENTIAL STESM SERPARATOR 45172 a5 172
SUFERHEATER WHNGWALL SFRAY HEADERS Fa 7 a4
REHEATER SFRAY HEALERS BamE & 919
PSH SPRAY HEADERS Tl T 24
IMTREX / FEH EPR&Y HEADERS 0 a
SEFARATOR Wy HEADERS 10E6351 H.T. Bpea a4, 187 1905 nas FIE= T
CROSS0OVER DUCT HEADERS TIBTE2 Mo of Sepsraton 4 2 050 53 396
CROSS0OWER DUCT PARELS IE73E8 Mo of Separalom 4 ] (1R=1] 1331 835
SEPARATOR TRAMSFERS A4 J66 Ho of Separators 4 ) 0En 167 144
INTREF WWATERWALL DOAWMEGOMERS o 1]
Wial L SEAL ENCLCSURE FARELS BT Nooof Beparstons d 1 0sn 5 fi51
WAL SEAL ENCLOSURE HEADERS FBITE No of Separalons d 2 nso 13 433
WaALL SEAL EMNCLOSURE TRAMSFERS 15806 No of Separalon 4 2 0.s0 5 8203
FURNACE GRID NOIILES ARRMWMYHEAD FIEI0 Grid Aea 1450 T 18] A.135
Wil L SE& ERCL GRD NOZILES ARRCWWHESD =10 Ed Ama 1,450 Th3 0.1 103k
FURNACE GRID NOZILES PIFE 12515 Grid Aram 1,450 ] 01 B A7
Wiel L SEAL ENCL GRD MNOFFLES PIPE 1HE2 Wooof Separators d 1 [IR=1] L
TOTALS (1) UNIT 11470329 @147 087
Table 3-8. CFB Idand Maor Components
Component Type Design Basis
Primary ar system High temperature manifolded 1150 deg. F, 15 psia, CO2/02
ducting mix
Flue gas recirculation system ID Fan and gasrecirc fan (latter 2300 kpph at 14 psiaand 300
is for gandal one mode) deg. F
Particulate removd system Baghouse 2300 kpph inlet at 14 psa and
300 deg. F with 30 kpph
particulate loading

30



Table 3-9. Gas Turbine Plant Components

Component Type Design Basis
GT Engine Advanced ICAD 129 MW, 2300 F TIT,
700 psaTIP
Lube Oil System CSreservoir and pumps, cartridge
filters
Generator Cooling System Plate and frame
Control package Dedicated PLC with outputs to
plant distributed control system
Table 3-10. Steam Plant and Steam Cycle Baance of Plant Components
Component Type Design Basis
270 MW, 4050 psig,
Steam Turbine 1050 F/1050 F/2"Hg
Lube Oil System Closed loop, pressurefilter
Control Fluid System Electro-hydraulic
Gland Steam System
Tied to plant distributed control
Control System system
Generator Cooling System Mate and frame
BOP Components
Condensate Clean-up System
Condensate System
Feedwater System

Cooling Water System

Condenser Air Remova Sys.

Auxiliary Steam System

Turbine Bypass System

Main Steam System

Reheat Steam System

Extraction Steam System

Compressed Air System

Closed Cycle Cooling Water
System

Waste Water Collection
System

Dripsand Drain Collection
System

Smdl Bore Piping

Natura Gas Supply &
Digtribution

Building Drains (Roof &
Floor)

Sed Water Feed & Storage

Condensate Reclaim System

Pond Complex/Recirc System

Aux Boiler Sysem

1400 klbs/hr
feedwater/condensate
flow, 2" Hg condenser
presssure
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36 CO, COMPRESSION AND DEHYDRATION SYSTEM

CO. rich flue gasis removed from the plant at low pressure from the CFB exhaust (see Figure 2-1) and
sent to a compression/dehydration system. At this point the flue gas streamis at 60 deg. F, and 14.6 psia
pressure, and is composed of 3.1 v% O,, 93.5 v% CO,, and 1.8 v% H,O. The gas goes through three
stages of compression with inter-cooling to enhance compression performance and remove the moisture.
Between second and third stages of compression atriethylene glycol dehydration package is used to dry
the gas to less than 50 ppmv of moisture. After the final compression stage, which pressurizes the
mixture to 850 psa, the stream is cooled down to 60 deg. F and sent to aflash tank separator. At the
flash tank gaseous oxygen is recovered from the mixture and vented from the top of the tank back to the
alr separation unit, where it is routed back to the system. The CO2 and trace pollutants (such as SO2 and
NOx) condense out and are removed from the bottom of the tank. Liquid CO2 and trace pollutants are
then pumped to 1200 psia and |eave the system.

The system is designed for a continuous flow of 570 klbshr of CO,. The nomind inlet flow of flue gas
to the system, including oxygen and moisture componentsis 595 kpph. The design has been based on
using two identicad pardld trains. A schematic of the CO2 compression and dehydration system is
shown in Figure 3-3 (one of two trains shown).

The design layout has been taken from an internal Foster Whedler commercid project and is very
smilar to that used by a Nexant study [6] on post-combustion CO, capture. The system components are
shown in Table 3-11.

Table 3-11. CO, Compression and Dehydration System Components

Component Type Design Basis
Compressors Multi-stage centrifugd (3 sections) 14 psia/ 850 psia
Intercoolers
Dehydration Package | Triethylene glycol 850 psia, 100 F
Knock-out pots
Hash tank 1200 psia, 100 F
CO2 pump Digphragm 850 psial1200 psia 570 kpph CO-,

3.7 AIR SEPARATION UNIT
The ar separation unit (ASU) will be vendor supplied. The system will be designed to supply 6180 tons

per day (TPD) of oxygen at 2psig (16.7 psa). The oxygen purity will be 99%. Two pardld ar
separaion units of 3090 TPD capacity will be supplied.
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Liguid

co2
Inlet CO2 Stream Dichydration
:} Linit
P= 146 psia »
T = ol Deg. F
Wy = 095 kibsihr
Wy = 14,013.12 |b-molesthr
93.60% Co2
Cornp. 1.80% HZO
3.10% o2
Pty = 42 46 |bsslb-mole F= 1200 psia F= ool psia
T= B3 Deg. F T = B0 Deg. F
WY = 663 kibs/hr = oG8 klhsdhr
Wy = 12809 Ib-molesthr Wy = 12509 |b-rmolesfhr
100.00% CO2 100.00% CO2
Comp. 0.00% H2O Comp. 0.00% HZo
0.00% 02 0.00% o2
by = 4400 lbsfb-mole Rty = 4400 Ibsilb-maole

Figure 3-3. CO, Compression and Dehydration Package.
One of two identical trainsis shown. The data indicates total flowrate so each train would receive half of the indicated flow.



3.8 PLANT START-UP SYSTEMS

Although the CO; hybrid isa* stackless’ plant concept, asmdl vent (or start-up stack) is required to
purge air out of the system during early stages of tart-up, until flue gas recirculaion can beinitiated.
This purge will be done by liquid CO, stored on Site in pressurized tanks. Since the plant concentrates
and liquefies CO,, the start-up tanks will be refurbished during normal operation.

The gart-up stack is desgned to have 15% of the full flow capacity of the plant. Based on 5 volume
changes and with 20% spare capacity, 8000 ft® of liquid CO, will be available for start-up. Thiswill
amount to six 10,000-gallon storage tanks designed for 1000 psiaat 100 deg. F.

3.9 PLANT AUXILIARY POWER REQUIREMENTS

Table 3-12 ligs the auxiliary power use for the CO2 hybrid plant in comparison with the air-fired
reference plant. Auxiliary power use is seen to nearly triple from 37.5 MW to 104.1 MW between the
reference plant and the CO2 hybrid. Thisislargely dueto ar separation (56 MW) and CO2 compression
(26 MW) duties.

Table 3-12. Plant Auxiliary Power Usage

Refer ence Plant CO3 Hybrid

ID and FD fans 5.7 3.2
Feedwater Pumps 9.9 10.1
Booster Compressor 15.1 1.0
Other Auxiliaries 6.7 6.8
Air Separation 0 55.5
CO2 Compression 0 27.5

Tota 37.5 104.1
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Section 4

PLANT COST AND ECONOMIC ANALYSIS

This section presents the plant costs and economic evauation of the CO, Hybrid Plant. The results are
expressed in terms of alevelized cost of dectricity (COE), as well asthe cost in dollars per tonne of CO,
avoided (dso cdled the mitigation cost). Component level contributions of the capita and operating
cogts, including fuel, are presented based on a 20-year book life and a congtant dollar basis.

The results are compared with those from references [1] and [2] for IGCC and PC plants with pre and
post-combustion CO, mitigation. The objective was to assess the feasbility of the CO, Hybrid Cycle
concept as a means of power generation from cod without stack emissions. For comparison purposes,
costs were caculated in year 2000 dollars, to match the plant investment year in references [1] and [2].
For the sake of completeness, results were dso caculated in year 2004 dollars, to illustrate what would
be the cost of building such a plant today. The main results of the economic evauation are summarized
intable 4-1 below. As the table shows, we estimate an appreciable increase between 2000 and 2004 due
to risng sted prices and unfavorable changes in currency exchange.

Table 4-1. Summary of Capita Costs and Economics of the CO, Hybrid Plant*

ltem Year 2000 Unit Cost Year 2004 | Unit Cost
Dollars Dollars

Totd Plant Cost (TPC) | 557,940,247 1892 $/kW | 657,119,597 2289 $/kwW
Operating and 19,420,685 65.9 $/kW-yr | 23,132,631 78.4 $IkW-yr
Maintenance

Consumables 1,454,364 0.56 millgkwh| 1,606,200 0.62 millskWh
Fuel 19,789,212 11.8 millgkWh| 19,997,000 11.9 millskWh
Levelized Bushar COE 75.3 millskWh 79.0 millskWh
CO, Mitigation Cost 18.7 $/tonne of CO2 avoided 21.9 $/tonne of CO2 avoided

* Based on a net plant output of 295 MWe and a 65% capacity factor. COE levelized over 20 years.

The COE and CO, mitigation cost are the most sdient results of the analysis and dlow direct
comparison with other technologies for CO, sequestration. The percentage contribution of components
that make up the COE is shown in Figure 4- 1. The carrying charge component, by far the largest
contributor, is calculated by arevenue requirement analysis that sets the net present value of the project
to zero based on given costs of equity and debt capital. The total capitd requirement (TCR) for the
investment is obtained by adding the total plant cost (TPC) with alowance for funds during construction
(AFDC), roydty dlowance, pre-production costs, inventory capital, and land costs.

