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REPORT SUMMARY

This interim report presents initial results of an ongoing study of the potential Cost of Electricity
(COE) produced in both conventional and innovative fossil fueled power plants that incorporate
CO, removal for subsequent sequestration or use. The baseline cases are natural gas combined
cycle (NGCC) and ultra-supercritical Pulverized Coal (PC) plants, with and without post
combustion CO, removal, and Integrated Gasification Combined Cycle (IGCC) plants, with and
without pre-combustion CO, removal.

Background

Concern over the potential effect of CO, emissions from fossil fuel power plants on global
climate is a key issue for the future of power generation worldwide. In 1990-1991 EPRI and the
International Energy Authority (IEA) conducted pioneering studies on the effect of CO, removal
on the COE from PC and IGCC plants that showed an advantage for the IGCC plants. Since that
time all coal technologies have markedly improved but natural gas fired combustion turbines and
combined cycle plants are currently the preferred choice for additional low-cost generation. In
1998 EPRI initiated a study to evaluate innovative fossil fuel plants incorporating CO, removal.
Subsequently the U.S. Department of Energy (DOE) agreed to cosponsor this work.

Objectives
e To update the evaluations of the clean coal technologies and natural gas fired combined cycle
plants both with and without CO, removal using the latest technical information.

e To identify the price of natural gas at which the coal technologies become competitive if CO,
removal is required.

e To identify innovative improvements for future evaluation and development that have the
potential to further reduce the COE.

Approach

In this interim report the project team documents twelve cases that have been completed to date
to evaluate clean coal technologies and natural gas fired combined cycle plants both with and
without CO, removal. The team presented technical descriptions, performance results, and
equipment lists for each of these cases and developed heat and material balances for them using
the commercial steady-state flowsheet simulator ASPEN™. They used the results to determine
overall system efficiency, airborne emissions, and plant costs. In conjunction with future case
studies incorporating potential improvements to both natural gas and coal based technologies,
these results will establish a “measuring stick™ that can be used to estimate the competitiveness
of coal-fired advanced technology cycles.



Results

The results reported in this summary are for the cases using the H type combustion turbines for
NGCC and IGCC plants and for an ultra-supercritical PC plant with steam conditions of 34.5
MPa/649°C/649°C/649°C. A coal cost of $1.18/GJ ($1.24/Mbtu) HHV basis, was assumed and a
plant Capacity Factor of 80% was used for the COE.

Without CO; removal COEs are very similar for both the IGCC and PC and show a breakeven
with the COE of an NGCC at a natural gas price of ~$4.65/ GJ ($4.9/Mbtu) HHV basis. If CO,
removal is required for new fossil fuel power plants and if coal stays at its current price of
$1.18/GJ, NGCC plants with post combustion removal of CO; offer the lowest COE up to a
natural gas price of $3.8/GJ ($4.0/Mbtu). Above that price IGCC plants with CO, removal would
have a lower COE than NGCC plants. IGCC plants would also have a COE 1.4-1.8c/kWh (~
20%) lower than PC plants if both were designed for CO, removal. The cost of CO, emissions
avoided with IGCC ($17.5/metric ton) was markedly less than that of an NGCC ($60.7/metric
ton) or ultra-supercritical PC Plant ($43.1/metric ton).

Further analysis of the results show that adjustments normalizing the CO, removal cases to the
same emissions of CO,/kWh or taking into account the size of the plant do not significantly alter
these main conclusions.

EPRI Perspective

If CO; removal is required, IGCC remains the coal technology most competitive with NGCC.
Future improvements and innovations in air separation, gasification, gas clean-up, gas
separation, and advanced power cycles should further reduce the COE and increase the
efficiency of IGCC plants. Additional studies of such IGCC innovations and new cycles for
natural gas, including pre-combustion removal of CO,, combustion of both natural gas and coal
using oxygen with CO, recycle, and the incorporation of high temperature fuel cells will also be
evaluated in the future under this cooperative project with DOE. Since few new coal plants are
currently planned, the options for CO, emissions reduction at existing coal plants should also be
examined.
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EPRI ANALYSIS OF INNOVATIVE FOSSIL FUEL
CYCLES INCORPORATING CO, REMOVAL

Abstract

EPRI and the U.S. DOE are jointly sponsoring and funding a series of engineering and economic
evaluations of innovative fossil fuel based cycles including those incorporating CO,removal for
subsequent sequestration, disposal or use. The interim results of this work conducted by Parsons
are presented in this report. They showed that the costs of pre-combustion CO, removal from
IGCC plants are markedly less that the costs of post- combustion CO, removal from NGCC and
ultra supercritical PC plants. In this section further analyses of the results from the interim report
by Parsons, et al. are presented to illustrate the sensitivity of the results to certain assumptions
that were made in establishing the cases studied. A graphical presentation of the results has been
used to establish at which cost of natural gas the IGCC and PC plants can compete with NGCC
on a Cost of Electricity (COE) basis. These graphical plots can also be used to show what $/kW
capital cost can be afforded by the coal technologies to compete with NGCC at various natural
gas prices. The effects of normalizing the results to compare all cases at the same CO, emissions
per kWh are shown. The effects of scale are also examined so that results are presented for plants
compared at the same MW net output. The basic conclusion of these analyses confirms that if
CO, removal is required for sequestration, the costs of CO,removal and the COE from IGCC
will be markedly lower than from ultra-supercritical PC plants and should also be competitive
with NGCC at a natural gas costs $3.5-3.8/GJ or $3.7-4.0/Million Btu (Mbtu) HHV basis. These
results show essentially good agreement with other published papers by U.S authors but differ
from the results shown in a recent paper from the IEA Greenhouse R&D Program.

Results of Parsons Case studies

The Parsons case studies key results considered in this analysis are shown in Table 1 for the

cases without CO, removal and in Table 2 for the cases with CO, removal. Coal cost was
assumed at $1.18/GJ or $1.24/Mbtu and natural gas at $2.56/GJ or $2.70/Mbtu (both HHV
basis).
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Table 1

Key Results of Parsons Studies without CO, Removal

Case Number 1D 3B 7C 7D
Description NGCC -H IGCC-H SC PC USC PC
Net MW output 384.4 424.5 462.1 506.2
TPC $/kW 496 1263 1143 1161
LCOE mills/kWh at
65% CF and at 33.5 52.4 51.5 51.0
80% CF 30.7 451 45.0 44.3
kgCO,/kWh 0.338 0.718 0.774 0.734
IbCO,/kWh 0.745 1.582 1.707 1.618
Table 2
Key Results of Parsons Studies incorporating CO, Removal
Case Number 1B 3A 7A 7B
Description NGCC - H IGCC-H SC PC USC PC
Net MW output 310.8 403.5 329.3 367.4
TPC $/kW 943 1642 1981 1943
LCOE mills/kWh at
65% CF and at 54.1 65.7 85.6 824
80% CF 48.8 56.4 74.4 71.6
kg/kWh 0.040 0.073 0.108 0.101
IbCO,/kWh 0.088 0.162 0.238 0.222

Cost of CO, Removed and CO, Avoided

In the main body of this report Parsons presents the cost of CO, removed. These values were
determined by subtracting the COE of the reference case without CO, removal from the COE for
the case with CO, removal and converting this differential COE to an annual cost and then
dividing by the tonnes of CO, removed per year.

However, it is usually considered more appropriate in global climate related studies to express
the costs as $/tonne of CO, avoided, which is also sometimes referred to as the mitigation cost
The mitigation cost can be calculated by comparing a plant with removal to a reference plant

without removal using the COE differential in mills/kWh and the quantities of CO, emitted (E) in
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kg/kWh for each plant. The mitigation cost (MC) in $/tonne of CO, avoided is defined in the
following equation:

MC = COE
E

— COE

with removal

ith removal

-E

eference

reference

The $/tonne of CO, removed and of CO, avoided are shown in Table 3 for the NGCC, IGCC, SC
PC and USC PC technologies.

Table 3
Costs of CO,Removed and CO, Avoided for NGCC, IGCC and PC

Technology NGCCH IGCCH SCPC USC PC
Cases 1B & 1D Cases 3A & 3B Cases 7A & 7C Cases 7B & 7D

$/tonne

CO, removed 54.5 17.5 34.8 34.5
At 65% CF

$/tonne

CO, avoided 69.1 20.6 51.1 49.6
At 65% CF

$/tonne

CO, removed 48.2 14.8 30.0 30.0
At 80% CF

$/tonne

CO, avoided 60.7 17.5 44 1 43.1
At 80% CF

Stated in $/tonne of CO, removed the IGCC cost is ~50% that of the PC plants, whereas stated as
$/tonne of CO, avoided the IGCC cost is only 40% of the PC costs. The costs of CO, removed or
avoided with NGCC are even greater than the PC costs due the higher volume of flue gases,
lower CO, partial pressure in the flue gas and higher oxygen content.

Allowable Capital Cost for Coal Technologies for Breakeven with NGCC

One way of analyzing the Parsons results is to calculate the allowable capital cost of the coal
technologies so that their levelized cost of electricity (LCOE) breaks-even with the NGCC COE
at various natural gas prices. The operating and maintenance costs estimated by Parsons for the
coal and natural gas technologies have been used, together with the NGCC capital costs, to
calculate an allowable capital cost for each of the coal technologies as a function of natural gas
costs. Parsons has used a 65% capacity factor (CF) in some of their previous work for DOE.
However at EPRI a larger CF of 80% is typically used for base load plants. The effect of using
the higher CF is to improve the competitiveness of the coal technologies so that they breakeven
with NGCC at lower natural gas prices. The calculated allowable Total Plant Cost (TPC) costs
for breakeven power generation are shown in Figure 1 for the IGCC and PC technologies
evaluated at 80% CF using the Case 1 B costs for NGCC with H gas turbines. Figure 2 shows
the same cases evaluated at both 65% CF and 80% CF.
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Fig. 1 Approximate Allowable Capital Costs for Break-Even COE
(Based on Class H NGCC and 80% Capacity Factor)
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Fig. 2 Approximate Allowable Capital Costs for Break-Even COE
(Based on Class H NGCC and 65 vs 80% Capacity Factor)
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From the upper curves in Figures 1 and 2 the IGCC case (with a TPC of $1642/kW) shows a
breakeven cost of natural gas of $3.98/GJ ($4.20/Mbtu) when evaluated at a 65% Capacity
Factor (CF) and $3.53/GJ ($3.72/Mbtu) at 80% CF. Whereas for the two PC cases with TPC’s of
$1981 and $1943/kW the corresponding natural gas costs are $6.33 and $5.97/GJ ($6.68 and
$6.30/Mbtu) when evaluated at the 65% CF and $5.80 and $5.45/GJ ($6.12 and $5.75/Mbtu) at
the 80% CF.



The IGCC and PC cases without CO,removal are also shown in the lower curves of Figures 1
and 2 compared to the NGCC H case without CO, removal. Without CO, removal the various
coal technologies are much closer together with the IGCC breakeven cost for natural gas at
$4.70/GJ ($4.96/Mbtu) versus $4.69/GJ ($4.95/Mbtu) and $4.59/GJ ($4.84/Mbtu) for the SC and
USC cases respectively when evaluated at 80% CF.

The basic conclusion from these results was that if CO,removal was required for new fossil
based power plants then IGCC would be much more competitive with NGCC than would either
SC or USC PC plants. The LCOE of the PC plants was estimated ~14-18 mills/kWh higher than
for the IGCC plant. The breakeven cost of natural gas for the IGCC at $3.53/GJ ($3.72/Mbtu) is
about $1.92-2.27/GJ ($2.03-2.40/Mbtu) lower than for the PC plants.

Additional Analyses

It is very typical in case study work of this kind to observe, after the event and with the benefit of
hindsight, that the cases were not quite set up in a wholly consistent manner. The authors
therefore conducted some further analyses of these results to see if modification of the cases
based on a more consistent, or at least different, set of basic assumptions would have any
significant effect on the conclusion.

Adjustment to same CO, Emissions/kWh

The cases with CO, removal were all designed at 90% removal, since this was about the realistic
upper limit for the CO, removal processes used. However, since NGCC plants have much lower
emissions of CO, to begin with, this results in the NGCC plant with CO, removal having residual
CO, emissions of 0.040 kg/kWh versus 0.073 kg/kWh for IGCC and 0.108 and 0.101 kg/kWh for
the SC and USC PC cases.

It could be argued that the technologies should be compared at the same level of CO, emissions
per kWh rather than the same percentage removal. This would mean that the NGCC could have a
lower percentage of CO, removal than the coal technologies. This would reduce the LCOE for
NGCC and have the effect of raising the natural gas breakeven cost of for the coal technologies.

To achieve the same emissions as the IGCC case the NGCC needs to remove only 82% of the
CO,. This reduces the auxiliary power consumption, increases the steam turbine output since less
steam is needed for solvent regeneration, increases the net output and reduces the LCOE.

To achieve the same emissions as the SC PC case the NGCC needs to remove only 73% of the
CO, with further increases in net plant output and reduction of LCOE.

The key plant characteristics of the NGCC 90%, 82% and 73% removal cases are shown in

Table 4. The revised breakeven natural gas costs for the coal technologies based on these three
NGCC H cases is shown in Table 5.
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Table 4
Key Results of NGCC — H cases with 82% and 73% CO, Removal

Case Number 1B 1E 1F

Description NGCC -H NGCC - H NGCC - H

% CO,Removal 90 82 73

Net MW output 310.8 317.4 324.7

Heat Rate

kJ/kWh 8311 8134 7955

Btu/kWh HHV 7879 7711 7542

TPC $/kW 943 903 866

LCOE mills/kWh at

80% CF 48.8 47.03 45.28

kgCO,/kWh 0.040 0.073 0.108
Table 5

Revised Breakeven Natural Gas Costs for Coal Technologies Evaluated at the same CO,
Emissions per kWh

Case Number 3A 7A 7B
Description IGCCH SC PC USC PC
% CO,Removal 90 90 90
kgCO,/kWh 0.073 0.108 0.101

Breakeven Cost of Natural
Gas $/GJ at 80% CF and

90% removal from NGCC 3.53 5.80 5.45
82% removal from NGCC 3.79 6.16 5.79
73% removal from NGCC 4.09 6.56 6.18

When evaluated at the same CO, emissions per kWh the breakeven cost of natural gas to
compete with IGCC rises from $3.53/GJ ($3.72/Mbtu) to $3.79/GJ ($4/Mbtu), and for SC PC the
breakeven cost rises from $5.80/GJ ($6.12/Mbtu) to $6.56/GJ ($6.92/Mbtu). This larger increase
for the PC plants is because of the higher residual CO, emissions (0.108 kg/kWh) than for the
IGCC plants (0.073 kg/kWh).
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Adjustments to Comparable Plant Sizes

For the IGCC case with CO, removal the coal feed was increased so as to fully load the gas
turbine and the net MW output reduced from 424.5 to 403.5 MW. However for the PC cases the
coal feed rate was kept the same and the MW output drop was much greater from 462 to 329.3
MW for SC PC and 506.2 to 367.4 MW for USC PC. It could reasonably be argued that the coal
feed rate should have been increased for the PC cases so that the net plant output was about the
same both with and without CO, removal.This would improve the PC coal cases since the plants
with CO,removal would achieve some capital cost advantages of being at larger scale.

The key characteristics of the PC plants adjusted in this manner are shown in Table 6.

Table 6
Pulverized Coal (PC) Plants Scaled for no Reduction in Net Power

Case Number 7A 7C 7 A Scaled 7B 7D 7 B Scaled
Description SC PC SC PC SC PC USC PC USC PC USC PC
Net MW output 329.3 462.1 462.1 367.4 506.2 506.2

TPC $/kW 1981 1143 1802 1943 1161 1788

LCOE mills’/kWh
65% CF and at 85.6 51.5 80.7 82.4 51.0 78.2
80% CF 74.4 45.0 70.4 71.6 44.3 68.1

Breakeven cost of
Natural Gas at 80%

CF
$/GJ 5.80 5.17 5.45 4.88
$/Mbtu HHV 6.12 5.45 5.75 5.15

Since this is basically a comparison of the PC and IGCC cases it could also be argued that the
comparison should have been made with PC plants with the same net MW output as the IGCC
case i.e. 403.5 MW. The results in Table 6 can be therefore be taken as being generously
weighted for the effect of plant size on PC competitiveness. However the PC LCOE at 68.1-70.4
mills/kWh is still significantly more than the IGCC at 56.4 mills/kWh at 80% CF. The breakeven
cost of natural gas for the PC cases at 4.88-5.17$/GlJ is also still much higher than that for the
IGCC case at $3.53/GJ at 80% CF.

If scaled to the same MW output as the 403.5 MW for the IGCC case the breakeven cost for the
PC cases is $5.3-5.45 /GJ versus $3.53/GJ for IGCC at 80% CF.
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Many of the ultra-supercritical PC plants currently entering service in Japan are about 800-1000
MW size. It has therefore been suggested that a two train IGCC should be compared to single
large ultra-supercritical PC plant. However a preliminary examination by the authors
investigating such a comparison and incorporating CO, removal in both cases suggested that at
this large scale this would not affect the outcome. The preliminary TPC estimate at 807 MW net
output was ~ $1700/kW for the SC PC and ~ $1440/KW for the two train IGCC. At this TPC
differential and with the other performance characteristics (heat rate, operating costs) similar to
the 400-450 MW units there would be very little change in the overall COE differential between
the two coal technologies at this larger size. In turn the NGCC could also be a two-train unit with
some additional savings in TPC. It has therefore been concluded that doubling the size of the
plants would make very little change to the overall relative comparison of the NGCC, IGCC and
PC technologies.

Comparison with Other Studies

Fluor Daniel conducted the pioneering studies of this topic for EPRI and the IEA in 1990-1991".
The results of these studies were also reported at the EPRI Gasification Power Plants Conference
in October 1990 . Several other sources have undertaken similar updated studies in recent years
©4% The key results of the Parsons study reported here are compared with those from other
recent papers (Audus/IEA”, Herzog/MIT “ and Simbeck/SFA Pacific”) in Table 7.