This report focuses on results caculated in year 2000 dollars. Details of the year 2004 results can be
found in Appendix B.

41 MAIN ASSUMPTIONS

The economic andysis was carried out based on the EPRI Technical Assessment Guide (TAG)
methodology. Plant capital costs were compiled under the Code of Accounts developed by EPRI and
used in references [1] and [2].

The estimate basis and mgor assumptions are listed below:
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Totd plant costs are estimated in January 2000 dollars.

Pant book lifeis 20 years.

The net power output for the hybrid plant without CO2 sequestration is 300 MWe, that for the hybrid
plant with sequestration is 295 MWe (see Section 2).

Capacity factor is 65%. The plant will operate a 100% load at 65% of the time.

Cogt of dectricity (COE) was determined on alevelized constant dollar basis.

Average annua ambient air conditions for materid baances, thermd efficiencies and other
performance related parameters are a a dry bulb temperature of 60 deg. F and an air pressure of 14.7
psia An ambient temperature range of 20 deg. F to 95 deg. F was used for equipment sizing.

The cod assumed in the andysisis1llinois#6 cod (see Table 2-1 for andyss). The sorbent (for the
reference plant) is Greer limestone (Table 3-1).

Terms used are consstent with the EPRI TAG.
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Figure 4-1. Components of Levdized Plant COE
4.2 TOTAL PLANT COST

Thetotd plant cost (TPC), dso referred to as the plant capita cost is comprised of the following
eements

Bare erected plant codt.

Overheads and fee for engineering and home office.

Project and process contingencies.
A code of accounts was developed based on the EPRI account structure [1,2] for the estimate. The code
dlows direct comparison of individua systems costs among various clean cod technologies, with and

without CO, mitigation, and provides a basis for future evauation. Table 4-2 lists the code of accounts
used for the CO» hybrid TPC evauation.
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Table 4-2. Code of Accountsfor the CO, Hybrid

Account Number Account Description

1 Cod and Sorbent Handling

2 Cod and Sorbent Preparation and Feed

3 Feedwater and Miscellaneous Balance-of- Plant Systems
4 Partid gadifier (Including Hot Gas Cleanup), Atmospheric CFB
5A Gas Cleanup and Piping™
5B CO, Compression and Dehydration

6 Combustion Turbine and Accessories

7 Ductwork and Stack

8 Steam Turbine Generator

9 Cooling Water System

10 Ash and Spent Sorbent Handling System

11 Accessory Electric Plant

12 Instrumentation and Control

13 Improvements to Site

14 Building and Structures

421 BareErected Cost

The bare erected cost is the sum of the cogts of the plant equipment, field materias and supplies,
engineering, ingdlation, and commissioning labor costs. Equipment and maor systems costs are
obtained from estimates provided by technology vendors. In this study, detailled cost estimates from an
earlier demonstration plant project'* conducted in year 2001 were used as a reference. During that
project, Foster Wheder worked with a utility partner to develop plant cost information. This plant cost,
adjusted for the investment year and contingencies was then used as the reference plant cost (GFBCC
without CO, sequestration) for this study. As discussed in Section 3, the design of magor components for
the CO, hybrid plant (i.e. GFBCC with CO2 sequestration) was done in a manner to determine cost
differentids relative to the reference plant.

The following sources have been used for costing the plant components:

Gadifier and related equipment: Foster Whedler

Supercriticadl CFB Boiler and related equipment: Foster Wheder

Sintered Meta Candle Filters: Pall Advanced Separation Systems

Combustion Turbine Package: Collaborative Advanced Gas Turbine (CAGT) Program [5]
Steam Turbine/Generator: 2001 GFBCC demongtration project utility partner
Bdance-of-Plant (BOP) Mgor Systems: 2001 GFBCC demondiration project utility partner
Air Separation Unit (ASU): Air Products

CO, Compression and Dehydration Package: Foster Whedler & Nexant Study [6]

For the steam turbine components, a cost adjustment factor, equa to the ratio of steam turbine gross
power for the CO2 cycleto that of the reference GFBCC (270/250), was applied to the installed cost.
The BOP items, virtudly unchanged from the reference plant were taken as is from the 2001 estimate.

For the gas turbine, a capital cost estimate of $240/kW was used. Thisis the top end of the $200/kW —
$240/kW range reported in reference [5]. Additiona contingencies were applied, as shown in section
4.2.3 below.

13 This typically includes gas cleanup systems for IGCC plants and is not applicable to this plant.
* Nominal 300 MWe GFBCC plant demonstration, front end engineering work. Completed in July 2001.
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The July 2001 study values for equipment, engineering, ingalation, and commissoning costs were de-
escdated to December 1999 by using an annual escaation rate of 3%.

4.2.2 Overheadsand Feefor Engineering and Home Office

These costs were estimated at 6% of the bare erected cost. The 6% adder was applied uniformly to all
accounts.

4.2.3 Contingencies

To account for the risk of cost overruns, project and process contingencies were applied to the plant cost
estimate. Project contingencies refer to expected additiona costs because of insufficient design detall
avalable at the time of cost estimation. Thelessthe leve of detail, the grester should be the level of
project contingencies.

Process contingencies, on the other hand account for commissioning and operational issues relating to
components that are not fully commercid. In or case these include, among others, the partia gasfier,
sgntered metd barrier filter, and the ICAD combustion turbine.

Table 4-3 shows the project and process contingencies used for the study. Project contingencies were
based on EPRI TAG guiddines, usng thelevel of information that was available for the estimate. The
process contingencies were derived based on the level of maturity of the technology in question, using
FW’s own experience.

Table 4-3. Project and Process Contingencies

Contingencies
Acct. No. [ Item/Description Process Project
1 Coal and Sorbent Handling 0 15%
2 Coal and Sorbent Prep and Feed 5.0% 15%
3 Feedwater and Misc. BOP systems 0 15%
4 Gasifier and Accessories
4.1-4.2 Gasifier and Auxiliaries 15% 15%
4.3 Air Separation Unit 0% 5%
4.4 CFB Boiler 0% 10%
44-4.9 Other Gasification Equipment 15% 15%
5A Gas Cleanup and Piping
5B CO2 Compression 0 15%
6 Combustion Turbine/Accessories
6.1 Combustion Turbine Generator 25% 15%
6.2-6.9 CT Accessories 0 5%
7 HRSG, Ducting, and Stack
7.1 Heat Recovery Steam Generator 0 10%
7.2-7.9 CFB Accessories, Ductwork & Piping 0 15%
8 Steam Turbine Generator
8.1 STG & Accessories 0 15%
8.2-8.9 Turbine Plant Auxiliaries and Steam Piping 0 15%
9 Cooling Water System 0 15%
10 Ash/Spent Sorbent Handling System 5% 15%
11 Accessory Electric Plant 5% 15%
12 Instrumentation and Control 5% 15%
13 Improvements to Site 0 15%
14 Buildings and Structures 0 15%
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4.2.4 Capital Cost Resultsfor the FW Hybrid Plant With and Without CO, Sequestration

Itemized capita costs for the hybrid plant with and without CO, remova are presented respectively in
Tables 4-4 and 4-5. show the TPC summary for respectively the CO, hybrid plant (GFBCC with CO,
sequestration) and GFBCC without CO, sequestration. Figure 4-2 illustrates the contributions of various
systems to the TPC, with and without sequestration. It is clear that the air separation unit makes up a
congderable portion of the investment, comparable to the cost of the entire gasification system.
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Table 4-4. CO, Hybrid Plant Total Plant Cost Summary

C02 Hybrid Plant Cost Summary Date: 10/14/2004
Cost Base 1999 (dec)
Plant Het Power Output: 294.9 MW
Bare Erected Eng'y H.O. Contingency Total
Acct. No. |tem/Description Equipment Engineering Installation Comissioning Cost Ovhd. & Fee Process Project Cost $/KW
1 Coal and Sorbent Handling § 173158321 § 1,325 957.56 $  3,057,550.76 | § 183,453.05 | § - 5 458F3261 |§ 3,699,636.42 13
2 Coal and Sorbent Prep and Feed § &5112K19.19 § 3915010.93 $  9.027,620.12 | % 541 65781 | § 45138161 |5 135414452 | § 711,374,8713.95 39
3 Feedwater and Misc. BOP systerns § 1455186160 | 12509543546 | § 11,387 ,002.38 $ 35,664,20045|F 231985757 | % - § 579954402 | § 46,783,802.33 159
4 Gagifier and Accessorties
41-42 |Gasifier and Auxiliaries § 32056.446.21 | § 9,039,508.11 $3105827869 |§ 4420423301 |§ 2B5225398 [§ BE3063495|% GE3063495 | § BO,117.756.89 204
4.3 Air Separation Unit § 75.199.703.40 | wiequipment wieguiprment wiequiprment § 7819970340 |F 45915952205 - $ 3909593517 | § 86,801 B70.77 294
44 CFB Boiler § 4430837519 | § 5.428,92300 | § 39070220458 | §255574297 | § 9436326165 |§F 566179570 | % 5 $ 9.436326.16 | 109,461,383 .51 371
4.4-49 |Other Gasification Equipment § 500105943 )% - § 598928844\ % - 5 1699034791 | % 101942087 |[§ 254555219 |% 254555219 | § 23,106873.16 78
SUBTOTAL 4 $ 233,757, 545.96 § 279,487,684.33 048
54, Gas Cleanup and Piping B - B - b % b
5B COZ2 Compression § 1657655502 |5 534817446 | § 5,348 174,46 | wiequip $ 27,572,003.95 |3 155437424 |5 - § 413593559 | § 33,363,213.78 113
5] Combustion TurbinedAccessories
5.1 Cambustion Turhine Generatar §  30,960,000.00 | wieguip wieguip wieguip $ 3095000000 |% 185760000 |% 774000000 )% 454400000 (% 45201 B00.00 153
5.2-65 |CT Accessories § 372517222 b 6467 490.16 § 10192BE235 |5 F1155974 | § 2 $ S09B3312|§ 1131385524 33
SUBTOTAL 6 § 41,152,662.38 § 56,515455.24 192
7 HRSG, Ducting, and Stack
7.1 Heat Recovery Steam Generator b - b - 5 - $ > 5 z 3
7278 |CFB Accessories, Ductwork & Piping §F OBESM307 )% - 73 SMET | § § 1700245775 | §F 102014746 | § 2 § 255036866 | § 2057297367 70
SUBTOTAL 7 $ 17.002457.75 § 20,572,973.87 70
&} Stearn Turbine Generator
8.1 ST & Accessories § 24 522721.30 § 1858906.50 | §137271249 | § 2505434029 | § 166326042 | § - § 42058151.04 | § 334575175 115
8.2-8.9 |[Turbine Plant Auxiliaries and Steam Piping | § 320,092,584 § 2,5895585.44 § SZ09F78290% 19258070 | § 5 $ 48145174 |§ 388371073 13
SUBTOTAL 8 $ 31.264,075.58 § 37,829.462.48 128
9 Cooling Water System §  2B57.435.64 2527 405.76 $ 5,304,84440 | § 32309066 | § 3 § 80772666 |§  6,515661.73 22
10 Ash/Spent Sorbent Handling Systerm § 1,482 602.01 ¥ 1.316604.16 $  2,799,206.16 | § 167 952,37 | § 13996031 | § 41988002 | §  3,526,999.76 12
11 Accesgory Electric Plant § 15,599801.05 ¥ 4646,574.00 $ 20,246,675.06 | § 121480050 | § 1233375 |§ 3037001.26 | § 25,570,870.57 87
12 Instrurmentation and Contral § 173294261 5 510,553.63 $ 224349623 | % 13460977 | § M217481 |§ 33652444 | §  2,826,805.25 10
13 Improvernents to Site § 251258804 § 12,749 455.96 $ 15,562,054.91 | § 93372329 | § 3 § 2334308.24 | § 718,830,086.441 64
14 Buildings and Structures § 47334941 § 444240718 3 90,775901.29 | § 55055408 | § - § 137638519 | § 11,102,840.56 38
$ 299,703,970.08 | £ 35472,047.04 | § 774,758,501.77 | $7,036,734.75 | § 456,977,246.99 | § 27 414,674.82 | § 18,635,037.52 | § 54,979,287.39 | § 557,040,246.71 1,892




Table 4-5. Tota Plant Cost Summary for Hybrid Plant Without CO, Sequestration

GBBCC Combustion Hybrid Plant Cost Estimate
Cost Base 1999 (dec)

Date: 10/14/2004

Plant Net Power Output: 300 My
Bare Erected Eng'y H.O. Contingency Total
Acct. No. |ltem/Description Equipment Engineering Installation Comissioning Cost Ovhd. & Fee Process Project Cost §/W
142 Coal and Sorbent Handling § 231080241 § 155662550 §  3,067,427.91 % 2304567 | § - § O B05114.19 | §  4,800,587.78 16
2 Coal and Sorbent Prep and Feed §  B5.522,803.95 489130139 11,774,705.34 | § 70254632 | § 58570527 | 175711580 | § 14,759,772.73 49
3 Feedwater and Misc. BOP systems $ 14681,861.60 | $12596435.46 | § 11,357.002.38 35,664,20045 |5 231985797 | § % § 5799654452 | § 46,783,802.33 156
4 Gasifier and Accessaries
4.1-42 |Gasifier and Auxiliaries § 2712991189 % 9039511.24 $310827861 [§ 97774 |F Z306GEE210 (% S5B9165526 |F 5589165536 | § 83 M7 BF4.57 178
4.3 Air Separation Unit ¥ - wlaguipment wieguipment wiequipment § - ¥ - 5 - 3 - 5 - -
4.4 CFB Buoiler § 54307945.03 | § 85544120 | § 39087 71103 | §2502570.08 | § 104542585035 |§ B272577.02 (% = $10,454 295.03 | 121 269,822 41 404
4.4-49 |Other Gasification Equipment § 10.055,829.29 | § 5 b 8989265644 | § 7 § 19046011772 | § 114276706 | % 2856917.66 | § 285621766 | § 2550272010 a5
SUBTOTAL 4 & 162,866,769.87 $200,590,216.88 669
a4 Gas Cleanup and Piping § G 5 § 5
56 CO2 Compression § - $ § wiequip § - $ - 5 - |#
B Combustion Turhine/Accessories
E.1 Combustion Tuthing Generator §22958128.81 | wieguip wiaguip wieguip § 2295912881 |§ 137754773 | % 2295912088 | § 344386932 [§ 3007645874 100
E.2-B9 |CT Accessories §  3728951.87 § B470891.84 § 1019984371 |§ 61199062 | § - § 50099219 (% 11321 BX6.52 38
SUBTOTAL G § 33,158,072.52 § 41,398,285.26 138
7 HRSG, Ducting, and Stack
7.1 Heat Recovery Steam Generator b 5 5 - § i 5 i 3 i i
7278  |CFB Accessories, Ductwork & Piping § 968591307 | § § 731354467 | § § 1700245775 (% 1020147 46 | § i § 255036866 [§ 20572 97367 53
SUBTOTAL 7 & 17,002,457.75 $ 20,572,973.87 69
g Steamn Turbine Generator
8.1 5T & Accessories §  22.984,001.20 § 172120973 | §$143494585 | § 26.140,156.458 | § 1568409.39 [ § = § 392102347 [§ 31652858934 105
8.2-8.9 |Turbine Plant Auxiliaties and Steam Piping | § 295,352.26 § 2B75542.08 § 2971592434 | § 17831546 [ % x § M4578365([% 3AEE023.45 12
SUBTOTAL 8 & 29,112,080.82 $ 35,225,617.79 117
9 Cooling Water System § 2.857,435.64 b 2527 40576 §  5,384,844.40 | § 32300066 | % i § 80772666 |$ 6,575661.73 22
10 Ash/Spent Sorbent Handling System 5 1542F561.01 5 131650416 & 2,859,26517 | § 171555891 [ § 14296326 |5 42883975 | 8§ 3.602,674.11 12
il Accessory Electric Plant § 15599,801.05 §  4B46574.00 $ 20,246,675.06 |5 121450050 (F 101233375 | % 303700126 | § 25570,810.57 85
12 Ingtrurnentation and Control § 173294261 ¥ 510,553.63 § 2,243496.23 | % 134 B0977 [ § 1217481 | % 33652444 [§  2,826,805.25 9
13 Improvernents to Site § 281258894 § 1185652983 § 14,660,518.77 | § BA0 17113 % & § 220042782 | § 17.750,117.32 59
14 Buildings and Structures § 47334941 4442407 18 §  0,175901.29 | § 55055408 | % 5 § 137638519 | § 11,702,840.56 ¥
§ 204,246,460.76 | § 30,789,367.97 | § 109,493,891.67 | $7,736,004.24 | § 351,065,874.52 | § 21,063,948.87 | § 12,807,662.89 | $46,4712,740.29 | § 431,440, 166.57 1438
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Figure 4-2. Components of Total Plant Cost

@ Without Sequestration B With Sequestration




43  TOTAL PLANT INVESTMENT (TPI)

To determine the total investment required at date of start-up, the TPC is escalated by the average
interest rate over the congtruction period. Unlike the TPC, which assumes ingtantaneous construction,
TP ensures that escalation of construction costs and alowance for funds used during congtruction is
properly taken into account. The construction period was estimated to be 4 years. Assuming uniform
cash flow over the congtruction period, the TPl was caculated as follows:

TPl = TPC[1+iavg
where

lag = Averageinterest rate over construction period
= (Interest rate)(Construction Period in Years)/2 = 10%

The annud interest rate was taken as 5%.
44  TOTAL CAPITAL REQUIREMENT (TCR)

The TCR includes dl capitd required to complete the project. TCR is the sum of THI, pre-paid royadlties,
pre-production (start-up) costs, inventory capital, and land cost:

Royalties cods are assumed ingpplicable to the CO, hybrid plant

Pre-production costs cover operator training, equipment checkout, mgor changes in plant

equipment, extramaintenance, and inefficient use of fuel and other materids during Sart-up. They

are estimated asfollows:

- 1 month of fixed operating costs, operating and maintenance labor, administrative and support
labor, and maintenance materids.

- 1 month of variable operating costs at full cgpacity (excluding fudl) — includes chemicals, water,
and other consumables and waste disposa charges.

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

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

Inventory capital isthe capital required for initiad inventories of fud and other consumables, which

are cgpitalized and included in the inventory capita account. The inventory capita is estimated as

follows Fud and other consumables inventory (except water) is based on full-capacity operation for

15 days. In addition, an alowance of 2 percent of the TPC equipment cost isincluded for spare

parts.

Initia catdys and chemica charge coverstheinitia cost of any catalysts or chemicadstheat are

contained in the process equipment, but not in storage. In this study, this smal charge was included

with the equipment capital costs and is a part of the TPC.

Land cost is based on 100 acres at $10,000/acre.

The TPI and the TCR cost components are shown on Tables 4-8a and 4-8b.
45  OPERATING COSTSAND EXPENSES
Operating costs were expressed in terms of the following categories:

Operating Labor



Maintenance Cost
- Maintenance labor
- Maintenance materids

Adminigtrative and Support Labor
Consumables
Fuel Cost

These vaues were calculated in consstence with EPRI TAG methodology. All costs were based on a

firdt year bass with January 2000 dollars. The first year costs do not include start-up expenses, which
areincluded in the TCR.

The cost categories listed above are calculated, on a dollars per year basis, asfollows:

Operating labor is caculated by multiplying the number of operating personnel with the average
annua (burdened) compensation per person.

Maintenance costs are estimated to be 2% of the TPC and are divided into maintenance labor and
maintenance materids

- Maintenance |abor is estimated to be 40% of the total maintenance cost

- Maintenance maerids are estimated to be 60% of the total maintenance cost

Adminigrative and support labor is estimated to be equal to 25% of the sum of operating and

mai ntenance labor.

Consumables are feedstock and disposal cogts calculated from the annual usage a 100% load and
65% capacity factor. The costs is expressed in year 2000 dollars and levelized over 20 years on
congtant dollar basis.