There is a broad agreement about many aspects of these studies. The percentage of power loss in
the PC, IGCC and NGCC cases is very similar in all these studies - ~28% for PC, ~5-6% for
IGCC and 16-19% for NGCC plants. The ratio of TPC costs with and without post combustion
CO, removal are similar for PC plants (~1.7-1.83) and for the NGCC plants (1.9-2.2) in all
studies.

The results in the Audus paper, one of the many studies conducted for the IEA Greehouse R&D
program, do differ from the other studies in some important respects. The NGCC plants are
much larger than the corresponding PC and IGCC plants. The fuel costs used of $2/GJ
($2.11/Mbtu) for natural gas and $1.5/GJ ($1.58/Mbtu) for coal (low natural gas cost and low
natural gas-coal cost differential) together with the large NGCC plant show NGCC to its
maximum advantage in this study. It is also the only paper that suggests that the COE for an
IGCC plant with CO, removal (6.9c/kWh) would be more than the COE for a PC plant with CO,
removal (6.4c/kWh). The consensus of the other studies is that the IGCC with CO,removal COE
would be 1.1-1.9c/kWh lower than the PC plant with CO,removal. The basic IGCC TPC cost in
the Audus paper is for a Shell IGCC with a GE 9 FA gas turbine and is the highest of the IGCC
estimates. The IGCC case with CO, removal seems to be significantly higher than the other
estimates and the incremental capital for CO, removal is very much greater than all other
estimates. The costs for the Shell cases appear inconsistent with previously published estimates.
The Supercritical PC TPC cost is the lowest of the PC estimates. It reflects a very high efficiency
of 46% LLHV that is claimed to be achieved with 5-10°C cooling water and a low sulfur high
heating value coal. The efficiency of such a plant with the same steam conditions would be ~
41% LHYV in typical U.S. conditions with consequent increases in the TPC and LCOE.
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Table 7
Comparison of Parsons Key Results with Other Recent Studies

Technology USC PC IGCC NGCC Notes
TPC $/kW TPC $/kW TPC $/kW
Author With Base With CO, | Base With CO, | Base
COo2 Refer- Removal | Refer- Removal | Refer-
removal ence ence ence
Audus 1860 1020 2200 1470 790 410 FGT
Herzog 2000 2090 1150 1909 1401 1013 542
Herzog 2012 1718 1095 1459 1145 894 525
Simbeck 2075 1192 1474 1100 897 400
Parsons 1981 1143 1010 505 SC PC,FGT

1871 | 1161 [ 1642 [ 1263 | g43 | 496 USC PC, H GT

MW Net output MW Net output MW Net output

Audus 362 501 382 408 663 790 NGCC 2 train

Herzog ~400MW?

Simbeck ~ 400 MW

Parsons 329 462 399 509 SCPC,FGT
867|506 | 404 1425 | g3qq 384 | USCPC,HGT

Levelized Cost of Electricity LCOE c/kWh

Audus 6.4 3.7 6.9 4.8 3.2 2.2 NG $2/GJ
Coal $1.5/GJ
LHV basis

Herzog 2000 7.71 4.39 6.69 4.99 4.91 3.3 NG $2.78/GJ

Herzog 2012 6.26 4.1 5.14 4.1 4.33 3.1 Coal $1.18/GJ
LHV Basis

Simbeck 7.0 4.2 5.1 3.9 4.9 3.1 NG $3.32/GJ
Coal $0.95/GJ
LHV basis

Parsons 7.16 4.43 5.64 4.51 4.88 3.07 USC PC,HGT
NG $2.88/GJ
Coal $1.22/GJ
LHV basis

The authors believe, that if cases used in the Audus paper were updated to include the more
recent information from Shell, GE, Siemens etc, the COE for the base reference IGCC and PC
plants would be very close and that with CO, removal the IGCC COE would be significantly
better than a PC plant COE.



Planned Future Work

EPRI and DOE plan to continue these studies on innovative fossil technologies incorporating
CO, removal. These will include configurations with potential advances in various aspects of
IGCC technology including improvements in air separation, gasification, and gas clean up, gas
separation and advanced cycles including fuel cells and advanced gas turbines.

A paper'” delivered by a team from Texaco, GE and Praxair at the 1999 Gasification
Technologies Conference showed a coal based IGCC plant with a TPC of $860/kW (U.S.Gulf
Coast basis) and an efficiency of 43.3% LHV. This plant was a High Efficiency Quench (HEQ)
design with a gasification pressure of 8.5 MPa (1230 psia) and a GE 9 FA gas turbine. The team
seems to have focussed on a comprehensive approach to bring the costs down to meet the
competition from PC and NGCC plants. If the costs are adjusted to account for changing the
location to the Mid West U.S.,as used in the Parsons studies, and the contingency added as in
other EPRI IGCC studies, the TPC cost would still be a very attractive $1043/kW. The high-
pressure design of the gasifier and the water added by the quench in this Texaco, GE, Praxair
flow scheme would be very advantageous for the shift reaction and subsequent CO, removal
should that be required. It is hoped that a study with these latter features can be conducted in the
near future.

Conclusion

If CO, removal is required from fossil fuel based power plants in the future, and if coal stays at
its current price of $1.18/GJ (~$1.24/Mbtu), NGCC plants with post combustion CO, removal
offer the lowest COE up to a natural gas price of about $3.8/GJ ($4/Mbtu). Above that price
IGCC plants with CO, removal should be able to compete effectively with NGCC and produce
electricity at a COE 1.4-1.8 c/kWh (~20%) lower than PC plants with post combustion CO,
removal. The sensitivity studies conducted on the key results from the Parsons study have shown
that adjustments for consistency of emissions of CO,/kWh and plant size do not significantly
alter these main conclusions.

Innovations in various aspects of the IGCC technology should be able to significantly reduce the
costs of pre-combustion removal of CO, and increase overall efficiency. The use of IGCC in a
refinery (or future coal based processing center) for co-production of power and other energy
products such as steam and hydrogen is already economically attractive and resource utilization
efficient in many locations. In a future carbon constrained world such co-production plants
would be of increasing importance.

Neville Holt- EPRI

George Booras — EPRI
Ronald Wolk — Wolk Integrated Technical Services
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EXECUTIVE SUMMARY

In 1998 EPRI initiated a project with Parsons to conduct evaluations of innovative fossil fuel
cycles incorporating CO,removal for subsequent sequestration or use. In 1999 the U.S.
Department of Energy (DOE) joined EPRI as a cosponsor of this work.

Over the past decade, a growing concern has developed about the potential impacts of carbon
dioxide (CO,) emissions on the future global environment. Much of this concern has focused on
the coal-fired power plants that now produce 56 percent of U.S. electricity. The main reason for
the continued use of coal as the major power plant fuel in the U.S. is its significantly lower cost
compared to other fossil fuels.

There are several choices of power plant fuels available today including coal, oil, and natural
gas. Since deregulation of the electric utility industry was initiated several years ago, the use of
natural gas by electricity generating companies has steadily grown. Coal use is projected to
continue to rise slowly in the U.S. as the total amount of electricity that is generated increases.
As a result, the coal-fired option for new electricity generating plants remains important to utility
generating companies that have been historically dependent on coal for the bulk of their power
generation.

However, there have been recent indications that permissible levels of CO, emissions may be
curbed in the future. A natural gas-based power plant will produce less CO, per kW of power
output compared to a coal-based plant with the same net plant power output. This is a result of
two fundamental factors: (1) natural gas has a lower carbon-to-hydrogen ratio compared to that
of coal for the same level of thermal input, and, (2) natural gas-based systems have higher
power-generating efficiencies compared to coal-based systems utilizing the same, or similar,
power generation equipment.

In conventional gas- and coal-fired units, CO, can be removed from the exhaust gas following
heat recovery in an absorber/stripper system. As such, the partial pressure of CO, is usually low
due to the near ambient pressure of the stack gas as well as the dilution effect of substantial
amounts of N, contained in the flue gas. Low CO, partial pressure yields large and costly
removal equipment. However, advanced coal-based technologies, such as gasification --
because they produce concentrated streams of CO, at high pressure -- offer convenient
opportunities that may be exploited for low-cost CO, removal.

In an oxygen-blown integrated gasification combined cycle power plant, CO, may be removed
from the synthesis gas prior to power generation. The high pressure of the synthesis gas stream,
as well as the absence of diluent nitrogen, yields high CO, partial pressures. This, in turn, results
in a relatively cheaper separation due to increased driving force. Innovative coal gasification-
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based systems may therefore be the most cost-effective coal-based power plants if CO, removal
is required.

The objective of the work presented in this interim report is to evaluate preliminary designs of
several advanced coal-fired power plants to determine whether they have the potential to be
competitive, in the period after year 2010, with conventional natural gas- and coal-fired power
plants. Future conventional natural gas-fired power plants are assumed to be H class combined
cycles. Conventional coal-fired plants are assumed to be pulverized coal (PC) supercritical
steam power plants. Each power plant concept evaluated was configured both with and without
a CO, removal system. For the advanced coal-fired power plant designs that meet competitive
cost targets, DOE will define the R&D effort required to develop and demonstrate the
technology to be a commercially attractive alternative.

The scope of the study includes identifying and defining advanced technology concepts that can
be effectively integrated with both gas- and coal-fired power generation to provide high
efficiency and low emissions. In order to quantify the performance and economic improvement
generated through the use of each advanced technology concept, gas- and coal-fired base cases
were identified. These cases include:

e Base Case Natural Gas-Fired Configurations
Case 1A — Base NGCC with CO, Removal (Class F Gas Turbine)
Case 1B — Base NGCC with CO, Removal (Class H Gas Turbine)
Case 1C — Base NGCC without CO, Removal (Class F Gas Turbine)
Case 1D — Base NGCC without CO, Removal (Class H Gas Turbine)
e Advanced Natural Gas-Fired Configurations
Case 2A — Advanced Combined Cycle (CHAT/SOFC) with CO, Removal
Case 2B — Advanced Combined Cycle (CHAT/SOFC) without CO, Removal
e Advanced Coal-Fired Configurations
Case 3A — Base Case IGCC Plant with CO, Removal
Case 3B — Base Case IGCC Plant without CO, Removal
Case 3C — 83.5 Percent CGE IGCC without CO, Removal
Case 3D — 83.5 Percent CGE IGCC with CO, Removal
Case 4 — Base Advanced Coal Plant (SOFC/Gas Turbine Combined Cycle)
Case 5 — Advanced Cycle Variation A
Case 6 — Advanced Cycle Variation B
e Conventional Coal-Fired Configurations
Case 7A — Conventional Supercritical Pulverized Coal with CO, Removal

Case 7B — Ultra-Supercritical Pulverized Coal with CO, Removal
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Case 7C — Conventional Supercritical Pulverized Coal without CO, Removal

Case 7D — Ultra-Supercritical Pulverized Coal without CO, Removal

Case 7E - Advanced Ultra-Supercritical Pulverized Coal without CO, Removal

This interim report documents twelve cases that have been completed to date. These twelve
cases correspond to the various “base” cases listed above: 1A through 1D, 2B, 3A and 3B, and
7A through 7E. Technical descriptions, performance results, and equipment lists are presented
for each of these cases. Heat and material balances were developed using the commercial
steady-state flowsheet simulator ASPEN™. Results from the energy and mass balances were
used to determine parasitic loads and overall system efficiency. They were also used to
determine airborne emissions, size process equipment, and generate an equipment list. This
information was used to generate plant costs. These results will establish a “measuring stick”
that can be used to estimate the competitiveness of coal-fired advanced technology cycles that
are expected to mature around the year 2010.

Table 1 summarizes the estimated performance results of the base case gas-fired combined
cycles. Cases 1A and 1C feature two GE 7FA gas turbines each coupled with a single heat
recovery steam generator (HRSG) feeding a single steam turbine. Cases 1B and 1D are based on
GE’s H-type single spool combined cycle package. In cases 1A and 1B, CO, is removed from
the flue gas stream with an aqueous solution of inhibited (oxygen tolerant) monoethanolamine
(MEA). The CO, is concentrated into a product stream and then dried and compressed to a
supercritical condition. These market-based designs reflect current information and design
preferences, the availability of newer combustion and steam turbines, and the relative latitude of
a greenfield site.

Table 1
Plant Performance — Gas-Fired Combined Cycles
Case 1A | Case 1B | Case 1C | Case 1D | Case 2A | Case 2B
Gross Plant Power, kWe | 446,867 | 343,107 | 519,366 | 391,644 TBD 561,314
Auxiliary Power Load, kWe 47,990 32,290 9,960 7,210 TBD 4,790
Net Plant Power, kWe 398,877 | 310,817 | 509,406 | 384,434 TBD 556,524
Net Plant Efficiency, % HHV 39.2 43.3 50.1 53.6 TBD 59.7
Net Heat Rate, kJ/kWh HHV 9,175 8,311 7,184 6,715 TBD 6,029
Btu/kWh HHV 8,698 7,879 6,811 6,366 TBD 5,716
CO, Removed, tonne/day 3,996 2,817 0 0 TBD 0
ton/day 4,405 3,105 0 0 TBD 0
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As can be seen in Table 1, the configurations with CO, removal, cases 1A and 1B each decrease
plant CO, emissions by 90 percent, have lower net plant power output (21.6 and 19.3 percent,
respectively) and increased heat rates (27.7 and 23.7 percent, respectively) as compared to their
corresponding case with no CO, removal (cases 1C and 1D). Net plant power output decreases
for two distinct reasons: (1) large amounts of low-pressure steam are diverted from the steam
turbine and used to regenerate the CO, absorbent solution and, (2) the auxiliary power associated
with CO, removal and pressurization increases the total plant auxiliary load by more than

400 percent. For these two reasons, net plant heat rate also increases.

Also shown in Table 1 is a performance summary estimate for case 2B. This is the CHAT/SOFC
advanced gas-fired case with no CO, removal. Net plant power output is approximately

556 MWe, generated at a net plant efficiency of 59.7 percent HHV (66.2 percent LHV). This
efficiency level, developed with SOFC and F-based gas turbine technology, is 6.1 points higher
than the 53.6 percent HHV (59.5 percent LHV), generated with the H-based NGCC case 1D.
Case 2A, which includes 90 percent CO,removal, will be developed in the future

Table 2 summarizes the performance results of the base case coal-fired IGCC and PC power
plants. The configuration with CO, removal, case 3A, removes and recovers 90 percent of the
available CO, and has a lower net plant power output with an increased heat rate as compared to
the corresponding case with no CO, removal (case 3B). Case 3A generates an estimated net
power output of 403.5 MWe, while case 3B generates approximately 424.5 MWe.
Correspondingly, case 3A operates with an estimated net plant efficiency of 37 percent (HHV),

while case 3B operates with a net plant efficiency of 43.1 percent (HHV).

Table 2
Plant Performance — Coal-Fired Configurations
Case3A | Case3B | Case7A | Case7B | Case 7C | Case 7D
Gross Plant Power, kWe | 490,396 474,040 | 402,254 442,611 491,108 535,970
Auxiliary Power Load, kWe | 86,890 49,500 72,730 75,180 29,050 29,760
Net Plant Power, kWe | 403,506 | 424,540 | 329,294 | 367,431 462,058 | 506,210
Net Plant Efficiency, % HHV | 37.0 431 28.9 31.0 40.5 42.7
Net Heat Rate, kJ/kWh HHV | 9,732 8,349 12,464 11,602 8,882 8,422
Btu/kWh HHV | 9,226 7,915 11,816 10,999 8,421 7,984
CO, Removed, tonne/day 7,389" 0 7,734 8,032 0 0
ton/day 8,145" 0 8,525 8,854 0 0

(1) Case 3A uses a high-pressure gasifier, water-gas shift, and a double-stage Selexol unit to remove CO, from the synthesis gas.

There are several reasons for the decreased power output and increased heat rate of case 3A. A
moderate amount of steam -- less than that required by the NGCC cases that remove CO, from

the HRSG flue gas -- is diverted from the steam turbine and used to regenerate the CO, absorbent
solution. Also, the auxiliary power associated with CO, removal and pressurization increases the
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total plant auxiliary load. A third effect is that conditioning the coal-derived fuel gas via the
catalytic water-gas shift reactors introduces unrecoverable first-law thermodynamic losses due to
an increase in heat rejection to the bottoming cycle. All else being equal, any sub-process that
rejects energy directly to the bottoming component of a combined cycle decreases the overall net
plant efficiency because the higher temperature topping cycle is, by definition, more efficient
than the lower temperature bottoming cycle.

Cases 7A through 7D are conventional pulverized coal-fired steam cycles. Cases 7A and 7C
utilize supercritical conditions 24.1 MPa/566°C/566°C/566°C (3,500 psig/1,050°F/1,050°F/
1,050°F), while 7B and 7D are based on ultra-supercritical 34.5MPa/649°C/649°C/649°C
(5,000psia/1,200°F/ 1,200°F/1,200°F) steam conditions. Cases 7A and 7B employ CO, removal
and recovery, while 7C and 7D have no provision for CO, removal. Table 2 summarizes the
system performance for each of these cases. As before, the cases with CO, removal have
substantially increased auxiliary power load demands, and decreased gross plant power outputs
due to reboiler steam demands and poor system performance. These power plant configurations
will be unable to compete with IGCC from a strict system performance perspective.

The IGCC-based values in Table 2 represent base case coal-fired IGCC performance numbers.
As such, they represent a lower limit in system performance that will be used to measure the
competitiveness of the advanced technology coal-fired cases (cases 4, 5, and 6). It is important
to determine the level of system performance improvement attributable to each individual
advanced technology. If the system efficiency of the advanced coal-fired cases is not increased
above the system efficiency numbers shown in Table 2, then the applied advanced technology
may have difficulty competing against natural gas. The cycle or technology may have to be
rethought or reconfigured to become competitive.

The power consumption (in MWe) required for CO, removal with each of the technologies so far
investigated is shown in Table 3. Table 3 also lists this power consumption as a percentage of
the net power output. This is shown graphically in Figure 1 for three broad classes of
technology. Table 3 and Figure 1 illustrate the major economic challenge facing existing
conventional gas and coal-fired plants if CO, removal is required. Not only would these power
plants be faced with the extra capital, fuel, and operating costs for adding CO, removal, but they
would also be faced with the cost of providing over 20 percent of the initial power plant output to
replace the power used to accomplish the CO, removal.