Fud cod is calculated based on the assumed net cost for ddlivered cod, which is $1.24/MMBtu.
Thisisthe same vaue used in references [ 1] and [2] for other clean cod plants. Fuel cost is
determined on afirst year bass and levelized over 20 years on a constant dollar basis. The
caculation of first year fue cogtsis done asfollows:

Fud (tong/day) = (Plant Heat Rate)x (net capacity in kW) x 24 h/d
HHV x 2000 Ib/t

Fud Unit Cost ($/ton) = HHV x 2000 Ib/t x (Fuel Cost in ¥MMBtu) x 10°

Fuel Cost (1% year) = Fuel (tong/day) x Fuel Unit Cost ($/ton) x 365 d/yr x 0.65 (CF)
The operating and maintenance costs, excluding fud and consumables, are then combined and divided
into two components. Fixed O&M, which isindependent of power generation, and variable O&M,
which is proportiond to power generation. These are calculated as follows:
Fixed O&M ($/yr) = Operating Labor + Maintenance Labor + Administrative and Support Labor

Fixed O&M ($/kW-yr) = Fixed O& M ($/year)
Net Power (kW)

Vaiable O&M ($/yr) = Maintenance Materias

Variable O&M (¢/kWh) = Variable O& M ($/yr)
Net Power (kW) x CF x 8760

Where CF isthe plant capacity factor and 8760 is the tota number of hours in one year.
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The operating and maintenance codts for the hybrid plant with and without CO, sequestration are shown
on Table 4-6 below. The “tota production cost” shown at the bottom of the table expresses the charge of
operating and maintaining the basdline plant (including fuel and consumable costs) in terms of cents per

kilowatt-hour.

Table 4-6. Hybrid Plant Operating and Maintenance Costs and Expenses

With CO2 Sequestration

Plant Net Power = 294.9 MW
Capacity Factor = 65%

Operating and Maintenance Costs

Unit Cost

Operating labor 72 people $79,400.00
Maintenance Cost (2% of TPC)

Maintenance L abor (40%)

Maintenance Materials (60%)
Administrative Support and L abor 25 % of O&M Labor
Consumable Operating Costs (Except Fuel) Unit Cost
Water 2800 kgals/day $0.70
Weater Chemicals
Limestone
Start-up Fuel 5 starts/year
Startup Electricity 6300 MWh/yr $30
Start-up Sand (Gasifier) 125 ton/yr $5
Ash disposal 15 ton/hr $5
Fuel Cost (1999 Dallars)
Heat Rate = 9452 Btu/kWh Unit Cost

2802.78 MM Btus/hr $1.24

Total Production Cost

$lyear

$5,716,800.00

$4,463521.97
$6,695,282.96
$2,545,080.49

$lyear

$465,010.00
$342,679.35

$30,000.00
$189,000.00
$625.00
$427,050.00

$lyear
$19,789,211.70

FKW -yr
$19.39

$15.14
$22.70
$3.63

¢/KWh

0.018
0.013

0.001
0.007
0.000
0.017
0.056

¢/KWh
1179

2.39 ¢/kWh
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Table 4-6. (Continued from previous page)

Without CO2 Sequestration

Plant Net Power = 300 MW
Capacity Factor = 65%
Operating and M aintenance Costs

Operating labor 60 people
Maintenance Cost (2% of TPC)

Maintenance L abor (40%)

Maintenance Materials (60%)
Administrative Support and L abor 25 9% of O&M Labor
Consumable Operating Costs (Except Fuel)
Water 2545.4545 kgal s/day
Weater Chemicals
Limestone 25 tons/hr
Start-up Fuel 5 starts/year
Startup Electricity 6300 MWh/yr
Start-up Sand (Gasifier) 125 ton/yr
Ash disposal 80 ton/hr
Fuel Cost (1999 Dallars)
Heat Rate = 9452 Btu/kWh

2437.14 MM Btus/hr

Total Production Cost

Unit Cost
$79,400.00

Unit Cost

$0.70

$12.00

®w 8

Unit Cost
$1.24

$lyear

FKW-yr

$4,764,000.00

$3,451,521.33
$5,177,282.00
$2,053,880.33

$lyear

$422,736.36
$479,271.81
$1,708,200.00
$30,000.00
$189,000.00
$625.00
$2,277,600.00

$lyear
$17,207,593.37

$15.88

$11.70
$17.56
$6.96

¢/KWh

0.016
0.018
0.065
0.001
0.007
0.000
0.087

¢/KWh
1.007

2.12 ¢/kWh

46 COST OF ELECTRICITY (COE)

The cogt of dectricity isthe most sdlient result of economic analyses done on power generating plants. It
assembles widdly differing costs associated with dissmilar componentsin asingle parameter that can be
compared with other aternatives. COE is expressed in cents per kilowatt-hours or mills per kilowait

hours and isthe leveized cod pile-to-busbar cost of energy that satisfies the plant revenue requirements.

The COE vaue is made up of contributions from the capital cos, caled the carrying charge, the

operating and maintenance cogts, consumables, and fuel cogts. The following relationship is used to

cdculate COE from these cost components:

COE = LCC + LFOM x 100/(8760 X CF) + LVOM + LCM +LFC

LCC = Levdlized carrying charge, ¢/kWh
LFOM = Leveized fixed O&M, $KW-yr
LVOM = Levelized variable O&M, ¢/kWh
LCM = Levdized consumables, ¢/kWh
LFC = Levelized fud costs, ¢/kWh

CF = plant capacity factor (0.65)
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The basisfor caculating the capitd investment and revenue requirements for the reference plant and the
CO2 hybrid plant isgiven in Tables 4-7a and 4-7b, respectively. The basis and financid criteriaare
identica to those used in references [1] and [2]. The main output of this economic anadlyss, whichisthe
cgpita investment and revenue reguirements summary is given in Table 4-8afor the CO, hybrid plant
and in Table 4-8b for the reference hybrid plant without CO, sequestration.

As Tables 4-8a and 4-8b show, the levelized COE for 65% capacity factor was calculated at 7.53 ¢/kWh
with CO, sequestration, and at 6.09 ¢/kWh without CO, sequestration.

4.7 CO2; MITIGATION COST (MC)

Another useful parameter to compare CO, capture technologies, besides the COE, is the mitigation cost
expressed in $/tonne of CO, avoided. This value shows the cost impact, in dollars per tonne of CO, that
would otherwise be emitted, of going from the reference plant to a configuration that dlows CO-

capture.
The MC is caculated as follows:

MC = COEuith removal -~ COEeference X 0.01 $/¢
Ereference - Ewith removal

COE = Cost of dectricity in ¢/kWh
E = CO, amisson in tonneskWh

As seen on Table 4-8a, the mitigation cost for the CO2 hybrid technology was calculated at 18.7 $tonne
of CO, removed, for a capacity factor of 65%.
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Table 4-7a. Edimate Bass/Financia Criteriafor Revenue Requirement Caculations. CO, Hyhbrid

GEMNERAL DATAJCHARACTERISTICS

Plant Type:

Flant Size:

Location:

Fuel: Primary/Secandary

Energy from Primary/Secondary Fuels:

Levelized Capacity Factor / Preproduction (equivalent months):

Capital Cost Year Dollars (Reference Year Dollars):
Deliverad Cost of Primary/Secondary Fuel:

Design/ Construction Period:

Plant Start-up Date (1st year Dollars):

Land Area/Unit Cost:

FINAMCIAL CRITERIA

Project Book Life:

Book Salvage Yalue:

Project Tax Life:

Tax Depreciation Method:

Property Tax Rate:

Insurance Tax Rate:

Federal Incorme Tax Rate:

State Incorne Tax Rate:

Investment Tax Credit/% Eligible

Economic Basis:

Capital Structure
Commaon Equity
Preferred Stock

Debt
Weighted Cost of Capital: (after tax)

Combustion Hybrid With COZ Sequestration (Advanced CO2 Cycle)
2949 MW net
Sea Level, Middletown USA
lllinois #5 -
9504 BtukWh - Btu/kWh
E5% 1 months
2000 (January)
1.24 §MBtu - $/MBtu
4 years
2004 (January)

100 acres $10,000 F Acre

20 years
%o
20 years

Accel. Based on ACRS Class

1.0 %
1.0 %
M0 %
42 %
% - %
Ower Book Constant Dollars
% of Total Cost{%)
45 12.0
10 ]
45 a0

8.61%
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Table 4-7b. Edimate BasisFinancia Criteriafor Revenue Requirement Caculaions: Reference Plant

GEMNERAL DATAICHARACTERISTICS

Flant Type:

Flant Size:

Location:

Fuel: Primary/Secondary

Energy from Primary/Secondary Fuels:

Lewelized Capacity Factor / Preproduction (equivalent months):

Capital Cost Year Dollars (Reference Year Dallars):
Delivered Cost of Primary/Secondary Fuel:

Design/ Construction Period:

Plant Start-up Date (1st year Dollars):

Land AreaflUnit Cost:

FINAMCIAL CRITERIA

Froject Book Life:

Book Salvage Value:

Project Tax Life:

Tax Depreciation Method:

Property Tax Rate:

Insurance Tax Rate:

Federal Income Tax Rate:

State Income Tax Rate:

Investrment Tax Credit/% Eligible

Economic Basis:

Capital Structure
Commaon Equity
Preferred Stock

Debt
Weighted Cost of Capital: (after tax)

Combustion Hybrid without CO2 Seqguestration (GFBCC Cycle)
300 kWY, net

Sea Level, Middletown LSA

lllinois #5 -
8,124 BtukWh - Etu/kwWh
B5% 1 manths
2000 rJanuary)
1.24 MBtu - $/MBtu

4 years
2004 rJanuary)

100 acres $10,000 7 Acre

20 years

%

20 years

Accel. Based on ACRS Class

1.0 %
1.0 %
30 %
42 %
% - %
COwer Book Constant Daollars
% of Total Cost(%)
45 12.0
10 8.5
45 9.0
8.81%
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Table 4-8a. Capitd Investment and Revenue Requirement Summary: CO, Hybrid

Case: CO2 Hybrid Flant
Plant size: 294.9 MW net
Primary/Secondary Fuel {type): inois #5
Design/Construction: 4 (years)
TPC (Plant Cost) Year: 1993 (dec.)
Capacity Factor: 65 (%)

MNet Cycle Efficiency:

Net Plant Heat Rate (NPHR):
Cost:

Book Life:

TPI Year:

C0Z2 Removed:

35.90%

9504 (Btufkdwh)
1.24 (BMMBLL)
20 (years)
2000 (Jan)

16517 096 (tonsdyear)

CAPITAL INVESTMENT
Process Capital and Facilities
Engineering (Incl. C.M., H.Q., and Fee)
Process Contingency
Project Contingency

TOTAL PLANT COST (TPC)
TOTAL CASH EXFENDED

AFDC

TOTAL PLANT INVESTMENT (TP}

Royalty Allowance

Preproduction Cost

Inventary Capital

Initial Chemicals and Catalysts (w/ieguip)
Land Cost

TOTAL CAPITAL REQUIREMEMT (TCR)

OPERATING & MAINTENANCE COSTS {1999 DOL L ARS)
COperating Labor
Maintenance Labar
Maintenance Materials
Adrinistrative Support and Labar

TOTAL OPERATION & MAINTENANCE
FIXED O & M

WARIABLE O &

CONSUMARBLE OPERATING COSTS less Fuel (1999 DOLLARS)
YWWater

Chernicals

Other Consumables

YWaste Disposal

TOTAL CONSUMABLE OPERATING COST

FUEL COST {1999 Dollars)

PRODUCTION COST SUMMARY
Fixed Q&M

“ariable O&M

Consumables

By-product Credit

Fuel

TOTAL PRODUCTION COST

LEVELIZED CARRYING CHARGES (Capital)

LEVELIZED {Over Book Life}) BUSBAR COST OF POWER

$x1000
456 911
27 415
18,6345
54 979

5 557,940
b 557 240
! 49,439

! B07,430

14 478
$2,750

$1,000

! 525 B55

$x1000
5717
4 464
6635
2545

b 19,421

$=1000
465
343
220
427

§ 1,454

§ 19,739

4315 BkW-yr

0.40 cfkWh

Levelized (Over Book Life §)
$/tonne CO2 avoided

2.02
1.23
(1.78)

22
368

14.95

18.65

/KW

1

549.4

93.0
B3.2
186.4

1,892.0

LR

c/kWh

1=
==
=

19.4
1a.1
227

8.6

B5.9

0.0z
001
0.01
0.0z

0.06

1.15

0.76
0.40
0.0

1.18
239

$5.14

$7.53
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Table 4-8b. Capitd Investment and Revenue Requirement Summary: Reference Plant

Case: 02 Hybrid Plant
Plant size: 300 MW net  Met Cycle Efficiency:
Primary/Secondary Fuel {type): Ninois #5 Net Plant Heat Rate (NPHR):

Design/Construction: 4 (years)  Cost:

42.0%
B124 (Btukvh)
1.24 (5MMEB)

TPC {Plant Cost) Year: 1999 (dec.) Book Life: 20 (years)
Capacity Factor: 65 (%) TPI Year: 2000 (Jan)
C0Z Removed: {tonsdyear)
CAPITAL INVESTMENT $x1000 SN
Process Capital and Facilities 351 05R 11702
Engineering (Incl. C.M., H.QL, and Feg) 21,064 70.2
Process Contingency 12,593 43.0
Project Contingency 46,413 124.7
TOTAL PLANT COST (TPC) ] 431,440 143581
TOTAL CASH EXPENDED 5 431,440
AFDC 5 358 269
TOTAL PLANT INWVESTMEMT (TPI) ] 465 709
Royalty Allowance
Preproduction Cost 511,453
Inventory Capital 2,109
Initial Chemicals and Catalysts (wiequip)
Land Cost 51,000
TOTAL CAPITAL REQUIREMENT (TCR) ¥ 4584 276
OPERATING & MAINTENANCE COSTS (1999 DOL L ARS) $x1000 LUUEY
Oiperating Labar 4 764 159
Maintenance Labor 3,452 11.8
Maintenance Materials 5177 173
Administrative Support and Labor 2,054 6.8
TOTAL OPERATION & MAINTENANCE § 159447 51.5
FIXED O & M 34.23 BW-yr
WARIABLE O & M 0.30 cikvh
CONSUMARBLE OPERATING COSTS less Fuel {1999 DOLLARS]) $x1000 c/kWh
Water 423 0.02
Chemicals 2187 008
Cther Consumables 220 0m
Waste Disposal 2278 0.02
TOTAL COMSUMABLE OPERATING COST ¥ 5,107 019
FUEL COST {1999 Dollars) ] 17,208 1.01
Lewvelized (Over Book Life §)
PRODUCTION COST SUMMARY $/tonne COZ c/kWh
Fixed D&M 0.60
“ariable O&M 0.30
Consumables 0.19
Biy-product Cradit 0
Fuel 1.01
TOTAL PRODUCTION COST 2N
LEVELIZED CARRYING CHARGES (Capital) $3.98
LEVELIZED {Over Book Life) BUSBAR COST OF POWER 6.09

51



Section 5

RESULTS AND DISCUSSION

The primary objective of this sudy was to investigate the viability of a promisng method to generate
power from cod and sequester 100% of the carbon dioxide and other gaseous pollutants. The CO,
recycle method, applied in this study to the Foster Whedler hybrid cycle (GFBCC), was targeted to
achieve:

Lowest efficiency pendty for carbon sequestration than dternative methods
Lowest CO2 mitigation cost compared to dternatives
Lowest cost of dectricity (COE) among cod fired dternatives

As the data and graphs presented in this section will show, the first two of these objectives have been
demondtrated. The CO, recycle method results in the lowest efficiency drop (6.1%) among leading
dternatives, matching™® or below!® that of the IGCC design with pre-combustion CO, separation. The
CO,, recycle method also results in the lowest cost to convert the reference plant to capture 100% of the
COs.

This section will also reiterate that the third objective, lowest COE among dternatives, has not been
satisfied with the CO, hybrid cycle technology. Although the cost difference between the reference
plant and the CO, sequestering configuration is the lowest among dternative technologies the base cost
of the reference plant (the air fired GFBCC) is 30% higher than the lowest IGCC egtimate (1438 $/kW

vs. 1111 $kW). Thisleads to higher cost of eectricity for both the reference plant and the CO2 hybrid
plant.

51 PERFORMANCE RESULTS

Asdiscussed in detail in section 2.3, the CO;, hybrid cycle diminates al indirect losses, such as those
created by water-gas shift, CO, absorption, and solvent regeneration, trading them off with greater direct
losses due to the larger air separation unit. The CO» hybrid cycle uses up to 2.5 times the oxygen
required by an IGCC with pre-combustion CO, separation (see section 2.5). The net result of this trade-
off isan efficiency pendty of 6.1%.

Figure 5-1 compares the efficiency pendties of CO2 sequedtration by various methods. The dataiis from
reference [1] for all cases except IGCC case 3E, which isfrom reference [2]. The following plants are
used for the comparison:

Supercritical PC with post-combustion CO2 remova with amine (Reference [1], case 7A)

Natura Gas Combined Cycle (NGCC) plant with post-combustion CO2 removd using amine (Ref.
[1], case 1A)

| GCC with pre-combustion CO2 remova using a double-stage selexol unit (Ref. [1], case 3A)

|GCC with pre-combustion CO2 remova with water scrubber using a double-stage seexal unit (Ref.
[2], case 3E)

As the chart shows, the CO2 hybrid plant matches the efficiency drop of the best IGCC design with pre-
combustion CO2 remova. The second IGCC design is different in that it incorporates a water scrubber

1> Reference [1], case 3A
16 Reference [2], case 3E, described as a more “realistic” version of case 3A from reference [1].
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for the water-gas shift reaction. The authors[2] dtate that the inclusion of the water scrubber makes the
|GCC design more redigtic for acommercia application.

The post-combustion technologies, namely the PC and NGCC, where the CO2 is scrubbed out of the
flue gases uang a solvent, suffer the highest pendties. Thisis not surprisng, Snce the flue gas partid
pressure of CO2 (adriving force for the absorption) is far lower than that in the IGCC syngas before
combustion in the gas turbine.

A point worthy of note is that the power consumption values used in references[1] and [2] for IGCC
plants are about 12% lower (in KWH/Ib of oxygen generated) than the vaues used here. For this study,
power consumption vaues communicated by Air Products were used. We have confidence in our
vaues and bdieve that they reflect the energy costs more accurately than the values used in references
[1] and [2].

Efficiency Penalty, %

SCPC NGCC IGCC IGCC CO2
(case 7A) (case 1A) (case 3E) (case 3A)  Hybrid

Figure 5-1. Efficiency Penaty Associated With CO2 Sequestration For Various Capture Methods.
Supercritical PC, NGCC, and IGCC case 3A taken fromreference [ 1]. IGCC case 3E taken
fromreference[2].

The energy efficiency pendtiesimpact the bottom line of plant operations and reduce the net cycle
efficiencies of the plants utilizing these CO2 mitigation methods. Figure 5-2 shows the net plant
efficiencies of the technologies compared in Figure 5-1. Although the NGCC with post combustion CO2
remova hathe highest plant efficiency a 39.2%, thisis a meager vaue compared to its without
sequestration value of 50.1%. The CO2 hybrid retains a reasonable 35.9% efficiency, which ison a par
with the best modern conventiond coa plants of today.

Since the main objective in developing these technologies is emissons mitigation, another performance
measure to use for ranking them is the emissions per unit of net power produced. The CO2 hybrid cycle
isthe only truly “zero emission” plant, where not only the CO2 but al of the other emissions (e.g. NOx
and SO») are 100% sequestered. An emissions comparison is shown on Table 5-1.
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SC PC

NGCC IGCC
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Figure 5-2. Net Cycle Efficiencies of Power Plants With CO, Sequestration.
Supercritical PC, NGCC, and IGCC case 3A taken from reference [1]. IGCC case 3E
taken fromreference[2].

Table 5-1. Emissons From Various Power Plants with CO, Sequestration.

Supercritical PC, NGCC, and IGCC case 3A taken fromreference [1]. IGCC case 3E taken

fromreference[2].
Emissons (IbsMWh)
Technology CO, NOX SO, Particuldle
SC PC (case 7A) 237 1.85 1.01 0.12
NGCC (case 1A) 98.86 0.28 Negligible Negligible
IGCC (case 3A & 3E) 162 0.25 Negligible Negligible
CO, Hyhbrid Negligible | Negligible Negligible Negligible

Asthese reaults clearly show, on a sheer performance basis, the CO, hybrid cycleis competitive with
the IGCC with pre-combustion CO; capture, and can best it on an emissons basis.

52 ECONOMICSRESULTS

There are two main parameters that are sdient to this economic andysis: (1) the cost of eectricity

(COE) of the technology and (2) the cost of CO, mitigation. The first expresses, in asingle parameter,
what the cost of the technology isin terms of what a plant owner must charge for the dectricity in order
to satisfy the returns to debt and equity that are demanded by investors. The second describes what the
cost of the sequestration method would be to implement on any given technology platform. Thefirst
depends on the capita and operating costs of the base technology while the second looks only at the cost
difference between the base technology with and without sequestretion.

In evaluating the CO, recycle method the second parameter is the more relevant because this method can
be applied to various technologies including IGCC and Supercritica PC. However, in evauating the
feagbility of the CO, hybrid plant technology (i.e. the CO, recycle method applied specifically to the
GFBCC), the COE would be most relevant.