Table 3
Net Power Output Consumption for CO, Removal

Power Power Consumption as %
Technology Consumption, MW of Total Net Power
NGCC 2x 7FA 110.5 21.7
NGCC 1x 7H 73.6 19.2
IGCC 1x 7H 21 4.9
Conventional PC Supercritical 132.8 28.7
Conventional PC Ultra-Supercritical 138.8 27.4
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CO02 Removal Power Consumption as
Percent of Net Power

Figure 1

30

25

20

15

10

Technology

Net Power Output Consumption for CO, Removal

The performance results shown in Tables 1 and 2 were used to generate total plant cost and the
cost of electricity. The coal-fired cases must achieve equal or superior cost results if they hope
to be competitive with natural gas. The only way to determine these answers and resolve such
questions is to evaluate each of the desired cases with a single study approach and estimate

system performance on a consistent basis.

Table 4 contains an economic performance summary for the gas-fired cases. The corresponding
summary for the coal-fired cases is shown in Table 5. The data in both of these tables are based
on a plant operating capacity factor of 65 percent. COE results are 20-year levelized values in
constant year 2000 dollars. The cases with CO, removal require greater capital costs and incur
higher cost of electricity compared to the companion case without CO, removal. Also shown in
these two tables is cost per tonne of CO, removed. This value is determined by subtracting the
COE of the non-removal case from the COE of the corresponding case with CO, removal. This
incremental COE value is then converted to an annual cost and then divided by tonnes of CO,
removed per year. This result is shown graphically in Figure 2.

Table 4

Economic Performance — Gas-Fired Combined Cycles

Case 1A | Case 1B | Case 1C | Case 1D | Case 2A | Case 2B
Total Plant Cost (TPC),  $/kW 1,010 943 505 496 TBD TBD
Total Capital Requirement, $/kW 1,099 1,026 549 539 TBD TBD
Total Production Cost,  ¢/kWh 3.13 2.92 2.09 2.04 TBD TBD
COE, ¢/kWh 5.79 5.41 3.42 3.35 TBD TBD
CO, Removed, $/tonne 56.91 54.49 N/A N/A TBD N/A
$/ton 51.63 49.43 N/A N/A TBD N/A
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Table 5
Economic Performance — Coal-Fired Configurations

Case3A | Case3B | Case7A | Case 7B | Case 7C | Case 7D
Total Plant Cost (TPC),  $/kW 1,642 1,263 1,981 1,943 1,143 1,161
Total Capital Requirement, $/kW 1,844 1,420 2,219 2,175 1,281 1,301
Total Production Cost,  ¢/kWh 2.10 1.79 3.18 2.97 2.04 1.95
COE, ¢/kWh 6.57 5.24 8.56 8.24 5.15 5.10
CO, Removed, $/tonne 17.49 N/A 34.84 34.52 N/A N/A
$/ton 15.87 N/A 31.61 31.32 N/A N/A
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Levelized Cost of CO, Removal

It can be seen from Tables 4 and 5 that the impact of post combustion CO, removal on the
NGCC and PC cases adds 60-70% to the COE whereas the pre-combustion removal of CO, from
the syngas adds only 25% to the COE for the IGCC case. Without CO,removal the COE for the
IGCC and PC cases are very close with a slight advantage to the PC, however with CO, removal
the PC COE is 25-30% greater than the IGCC COE.
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INTRODUCTION

In 1998 EPRI initiated a project with Parsons to evaluate innovative fossil fuel power generation
technologies incorporating CO, removal for subsequent sequestration or use. In 1999 DOE
agreed to cosponsor this project. This report is an interim report of some of the cases studied
under this cooperative agreement between EPRI and DOE.

The coal-fired option for new electricity generating plants remains important to many utilities.
The key competitor to coal-fired generation is the natural gas-fired combined cycle (NGCC).
The greatest promise for coal to achieve future competitiveness with NGCC plants is through the
use of advanced coal-fired power plants that utilize power conversion technologies currently
under development by the United States Department of Energy (DOE) and its industry partners.

Recently, there has been considerable attention given to the possible detrimental effect of carbon
dioxide (CO,) emissions on the global climate. If the appropriate legislation is approved, CO,
emissions from stationary power plants may have to be limited by active control systems. Coal-
based power plant systems will be acutely affected because coal contains a greater amount of
carbon per unit of energy input compared to natural gas. If coal is to remain a viable and
competitive fuel source, creative options that efficiently utilize coal in generating electrical
power while minimizing CO, emissions are required.

This interim report presents preliminary results of an effort to establish a baseline definition of
gas- and coal-fired systems. The scope of the study includes identifying and defining advanced
technology concepts that can be effectively integrated with both gas- and coal-fired power
generation to provide high efficiency and low emissions. The objective of this study was to
determine whether advanced coal-fired power plants have the potential to be competitive, in the
period after 2010, with NGCC power plants of the G or H class. Five advanced technology cases
were identified — four coal-based and one natural gas-based. Each cycle incorporated a process
to reduce CO, emissions by 90 percent. Once identified, a heat and material balance was used to
estimate system performance. The results of the system performance estimate, and the heat and
material balance, were then used to determine the total plant cost and cost of electricity for each
plant.

Of the five advanced cases identified, only two have been completely defined. One of the
advanced cases defined is gas-fired, while the other is coal-fired. An advanced natural gas case
based on the use of a solid oxide fuel cell (SOFC) stack coupled with a cascaded humidified
advanced turbine (CHAT) has been defined. This case will be investigated with and without CO,
removal (thus, a single set of two advanced natural gas-fired cases).

The advanced coal-fired case identified also consists of a single set of two cases. Both are
integrated gasification combined cycle (IGCC) plants utilizing H class turbine technology. Both
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cases utilize entrained flow gasification technology that has been demonstrated at commercial
scale under DOE’s Clean Coal Technology demonstration program. The primary difference
between the two coal-fired cases is that one case shifts the carbon monoxide in the fuel gas to
CO, and then removes the CO, from the fuel gas prior to combustion, while the other case makes
no attempt to limit CO, emissions. This set of cases will serve as the base case for the advanced
coal-fired cases.

In order to quantify the performance and economic improvement generated through the use of
each advanced technology concept, gas- and coal-fired base cases were identified. Four base
case NGCCs were identified. Two of the gas-fired cases are based on the General Electric
Frame 7FA gas turbine, one case with CO, removal and one case without CO, removal. The
other two gas-fired cases are based on the General Electric class H combined cycle system, one
case with CO, removal and one case without CO, removal. CO, is removed with an oxygen-
tolerant amine from the power plant’s flue gas.

Four conventional coal-fired configurations were identified as well. Two of the conventional
coal-fired cases power a conventional supercritical steam turbine, one case with CO, removal
and one case with no CO, removal. The other two conventional coal-fired cases power ultra-
supercritical steam turbines, one case with CO, removal and one case without CO, removal.
CO,, for these conventionally fired coal plants, is removed with an oxygen-tolerant amine from
the power plant’s flue gas.
Each of the identified cases, both base case and advanced, are labeled and listed below:
e Base Case Natural Gas-Fired Configurations

Case 1A — Base NGCC with CO, Removal (Class F Gas Turbine)

Case 1B — Base NGCC with CO, Removal (Class H Gas Turbine)

Case 1C — Base NGCC without CO, Removal (Class F Gas Turbine)

Case 1D — Base NGCC without CO, Removal (Class H Gas Turbine)
e Advanced Natural Gas-Fired Configurations

Case 2A — Advanced Combined Cycle (CHAT/SOFC) with CO, Removal

Case 2B — Advanced Combined Cycle (CHAT/SOFC) without CO, Removal
e Advanced Coal-Fired Configurations

Case 3A — Base Case IGCC Plant with CO, Removal

Case 3B — Base Case IGCC Plant without CO, Removal

Case 3C — 83.5 Percent CGE IGCC without CO, Removal

Case 3D — 83.5 Percent CGE IGCC with CO, Removal

Case 4 — Base Advanced Coal Plant (SOFC/Gas Turbine Combined Cycle)

Case 5 — Advanced Cycle Variation A (to be defined)

Case 6 — Advanced Cycle Variation B (to be defined)
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e Conventional Coal-Fired Configurations
Case 7A — Conventional Supercritical Pulverized Coal with CO, Removal
Case 7B — Ultra-Supercritical Pulverized Coal with CO, Removal
Case 7C — Conventional Supercritical Pulverized Coal without CO, Removal
Case 7D — Ultra-Supercritical Pulverized Coal without CO, Removal

Case 7E — Advanced Ultra-Supercritical Pulverized Coal without CO,removal

In this interim report, technical descriptions, performance results, equipment lists, and economic
analyses are provided for the following cases: four base case natural gas-fired combined cycles
(1A through 1D), one case of the advanced natural gas-fired set (2B), the set of advanced coal-
fired base cases (3A and 3B), and all of the conventional coal-fired cases (7A through 7D). For
each case presented in this report, heat and material balances were developed using the
commercial steady-state flowsheet simulator ASPEN™. Results from the energy and mass
balances were used to determine parasitic loads and overall system efficiency. They were also
used to determine airborne emissions, size process equipment, generate an equipment list, and
define input into the economic evaluation. These results will establish a “measuring stick” that
can be used to estimate the performance competitiveness of coal-fired advanced technology
cycles that are expected to mature around the year 2010.

1.1 Objective and Approach

The project objective was to evaluate three preliminary designs for advanced coal-fired power
plants to determine if they have the potential to be competitive, in the period after 2010, with
natural gas combined cycle power plants of the G or H class or conventional coal-fired plants.
The inputs to the coal-fired power plants were coal, air, and water. The outputs were electricity,
slag, sulfur, and pressurized high purity CO,. The plants were equipped with state-of-the-art
emissions control systems and designed to have essentially zero emissions of air pollutants,
water pollutants, and solid wastes. All wastes were collected in a form suitable for reuse or
sequestration. For example, solid wastes were assumed acceptable for recycling into building
and construction uses, and sulfur was sold to the chemical industry. CO, was collected in a form
suitable for local sequestration or transportation to another site.

1.2 General Evaluation Basis

The performance analysis will use the information in Table 1-1 as the evaluation basis:

e Average annual ambient air conditions for material balances, thermal efficiencies and other
performance related parameters will be at a dry bulb temperature of 17.2°C (63°F) and an air
pressure of 0.099 MPa (14.4 psia). For equipment sizing, the maximum dry bulb temperature
is 35°C(95°F), and the minimum for mechanical design dry bulb temperature —6.7°C (20°F).
These were the same conditions as those used by Parsons for previous fossil fuel technology
evaluations conducted for DOE.
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e For NGCC and IGCC cases (1A, 1B, 1C, 1D, 3A, 3B, 3C, and 3D), performance sensitivity
were calculated at 15°C (59°F) and 1.014 Bar (14.7 psia) (sea level) for comparison with
other studies at International Standards Organization (ISO) conditions.

Table 1-1
SITE CHARACTERISTICS

Topography Level
Elevation 152.4m (500 ft)
Design Air Pressure 0.099 MPa
(14.4 psia)
Design Temperature, dry bulb 17.2°C (63°F)
Design Temperature, max. 35°C (95°F)
Design Temperature, min. -6.7°C (20°F)
Relative Humidity 55%
Transportation Rail access
Water Municipal
Ash Disposal Off site
e Coal -Illinois No. 6 See Table 1-2
e Natural gas See Table 1-3
e Greer limestone See Table 1-4
e (Condenser pressure 67.8 mbara (2 in. Hga) at 17.2°C(63°F)
e CO, delivery pressure 8.38 MPa (1200 psig)
e CO, specification -40°C(-40°F) dew point, 1.25% H, maximum,
100 ppm
SO, maximum, and 50 ppm H,S maximum
e Sulfur removal >98%
e NOx emissions < 0.0086 kg/GJ(<0.02 1b/10° Btu)

e (ases 3C and 3D will be performance cases only and completed at end of study.
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1.3 Case Descriptions

The following power system configurations will be evaluated. Performance results for cases 1A
through 1D, 2B, 3A and 3B, and 7A through 7D are presented in this interim report. The
remaining cases will be documented in the final report.

e Natural Gas Base Configurations:

Case 1A — Two trains GE 7FA natural gas combustion turbines, each with its own heat
recovery steam generator (HRSG) feeding a single steam turbine.

Case 1B — Single train GE H class natural gas combined cycle with a single HRSG and steam

turbine.
Table 1-2
BASE COAL ANALYSIS — ILLINOIS NO. 6 SEAM, OLD BEN NO. 26 MINE
Proximate Analysis As-Received (wt%) Dry Basis (wt%)
Moisture 11.12
Ash 9.70 10.91
Volatile Matter 34.99 39.37
Fixed Carbon 44.19 49.72
TOTAL 100.00 100.00
HHV MJ/kg(Btu/Ib) 27.12 (11,666) 30.52 (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 1.41
Chlorine 0.29 0.33
Sulfur 2.51 2.82
Ash 9.70 10.91
Oxygen (by difference) _ 6.88 _7.75
TOTAL 100.00 100.00
Table 1-3
NATURAL GAS ANALYSIS
Volume, %
CH, 90
C,H, 5
Inerts/N, 5
HHV ,kJ/scm 37.33
(Btu/scf) (1,002)
HHV MJ/kg (Btu/lb) 50.75(21,824)
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Table 1-4
GREER LIMESTONE ANALYSIS

Dry Basis, %
Calcium Carbonate, CaCO, 80.40
Magnesium Carbonate, MgCO, 3.50
Silica, SiO, 10.32
Aluminum Oxide, AL,O, 3.16
Iron Oxide, Fe,O, 1.24
Sodium Oxide, Na,O 0.23
Potassium Oxide, K,O 0.72
Balance 0.43

Case 1C — As Case 1A but without CO, removal.
Case 1D — As Case 1B but without CO, removal.

Case 2 — Advanced natural gas-fired combined cycle with CO, removal. The advanced cycle
comprises solid oxide fuel cell (SOFC) (planar or tubular) followed by a cascaded humidified
advanced turbine (CHAT) cycle, water removal from the recuperator stack, and CO, removal.

Advanced Coal-Fired Configurations:

Case 3A — Base IGCC plant with CO, removal. Conventional pressure air separation unit
(ASU), E-Gas™ gasifier, fire tube syngas cooler, particulate removal by hot side filter, sour
gas two-stage shift (will also accomplish COS hydrolysis), gas cooling with heat recovery
including raising hot water for gas (H,) saturation, two-stage Selexol for H,S and then CO,
removal, CO, compression, Claus plant plus tail gas treating unit (TGTU), fuel gas (H,)
saturation plus addition of intermediate pressure steam to control NOx in the gas turbine.
Evaluate the performance and cost impact to boost the CO, delivery pressure to 15.27MPa
(2200 psig).

Case 3B — Base IGCC plant without CO, removal. High-pressure ASU, E-Gas'" gasifier, fire
tube syngas cooler, particulate removal by hot side filter, economizer, water scrub, COS
hydrolysis, hot water recovery for fuel gas saturation, MDEA sulfur removal, Claus plant
with TGTU, fuel gas saturation, addition of intermediate pressure steam to saturated fuel gas
at gas turbine (7H) to reduce gas to 5.59 GJ/scm (150 Btu/scf ) LHV basis.

Case 3C — As Case 3B but with E-Gas"" gasifier at CGE as in EPRI report TR-102034, i.e.,
83.5 percent HHV basis.

Case 3D — As Case 3A but with E-Gas™" gasifier at 83.5 percent CGE and 5.6 MPa
(800 psig) pressure.

Case 4 — Gasification island as in Case 3D without gas saturation with H, gas to SOFC
(planar or tubular), SOFC exhaust to gas turbine. Optimize H, usage — examine sending
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some H, (with saturation) to the gas turbine to improve the efficiency by using a high-
temperature gas turbine and determine whether it is worth adding a steam cycle or at least
steam raising for NOx control, shift, and other plant use.

Case 5 — Advanced coal plant variation A.
Case 6 — Advanced coal plant variation B.

Conventional Coal-Fired Base Configurations:

Case 7A — Conventional supercritical with CO, removal. Steam conditions
24.1MPa/566°C/566°C/566°C (3500 psia/1050°F/1050°F/1050°F), i.e., double reheat.
Electrostatic precipitator (ESP) for particulate removal, limestone scrubbing for SO, removal,
selective catalytic reduction (SCR) for NOx removal, and MEA absorption for CO, removal.

Case 7B — As Case 7A but with steam conditions 34.5 MPa/649°C/649°C/649°C
(5000 psia/1200°F/1200°F/1200°F).

Case 7C — As Case 7A but without CO, removal.
Case 7D — As Case 7B but without CO, removal.

Case 7E — As Case 7A but with steam conditions 37.6MPa/700°C/700°C/720°C (5455
psia/1290°F/1290°F/1330°F).
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NATURAL GAS COMBINED CYCLES (NGCC) -
TECHNICAL DESCRIPTIONS

Four natural gas-fired combined cycle power plants were evaluated and are presented in this
section. Each design is competitive market-based and consists of a commercially available
combustion turbine coupled with a reheat steam cycle. Plant performance was estimated and a
heat and material balance diagram is presented for each case. An equipment list was generated
based on the estimated plant performance and used to generate total plant and operating cost as
well as cost of CO, emissions avoided. A plant description is also presented.

The four cases evaluated are:

e Case 1A —F Class Combined Cycle with CO, Removal and Recovery
e Case 1B — H Class Combined Cycle with CO, Removal and Recovery
e Case 1C - F Class Combined Cycle without CO, Removal

e Case 1D — H Class Combined Cycle without CO, Removal

In cases 1A and 1B, CO, was removed from the flue gas stream with an aqueous solution of
inhibited (oxygen tolerant) monoethanolamine (MEA). MEA absorption is the conventional
technology of choice for CO, removal from an oxygen-bearing flue gas stream. The CO, was
concentrated into a product stream and dried and compressed to a supercritical condition. The
four cases are described in greater detail below.

2.1 Case 1A -- NGCC, F CLASS TURBINE AND CO, REMOVAL

2.1.1 Introduction

This competitive market-based design is based on the use of two natural gas-fired combustion
turbines (CTs) each coupled with a heat recovery steam generator (HRSG) to generate steam for
a single steam turbine generator. CO, is removed from the HRSG flue gas with an amine-based
absorption system. Plant configuration and performance reflects current information and design
preferences, the availability of newer combustion and steam turbines, and the relative latitude of
a greenfield site.

This rendition of CT/HRSG technology is based on the General Electric 7FA machine. This
particular machine provides values of power output, airflow, and exhaust gas temperature that
effectively couple with a HRSG to generate steam for the companion steam turbine plant to
produce an estimated total net output of 399 MWe, at an efficiency of 43.5 percent (LHV) and
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39.2 percent (HHV). For this study, two gas turbines are used in conjunction with one
12.4 MPa/565.6°C/565.6°C (1800 psig/1050°F/1050°F) steam turbine.

Cool flue gas exiting the two HRSGs is further cooled and partially compressed and routed to an
inhibited MEA absorber-stripper system. In the absorber, a solution of aqueous inhibited MEA
is used to remove 90 percent of the CO, in the flue gas. Above this level of CO, removal the
costs of removal rise very rapidly. In the stripper, low-pressure steam is used to strip (remove)
CO, from the solution. Low-pressure, concentrated CO, from the stripper is then compressed to
supercritical conditions for subsequent transportation off-site.

The following sections provide a more detailed discussion of plant performance, equipment
descriptions, and plant cost estimates. The individual sections are:

e Thermal Plant Performance

e Power Plant Emissions

e System Description

e Equipment List

e (apital Cost, Production Cost, and Economics

e (ase 1A Sensitivity

The thermal performance section contains a heat and material balance diagram annotated with
state point information. A summary of plant performance including a breakdown of individual
auxiliary power consumption is also included. The system description section gives a more
detailed account of the individual power plant subsections. A corresponding equipment list
supports the detailed plant description and, along with the heat and material balance diagram,
was used in generating estimated plant cost. Three sensitivity performance cases are presented at
the end of the section.

e (ase 1A at ISO conditions
e (ase 1A with back pressure turbine

e (Case 1A with back pressure turbine at ISO conditions

2.1.2 Thermal Plant Performance

Table 2-1 shows a detailed breakdown of the estimated system performance for the entire
combined cycle power plant. Gross power output (prior to the generator terminals) for the two
General Electric 7FA gas turbines is estimated to be 334.9 MWe. This number is less than the
oft quoted 346 MWe (2 x 173 MWe) available at ISO conditions. The assumed ambient
conditions (see Table 1-1) correspond to lower pressure and higher temperature (i.e., lower air
density) compared to ISO. The geometry of the gas turbine is fixed. As a result, the mass flow
of less dense air through the compressor will be less than that of relatively more dense air. That
is the case we have here -- less dense ambient air, lower compressor air suction, lowered fuel
usage and turbo-set power output. Simple cycle efficiency for the CT remains essentially
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unchanged. For comparison, this case was also run at ISO conditions. This will be discussed
later in the write-up at the end of Section 2.1.

Also shown in Table 2-1 is the gross steam turbine power output of 120 MWe. This number is
much lower than that expected for a natural gas combined cycle with a gross CT power output of
334.9 MWe. Normally, a rule-of-thumb estimate is that steam turbine power is roughly half that
of the CT in a gas-fired combined cycle. However, in this case, most of the low-pressure steam
available at the ST crossover is diverted from the low-pressure (LP) turbine and used in the MEA
stripper reboiler. Diverting this LP steam results in a marked decrease in steam turbine power
output.

Plant auxiliary power is also summarized in Table 2-1. The total is estimated to be 48 MWe.
This value, much higher than that anticipated for a gas-fired combined cycle, is due to the
presence of the CO, removal/compression equipment. In particular, the flue gas blower, which
requires 22.4 MWe of auxiliary power, and the CO, compressor, which requires 16.2 MWe of
auxiliary power are the major users of auxiliary power.

Net plant power output, which considers generator losses and auxiliary power, is 398.9 MWe.
This plant power output results in a net system thermal efficiency of 43.5 percent (LHV) with a
corresponding heat rate of 8,269 kJ/kWh (7,838 Btu/kWh) (LHV). The corresponding HHV
values for efficiency and heat rate are 39.2 percent and 9,176 kJ/kWh (8,698 Btu/kWh),
respectively. These plant efficiency and heat rate numbers are low in comparison to those
expected for gas-fired combined cycles of the F-class technology. This low system thermal
efficiency is due to the increased auxiliary power and steam requirements of the CO, removal
equipment.

Figure 2-1 contains a heat and material balance diagram for the 100 percent load condition. CT
and ST cycles are shown schematically along with the appropriate state point condition data. An
open Brayton cycle (CT) using air and combustion products as working fluid is used in
conjunction with the conventional sub-critical Rankine cycle (ST). The two cycles are coupled
by the generation and superheating of steam in the HRSG, and by feedwater heating in the
HRSG. The HRSG uses a triple pressure configuration. The low-pressure drum provides steam
for an integral deaerator. Also shown in the diagram is the basic equipment required to remove
CO, from the flue gas stream and concentrate it as a pure, high-pressure product.

The heat and material balance in Figure 2-1 is shown in U.S. standard units. The following
factors can be used for conversion to SI units.

P Absolute Pressure, PSIA multiply P by 6.9 x10° = MPa (Mega Pascals)

°F Temperature, (F minus 32) divided by 1.8 = °C (Centigrade)

H Enthalpy btu/lb, multiply H by 2.3256 = kJ/kg (kilojoules/kilogram)

W Total plant flow lbs/hr, multiply W by 0.4536 = kg/hr (kilograms/hour)

Heat rate, multiply btu/kWh by 1.0548 = kJ/kWh (kilojoules/kilowatt-hour)
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Table 2-1

CASE 1A — (2) 7FA x 1 NGCC WITH CO, REMOVAL

FLUE GAS BLOWER OPTION

PLANT PERFORMANCE SUMMARY - 100 PERCENT LOAD

STEAM CYCLE
Throttle Pressure, MPa (psig)
Throttle Temperature, °C (°F)
Reheat Outlet Temperature, °C (°F)

12.4 (1,800)
565.6 (1,050)
565.6 (1,050)

GROSS POWER SUMMARY, kWe

Gas Turbine Power 334,892
Steam Turbine Power 120,037
Generator Loss (8,062)
Gross Plant Power (Note 1) 446,867
AUXILIARY POWER SUMMARY, kWe
Condensate Pumps 320
High Pressure Boiler Feed Pump 2,270
Miscellaneous Balance of Plant (Note 2) 500
Gas Turbine Auxiliaries 600
Steam Turbine Auxiliaries 200
Circulating Water Pumps 1,700
Cooling Tower Fans 960
Flue Gas Blower 22,410
MEA CO, Removal 1,440
CO, Compression and Drying (Note 3) 16,220
Transformer Loss 1,370
Total Auxiliary Power Requirement 47,990
NET PLANT POWER, kWe 398,877
PLANT EFFICIENCY, kWe
Net Efficiency, % LHV 43.5
Net Heat Rate, LHV, kJ/kWh (Btu/kWh) 8,269 (7,838)
Net Efficiency, % HHV 39.2
Net Heat Rate, HHV, kd/kWh (Btu/kWh) 9,176 (8,698)
CONDENSER COOLING DUTY, GJ/h (10° Btu/h) 672 (637)

CONSUMABLES
Natural Gas, kg/h (Ib/h) (Note 4)

72,116 (158,986)

Note 1 - Loads are presented for two gas turbines, and one steam turbine

Note 2 - Includes plant control systems, lighting, HVAC, etc
Note 3 — Final CO, pressure is 8.3 MPa (1,200 psia)

Note 4 — Heating value (LHV): 45,743 kJ/kg (19,666 Btu/Ib); (HHV): 50,763 kJ/kg (21,824 Btu/Ib)
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2.1.3 Power Plant Emissions

The operation of the modern, commercially available gas turbine fueled by natural gas, coupled
to a HRSG, is projected to result in very low levels of SO,, NOx, and CO,emissions. A
summary of the estimated plant emissions for this case is presented in Table 2-2. Emissions for
SO,, NOx, particulate, and CO, are shown as a function of four basis: (1) kilograms per
gigajoules of HHV thermal input (pound per million Btu of HHV thermal input), (2) tonnes per
year for a 65 percent capacity factor (tons per year for a 65 percent capacity factor), (3) tonnes
per year for an 85 percent capacity factor (tons per year for an 85 percent capacity factor), and,
(4) kilograms per hour per MWe of power output (pounds per hour per MWe of power output).

Table 2-2
CASE 1A AIRBORNE EMISSIONS
(2) 7FA x 1 NGCC WITH CO, REMOVAL

Values at Design Condition

(65% and 85% Capacity Factor)

kg/GJ (HHV) Tonnes/year 65% | Tonnes/year 85% kg/MWh

(Ib/10° Btu (HHV)) (Tons/year 65%) | (Tons/year 85%) (Ib/MWh)
SO, Neg. (Neg.) Neg. (Neg.) Neg. (Neg.) Neg. (Neg.)
NOXx <0.014 (< 0.033) 295 (325) 381 (420) 0.127 (0.28)
Particulate | Neg. (Neg.) Neg. (Neg.) Neg. (Neg.) Neg. (Neg.)
Co, 4.89 (11.36) 101,848 (112,266) | 133,185 (146,809) 44.84 (98.86)

As shown in the table, values of SO, emission and particulate discharge are negligible. This is a
direct consequence of using natural gas as the plant fuel supply. Pipeline natural gas contains
minor amounts of reduced sulfur species that produce negligible SO, emissions when combusted
and diluted with a large amount of air. As for particulate discharge, when natural gas is properly
combusted in a state-of-the-art CT the amount of solid particulate produced is very small (less
than 9.1 kg/h (20 Ib/h), 0.03 kg/MWh (0.06 Ib/MWh), for both 7FA machines).

The low level of NOx production is achieved through use of GE’s dry low-NOx (DLN)
combustion system. This combustor arrangement should limit NOx emissions to 9 ppm adjusted
to 15 percent O, content in the flue gas.

In this power plant configuration, approximately 90 percent of the CO, in the flue gas is removed
and concentrated into a highly pure product stream. This greatly limits CO, emissions as can be
seen in Table 2-2.
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2.1.4 System Description

The major subsystems in this natural gas-fired combined cycle power plant are:
e Combustion Turbine

e Heat Recovery Steam Generator

e (CO, Removal and Compression

e Steam Turbine Generator

e (Condensate and Feedwater Systems

e Balance of Plant

This section provides a brief discussion about the power plant equipment and operating
conditions. This discussion is based on the heat and material balance diagram shown in
Figure 2-1. The equipment list, which follows this section, is based on the material presented
here.

2.1.4.1 Combustion Turbine

The CT, or gas turbine, generator selected for this application is based on the General Electric
MS 7001FA model. This machine is an axial flow, constant speed unit, with variable inlet guide
vanes. Each CT operates in an open cycle mode. Two 7FAs, each equipped with an individual
HRSG, are used to power a single steam turbine in a traditional 2 on 1 arrangement.

Inlet air at 429.6 kg/sec (947 Ib/sec) (per CT) is compressed in a single spool compressor to a
pressure ratio of approximately 15.5:1. This airflow is lower than the ISO airflow of

442.7 kg/sec (976 1b/sec) due to the choice of ambient conditions used in this specific study.
(The ambient conditions chosen here correspond to a standard EPRI/DOE fossil-plant site. They
result in a less dense ambient air, and subsequently, less airflow and power output in the gas
turbine.) The compressor discharge air remains on-board the machine and passes to the burner
section to support combustion of the natural gas. Compressed air is also used in burner,
transition and film cooling services.

Pressurized pipeline natural gas at a rate of 36,058 kg/h (79,493 1b/h) (per CT) is combusted in
several (14) parallel dry low-NOx combustors that use staged combustion to limit NOx
formation. The CT combustors are can-annular in configuration. In the can-annular
arrangement, individual combustion cans are placed side-by-side in an annular chamber. Each
can is equipped with six fuel nozzles. This allows for higher mass flows over earlier machines
and higher operating temperatures. In the estimated performance provided here, the machine
will develop a rotor inlet temperature of about 1315.6°C (2400°F).

Hot combustion products are expanded in the three-stage turbine-expander. The CT exhaust
temperature is estimated as 606.1°C (1123°F) given the assumed ambient conditions, back-end
loss, and HRSG pressure drop. This value, slightly higher than the ISO quoted value of 602.8°C
(1117°F) for a simple cycle gas turbine, is due to increased back-pressure on the CT due to the
HRSG.
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Gross turbine power, as measured prior to the generator terminals, is estimated as 334.9 MWe.
The CT generator is a standard hydrogen-cooled machine with static exciter. Net CT power
from the generator is estimated at 329.2 MWe. These power values are lower than those quoted
at ISO conditions because the CT compressor airflow is lower at the assumed ambient
conditions. This lower airflow results in lower power output. The CT fuel fed is decreased
proportionately such that the CT simple cycle efficiency is relatively unchanged.

2.1.4.2 Heat Recovery Steam Generator

High-temperature flue gas at 1,582,472 kg/h (3,488,694 1b/h) (per turbine) exiting the CT is
conveyed through a HRSG (one for each turbine) to recover the large quantity of thermal energy
that remains. For analysis purposes, it is assumed that the flue gas heat loss through the HRSG
duct corresponds to 1.6°C (3°F). Flue gases travel through the HRSG gas path and exit at
97.2°C (207°F).

The HRSG is configured with high-pressure (HP), intermediate-pressure (IP), and LP steam
drums and circuitry. The HP drum is supplied with feedwater by the HP boiler feed pump while
the IP drum is supplied with feedwater from an interstage bleed on the HP boiler feed pump. IP
steam from the drum is mixed with cold reheat steam; the combined flow is then passed to the
reheat section. The LP drum produces steam for superheat as well as saturated steam for an
integral deaerator.

Condensate at 490,251 kg/h (1,080,800 1b/h) flows from the gland steam condenser to the HRSG
feedwater heater (low-temperature economizer). In this heater, the condensate temperature is
raised from 39.4°C (103°F) to 144.4°C (292°F). The condensate is then routed to the integral
deaerator, which operates at 152.8°C (307°F) and 0.5 MPa (75 psia). Feedwater from the
integral deaerator is then conveyed to the boiler feed pump.

High-pressure water from the boiler feed pump at 15.9 MPa (2300 psia) is heated to 315.6°C
(600°F) in a series of three economizers. The high-pressure economizers are staggered within
the HRSG in order to maximize flue gas heat flux. The high-pressure evaporator operates
13.4 MPa (1950 psia), resulting in a nominal 18.3°C (33°F) evaporator temperature approach.
The gas to water pinch is 11.1°C (20°F). A continuous drum blowdown of 2,721.6 kg/h
(6,000 1b/h) was used in this analysis. Saturated steam removed from the HP drum is
superheated to 567.8°C (1054°F) and then routed to the HP steam turbine throttle valves.

Feedwater from an interstage bleed on the HP boiler feed pump at a rate of 73,795 kg/h

(162,687 Ib/h) feeds the IP steam drum. The IP drum operates with a 13.9°C (25°F) approach
and an 11.1°C (20°F) gas-to-water pinch. Saturated steam from the IP drum at 2.8 MPa

(410 psia) 1s superheated to 315.6°C (600°F) and then mixed with cold reheat from the HP steam
turbine. The combined flow is then reheated to 565.6°C (1050°F) and routed to the IP section of
the steam turbine.

The LP steam drum operates at 0.52 MPa (75 psia). Saturated steam not utilized in the integral

deaerator is removed from the LP drum and superheated to 313.9°C (597°F). This steam then
flows to the steam turbine crossover area at a rate of 54,609 kg/h (120,390 1b/h).
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The HRSG tube surface is typically comprised of bare surface and/or finned tubing or pipe
material. The high-temperature portions are type P91 or P22 material; the low-temperature
portions (< 398.9°C (750°F)) will be carbon steel.

2.1.4.3 CO, Removal and Compression

Part of the criteria of this combined cycle power plant design is the limitation of CO, emissions.
This power plant configuration is based on removing 90 percent of the CO, in the HRSG flue
gas. An inhibited aqueous solution of MEA is used to remove the CO,.

Cool flue gas exiting the HRSG at 98.9°C (210°F) is indirectly cooled to 43.3°C (110°F) with
circulating cooling water. The cool flue gas is partially compressed to 0.12 MPa (17.5 psia) in a
centrifugal blower in order to overcome the gas-path pressure drop. There are four flue gas
coolers and blowers operating in parallel. The partially compressed flue gas stream is then
routed to a traditional absorber/stripper arrangement.

Flue gas enters the bottom of the absorber and flows upward and counter to the lean MEA
solution. CO, is removed from the flue gas in the packed-bed absorber column through direct
contact of MEA. The packing is 5.08 cm (2-inch) stainless steel rings. There are four absorber
columns, operating in parallel, each 8.84 meters (29 feet) in diameter and 24.38 meters (80 feet)
vertical. MEA circulation through each absorber is approximately 17.8 m’/min (4700 gpm).

Flue gas exiting the top of the absorber columns is collected in a common duct and routed to an
exhaust stack. Rich solution off the bottom of the columns is heated in the rich-lean heat
exchanger through indirect contact with lean solution flowing from the bottom of the stripper
column.

Hot rich solution enters the top of the stripper column and flows downward and counter to the
stripping agent, which is primarily steam. LP steam from the steam turbine crossover generates
the stripping steam in the reboiler. CO, liberated through the application of heat flows upward
along with the stripping steam. This vapor phase is routed to the reflux condenser where it is
cooled to 48.9°C (120°F), thereby condensing a large portion of the water vapor. This
condensed phase is returned to the stripper. The condenser vapor phase, which is saturated CO,,
is routed to the multi-staged, intercooled CO, compressor. Lean solution removed from the
bottom of the stripper is cooled in the rich-lean heat exchanger, cooled in a secondary exchanger,
and then returned to the absorber.