The economic andyss determined that the CO2 Hybrid Cycle has one of the highest capitdl costs and
the highest COE among dternative technologies reported [1,2]. Table 5-2 compares the capita costs
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(TPC per KW of net power) of adternative technologies with CO2 sequestration. The IGCC estimate
varies quite widely based on the source of the data. All of the data on Table 5-2, except the CO2 Hyhbrid,
were taken from references[1] and [2].

Table 5-2. Capita Costs of Carbon Sequestering Technologies

Without Sequestration With Sequestration
Capital | Net Levelized | Method Capital | Net Levelized
Technology Study Cost | Output | COE Cost | Output | COE
$/kKW MWe | ¢/kWh $/kKW MWe | ¢/kWh
Audus/|EA™ 1470 408 4.8 2200 382 6.9
Herzog/MIT | 1401 4.99 1909 6.69
IGCC Simbeck/SFA | 1100 400 3.9 Pre-comb. [ 2075 400 7.0
Pacific'®
EPRI/Parsons™ | 1111 425 477 1510 404 6.26
SCPC EPRI/Parsons™ | 1143 460 515 Post-comb. | 1981 330 8.56
NGCC EPRI/Parsons™ | 505 510 342 Post-comb. | 1010 400 5.79
CO. Hvbrid Foster Wheedler | 1438 300 6.09 CO, 1892 295 7.53
2 Y (this study) recycle

While this table shows the CO, Hybrid plant to be the second highest COE, it is noteworthy that the
difference between the cost of the technology with sequestration and that without sequestration is lowest
with the CO; recycle method. Thisisillugrated in Figure 5-3, which shows the % increase in the capita
cost and the COE of power plants as aresult of incorporating CO, sequestration.

100%-

90%

80%

70%+

60%

50%

% Increase

40%

30%

20%+

NN N N N N N NN

10%-

0%
NGCC SCPC IGCC IGCC IGCC IGCC FW

(Audus) (Herzog) (Parsons) (Simbeck) Combustion
Hybrid

|I:|Capital Cost B COE |
Figure5-3. Increase In Plant Costs as a Result of Building CO, Sequestration Capability

7 Coal $1.5/GJ

'® Coal $1.18/GJ

' Coal $0.95/GJ

% Case 3B (without sequestration) and case 3E (with sequestration). Coal $1.22/GJ
2L case 7C (without sequestration) and case 7A (with sequestration). Coal $1.22/GJ
# case 1C (without sequestration) and case 1A (with sequestration). Coal $1.22/GJ
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Thisis because of the symplicity of the CO, recycle method and the relatively few components and
systems required to convert the base plant. Fewer systems leads to lower capita and operating cost
additions. Not surprisingly, this resultsin the lowest CO, mitigation cost, approaching $10/tonne of CO,
avoided at 85% capacity factor, for the CO, hybrid plant. Thisis shown in Figure 5-4 below.

707
601
507
401
307
201
101

ANANANANANAN

$/tonne CO2 avoided

NGCC SC PC IGCC IGCC FW CO2
(case 1A) (case 7A) (case 3E) (case 3A)  Hybrid

0 65% Capacity Factor ll 85% Capacity Factor

Figure 5-4. Cost of CO, Mitigation For Various Plant Technologies
5.3 PLANT AVAILABILITY ARGUMENTS

The Foster Whedler combustion hybrid technology, dso caled the gagfication fluid bed combined cycle
(GFBCC), is believed to offer certain operationd advantages that were not taken into account in this
economic evauation. Two main advantages are fud flexibility (ability to use both low and high rank
coas) and greater anticipated reliability of the GFBCC compared to an IGCC plant. Both of these
advantages exist because circulating fluid bed technology is used for both the gasification and char
combustion processes. The fluid bed gasifier operates at amodest 2000 deg. F, virtualy diminating ash
dagging and refractory problems associated with high temperature operation in IGCC gadfiers.

It is, therefore, reasonable to assume that the GFBCC and the CO2 hybrid plant will achieve greater
plant availabilities as devel oped technologies and may even be consdered “base-loaded” plants. A
sengtivity andyss, done using the capacity factor as a variable, showed that the CO, hybrid operating at
82% capacity factor breaks even with the best IGCC? result reported in reference [2]. This breskeven is
illugrated in Figure 5-5.

2 Ref. [2] case 3E operating at 65% capacity factor
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Figure 5-5.

CO, Hybrid Plant COE as a Function of Capacity Factor.
The dashed line shows the COE of an IGCC operating at 65% CF (ref. [2] case 3E).
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Section 6
CONCLUSIONS

Although the potentid of the CO, recycle concept to reduce the incremental costs of avoiding CO,
emissions was demongtrated, the Foster Whedler combustion hybrid cycle used as a reference for the
study led to higher capita and levelized cogts than the leading estimates for IGCC plants with pre-
combustion CO, removd.

It is believed that the cost of the reference plant is higher because the estimate is based on a
demondtration plant. One can make the argument that application of the concept at alarger commercia
scale could bring the cost down on a par with the IGCC cases used as comparison. However, there is
currently no data available to substantiate this thought.

Other arguments in favor of the combustion hybrid concept are:

Plant religbility would be higher due to smpler configuration compared to IGCC. Thiswould imply
that the combustion hybrid might be able to take credit for ahigher capacity factor than the IGCC,
changing the economic equation. Operating the CO2 hybrid cycle a 80% CF would match the cost
of dectricity of the best IGCC estimate derived a 65% CF.

The combustion hybrid plant utilizes circulating fluidized beds for both gasfication and combustion.
Furthermore, the gasifier operates at a modest 2000 deg. F. In addition to improving availability,
these attributes alow the technology to be highly fuel flexible and able to utilize awide variety of
inexpensive cods.

Gas turbine availability is dso likely to be an issue in the commercidization of this concept. Gas turbine
manufacturers must see a clear market demand for this technology to engage in costly devel opment
work for a high pressure-ratio engine that can efficiently use a CO2 rich working fluid. Market demand
could be created if the concept can demonstrate a clear and substantial benefit compared to the IGCC
with pre-combustion capture approach.

L ooking Ahead

To further evauate the merits and potentid of the CO, recycle concept, a conventiona 1GCC plant
should be used as areference. The IGCC would then be converted to a CO2 cycle configuration by
enlarging the air separation unit to provide 100% stiochiometric oxygen, instead of 40 to 50%, and
going to an oxygen and recycled CO; fired turbine. This would enable an enriched CO, stream that
could be drawn off and sequestered.

The economic feashility of such a conversion can be directly compared with the same reference IGCC
with pre-combustion CO, removdl.

Air separation costs make up asignificant portion of the cost adder to the base plant configuration. New
developmentsin air separation, such as oxygen trangport membranes (OTM) have the potentid to reduce
this cost. The feasihility of the concept should be evauated with the OTM, and with customized and
optimized cryogenic ASU designs integrated into the cycle (best possible cryogenic design).

Lastly, better gas turbine definition (design, performance, and economics) and gas turbine availability
assessments are necessary to evaluate the future commercidization of the concept.
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Casel:

Cae 2:
Case 3

Cae 4.

APPENDIX A

HEAT AND MATERIAL BALANCES
CASES1, 3,AND 4

Commercidly avalableindustrid turbomachinery with gas rehegt is used for the topping
cycle/ASU delivers oxygen at 15 psa/CO- isremoved from the cycle at low pressure
(compressor inlet).

Deleted (avariation of case 1)

Advanced Intercooled Aeroderivative (ICAD) engine used for the topping cycle/ASU
delivers oxygen at 15 psa/CO2 isremoved from the cycle a high pressure (compressor
discharge)

Advanced Intercooled Aeroderivative (ICAD) engine used for the topping cycle/ASU
delivers oxygen at 850 psa/CO2 is removed from the cycle at high pressure (compressor
discharge)

Note: Asmentioned in Section 2 of the report, these cases wer e examined but not used in the
study. Case 5, detailed in thereport, isthereference case for plant conceptual design. Heat and
material balancesfor cases 1, 3, and 4 are presented here as additional information.



CASE1

ASU

O, How, kib/hr

Power Consumption, MW

O, Ddlivery Pressure, psia
Gasifier

Coal Feed Rate, kib/hr

O, Feed Rate, kib/hr

Steam Feed Rate, kib/hr
Syngas Flowrate, klb/hr
Syngas LHV, btu/scf

Syngas Cooler Duty, mmbtu/hr
Char Howrate, kib/hr

Gas Turbine

Type

Output, MW

Exhaust FHow, kib/hr

1* Stage Turbine Inlet Temp., F
2" Stage Turbine Inlet Temp., F
Turbine Exhaust Temp., F
Steam Turbine

Output, MW

Main Steam Flowrate, kib/hr
Reheat Steam Flowrate, klb/hr
CFB Boiler

Cod Feed Rate, klb/hr

Flue Gas Flowrate, klb/hr

CO, Compression and Dehyd.

CO; Inlet Pressure, psia

CO, FHowrate, kib/hr

CO, Sequestered as

Overall System Performance
Net Efficiency, %

Net Power Output, MWe

Auxiliary Power Consumption, MW

The main feature in this case is the use of an industrial CO, compressor and atwo stage industria
turbine. The HP turbine section takesthe gasin a 700 psiaand 1000 deg.F (its maximum operating
temperature) and releasesit at 250 psia and 800 deg. F. The gasis then re-hesated by firing with syngas
to 1600 deg. F, and passes through the | P section of the turbine.

This case represents and aternative that uses existing compressor and gas turbine technology for the
topping cycle. However, the limitation of the HP section inlet temperature to 1000 deg. F limitsthe

cycle efficiency to around 31%.
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Figure A-1. CO; Hybrid Cycle Case 1



CASE 3

ASU

O, How, kib/hr 497
Power Consumption, MW 55.5
O, Délivery Pressure, psia 15
Gasifier

Coadl Feed Rate, klb/hr 180
O, Feed Rate, kib/hr 89
Steam Feed Rate, kib/hr 16
Syngas Fowrate, kib/hr 582
Syngas LHV, btu/scf 156
Syngas Cooler Duty, mmbtu/hr 280
Char Flowrate, klb/hr 63
Gas Turbine

Type ICAD
Output, MW 108
Exhaust Flow, kib/hr 2030
Turbine Inlet Temp., F 2270
Turbine Exhaust Temp., F 1167
Steam Turbine

Output, MW 284
Main Steam Howrate, kib/hr 1300
Reheat Steam Flowrate, kib/hr 1521
CFB Boiler

Coal Feed Rate, klb/hr 61
Hue Gas Flowrate, klb/hr 2379
CO, Compression and Dehyd.