There are four strippers operating in parallel. Each stripper column is 4.88 meters (16 feet) in
diameter and equipped with stainless steel trays that promote good inter-phase contact. The
height of each stripper column is 22.86 meters (75 feet). Total reboiler steam requirement is
approximately 372,678 kg/h (821,600 1b/h) of 0.34 MPa (50 psig) LP steam.

SO, in the flue gas may react with the MEA solvent to form heat stable salts. Once formed, the
MEA cannot be easily regenerated and must be removed from the reclaimer system as a solid. If
solvent makeup becomes unacceptable, an alkali scrubber system can be installed before the
absorber. However, solvent losses through salt formation are expected to be low for NGCC.
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NO, components NO and NO, will be present in the flue gas stream. NO is unreactive with the
solvent. NO,, on the other hand, may react with the solvent to form nitrates. If nitrate formation
cannot be controlled with normal filtering and treating systems, a cold-water scrubber may be
installed as a means to control NO, flow into the absorber. NO,, which usually accounts for less
than ten percent of the NOx species, should not pose much of a problem to this system.

CO, from the stripper is compressed to a pressure of 8.4 MPa (1222 psia) by the multi-stage CO,
compressor. The compression includes interstage cooling as well as knockout drums to remove
and collect condensate. CO, is dehydrated to remove water vapor. Water vapor stripped from
the CO, is vented to the atmosphere. After drying, the CO, enters the pipeline for transport
and/or disposal/sequestration.

2.1.4.4 Steam Turbine Generator

The Rankine cycle used in this case is based on a state-of-the-art 12.4 MPa/565.6°C/565.6°C
(1800 psig/1050°F/1050°F) single reheat configuration. The steam turbine is a single machine
consisting of tandem HP, IP, and double-flow LP turbine sections connected via a common shaft
and driving a 3,600 rpm hydrogen-cooled generator. The HP and IP sections are contained in a
single span, opposed-flow casing, with the double-flow LP section in a separate casing. The LP
turbine has a pitch diameter of 152.4 cm (60 inches) and a last-stage bucket length of 50.8 cm
(20 inches).

Main steam at a rate of 359,115 kg/h (791,700 1b/h) from the HP boiler located in the HRSG
passes through HP stop valves and control valves and enters the turbine at 12.5 MPa/565.6°C
(1815 psia/1050°F). Steam initially enters the turbine near the middle of the high-pressure span,
flows through the turbine, and returns to the HRSG for reheating. Reheat steam flows through
the IP stop valves and intercept valves and enters the IP section at 2.4 MPa/565.6°C

(343 psig/1050°F). After passing through the IP section, the steam enters a crossover pipe. A
branch line equipped with combined stop/intercept valves conveys LP steam from the HRSG LP
drum to a tie-in at the crossover line. A tee is provided to extract a controlled amount of LP
steam from the crossover. This steam is used in the MEA reboiler located below the MEA
stripper column. The remaining crossover steam is divided into two paths and flows through the
LP sections exhausting downward into the condenser.

Turbine bearings are lubricated by a closed-loop, water-cooled pressurized oil system. The oil is
contained in a reservoir located below the turbine floor. During startup or unit trip the oil is
pumped by an emergency oil pump mounted on the reservoir. When the turbine reaches

95 percent of synchronous speed, oil is pumped by the main pump mounted on the turbine shaft.
The oil flows through water-cooled heat exchangers prior to entering the bearings. The oil then
flows through the bearings and returns by gravity to the lube oil reservoir.

Turbine shafts are sealed against air in-leakage or steam blowout using a modern positive
pressure variable clearance shaft sealing design arrangement connected to a low-pressure steam
seal system. During startup, seal steam is provided from the main steam line. As the unit
increases load, HP turbine gland leakage provides the seal steam. Pressure-regulating valves
control the gland header pressure and dump any excess steam to the condenser. A steam packing
exhauster maintains a vacuum at the outer gland seals to prevent leakage of steam into the
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turbine room. Any steam collected is condensed in the packing exhauster and returned to the
condensate system.

The generator is a synchronous type rated at 140 MWe. It operates with a 0.85 power factor and
generates power at 23 kV. A static, transformer type exciter is provided. Gross generator output
is 120.04 MWe. The generator operates with an efficiency of approximately 98 percent. Net
steam turbine generator power output is 117.67 MWe.

The generator is cooled with a hydrogen gas recirculation system using fans mounted on the
generator rotor shaft. The heat absorbed by the gas is removed as it passes over finned tube gas
coolers mounted on the stator frame. Gas is prevented from escaping at the rotor shafts by a
closed-loop oil seal system. The oil seal system consists of a storage tank, pumps, filters, and
pressure controls, all skid-mounted.

The steam turbine generator is controlled by a triple-redundant microprocessor-based electro-
hydraulic control system. The system provides digital control of the unit in accordance with
programmed control algorithms, color CRT operator interfacing, and datalink interfaces to the
balance-of-plant distributed control system (DCS), and incorporates on-line repair capability.

2.1.4.5 Condensate and Feedwater Systems

The function of the condensate system is to pump condensate from the condenser hotwell to the
deaerator, through the gland steam condenser and the low-temperature economizer section in the
HRSG. Each system consists of one main condenser; two 50 percent capacity, motor-driven
vertical condensate pumps; one gland steam condenser; and a low-temperature tube bundle in the
HRSG.

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

The function of the feedwater system is to pump the various feedwater streams from the
deaerator storage tank in the HRSG to the respective steam drums. Two 50 percent capacity
motor-driven feed pumps are provided for HP/IP service. Each pump is provided with inlet and
outlet isolation valves, outlet check valves, and individual minimum flow recirculation lines
discharging back to the deaerator storage tank. The recirculation flow is controlled by pneumatic
flow control valves. In addition, the suctions of the boiler feed pumps are equipped with startup
strainers, which are utilized during initial startup and following major outages or system
maintenance.
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2.1.4.6 Balance of Plant

The balance of plant items discussed in this section include:
e Natural Gas Lines and Metering

e Steam Systems

e Circulating Water System

e Accessory Electric Plant

e Instrumentation and Control

Natural Gas Lines and Metering

In this design, it is assumed that a natural gas main with adequate capacity and pressure is at the
fence line of the site and that a suitable right of way is available to install a branch line to the
site. A gas line comprised of Schedule 40 carbon steel pipe, 40.64 cm (16 inches) nominal OD,
is required to convey the gas to the site. The buried pipeline is coated and wrapped, and
cathodically protected with a zinc ribbon-type sacrificial anode to protect the pipe from
corrosion.

A new gas metering station is located on the site, adjacent to the new combustion turbine. The
meter may be of the rate-of-flow type, with input to the plant computer for summing and
recording, or may be of the positive displacement type. In either case, a complete time-line
record of gas consumption rates and cumulative consumption is provided.

Steam Systems

The function of the main steam system is to convey main steam from the HRSG superheater
outlet to the HP turbine stop valves. The function of the reheat system is to convey steam from
the HP turbine exhaust to the HRSG reheater and from the HRSG reheater outlet to the turbine
reheat stop valves.

Main steam exits the HRSG superheater through a motor-operated stop/check valve and a motor-
operated gate valve, then is routed to the HP turbine.

Cold reheat steam exits the HP turbine, and flows through a motor-operated isolation gate valve

to the HRSG reheater. Hot reheat steam exits at the HRSG reheater through a motor-operated
gate valve and is routed to the IP turbine.

Circulating Water System
The function of the circulating water system is to supply cooling water to condense the main

turbine exhaust steam. The system consists of two 50 percent capacity vertical circulating water
pumps, a mechanical draft evaporative cooling tower, and carbon steel cement-lined
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interconnecting piping. The condenser is a single pass, horizontal type with divided water boxes.
There are two separate circulating water circuits in each box. One-half of the condenser can be
removed from service for cleaning or plugging tubes. This can be done during normal operation
at reduced load.

Accessory Electric Plant

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

Instrumentation and Control

An integrated plant-wide control and monitoring system (DCS) is provided. The DCS is a
redundant microprocessor-based, functionally distributed system. The control room houses an
array of multiple video monitor (CRT) and keyboard units. The CRT/keyboard units are the
primary interface between the generating process and operations personnel. The DCS
incorporates plant monitoring and control functions for all the major plant equipment. The DCS
is designed to provide 99.5 percent availability. The plant equipment and the DCS are designed
for automatic response to load changes from minimum load to 100 percent. Startup and
shutdown routines are implemented as supervised manual with operator selection of modular
automation routines available.

2.1.5 Case 1A Major Equipment List

This section contains the equipment list corresponding to the power plant configuration shown in
Figure 2-1. This list, along with the heat and material balance and supporting performance data,
was used to generate plant costs and used in the financial analysis. In the following, all meters
(m) (feet (ft)) conditions specified for process pumps correspond to meters (feet) of liquid being
pumped. All other symbols can be referenced in the Nomenclature section.

This equipment list is shown using U.S. standard units. The following factors can be used for
conversion to SI units.

Inch, in. multiply by 2.54 = cm (centimeter)

Foot, ft. multiply by 0.3048 = m (meter)

Mile, multiply by 1.6093 = km (kilometer)

Pound, 1b. multiply by 0.4536 = kg (kilogram)

Gallon,gal. multiply by 3.785 x10° = m’ (cubic meters)

Gallons per minute, gpm multiply by 3.785x10” = m’/min (cubic meters/minute)

Cubic feet, cf. multiply by 2.832 x10”° = m’ (cubic meters)

Cubic feet per minute, cfm. multiply by 2.832 x 10° = m*/min (cubic meters per minute)
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Inches H,O pressure, in. WG multiply by 2.49 = mbar (millibar)

Inches Mercury absolute, in.Hga multiply by 33.86 = mbara (millibar absolute)
P Absolute Pressure, PSIA multiply P by 6.9 x10° = MPa (Mega Pascals absolute)
For Gauge Pressure, PSIG add 14.7 to convert to PSIA and then proceed as above

to convert to MPa

°F Temperature, (F minus 32) divided by 1.8 = °C (Centigrade)

Million btu, Mbtu multiply by 1.0548 = GJ (Gigajoules)

H Enthalpy btu/lb, multiply H by 2.3256 = klJ/kg (kilojoules/kilogram)
Heat rate, multiply btu/kWh by 1.0548 = kJ/kWh (kilojoules/kilowatt-hour)
Horsepower (U.S.), hp multiply by 1.014 = hp metric

ACCOUNT 1 COAL AND SORBENT HANDLING

Not Applicable
ACCOUNT 2 FUEL AND SORBENT PREPARATION AND FEED
ACCOUNT 2A FUEL PREPARATION AND FUEL INJECTION
Equipment Description Type Design Condition Oty
No.
1 Gas Pipeline Underground, carbon 158,990 Ib/h @ 600 psig 16.1 km
steel, coated and .
wrapped, cathodic 6 in. OD, Sch. 40
protection
2 Gas Metering Station 158,990 Ib/h 1
ACCOUNT 2B SORBENT PREPARATION AND FEED
Not Applicable
ACCOUNT 3 FEEDWATER AND MISCELLANEOUS SYSTEMS AND EQUIPMENT
ACCOUNT 3A CONDENSATE AND FEEDWATER SYSTEM
Equipment Description Type Design Condition Oty
No.
1 Cond. Storage Tank  Vertical, cyl., outdoor 70,000 gal 1
2 Condensate Pumps Vert. canned 1080 gpm @ 580 ft 2
3 Boiler Feed Pumps Horizontal split case 870 gpm @ 5,800 ft

Multi-staged, centr.
with interstage bleed
for IP feedwater
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ACCOUNT 3B

Equipment
No.

ACCOUNT 4

2-16

2
3

11

12

13
14
15
16

17

MISCELLANEOUS SYSTEMS

Description

Fuel Oil Storage Tank

Fuel Oil Unloading
Pump

Fuel Oil Supply Pump

Service Air
Compressors

Inst. Air Dryers

Service Water Pumps

Closed Cycle Cooling
Heat Exchanger

Closed Cycle Cooling
Water Pumps

Fire Service Booster
Pump
Engine-Driven Fire
Pump

Type

Vertical, cylindrical

Gear

Gear

Recip., single-stage,
double-acting, horiz.

Duplex, regenerative

Horiz. centrifugal,
double suction

Plate and frame
Horizontal, centrifugal

Two-stage horiz. cent.

Vert. turbine, diesel
engine

Raw Water S.S., single suction
Filtered Water Pumps  S.S., single suction
Filtered Water Tank Vertical, cylindrical
Makeup Demineralizer ~ Anion, cation, and
mixed bed

Liquid Waste
Treatment System

BOILER AND ACCESSORIES

Not Required

Design Condition

20,000 gal
50 psig, 100 gpm

150 psig, 5 gpm
100 psig, 450 cfm

450 cfm
200 ft, 700 gpm

50% cap. Each

70 ft, 700 gpm

250 ft, 700 gpm

350 ft, 1000 gpm

60 ft, 100 gpm
160 ft, 120 gpm
15,000 gal

150 gpm

10 years, 25-hour storm

N = NN



ACCOUNT 5
ACCOUNT 5A

Equipment No.

1

10

11
12

13
14

FLUE GAS CLEANUP
CO, REMOVAL AND COMPRESSION

Description
Flue Gas Cooler

Flue Gas Fan

Absorber

Stripper

Reflux Drum
Reboiler

Cartridge Filter
Carbon Filter
Rich Amine Pump

Lean/Rich Amine Heat
Exchanger

Lean Amine Pump

CO, Compressor and
Auxiliaries

Dehydration Package
Final CO, Cooler

Type

Shell and tube
cooling water service

Centrifugal

Packed bed 2" rings
Three 20-foot stages

Tray tower

Horizontal
cooling water

Horizontal shell
50 psig steam

Horizontal
Horizontal
Centrifugal

Horizontal shell

Centrifugal

Centrifugal
Multi-staged

Triethylene glycol

Shell and tube cooling
water service

Natural Gas Combined Cycles (NGCC) — Technical Descriptions

Design Condition Qty.
5 psig / 250°F 4
43 x 10° Btu/h
1,750,000 Ib/h 4
441,000 acfm
90 in.H,O (gauge)

7,250 hp

30 psig / 300°F 4
50 psig / 300°F 4
50 psig / 250°F 4
75 psig / 350°F 4
100 psig / 200°F 4
100 psig / 200°F 4
4,700 gpm @ 250 ft 4
100 psig / 280°F 4
4,700 gpm @ 250 ft 4
25 psia/ 1300 psia 1

1300 psia
28.9 x 10° Btu/h
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ACCOUNT 6

Equipment
No.

2-18

1

10

11

COMBUSTION TURBINE AND AUXILIARIES

Description

170 MWe Gas Turbine
Generator

Enclosure

Air Inlet
Filter/Silencer

Starting Package

Air to Air Cooler

Mechanical Package

Oil Cooler

Electrical Control
Package

Generator Glycol
Cooler

Compressor Wash
Skid

Fire Protection
Package

Type

Axial flow
single spool based on
GE 7FA

Sound attenuating

Two-stage

Electric motor, torque
converter drive, turning
gear

CS oil reservoir and
pumps dual vertical
cartridge filters air
compressor

Air-cooled, fin fan

Distributed control
system

Air-cooled, fin fan

Halon

Design Condition

950 lb/sec airflow
2410°F rotor inlet temp.
15.5 pressure ratio

85 dB at 3 ft outside the
enclosure

950 Ib/sec airflow
4.0 in. H,O pressure
drop, dirty

2500 hp, time from
turning gear to full load
~30 minutes

1 sec. update time/
8 MHz clock speed



ACCOUNT 7

Equipment
No.

1

ACCOUNT 8

Equipment
No.

1

Natural Gas Combined Cycles (NGCC) — Technical Descriptions

WASTE HEAT BOILER, DUCTING, AND STACK

Description

Heat Recovery Steam
Generator

Stack

Type

Drum, triple-pressure,
with economizer section
and integral deaerator

Carbon steel plate,
lined with type 409
stainless steel

Design Condition
Drums

HP-1950 psig/632°F
791,600 1b/h, superheat
to 1050°F

IP-410 psig/447°F
163,000 Ib/h, superheat
to 600°F

LP-60 psig/307°F
120,182 Ib/h, superheat
to 600°F

213 ft high x 28 ft dia.

STEAM TURBINE GENERATOR AND AUXILIARIES

Description

135 MW Turbine
Generator

Bearing Lube Oil
Coolers

Bearing Lube Oil
Conditioner

Control System
Generator Coolers

Hydrogen Seal Oil
System

Surface Condenser

Condenser Vacuum
Pumps

Type

TC2F20, triple
admissions

Plate and frame

Pressure filter closed
loop

Digital electro-hydraulic
Plate and frame

Closed loop

Single pass, divided
waterbox

Rotary, water-sealed

Design Condition

1815 psia
1050°F/1050°F

1600 psig

1,081,000 Ib/h steam @
2.0 in. Hga with 74°F
water, 20°F temp rise

2000/20 scfm
(hogging/holding)
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ACCOUNT 9 COOLING WATER SYSTEM
Equipment Description Type Design Condition Oty
No. (per each)
1 Circ. W. Pumps Vert. wet pit 70,000 gpm @ 80 ft 2
2 Cooling Tower Evaporative, mechanical 83°F WB/88°F CWT/ 1
draft, multi-cell 96°F HWT
ACCOUNT 10 ASH/SPENT SORBENT RECOVERY AND HANDLING
Not Applicable

2.1.6 Capital Cost, Production Cost, and Economics

The capital cost estimate, first-year production cost estimate and levelized economics of the 2 x 1
7FA natural gas-fired combined cycle power plant with CO, removal, case 1A, were developed
consistent with the approach and basis identified in the first section of Appendix A. The capital
cost estimate is expressed in December 1999 dollars. The production cost and expenses were
developed on a first-year basis with a January 2000 plant in-service date. Figure-of-merit results
of the economic analysis are the Levelized Busbar Cost of Electricity, expressed in cents per
kilowatt-hour and the Levelized Cost per tonne of CO, Removed.

The capital cost for case 1A represents a plant with a net output of 398.9 MWe. This capital cost
result at the level of Total Plant Cost (TPC) is summarized in Table 2-3. A detailed estimate for
case 1A is included in Appendix A.