CO; Inlet Pressure, psia 756
CO, Howrate, kib/hr 571
CO; Sequestered as Vapor
Overall System Performance

Net Efficiency, % 35.7
Net Power Output, MWe 295
Auxiliary Power Consumption, MW 97.1

This case evduated the possibility of removing the CO, for sequestration at a pressurized state from
the booster compressor discharge. This configuration eliminated gas compression costs but required a
Separate oxygen compressor so that the main compressor discharge could have concentrated CO, gas
for sequestration.
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CASE 4

ASU

O, How, kib/hr 506
Power Consumption, MW 88.1
O, Ddlivery Pressure, psia 850
Gasifier

Coal Feed Rate, kib/hr 190
O, Feed Rate, kib/hr 91
Steam Feed Rate, kib/hr 15
Syngas FHowrate, kib/hr 577
Syngas LHV, btu/scf 159
Syngas Cooler Duty, mmbtu/hr 283
Char Flowrate, kib/hr 69
Gas Turbine

Type ICAD
Output, MW 107
Exhaust Flow, kib/hr 2091
Turbine Inlet Temp., F 2225
Turbine Exhaust Temp., F 1137
Steam Turbine

Output, MW 281
Main Steam Howrate, kib/hr 1300
Reheat Steam Flowrate, klb/hr 1524
CFB Boiler

Coa Feed Rate, klb/hr 54
FHue Gas Flowrate, klb/hr 2443
CO, Compression and Dehyd.

CO; Inlet Pressure, psia 838
CO, Howrate, kib/hr 580
CO, Sequestered as Lig.
Overall System Performance

Net Efficiency, % 33.2
Net Power Output, MWe 277
Auxiliary Power Consumption, MW 1114

This case evauated the possibility of removing the CO, for sequestration at a pressurized state from the
booster compressor discharge. This configuration eliminates gas compression costs but ordinarily requires
a separate oxygen compressor So that the main compressor discharge can have concentrated CO, gas for
sequedtration.

To avoid the additiona oxygen compressor this case investigated the possibility of getting pressurized
oxygen from the ASU (pumped as cryogenic liquid and vaporized). Foster Wheder’s origind calculation
of ASU power consumption reguirements showed favorable results for this case. The ASU power
consumption values were revised using the values reported by Air Productsin their quote for this
configuration. The corrected vaues were much higher than originally anticipated and made this gpproach
less than optimal.
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APPENDIX B

SUMMARY ECONOMIC DATA FOR ANALYSISBASED ON
YEAR 2004 DOLLARS

This Appendix contains the following data:

Hybrid Plant Without CO, Sequestration (reference plant)
Totd plant cost tabulation
Edtimate basigfinancid criteriafor revenue requirement caculations
Capitd investment and revenue requirement summary

CO, Hybrid Plant
Totd plant cost tabulation
Edtimate bassffinancid criteriafor revenue requirement caculations
Capital investment and revenue requirement summary

A July 2001 cost estimate of the GFBCC (Hybrid plant without CO2 sequestration) was used for the
estimate. Based on guidance from Foster Whedler commercid estimating department, the 2001 costs
were escaated as follows:

B Equipment costs were escalated at 5% a year to account for therisein steel pricesin
recent years

B All labor cogts, including engineering, congtruction and operation were escaated a
3.5% per year.



HYBRID PLANT WITHOUT CO, SEQUESTRATION (REFERENCE
PLANT)



Table B-1. Totd Plant Cost Summary for Hybrid Plant Without CO, Sequestration (Reference Plant)

GBBCC Combustion Hybrid Plant Cost Estimate
Cost Base 2004
Plant Net Power Output:

300 Mw

Bare Erected | Plant Comiss. & Contingency Total
Acet. No. |ltem/Description Equipment Engineering Installation Comissioning Cost EPC Mgt. Process Project Cost kW
182 Coal and Sorbent Handling § 279531792 § 1,5892308.13 §  4,688,626.05 | % 281317.56 | § - §  ¥0329391 |8 5,673,237.52 19
2 Coal and Sorbent Prap and Feed § 525532208 § 558717063 § 13.843.492.72 1% 3060956 | §  F9217464 [§ 2076523.91 | § 17.442.800.82 58
] Feedwater and Misc. BOP systerns § 1776662190 | $14,357346.34 | § 13,006,923.48 $ 45.160,961.72 | § 270965770 | § i § 677414426 | § 54.644.763.69 182
4 Gasifier and Accessories
4.1-4.2 |Gasifier and Auxiliaties § 3283009535 | $10325 532,56 $3550458310 | § 4570610902 | % 2580255554 |§ 700551635 | % 700591635 | § B3,520,305.26 212
4.3 Air Separation Unit 5 - | wequipment wifaquipment wliequipment | § - 5 - 5 - ) - b - -
4.4 CFE Boiler b B57168.42218 |5 877143057 | § 44 B4B59017 | §2961.749.12 | § 12310019184 | § 736601151 | § 7 §12310,019.15 | § 142,796 222.54 476
4.4-4.9 |Other Gasification Equipment § 121695835843 | § % $ 10,268,164.72 | § % § 2243500315 |% 134628019 |§ 336570047 | § 336570047 | § 3051565428 102
SUBTOTAL 4 § 192,244,304.00 $236,832,215.07 789
54 Gas Cleanup and Pipirg § - § - 1% 5
56 COZ Comprassion § - |3 - |5 wieguip $ § 5 - |8 $ -
B Combustion Turbine/Accessaties
B.1 Combustion Turbineg Generator §  27,783,000.00 | wiequip wiaguip wiequip § 2778300000 % 166690000 |F 277830000 %F 416745000 | F 36,395 730,00 121
6.2-6.9 |CT Accessories 5 451243035 § 7.391.4584.18 § 1190391454 | § 71423457 | § x § 589519573 (§F 1321334513 44
SUBTOTAL B $  30.686,914.54 $ 49.609,075.13 1635
7 HRESG, Ducting, and Stack
7.1 Heat Recovery Steam Generator b - 5 - ¥ - ) 3 b 3 2
7278 |CFB Accessories, Ductwork & Piping § 1172452045 | § = 5 8354015844 | § § 2007863592 |5 120471534 | § # 5 301179564 | § 24295 153.10 g1
SUBTOTAL 7 §  20.078,638.92 $ 24.295,153.10 81
8 Steam Turbine Generator
8.1 STG & Accessories § 2781309825 $ 196608053 | 5163909050 |§ 31 M826928 |F 188509616 | § - § 471274039 | § 38,016,105.83 127
§.2-8.9 |Turbine Plant Auxiliaries and Stearn Piping [ § 358,654 .22 § 3,056,152.58 § 5414583680 | § 20489021 | § x b 81222552 1§ 4131952453 14
SUBTOTAL 8 $  34,833,106.08 $ 42,148,058.36 140
g Cooling Water System § 345780620 § 2,5865971.40 $  6,34777.60 5% 380686.66 | § 5 § 95171664 | § 7.677.180.89 26
10 Ash/Spent Sorbent Handling System § 157582513 § 15033307 §  3,079.738.19 | § 18478429 | § 153.986.91 | § 4B196073 | §  3.880.470.12 13
1 Accessory Electric Plant § 1887742676 § 530795937 $ 24.185396.13 |5 145112377 |§ 120926981 | § 36527 509.42 | § 30.473,599.13 102
12 Instrurnentation and Control § 209704579 b 583,188.40 §  2.680,234.19 | § 160,814.05 | § 13401171 | § 40203513 | §  3.377,005.08 11
13 Improverents to Site § 340353326 § 1354377595 $ 16.947,309.22 |5 101653555 | % % § 2542096.35 | § 20.506.244.15 68
14 Buildings and Structures ¥ 572503354 § 507441373 § 10.802.447.57 | § G45,146.85 | § 5 § 162036714 | § 13.070,961.56 44
$ 246.869,090.16 | § 34,484,309.26 | $125.071,224.80 | $8.151.322.72 | § 414,575.946.94 | § 24.874,556.82 | $ 15.339,359.89 | § 54,840,990.99 | § 509.630,854.63 1.699




TableB-2. Estimate BasgFinancid Criteriafor Revenue Requirement Caculations: Reference Plant

GENERAL DATAICHARACTERISTICS

Plant Type:

Plant Size:

Location:

Fuel: Primary/Secandary

Energy fram Primary/Secondary Fuels:

Levelized Capacity Factor / Preproduction (equivalent ronths):

Capital Cost Year Dollars (Reference Year Dollars):
Delivered Cost of Primary/Secondary Fuel:

Design/ Construction Period:

Plant Start-up Date (1st year Dollars):

Land Area/lnit Cost:

FINANCIAL CRITERIA

Project Book Life:

Book Salvage Walue:

Praject Tax Life:

Tax Depreciation Method:

Froperty Tax Rate:

Insurance Tax Rate:

Federal Income Tax Rate:

State Income Tax Rate:

Investrment Tax Credit/ Eligible

Econamic Basis:

Capital Structure
Cammon Equity
Preferred Stock

Debt
Weighted Cost of Capital: (after tax)

Combustion Hybrid Yithout COZ Sequestration (GFBCC Cycle)
300 WY, net

Sea Level, Middletown LISA

lllinois #5 -
8,124 Btu/kwh - Btuskwvh
B5% 1 manths
2004 {July)
1.14 $/MBtu - -- $MBtu
4 years
2008 (July)
100 acres $10,000 7 Acre
20 years
- %
20 years

Accel. Based on ACRS Class

1.0 %
1.0 %
340 %
42 %
- % - %
Owvar Book Constant Dollars
% of Total Cost(%)
40 12
0 8.5
B0 7
7.456%



TableB-3. Capitd Investment and Revenue Requirement Summary: Reference Plant

CAPITAL IMWESTMENT AND REVENUE REQUIREMERT SUKMBMARY

Lase; G2 Hybnd Plant
Flant size; a0 B net Met Cycle Efficiency: A2.0%
Frimary'Sacondary Fual flypak Mirais %6 Het Plant Heat Rate (NFHR): B.124 (Biutoh)
DiasigniConstrction; 4 [yaars)  Cost: 124 (FMiiB )
TPC (Plamt Costh Vear: 1959 [dac.] Book Life: 20 (yaars]
Capacity Factor: Ea [%) TPl Wear: 2000 Jam)
CE Removel: - (onedyes)
CAFITAL INVESTMENT Foa 1000 b
Process Capital and Faciliies 114 57E 12810
Erginearing {Incl. .k, HO., and Fee) 24 Br5 623
Process Contingency 15 539 511
Project Conlingency 54 541 1828
ToTaL PLAKMT COST (TPC) k] smEN 15928
ToTAL C&5H EXFENDED § am@gE
AFDE % B15G3
ToTAL PLARKT INVESTMENT (TP 3 = E=
Hoyaly Allowance
Freproduction Cosl F153 801
Imentory Capital 233
Inilial Chemicals and Calalysts [wBquip)
Land Cost ®1.000
ToOTAL CAPIMAL RECQUIREMERT [TCR) 3 ST
Ciperating Labor 5§50 184
Mairenance Labor ALeT 136
Mair=nance Material=s 6116 204
Administraiive Support and Labor 2,399 .0
TOTaL DPERATION & WaAINTEMNAMCE 3 3,112 A4
FLED 0 & W 3003 WEWr
WARIBELE & & 0.3 c/kWwh
CONMSUMAELE OFERATING COSTS lest Fuel {1999 DOLLARS) st 10D AV
Wiater 458 Doz
Chermicals ZTET 0o
Cther Consumablas 241 o.o1
Wiasts Dispoasl 2278 0.og
TOTAL COMELMAELE OPERATIMG COET 3 5,735 0.2z
FUEL COST (1999 Dallars) 5 17 A8 101
Levelized {Char Book Lifa 5
ERODICTION COST SUMMARY Yronna COZ LkWh
Fivad Q&M 0.7
Wanahle 08 036
Consumables 0.x2
By-product Credi u}
Fuel 1.04
TOTAL PRODUCTION SOST 240
LEVELIFED CARRYING CHARGES |[Capital) 382

LEVELIFED dtives ook | ife) BINSEAR COST (F POMWER

620



CO, HYBRID PLANT YEAR 2004 ESTIMATE



Table B-4. CO, Hybrid Plant Total Plant Cost Summary

C0O, Hybrid Plant Cost Summary
Cost Base 2004

Plant Net Power Qutput:

294.9 MW

Bare Erected |Plant Comiss. & Contingency Total
Acct. No. [ltem/Description Equipment Engineering Installation Comissioning Cost EPC Mgt. Process Project Cost FRW
1 Coal and Sorbent Handling §  2.09540077 § 153677322 $ 363217399 | % 21793044 | § - § 54482610 | §  4.394,930.53 15
2 Coal and Sorbent Prep and Feed § B18681572 § 453742024 § 10,724,24495|% B4345470|F  B3B 21225 |§ 1F0BFE3674 | § 13.512,548.64
3 Feedwater and Misc. BOP systemns $ 17.766)621.90 | 14,597 559.55 | § 13,197 336.73 $ 4556184819 |% 273371069 | % - § BR3427723 |8 55.120.836.31 187
4 Gasifier and Accessoties
4.1 -4.2 | Gasifier and Auxiliaries $ 40,621,310.00 | §10,476632.00 $3602441.00 | § 5470033300 |§ 328202298 |§ 520005745 |§ B205057.45 | % 7439252088 252
4.3 Alr Separation Unit $ 94 530,000.00 | wiequipment weguipment wiaguipment § S94E3000000 (% SE77800.00 (% - § 473150000 | %10503%9 30000 356
4.4 CFB Builer $ 58537 F17.37 | § 991442500 | $452581,702.64 [ §3,00509166 | § 116738,6365.65 | § 7,004,330.20 | § - § 1157388367 | $135417,050.55 459
4.4 -4.9 |Other Gasification Equipment § 1212351962 | § - 51041842818 | § - § 2254204780 | § 135252287 |§ 338130717 [§ 338130717 | % 3065718501 104
SUBTOTAL 4 § 288.611,267.48 $ 345.506,056.44 1.172
Bl Gas Cleanup and Piping $ i & b - )
5B CO2 Compression § 2042243564 | § 520000000 | § 5,200,000.00 | wheguip $ 3282243554 | % 196534613 | § - § 492336533 |8 39.715,147.00 135
53 Cormbustion Turbinefdccessories
E.1 Combustion Turbine Generator F 30960,000.00 | wiequip woleguip il EUip § 3096000000 % 185760000 (% 309500000 )% 1548000000 (% 51,393 600.00 174
5.2-68 |CT Accessories § 4507 856.58 § 7.495708.05 § 1200356463 [§ 72021388 | § - § BO01Y823 | § 1332395674 45
SUBTOTALE $ 42,963,564.63 $ 64.717,556.74 219
7 HRSE, Ducting, and Stack
7.1 Heat Recovery Stearn Generator b - ) - b z 5 5 3 2 2
7.2-7.9 |CFB Accessories, Ductwork & Piping F 1724520455 - F 547627045 | § § 2020089093 [ §F 121205546 | § - § 303013364 |5 2444307502 83
SUBTOTAL 7 §  20.200,890.93 $ 24.443,078.02 83
&} Stearn Turbine Generator
8.1 STi5 & Accessories § 31,417 756.20 § 199455199 | $1663 07681 |§ 3507568500 |§F 210454110 | § 2 § 526138275 | § 42,441 57885 144
8.2-8.9 |[Turbine Plant Auxiliaries and Stearn Piping | § 394 519.64 § 3,100,905.50 §  34AD542614 | § 20972557 | § - § 52431392 | § 4229 46563 14
SUBTOTAL & $ 3857111114 $ 46.671,044.48 158
3 Cooling WWater System 5 3457580620 § 2929.19.10 §  6,387.025.20 | % 383 ZME2|§ 3 § 05805379 |8 7.728.300.61 26
10 Ash/Spent Sorbent Handling System $  1.794,106.90 § 152552120 $ 332002817 | % 19920169 | § 16600141 |§ 49800422 | § 4,183,235.42 14
11 Accessory Electric Plant § 18877 426,76 § 538564575 $ 2426307251 |% 145578435 |% 121315363 |§ 3F3946088 | § 30.571,471.36 104
12 Instrurnentation and Control § 209704579 § 57273 § 268876852 |% 16136115 13443843 |§ 40331528 | 8§  3.387.848.34 11
13 Irmprovements to Site $ 340353326 §14.776,408.21 $ 1817994747 | § 1090759649 | § 4 § 2726099122 | § 21.997,729.1% 75
14 Buildings and Structures $ 572803384 § 614867227 $ 10.876,706.12 | § BAZB02.37 | § - § 153150592 | § 13.160,814.40 45
§ 366,746 526.58 $ 548.803,078.87 | § 32.028,184.73 | § 16,732.170.32 | § 76,656,163.53 | § 675.7119,507.47 2,289




TableB-5. Estimate Basg/Financid Criteriafor Revenue Reguirement Cdculations: CO, Hybrid Plant

GEMNERAL DATAICHARACTERISTICS

Flant Type:

Plant Size:

Location:

Fuel: Primary/Secondary

Energy from Primary/Secandary Fuels:

Levelized Capacity Factor / Preproduction (equivalent months):

Capital Cost Year Dollars (Reference Year Dollars):
Delivered Cost of Prirmary/Secondary Fuel:

Design/ Construction Period:

Plant Start-up Date {1st year Dallars):

Land Area/Unit Cost:

FINANCIAL CRITERIA

Froject Book Life:

Book Salvage Walue:

Project Tax Life:

Tax Depreciation Method:

Froperty Tax Rate:

Insurance Tax Rate:

Federal Income Tax Rate:

State Income Tax Rate:

Imvestment Tax Credit/% Eligible

Economic Basis:

Capital Structure
Carnmon Equity
Preferred Stock

Debt
Weighted Cost of Capital: (after tax)

Combustion Hybrid With COZ Sequestration (Advanced COZ Cycle)
292.9 WY net

Sea Level, Middletown USA

Nlinois #5 -
9452 BtudkWh - BtuikWh
BS% 1 manths
2004 {July)
1.14 §/MBtu - - $/MiBtu
4 years
2008 {July)
100 acres $10,000 f Acre
20 wears
%
20 years

Accel. Based on ACRS Class

1.0 %
1.0 %
340 %
42 %
% - %
Ower Book Constant Dollars
% of Taotal Costi%)
40 12
0 8.5
G0 7
7.456%



TableB-6. Capital Investment and Revenue Requirement Summary: CO, Hybrid Plant

CAPITAL INWESTWMENT &R0 REVENUE REQUIREMERT SUMMARY

Case: 2 Hybrid FPlard
Plant size: Het Cycle Efficiency: 2 10%
Primarg/Secondary Fual ftypa): lincis #6 Hat Plant Heat Rate (NPHR): 2452 (Blukwh)
Design/Construction: Cost: 1.26 (5miBtL)
TP (Plant Cost) Yeai: Baok Life: A (years)
Capacity Facten: TP Year: 2004 (Julyh
COZ Ramoved: 1617 0% (tonsiyear)
CAPITAL INVESTMENT fa 1000 PN
Procass Capital and Facilities 545,803 1861.0
Enginzenng fncl. © ., HA2, and Fag] 32.0m 1117
Process Contingency 15,73 aE.7
Project Cardingency 75, B5E 2583
TOTAL PLANT COST (TRPE) & 675,11 17403
TOTAL CASH EXPERNDED f B/511
AFDC H b7 512
TOTAL PLAMT INYESTWERNT (TP L Td2 B2
Royalty Alovanca
Preprodurdion CGost Fr A3
Irweardary Capitsl 1,90
Imitigl Chernicals and Catalysts pafeguip)
Land Cost &1,000
TOTAL CARPITAL REQUIREMENT (TCH] H Thd X2
Oiperating Labor & 52 228
Maintanance Laaor 5,401 18.3
Maintenance WMatsrials 8,1 s
Admministrative Support and Labor 3,006 10.2
TOTAL OPERATION & WAINTENANCE L 23,14 B4
FHED O & 1 G057 §khiltyr
WARIAELE O & il 048 cfh
CONSUMABLE OPERATIMG COSTS less Fuel (1350 DOLLARS) fx1000 okl
st 0 0.0z
Chemicals 50| ooz
Hhar Consumablas 240 0ol
Waste Dizpozal dG67 0.02
TOTAL CONSUNMABLE OPERATING COET 5 1,606 0.06
EUEL COST (1999 Dollass) 5 T 1.18
Lewebzed (Ouer Book Life §]
[ | $itonne COF ok
Finad 0l 249 0.5
Watiahle D&M 10 044
Cansumahbles 2.01) 0.0&
By-producd Cradit - o
Fusl 237 1.19
TOTAL PRODLCTION GOET 144 23
LEVELIZED CARBYING CHARGES (Capitall 17.44 527
LEVELIFFD i0wer Book Lile) BUSBAR COST OF POWER 2193 TE0