The production costs for case 1A consist of plant Operating Labor, Maintenance (material and
labor), an allowance for Administrative & Support Labor, Consumables (including solid waste
disposal) and Fuel costs. The costs were determined on a first-year basis that includes evaluation
at a 65 percent equivalent plant operating capacity factor. The results are summarized in

Table 2-4 and supporting detail is contained in Appendix A.
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Table 2-3
CASE 1A SUMMARY TPC COST
Account Title Cost
Number ($x1000)
BARE ERECTED COST
5B CO, Removal and Compression 121,940
6 Combustion Turbine and Accessories 73,900
7 HRSG, Ducting and Stack 34,120
8&9 Steam T-G Plant, including Cooling Water System 35,980
11 Accessory Electric Plant 26,400
Balance of Plant 31,150
SUBTOTAL 323,490
Engineering, Construction Management 19,410
Home Office and Fee
Process Contingency 9,060
Project Contingency 51,000
TOTAL PLANT COST (TPC) $402,960
TPC $/kW 1,010

Table 2-4
CASE 1A ANNUAL PRODUCTION COST
Item First-Year Cost First-Year Unit Cost
($x1000) (¢/kWh)

Operating Labor 2,064 0.09
Maintenance 6,806 0.30
Administrative & Support Labor 1,196 0.05
Consumables 7,685 0.34
Byproduct Credits N/A N/A
Fuel 53,338 2.35
TOTAL PRODUCTION COST 71,089 3.13
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A revenue requirement analysis was performed to determine the economic figures-of-merit for
case 1A. This analysis was performed on a levelized, over book life, constant dollar basis. The
evaluation was based on the 65 percent capacity factor basis used to determine the annual
production costs. Two figure-of-merit values were determined; Busbar Cost of Power, expressed
in cents per kilowatt-hour, and the Levelized Cost per tonne of CO, Removed, expressed in
dollars per ton. The Total Capital Requirement component of the figure-of-merit was
determined on the basis of a factor produced by the EPRI model ECONCC. The economic
inputs and basis provided by EPRI is included in Appendix A along with a case summary that
includes line items of the economic results. Summary economic results are provided in

Table 2-5.

Table 2-5
CASE 1A LEVELIZED ECONOMIC RESULT SUMMARY

Component (unit) Value
Production Cost (¢/kWh) 3.13
Annual Carrying Charge (¢/kWh) 2.66
Levelized Busbar Cost of Power Charge (¢/kWh) 5.79
Levelized Cost per Tonne of CO, Removed ($/tonne of CO,) 139

2.1.7 Case 1A Sensitivity

In the course of completing this case, three sensitivity cases were identified and evaluated as
follows:

e (Case 1A at ISO conditions,

e (ase 1A with back pressure gas turbine,

e (ase 1A with back-pressure gas turbine at ISO conditions.

For each case, plant performance was estimated and a heat and material balance diagram was
produced. There will be no cost estimate for these sensitivity cases.

2.1.7.1 Case 1A at ISO Conditions

This case was developed so that the results of this study could be compared to other studies that
assumed ISO conditions for ambient. As such, the power plant configuration in this case is a
direct duplicate of that described in detail in the previous section. However, due to the
assumption of ISO ambient conditions -- which are 15°C (59°F), 0.101 MPa (14.696 psia), and
60 percent relative humidity -- there are several differences in plant performance.
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Operation of the gas turbine at ISO conditions, as opposed to the ambient conditions of 17.2°C
(63°F) and 0.099 MPa (14.4 psia) assumed for the primary case, results in greater flow through
the gas turbine set. More air is compressed and utilized due to density changes at the compressor
inlet. Increased airflow and a higher ambient (inlet) pressure results in a relatively higher firing
pressure, higher fuel input, and increased power output. However, in the case presented here, the
simple cycle efficiency at ISO conditions compared to those assumed for the body of this report
is more or less unchanged.

Estimated performance is presented in Table 2.1-6. A heat and material balance is in

Figure 2.1-2. As can be seen by comparing this heat and material balance with that in

Figure 2.1-1, airflow for each compressor has increased from 429.6 kg/sec (947 1b/sec) to

442.7 kg/sec (976 1b/sec). Fuel flow to each turbine has increased from 36,058 kg/h

(79,493 1b/h) to 37,306 kg/h (82,244 1b/h). Also, the steam turbine back-pressure has decreased
from 68 mbara (2 inches HgA) to 41 mbara (1.2 inches HgA).

The heat and material balance in Figure 2-2 is shown in U.S. standard units. The following
factors can be used for conversion to SI units.

P Absolute Pressure, PSIA multiply P by 6.9 x10? = MPa (Mega Pascals)

°F Temperature, (F minus 32) divided by 1.8 = °C (Centigrade)

H Enthalpy btu/lb, multiply H by 2.3256 = kJ/kg (kilojoules/kilogram)

W Total plant flow lbs/hr, multiply W by 0.4536 = kg/hr (kilograms/hour)

Heat rate, multiply btu/kWh by 1.0548 = kJ/kWh (kilojoules/kilowatt-hour)

As shown in Table 2-6, gas turbine shaft power output has increased from 334.8 MW to

346.6 MW. This power increase is due entirely to the change in ambient conditions; operation at
ISO allows greater volume throughput. Also, due to the increase in power plant thermal input, as
well as a decrease in condenser back-pressure, steam turbine shaft power output has increased
from 120 MW to 124 MW. The overall effect is increased plant output at a similar efficiency
performance level.

2.1.7.2 Case 1A with Back-Pressure Gas Turbine

As can be seen in Table 2-1, the flue gas blower -- which conveys flue gas from the HRSG
exhaust to the MEA absorber -- is the largest single component of the auxiliary power. Due to
this, an alternative configuration without a flue gas blower was identified. With this approach,
pressure head for the MEA absorber resistance was made up by holding a back-pressure on the
gas turbine expander.

Table 2-7 shows a summary of estimated performance for this case. There is a slight increase in
net plant power output, 401.3 MWe versus 398.9 MWe, as compared to the base case (shown in
Table 2-1). Auxiliary power is markedly decreased, 26.3 MWe as compared to 47.9 MWe, but
gas turbine power output decreases substantially due to the increased exit pressure and
temperature of the gas turbine expander. There is also a modest increase in efficiency,

43.8 percent LHV versus 43.5 percent LHV.
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Figure 2-3 shows the plant heat and material balance diagram. Gas turbine exhaust pressure is
0.123 MPa (17.9 psia) rather than the 0.101 MPa (14.7 psia) of the base case (shown in

Figure 2-1). This high gas turbine expander back-pressure leads to an increase in expander
exhaust temperature. The exhaust temperature with the back-pressure expander is 642.2°C
(1188°F). This value is 18.9°C (66°F) above that of the base case. This temperature is very high
and may contribute to equipment failure at some part-load conditions. Unless the OEM can
ensure that this operating temperature would not lead to equipment failure, the slight increase in
plant efficiency cannot be justified. A cost analysis would be required to determine if there is a
significant capital cost advantage or investment incentive.

The heat and material balance in Figure 2-3 is shown in U.S. standard units. The following
factors can be used for conversion to SI units.

P Absolute Pressure, PSIA multiply P by 6.9 x10* = MPa (Mega Pascals)

°F Temperature, (F minus 32) divided by 1.8 = °C (Centigrade)

H Enthalpy btu/Ib, multiply H by 2.3256 = kJ/kg (kilojoules/kilogram)

W Total plant flow Ibs/hr, multiply W by 0.4536 = kg/hr (kilograms/hour)

Heat rate, multiply btu/kWh by 1.0548 = kJ/kWh (kilojoules/kilowatt-hour)

2.1.7.3 Case 1A with Back-Pressure Gas Turbine at ISO Conditions

The approach with back-pressure gas turbine was run at ISO conditions. The results are shown
in Table 2-8.
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CASE 1A
(2) 7FA x

Natural Gas Combined Cycles (NGCC) — Technical Descriptions

—1SO CONDITIONS
1 NGCC WITH CO, REMOVAL

FLUE GAS BLOWER OPTION

PLANT PERFORMANCE SUMMARY - 100 PERCENT LOAD

STEAM CYCLE
Throttle Pressure, MPa (psig)
Throttle Temperature, °C (°F)
Reheat Outlet Temperature, °C (°F)

12.4 (1,800)
565.6 (1,050)
565.6 (1,050)

GROSS POWER SUMMARY, kWe

Gas Turbine Power 346,645
Steam Turbine Power 124,445
Generator Loss (8,340)
Gross Plant Power (Note 1) 462,750
AUXILIARY POWER SUMMARY, kWe
Condensate Pumps 330
High Pressure Boiler Feed Pump 2,350
Miscellaneous Balance of Plant (Note 2) 500
Gas Turbine Auxiliaries 600
Steam Turbine Auxiliaries 200
Circulating Water Pumps 1,730
Cooling Tower Fans 980
Flue Gas Blower 22,660
MEA CO, Removal 1,490
CO, Compression and Drying (Note 3) 16,730
Transformer Loss 1,420
Total Auxiliary Power Requirement 48,990
NET PLANT POWER, kWe 418,760
PLANT EFFICIENCY
Net Efficiency, % LHV 43.6
Net Heat Rate, LHV, kJ/kWh (Btu/kWh) 8,246 (7,818)
Net Efficiency, % HHV 39.3
Net Heat Rate, HHV, kJ/kWh (Btu/kWh) 9,151 (8,676)
CONDENSER COOLING DUTY, GJ (10° Btu/h) 683.5 (648)

CONSUMABLES
Natural Gas, kg/h (Ib/h) (Note 4)

74,612 (164,488)

Note 1 — Loads are presented for two gas turbines, and one steam turbine.
Note 2 — Includes plant control systems, lighting, HVAC, etc.
Note 3 — Final CO, pressure is 8.27 MPa (1200 psia).

Note 4 — Heating value (LHV): 45,743 kJ/kg (19,666 Btu/lb); (HHV) 50,763 kJ/kg (21,824 Btu/Ib).

2-25



Natural Gas Combined Cycles (NGCC) — Technical Descriptions

Table 2-7
CASE 1A

—(2) 7FA x 1 NGCC WITH CO, REMOVAL

BACK PRESSURE TURBINE OPTION

PLANT PERFORMANCE SUMMARY - 100 PERCENT LOAD

STEAM CYCLE
Throttle Pressure, MPa (psig)
Throttle Temperature, °C (°F)
Reheat Outlet Temperature, °C (°F)

12.4 (1,800)
565.6 (1,050)
565.6 (1,050)

GROSS POWER SUMMARY, kWe

Gas Turbine Power 294,332
Steam Turbine Power 139,803
Generator Loss (6,459)
Gross Plant Power (Note 1) 427,676
AUXILIARY POWER SUMMARY, kWe
Condensate Pumps 340
High Pressure Boiler Feed Pump 2,620
Miscellaneous Balance of Plant (Note 2) 500
Gas Turbine Auxiliaries 600
Steam Turbine Auxiliaries 200
Circulating Water Pumps 1,990
Cooling Tower Fans 1,130
MEA CO, Removal 1,440
CO, Compression and Drying (Note 3) 16,220
Transformer Loss 1,310
Total Auxiliary Power Requirement 26,350
NET PLANT POWER, kWe 401,326
PLANT EFFICIENCY, kWe
Net Efficiency, % LHV 43.8
Net Heat Rate, LHV, kJ/kWh (Btu/kWh) 8,217 (7,790)
Net Efficiency, % HHV 39.5
Net Heat Rate, HHV, kJ/kWh (Btu/kWh) 9,120 (8,646)
CONDENSER COOLING DUTY, GJ (10° Btu/h) 786.9 (746)

CONSUMABLES
Natural Gas, kg/h (Ib/h) (Note 4)

72,116 (158,986)

Note 1 — Loads are presented for two gas turbines, and one steam turbine.

Note 2 — Includes plant control systems, lighting, HVAC, etc.

Note 3 — Final CO, pressure is 8.27 MPa (1200 psia).

Note 4 — Heating value (LHV): 45,743 kJ/kg (19,666 Btu/lb); (HHV): 50,763 kJ/kg (21,824 Btu/Ib).
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Table 2-8

CASE 1A —ISO CONDITIONS

(2) 7FA x 1 NGCC WITH CO, REMOVAL

BACK-PRESSURE TURBINE OPTION

PLANT PERFORMANCE SUMMARY - 100 PERCENT LOAD

STEAM CYCLE
Throttle Pressure, MPa (psig) 12.4 (1,800)
Throttle Temperature, °C (°F) 565.6 (1,050)
Reheat Outlet Temperature, °C (°F) 565.6 (1,050)
GROSS POWER SUMMARY, kWe
Gas Turbine Power 308,955
Steam Turbine Power 144,451
Generator Loss (8,043)
Gross Plant Power (Note 1) 445,363
AUXILIARY POWER SUMMARY, kWe
Condensate Pumps 350
High Pressure Boiler Feed Pump 2,660
Miscellaneous Balance of Plant (Note 2) 500
Gas Turbine Auxiliaries 600
Steam Turbine Auxiliaries 200
Circulating Water Pumps 2,070
Cooling Tower Fans 1,170
MEA CO, Removal 1,490
CO, Compression and Drying (Note 3) 16,730
Transformer Loss 1,370
Total Auxiliary Power Requirement 27,140
NET PLANT POWER, kWe 418,223
PLANT EFFICIENCY
Net Efficiency, % LHV 441
Net Heat Rate, LHV, kJ/kWh (Btu/kWh) 8,159 (7,735)
Net Efficiency, % HHV 39.8
Net Heat Rate, HHV, kJ/kWh (Btu/kWh) 9,053 (8,583)
CONDENSER COOLING DUTY, GJ (10° Btu/h) 804.8 (763)
CONSUMABLES
Natural Gas, kg/h (Ib/h) (Note 4) 74,612 (164,488)

Note 1 — Loads are presented for two gas turbines, and one steam turbine.

Note 2 — Includes plant control systems, lighting, HVAC, etc.

Note 3 — Final CO, pressure is 8.27 MPa (1200 psia).

Note 4 — Heating value(LHV): 45,743 kJ/kg (19,666 Btu/Ib); (HHV): 50,763 kJ/kg (21,824 Btu/Ib).
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2.2 CASE 1B - NGCC, H CLASS TURBINE WITH CO, REMOVAL

2.2.1 Introduction

This design is based on the use of one advanced natural gas-fired combustion turbine (CT),
coupled with a heat recovery steam generator (HRSG) to generate steam for a single steam
turbine generator. CO, is removed from the HRSG flue gas with an amine-based absorption
process. The plant configuration reflects current information and design preferences, the
availability of newer combustion and steam turbines, and the relative latitude of a greenfield site.

The gas turbine chosen is the General Electric H-type advanced turbine system (ATS) machine.
This particular machine features a gas turbine and steam turbine connected on one shaft to single
generator. The gas turbine provides values of power output, airflow, and exhaust gas
temperature that effectively couple with a HRSG to generate steam for the companion steam
cycle plant to produce an estimated total net output of 321 MWe, at an efficiency of 48.1 percent
(LHV) and 43.4 percent (HHV). For this study, the steam turbine was assumed to have the
following throttle and reheat conditions:12.48 MPa/565.6°C/565.6°C(1810 psig/1050°F/1050°F).

Flue gas exiting the HRSG is cooled, partially compressed, and routed to an inhibited MEA
absorber-stripper system. In the absorber, a solution of aqueous MEA is used to remove
90 percent of the CO, in the flue gas. In the stripper, low-pressure steam is used to strip
(remove) and purify the CO,. Low-pressure, concentrated CO, from the stripper is then
compressed to supercritical conditions for subsequent transportation off-site.

The following sections provide a more detailed discussion of plant performance, equipment
descriptions, and plant cost estimates. The individual sections are:

e Thermal Plant Performance

e Power Plant Emissions

e System Description

e Equipment List

e (apital Cost, Production Cost, and Economics

e (Case 1B Sensitivities

The thermal performance section contains a heat and material balance diagram annotated with
state point information. A summary of plant performance including a breakdown of individual
auxiliary power consumption is also included. The system description section gives a more
detailed account of the individual power plant subsections. A corresponding equipment list
supports the detailed plant description and, along with the heat and material balance diagram,
was used in generating estimated plant cost. Three sensitivity performance cases are presented at
the end of the section.
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2.2.2 Thermal Plant Performance

The market-based plant described in this section is based on use of one General Electric H-type
ATS gas turbine coupled with a triple-pressure HRSG supplying steam to one steam turbine
generator. The resulting power plant thus utilizes a combined cycle for conversion of thermal
energy to electric power. Table 2-9 shows a detailed breakdown of the estimated system
performance for the entire combined cycle power plant. Gross power output (prior to the
generator terminals) for the H-type turbo-set is estimated to be 348.3 MWe.

The assumed ambient conditions (see Table 2-1) correspond to lower pressure and higher
temperature (i.e., lower density) compared to ISO. The geometry of the gas turbine is fixed. As
a result, the mass flow of less dense air through the compressor will be less than that of relatively
more dense air. That is the case we have here -- less dense ambient air, lower compressor air
suction, lowered fuel usage and turbo-set power output. Simple cycle efficiency for the CT
remains essentially unchanged. For comparison, this case was also run at ISO conditions. This
will be discussed at the end of Section 2.2.

Also shown in Table 2-9 is the estimated gross steam turbine power output of 76.5 MWe. This
number is much lower than that expected for a natural gas combined cycle with an estimated
gross CT power output of 271 MWe. Normally, a rule-of-thumb estimate is that steam turbine
power is roughly half that of the CT in a gas-fired combined cycle. However, in this case, most
of the low-pressure steam available at the ST crossover is diverted from the low pressure (LP)
turbine and used in the MEA stripper reboiler. Diverting this LP steam results in a marked
decrease in steam turbine power output.

Plant auxiliary power is also summarized in Table 2-9. The total is estimated to be 32.3 MWe.
This value, much higher than that anticipated for a gas-fired combined cycle, is due to the
presence of the CO, removal/compression equipment. In particular, the flue gas blower, which
requires 14.1 MWe of auxiliary power, and the CO, compressor, which requires 11.4 MWe of
auxiliary power are responsible.

Net plant power output, which considers generator losses and auxiliary power, is estimated at
310.8 MWe. This plant power output results in a net system thermal efficiency of 48.1 percent
(LHV) with a corresponding heat rate of 7,489 kJ/kWh (7,100 Btu/kWh) (LHV). The
corresponding HHYV values for efficiency and heat rate are 43.3 percent and 8,311 kJ/kWh
(7,879 Btu/kWh), respectively. These plant efficiency and heat rate numbers are low in
comparison to that expected for gas-fired combined cycles of the H-class technology. This low
system thermal efficiency is due to the increased auxiliary power and the steam requirements of
the CO, removal equipment.

Figure 2-4 contains a heat and material balance diagram for the 100 percent load condition. CT
and ST cycles are shown schematically along with the appropriate state point condition data. An
open Brayton cycle (CT) using air and combustion products as working fluid is used in
conjunction with the conventional sub-critical Rankine cycle (ST). The two cycles are coupled
by the generation and superheating of steam in the HRSG, and by feedwater heating in the
HRSG.
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Table 2-9
CASE 1B

Natural Gas Combined Cycles (NGCC) — Technical Descriptions

—GE Hx1NGCC WITH CO, REMOVAL

FLUE GAS BLOWER OPTION

PLANT PERFORMANCE SUMMARY - 100 PERCENT LOAD

STEAM CYCLE
Throttle Pressure, MPa (psig) 12.4 (1,800)
Throttle Temperature, °C (°F) 565.6 (1,050)
Reheat Outlet Temperature, °C (°F) 565.6 (1,050)
GROSS POWER SUMMARY, kWe
Gas Turbine Power 271,812
Steam Turbine Power 76,520
Generator Loss (5,225)
Gross Plant Power (Note 1) 343,107
AUXILIARY LOAD SUMMARY, kWe
Condensate Pumps 220
High Pressure Boiler Feed Pump 1,510
Miscellaneous Balance of Plant (Note 2) 500
Gas Turbine Auxiliaries 600
Steam Turbine Auxiliaries 200
Circulating Water Pumps 1,030
Cooling Tower Fans 590
Flue Gas Blower 14,110
MEA CO, Removal 1,020
CO, Compression and Drying (Note 3) 11,450
Transformer Loss ~1,060
Total Auxiliary Power Requirement 32,290
NET PLANT POWER, kWe 310,817
PLANT EFICIENCY, kWe
Net Efficiency, % LHV 48.1
Net Heat Rate, LHV, kJ/kWh (Btu/kWh) 7,489 (7,100)
Net Efficiency, % HHV 43.3
Net Heat Rate, HHV, kJ/kWh (Btu/kWh) 8,311 (7,879)
CONDENSER COOLING DUTY, GJ (10° Btu/h) 409.3 (388)
CONSUMABLES
Natural Gas, kg/h (Ib/h) (Note 4) 50, 873 (112,153)

Note 1 — Single shaft turbo set.

Note 2 — Includes plant control systems, lighting, HVAC, etc.

Note 3 — Final CO, pressure is 8.27 MPa (1200 psia).

Note 4 — Heating value (LHV): 45,743 kJ/kg (19,666 Btu/Ib); (HHV): 50,763 kJ/kg
(21,824 Btu/Ib).
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The HRSG uses a triple-pressure configuration. The low-pressure drum provides steam for the
crossover of the steam turbine as well as steam for an integral deaerator. Intermediate-pressure
steam provides additional cold reheat. High-pressure steam is the primary working fluid of the
Brayton cycle. Also shown in the diagram is the basic equipment required to remove CO, from
the flue gas stream and concentrate it as a pure, high-pressure product.

The heat and material balance in Figure 2-4 is shown in U.S. standard units. The following
factors can be used for conversion to SI units.

P Absolute Pressure, PSIA multiply P by 6.9 x10? = MPa (Mega Pascals)

°F Temperature, (F minus 32) divided by 1.8 = °C (Centigrade)

H Enthalpy btu/Ib, multiply H by 2.3256 = kJ/kg (kilojoules/kilogram)

W Total plant flow 1bs/hr, multiply W by 0.4536 = kg/hr (kilograms/hour)

Heat rate, multiply btu/kWh by 1.0548 = kJ/kWh (kilojoules/kilowatt-hour)
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2.2.3 Power Plant Emissions

The operation of the modern, state-of-the-art gas turbine fueled by natural gas, coupled to a
HRSG, is projected to result in very low levels of SO,, NOx, and CO,emissions. A summary of
the estimated plant emissions for this case is presented in Table 2-10. Emissions for SO,, NOXx,
particulate, and CO, are shown as a function of four basis: (1) kilogram per gigajoule of HHV
thermal input (pound per million Btu of HHV thermal input), (2) tonnes per year for a 65 percent
capacity factor (tons per year for a 65 percent capacity factor), (3) tonnes per year for an

85 percent capacity factor (tons per year for an 85 percent capacity factor), and, (4) kilograms
per hour per MWe of power output (pounds per hour per MWe of power output).

Table 2-10
CASE 1B AIRBORNE EMISSIONS
H-TYPE NGCC WITH CO, REMOVAL

Values at Design Condition
(65% and 85% Capacity Factor)
kg/GJ (HHV) Tonnes/year 65% Tonnes/year 85% kg/MWh
(Ib/10° Btu (HHV)) (Tons/year 65%) (Tons/year 85%) (Ib/MWh)
SO, Neg. (Neg.) Neg. (Neg.) Neg. (Neg.) Neg. (Neg.)
NOx <0.012 (< 0.028) 174.2 (192) 227.7 (251) 0.095 (0.21)
Particulate Neg. (Neg.) Neg. (Neg.) Neg. (Neg.) Neg. (Neg.)
CO, 5.07 (11.8) 74,567 (82,195) 188,355 (207,600) 39.98 (88.14)

As shown in the table, values of SO, emission and particulate discharge are negligible. This is a
direct consequence of using natural gas as the plant fuel supply. Pipeline natural gas contains
minor amounts of reduced sulfur species that produce negligible SO, emissions when combusted
and diluted with a large amount of air. As for particulate discharge, when natural gas is properly
combusted in a state-of-the-art CT the amount of solid particulate produced is very small (less
than 9.1 kg/hour (20 Ib/hour), 0.027 kg/MWh (0.06 Ib/MWh)).

The low level of NOx production is achieved through use of GE’s dry low-NOx (DLN)
combustion system. This combustor arrangement should limit NOx emissions to less than
10 ppm adjusted to 15 percent O, content in the flue gas.

In this power plant configuration, approximately 90 percent of the CO, in the flue gas is removed
and concentrated into a highly pure product stream. This greatly reduces CO, emissions as can
be seen in Table 2-10.
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2.2.4 System Description

The major subsystems in this natural gas-fired combined cycle power plant are:
e Combustion Turbine

e Heat Recovery Steam Generator

e CO, Removal and Compression

e Steam Turbine Generator

e Condensate and Feedwater Systems

e Balance of Plant

This section provides a brief discussion about the power plant equipment and operating
conditions. This discussion is based on the heat and material balance diagram shown in
Figure 2-4. The equipment list, which follows this section, is based on the material presented
here.

2.2.4.1 Combustion Turbine

The CT, or gas turbine, generator selected for this application is based on the General Electric
model H. This machine is an axial flow, constant speed unit, with variable inlet guide vanes.
The gas turbine compressor and expander, as well as the steam turbine and generator, are
connected on a single rotating shaft.

Inlet air at 539.3 kg/sec (1,189 Ib/sec) is compressed in a single spool compressor to a pressure
ratio of approximately 23:1. This airflow is lower than the ISO airflow of 555.7 kg/sec

(1,225 1b/sec) due to the choice of ambient conditions used in this specific study. (The ambient
conditions chosen in this correspond to a standard EPRI/DOE fossil-plant site. They result in a
less dense ambient air, and subsequently, less airflow and power output in the gas turbine.) The
compressor discharge air remains on-board the machine and passes to the burner section to
support combustion of the natural gas. Compressed air is also used in burner, transition and film
cooling services.

Pressurized pipeline natural gas at a rate of 50,873 kg/hour (112,153 Ib/hour) is combusted in
several (12) parallel dry low-NOx combustors that use staged combustion to limit NOx
formation. The CT combustors are can-annular in configuration. In the can-annular
arrangement, individual combustion cans are placed side-by-side in an annular chamber. Each
can is equipped with multiple fuel nozzles. This allows for higher mass flows than were possible
with earlier machines and higher operating temperatures. In the estimated performance the
machine will develop a rotor inlet temperature of about 1426.7°C (2600°F) with higher
efficiency than the Model FA.

Hot combustion products are expanded in the four-stage turbine-expander. It is assumed that the
first two expander stages are steam-cooled and that the third stage is air-cooled. No cooling is
expected in the fourth expander stage. The CT exhaust temperature is estimated as 597.2°C
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(1107°F), given the assumed ambient conditions, back-end loss, and HRSG pressure drop. This
value, slightly higher than the ISO assumed value of 594.4°C (1102°F) for a simple cycle gas
turbine, is due to increased back-pressure on the CT due to the HRSG.

Gross turbine shaft power, as measured prior to the generator terminals, is estimated as

271.8 MWe. The CT generator is a standard hydrogen-cooled machine with static exciter. The
generator is shared with the steam turbine. Net CT power (following generator losses) is
estimated at 267.7 MWe. These power values are lower than those quoted at ISO conditions
because the CT compressor airflow is lower at the assumed ambient conditions. Lower airflow
results in lower power output. The CT fuel fed is decreased proportionately such that the CT
simple cycle efficiency is relatively unchanged.

2.2.4.2 Heat Recovery Steam Generator

High temperature flue gas at 1,991,812 kg/hour (4,391,119 1b/hour) exiting the CT is conveyed
through the HRSG to recover the large quantity of thermal energy that remains. For analysis
purposes, it is assumed that the flue gas heat loss through the HRSG duct corresponds to 1.6°C
(3°F). Flue gases travel through the HRSG gas path and exit at 94.4°C (202°F).

The HRSG is configured with high-pressure (HP), intermediate-pressure (IP), and LP steam
drums and circuitry. The HP drum is supplied with feedwater by the HP boiler feed pump, while
the IP drum is supplied with feedwater from an interstage bleed on the HP boiler feed pump. IP
steam from the drum is mixed with cold reheat steam; the combined flow is then passed to the
reheat section. The LP drum produces steam for superheat as well as saturated steam for an
integral deaerator.

Condensate at 324,132 kg/hour (714,576 1b/hour) flows from the gland steam condenser to the
HRSG feedwater heater (low-temperature economizer). In this heater, the condensate
temperature is raised from 39.4°C (103°F) to 144.4°C (292°F). The condensate is then routed to
the integral deaerator, which operates at 152.8°C (307°F) and 0.52 MPa (75 psia). Feedwater
from the integral deaerator is then conveyed to the boiler feed pump.

High-pressure water from the boiler feed pump at 15.86 MPa (2300 psia) is heated to 315.6°C
(600°F) in a series of three economizers. The high-pressure economizers are staggered within
the HRSG in order to maximize flue gas heat flux. The high-pressure evaporator operates at
13.44 MPa (1950 psia) resulting in a nominal 18.3°C (33°F) evaporator temperature approach.
The gas to water pinch is 11.1°C (20°F). A continuous drum blowdown of 2722 kg/hour

(6,000 Ib/hour) was used in this analysis. Saturated steam removed from the high-pressure drum
is superheated to 567.8°C (1054°F) and then routed to the high-pressure steam turbine throttle
valves.

Feedwater from an interstage bleed on the HP boiler feed pump at a rate of 41,820 kg/hour
(92,197 1b/hour) feeds the IP steam drum. The IP drum operates with a 13.9°C (25°F) approach
and an 11.1°C (20°F) gas-to-water pinch. Saturated steam from the IP drum at 2.83 MPa

(410 psia) is superheated to 315.6°C (600°F) and then mixed with cold reheat from the high-
pressure steam turbine. The combined flow is then reheated to 565.6°C (1050°F) and routed to
the IP section of the steam turbine.
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The LP steam drum operates at 0.52 MPa (75 psia). Saturated steam not utilized in the integral
deaerator is removed from the LP drum and superheated to 313.9°C (597°F). This steam then
flows to the steam turbine crossover area at a rate of 31,786 kg/hour (70,076 1b/hour).

The HRSG tube surface is typically comprised of bare surface and/or finned tubing or pipe
material. The high-temperature portions are type P91 or P22 material; the low-temperature
portions (< 398.9°C (750°F)) will be carbon steel.

2.2.4.3 CO, Removal and Compression

Part of the criteria of this combined cycle power plant design is the limitation of CO, emissions.
This power plant configuration is based on removing 90 percent of the CO, in the HRSG flue
gas. An inhibited aqueous solution of MEA is used to remove the CO,.

Cool flue gas exiting the HRSG at 98.9°C (210°F) is indirectly cooled to 43.3°C (110°F) with
circulating cooling water. The cool flue gas is partially compressed to 0.12 MPa (17.5 psia) in a
centrifugal blower in order to overcome the gas-path pressure drop. There are four flue gas
coolers and blowers operating in parallel. The partially compressed flue gas stream is then
routed to a traditional absorber/stripper arrangement.

Flue gas enters the bottom of the absorber and flows upward and counter to the lean MEA
solution. CO, is removed from the flue gas in the packed-bed absorber column through direct
contact of MEA. The packing is 5.08 cm (2-inch) stainless steel rings. There are four absorber
columns, operating in parallel, each 8.23 m (27 feet) in diameter and 24.39 m (80 feet) vertical.
MEA circulation through each absorber is approximately 17.22 m’/min (4,550 gpm).

Flue gas exiting the top of the absorber columns is collected in a common duct and routed to an
exhaust stack. Rich solution off the bottom of the columns is heated in the rich-lean heat
exchanger through indirect contact with lean solution flowing off the bottom of the stripper
column.

Hot rich solution enters the top of the stripper column and flows downward and counter to the
stripping agent, which is primarily steam. LP steam from the steam turbine crossover generates
the stripping steam in the reboiler. CO, liberated through the application of heat flows upward
along with the stripping steam. This vapor phase is routed to the reflux condenser where it is
cooled to 48.9°C (120°F), thereby condensing a large portion of the water vapor. This
condensed phase is returned to the stripper. The condenser vapor phase, which is saturated CO,,
is routed to the multi-staged, intercooled CO, compressor. Lean solution removed from the
bottom of the stripper is cooled in the rich-lean heat exchanger, cooled in a secondary exchanger,
and then returned to the absorber.

There are four strippers operating in parallel. Each stripper column is 4.88 meters (16 feet) in
diameter and equipped with stainless steel trays that promote good inter-phase contact. The
height of each stripper column is 22.86 meters (75 feet). Total reboiler steam requirement is
approximately 262,675 kg/hour (579,089 1b/hour) of 0.34 MPa (50 psig) LP steam.
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SO, in the flue gas may react with the MEA solvent to form heat stable salts. Once formed, the
MEA can not be easily regenerated and must be removed from the reclaimer system as a solid.

If solvent makeup becomes unacceptable, an alkali scrubber system can be installed before the

absorber. However, solvent losses through salt formation are expected to be low for NGCC.

NOx components NO and NO, will be present in the flue gas stream. NO is unreactive with the
solvent. NO,, on the other hand, may react with the solvent to form nitrates. If nitrate formation
cannot be controlled with normal filtering and treating systems, a cold-water scrubber may be
installed before the absorber as a means to control NO, flow into the absorber. NO,, which
usually accounts for less than 10 percent of the NOx species, should not pose much of a problem
to this system.

CO, from the stripper is compressed to a pressure of 8.43 MPa (1222 psia) by the multi-stage
CO, compressor. The compression includes interstage cooling as well as knockout drums to
remove and collect condensate. CO, is dehydrated to remove water vapor. Water vapor stripped
from the CO, is vented to the atmosphere. After drying, the CO, enters the pipeline for transport
and/or disposal/sequestration.

2.2.4.4 Steam Turbine Generator

The Rankine cycle used in this case is based on a state-of-the-art 12.4 MPa/565.6°C/565.6°C
(1800 psig/1050°F/1050°F) single reheat configuration. The steam turbine is a single machine
consisting of tandem high-pressure (HP), intermediate-pressure (IP), and double-flow low-
pressure (LP) turbine sections connected via a common shaft and driving a 3600 rpm hydrogen-
cooled generator. The HP and IP sections are contained in a single-span, opposed-flow casing,
with the double-flow LP section in a separate casing. The LP turbine has a pitch diameter of
146 cm (57-1/2 inches) and a last-stage bucket length of 41.9 cm (16-1/2 inches).

Main steam at a rate of 247,802 kg/hour (546,300 1b/hour) from the HP boiler located in the
HRSG passes through the HP stop valves and control valves and enters the turbine at

12.5 MPa/565.6°C (1815 psia/1050°F). The steam initially enters the turbine near the middle of
the high-pressure span, flows through the turbine, and returns to the HRSG for reheating. The
reheat steam flows through the IP stop valves and intercept valves and enters the IP section at
2.36 MPa/565.6°C (343 psig/1050°F). After passing through the IP section, the steam enters a
crossover pipe. A branch line equipped with combined stop/intercept valves conveys LP steam
from the HRSG LP drum to a tie-in at the crossover line. A tee is provided to extract a
controlled amount of LP steam from the crossover. This steam is used in the MEA reboiler
located below the MEA stripper column. The remaining crossover steam is divided into two
paths and flows through the LP sections exhausting downward into the condenser.

2.2.4.5 Condensate and Feedwater Systems
The function of the condensate system is to pump condensate from the condenser hotwell to the

deaerator, through the gland steam condenser and the low-temperature economizer section in the
HRSG. Each system consists of one main condenser; two 50 percent capacity, motor-driven
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vertical condensate pumps; one gland steam condenser; and a low-temperature tube bundle in the
HRSG.

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

The function of the feedwater system is to pump the various feedwater streams from the
deaerator storage tank in the HRSG to the respective steam drums. Two 50 percent capacity
motor-driven feed pumps are provided for HP/IP service. Each pump is provided with inlet and
outlet isolation valves, outlet check valves, and individual minimum flow recirculation lines
discharging back to the deaerator storage tank. The recirculation flow is controlled by pneumatic
flow control valves. In addition, the suctions of the boiler feed pumps are equipped with startup
strainers, which are utilized during initial startup and following major outages or system
maintenance.

2.2.4.6 Balance of Plant

The balance-of-plant items discussed in this section include:
e Natural Gas Lines and Metering

e Steam Systems

e Circulating Water System

e Accessory Electric Plant

e Instrumentation and Control

Natural Gas Lines and Metering

In this design, it is assumed that a natural gas main with adequate capacity and pressure is at the
fence line of the site and that a suitable right of way is available to install a branch line to the
site. A gas line comprised of Schedule 40 carbon steel pipe, 40.6 cm (16 inches) nominal OD, is
required to convey the gas to the site. The buried pipeline is coated and wrapped, and
cathodically protected with a zinc ribbon-type sacrificial anode to protect the pipe from
corrosion.

A new gas metering station is located on the site, adjacent to the new combustion turbine. The
meter may be of the rate-of-flow type, with input to the plant computer for summing and
recording, or may be of the positive displacement type. In either case, a complete time-line
record of gas consumption rates and cumulative consumption is provided.
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Steam Systems

The function of the main steam system is to convey main steam from the HRSG superheater
outlet to the HP turbine stop valves. The function of the reheat system is to convey steam from
the HP turbine exhaust to the HRSG reheater and from the HRSG reheater outlet to the turbine
reheat stop valves.

Main steam exits the HRSG superheater through a motor-operated stop/check valve and a motor-
operated gate valve, and is routed to the HP turbine.

Cold reheat steam exits the HP turbine, and flows through a motor-operated isolation gate valve
to the HRSG reheater. Hot reheat steam exits at the HRSG reheater through a motor-operated
gate valve and is routed to the IP turbines.

Circulating Water System

The function of the circulating water system is to supply cooling water to condense the main
turbine exhaust steam. The system consists of two 50 percent capacity vertical circulating water
pumps, a mechanical draft evaporative cooling tower, and carbon steel cement-lined
interconnecting piping. The condenser is a single pass, horizontal type with divided water boxes.
There are two separate circulating water circuits in each box. One-half of the condenser can be
removed from service for cleaning or plugging tubes. This can be done during normal operation
at reduced load.

Accessory Electric Plant

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

Instrumentation and Control

An integrated plant-wide control and monitoring system (DCS) is provided. The DCS is a
redundant microprocessor-based, functionally distributed system. The control room houses an
array of multiple video monitor (CRT) and keyboard units. The CRT/keyboard units are the
primary interface between the generating process and operations personnel. The DCS
incorporates plant monitoring and control functions for all the major plant equipment. The DCS
is designed to provide 99.5 percent availability. The plant equipment and the DCS are designed
for automatic response to load changes from minimum load to 100 percent. Startup and
shutdown routines are implemented as supervised manual with operator selection of modular
automation routines available.
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2.2.5 Case 1B Major Equipment List

This section contains the equipment list corresponding to the power plant configuration shown in
Figure 2-4. This list, along with the heat and material balance and supporting performance data,
was used both to generate plant costs and in the financial analysis. In the following, all feet (ft)
conditions specified for process pumps correspond to feet of liquid being pumped. All other
symbols can be referenced in the nomenclature section.

This equipment list is shown using U.S. standard units. The following factors can be used for
conversion to SI units.
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Inch, in. multiply by 2.54 = cm (centimeter)

Foot, ft. multiply by 0.3048 = m (meter)

Mile, multiply by 1.6093 = km (kilometer)

Pound, 1b. multiply by 0.4536 = kg (kilogram)

Gallon,gal. multiply by 3.785 x10” = m’ (cubic meters)

Gallons per minute, gpm multiply by 3.785x10° = m’/min (cubic meters/minute)
Cubic feet, cf. multiply by 2.832 x10° = m’ (cubic meters)

Cubic feet per minute, cfm. multiply by 2.832 x 10° = m*/min (cubic meters per minute)
Inches H,O pressure, in. WG multiply by 2.49 = mbar (millibar)

Inches Mercury absolute, in.Hga multiply by 33.86 = mbara (millibar absolute)

P Absolute Pressure, PSIA multiply P by 6.9 x10® = MPa (Mega Pascals absolute)

For Gauge Pressure, PSIG add 14.7 to convert to PSIA and then proceed as above
to convert to MPa

°F Temperature, (F minus 32) divided by 1.8 = °C (Centigrade)

Million btu, Mbtu multiply by 1.0548 = GJ (Gigajoules)

H Enthalpy btu/Ib, multiply H by 2.3256 = kJ/kg (kilojoules/kilogram)
Heat rate, multiply btu/kWh by 1.0548 = kJ/kWh (kilojoules/kilowatt-hour)
Horsepower (U.S.), hp multiply by 1.014 = hp metric



ACCOUNT 1
Not Applicable
ACCOUNT 2
ACCOUNT 2A
Equipment Description
No.
1 Gas Pipeline
2 Gas Metering Station
ACCOUNT 2B
Not Applicable
ACCOUNT 3
ACCOUNT 3A
Equipment Description
No.
1 Cond. Storage Tank
2 Condensate Pumps
3 Boiler Feed Pumps

Natural Gas Combined Cycles (NGCC) — Technical Descriptions

COAL AND SORBENT HANDLING

FUEL AND SORBENT PREPARATION AND FEED
FUEL PREPARATION AND FUEL INJECTION

Type Design Condition Qty
Underground, carbon 112,150 Ib/h @ 10
steel, coated and 600 psig miles
wrapped, cathodic 16 in. OD, Sch. 40
protection

112,150 Ib/h 1

SORBENT PREPARATION AND FEED

FEEDWATER AND MISCELLANEOUS SYSTEMS AND EQUIPMENT
CONDENSATE AND FEEDWATER SYSTEM

Type Design Condition Qty
Vertical, cyl., outdoor 70,000 gal
Vert. canned 718 gpm @ 580 ft 2
Horizontal split case 680 gpm @ 5,810 ft 2

Multi-staged, centr.
with interstage bleed
for IP feedwater
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ACCOUNT 3B

Equipment
No.

ACCOUNT 4
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2

11

12

13
14

15
16

17

MISCELLANEOUS EQUIPMENT

Description

Fuel Oil Storage
Tank

Fuel Oil Unloading
Pump

Fuel Oil Supply
Pump

Service Air
Compressors

Inst. Air Dryers

Service Water
Pumps

Closed Cycle
Cooling Heat
Exchanger

Closed Cycle
Cooling Water
Pumps

Fire Service Booster
Pump
Engine-Driven Fire
Pump

Type
Vertical, cylindrical
Gear
Gear
Recip., single-stage,
double-acting, horiz.

Duplex, regenerative

Horiz. centrifugal,
double suction

Plate and frame

Horizontal, centrifugal

Two-stage horiz. cent.

Vert. turbine, diesel
engine

Raw Water S.S., single suction
Filtered Water S.S., single suction
Pumps
Filtered Water Tank  Vertical, cylindrical
Makeup Anion, cation, and
Demineralizer mixed bed
Liquid Waste
Treatment System

BOILER AND ACCESSORIES

Not Required

Design Condition Oty
20,000 gal 2
50 psig, 100 gpm 1
150 psig, 5 gpm 2
100 psig, 450 cfm 2
450 cfm 1
200 ft, 700 gpm 2
50% cap. each 2
70 ft, 700 gpm 2
250 ft, 700 gpm 1
350 ft, 1,000 gpm 1
60 ft, 100 gpm
160 ft, 120 gpm
15,000 gal
150 gpm 2
10 years, 25-hour 1

storm



ACCOUNT 5
ACCOUNT 5A

Equipment
No.

1

10

11

12

13
14
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FLUE GAS CLEANUP
CO, REMOVAL AND COMPRESSION

Description

Flue Gas Cooler

Flue Gas Fan

Absorber

Stripper

Reflux Drum
Reboiler

Cartridge Filter
Carbon Filter
Rich Amine Pump

Lean/Rich Amine Heat
Exchanger

Lean Amine Pump

CO, Compressor and
Auxiliaries

Final CO, Cooler
Dehydration Package

Type

Shell and tube
Cooling water
service

Centrifugal

Packed bed 2" rings

Three 20-foot stages

Tray tower

Horizontal
Cooling water

Horizontal-shell
50 psig steam

Horizontal
Horizontal

Centrifugal
Horizontal shell
Centrifugal
Centrifugal
Multi-staged

Shell and tube
Triethylene glycol

Design Condition  Oty.
5 psig /250 °F 4
27 x 10° Btu/h

1,100,000 Ib/h 4
276,000 acfm

90 in. H,O (gauge)

3,500 hp

30 psig / 300°F 4
50 psig / 300°F 4
50 psig / 250°F

75 psig / 350°F 4
100 psig / 200°F 4
100 psig / 200°F

3,320 gpm @ 250

ft

100 psig / 280°F 4
3,320 gpm @ 250 4

ft
25 psia/ 1300 psia

20.37 x 10° Btu/h
1300 psia
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ACCOUNT 6

Equipment
No.

1

10
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COMBUSTION TURBINE AND AUXILIARIES

Description

272 MWe Gas
Turbine Generator

Enclosure

Air Inlet
Filter/Silencer

Starting Package

Mechanical Package

Oil Cooler

Electrical Control
Package

Generator Glycol
Cooler

Compressor Wash
Skid

Fire Protection
Package

Type

Axial flow
single spool based on
H

Sound attenuating

Two-stage

Electric motor, torque
converter drive,
turning gear

CS oil reservoir and
pumps dual vertical
cartridge filters air
compressor

Air-cooled, fin fan

Distributed control
system

Air-cooled, fin fan

Halon

Design Condition Qty
1,190 Ib/sec airflow 1
2,600°F rotor inlet
temp.

23:1 pressure ratio
85 db at 3 ft outside 1
the enclosure
1,190 1b/sec airflow 1
4.0 in. H,O pressure
drop, dirty
2,500 hp, time from 1
turning gear to full
load ~30 minutes
1
1
1 sec. update time/ 1
8 MHz clock speed
1
1
1



ACCOUNT 7
Equipment
No.
1
2
ACCOUNT 8
Equipment
No.

1

2

3

4

5

6

7

8
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WASTE HEAT BOILER, DUCTING, AND STACK

Description

Heat Recovery
Steam Generator

Stack

Type

Drum, triple-pressure,
with economizer
section and integral
deaerator

Carbon steel plate,
lined with type 409
stainless steel

STEAM TURBINE GENERATOR AND AUXILIARIES

Description

76 MW Turbine
Generator

Bearing Lube Oil
Coolers

Bearing Lube Oil
Conditioner

Control System

Generator Coolers

Hydrogen Seal Oil
System

Surface Condenser

Condenser Vacuum
Pumps

Type

TCI1F17, triple
admissions

Plate and frame

Pressure filter closed
loop

Digital
electro-hydraulic
Plate and frame

Closed loop

Single-pass, divided
waterbox

Rotary, water-sealed

Design Condition Qty

Drums

HP-1950 psia/632°F 1

552,295 Ib/h,

superheat

to 1050°F

IP-410 psia/447°F

92,000 1b/h, superheat

to 600°F

LP-75 psia/30°F

70,000 1b/h, superheat

to 597°F

213 ft high x 24 ftdia. 1

Design Condition Qty

1800 psig 1

1050°F/1050°F
2
1

1600 psig 1
2
1

720,000 Ib/h steam @ 1

2.0 in. Hga with 74°F

water, 20°F temp rise

2000/20 scfm 1

(hogging/holding)
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ACCOUNT 9 COOLING WATER SYSTEM
Equipment Description Type Design Condition Qty
No. (per each)
1 Circ. W. Pumps Vert. wet pit 42,000 gpm @ 80 ft 2
2 Cooling Tower Evaporative, 83°F WB/88°F CWT/ 1
mechanical draft, 96°F HWT
multi-cell
ACCOUNT 10 ASH/SPENT SORBENT RECOVERY AND HANDLING
Not Applicable

2.2.6 Capital Cost, Production Cost, and Economics

The capital cost estimate, first-year production cost estimate and levelized economics of the 1 x 1
H natural gas-fired combined cycle power plant with CO, removal, case 1B, were developed
consistent with the approach and basis identified in the first section of Appendix A. The capital
cost estimate is expressed in December 1999 dollars. The production cost and expenses were
developed on a first-year basis with a January 2000 plant in-service date. Figure-of-merit results
of the economic analysis are the Levelized Busbar Cost of Electricity, expressed in cents per
kilowatt-hour and the Levelized Cost per tonne of CO, Removed.

The capital cost for case 1B represents a plant with a net output of 310.8 MWe. This capital cost
result at the level of Total Plant Cost (TPC) is summarized in Table 2-11. A detailed estimate
for case 1B is included in Appendix A.

The production costs for case 1B consist of plant Operating Labor, Maintenance (material and
labor), an allowance for Administrative & Support Labor, Consumables (including solid waste
disposal) and Fuel costs. The costs were determined on a first-year basis that includes evaluation
at a 65 percent equivalent plant operating capacity factor. The results are summarized in

Table 2-12 and supporting detail is contained in Appendix A.
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Table 2-11
CASE 1B SUMMARY TPC COST

Account Title Cost ($x1000)
Number

BARE ERECTED COST

5B CO, Removal and Compression 85,020
6 Combustion Turbine and Accessories 52,610
7 HRSG, Ducting and Stack 20,740

8&9 Steam T-G Plant, including Cooling Water System 24,980
11 Accessory Electric Plant 19,950

Balance of Plant _ 27,030
SUBTOTAL 230,330
Engineering, Construction Management 13,820
Home Office and Fee
Process Contingency 11,260
Project Contingency 37,550
TOTAL PLANT COST (TPC) $292,970
TPC $/kW 940

Table 2-12
CASE 1B ANNUAL PRODUCTION COST
Item First-Year Cost First-Year Unit Cost
($x1000) (¢/kWh)

Operating Labor 2,064 0.12
Maintenance 5,846 0.33
Administrative & Support Labor 1,101 0.06
Consumables 5,014 0.28
By-Product Credits N/A N/A
Fuel 37,649 213
TOTAL PRODUCTION COST 51,674 2.92
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A revenue requirement analysis was performed to determine the economic figures-of-merit for
case 1B. This analysis was performed on a levelized, over book life, constant dollar basis. The
evaluation was based on the 65 percent capacity factor basis used to determine the annual
production costs. Two figure-of-merit values were determined; Busbar Cost of Power, expressed
in cents per kilowatt-hour, and the Levelized Cost per tonne of CO, Removed, expressed in
dollars per tonne. The Total Capital Requirement component of the figure-of-merit was
determined on the basis of a factor produced by the EPRI model ECONCC. The economic
inputs and basis provided by EPRI are included in Appendix A along with a case summary that
includes line items of the economic results. Summary economic results are provided in

Table 2-13.

Table 2-13
CASE 1B LEVELIZED ECONOMIC RESULT SUMMARY

Component (unit) Value
Production Cost (¢/kWh) 2.92
Annual Carrying Charge (¢/kWh) 2.49
Levelized Busbar Cost of Power Charge (¢/kWh) 5.41
Levelized Cost per Tonne of CO, Removed ($/tonne of CO,) 130

2.2.7 Case 1B Sensitivity

In the course of completing this case, three sensitivity cases were identified and evaluated. The
three are as follows:

e Case 1B at ISO conditions.

e (Case 1B with back-pressure gas turbine.

e (ase 1B with back-pressure gas turbine at ISO conditions.

For each case, plant performance was estimated and a heat and material balance diagram was
produced. There will be no cost estimate for these sensitivity cases.

2.2.7.1 Case 1B at ISO Conditions

This case was developed so that the results of this study could be compared to other studies that
assumed ISO conditions for ambient. As such, the power plant configuration in this case is a
direct duplicate of that described in detail in the previous section. However, due to the
assumption of ISO ambient conditions -- which are 15°C (59°F), 0.101 MPa (14.696 psia), and
60 percent relative humidity -- there are several differences in plant performance.

Operation of the gas turbine at ISO conditions, as opposed to the ambient conditions of 17.2°C
(63°F) and 0.099 MPa (14.4 psia) assumed for the primary case, results in greater flow through

the gas turbine set. More air is compressed and utilized due to density changes at the compressor
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inlet. Increased airflow and a higher ambient (inlet) pressure result in a relatively higher firing
pressure, higher fuel input, and increased power output. However, in the case presented here, the
simple cycle efficiency at ISO conditions compared to those assumed for the body of this report
is more or less unchanged.

Estimated performance is presented in Table 2-14. A heat and material balance is in Figure 2-5.
As can be seen by comparing this heat and material balance with that in Figure 2-4, airflow to
the compressor has increased from 539.3 kg/sec (1,189 Ib/sec) to 555.7 kg/sec (1,225 1b/sec).
Fuel flow to the combustor has increased from 50,873 kg/hour (112,153 Ib/hour) to

52,496 kg/hour (115,733 Ib/hour). Also, the steam turbine back-pressure has decreased from 68
mbara (2 inches HgA) to 41 mbara (1.2 inches HgA).

The heat and material balance in Figure 2-5 is shown in U.S. standard units. The following
factors can be used for conversion to SI units.

P Absolute Pressure, PSIA multiply P by 6.9 x10? = MPa (Mega Pascals)

°F Temperature, (F minus 32) divided by 1.8 = °C (Centigrade)

H Enthalpy btu/lb, multiply H by 2.3256 = kJ/kg (kilojoules/kilogram)

W Total plant flow lbs/hr, multiply W by 0.4536 = kg/hr (kilograms/hour)

Heat rate, multiply btu/kWh by 1.0548 = kJ/kWh (kilojoules/kilowatt-hour)

As shown in Table 2-14, gas turbine shaft power output has increased from 271.8 MW to

281.2 MW. This power increase is due entirely to the change in ambient conditions; operation at
ISO allows greater volume throughput. Also, due to the increase in power plant thermal input, as
well as a decrease in condenser back-pressure, steam turbine shaft power output has increased
from 76.5 MW to 78.5 MW. The overall effect is increased plant output at a similar efficiency
performance level.

2.2.7.2 Case 1B with Back-Pressure Gas Turbine

As can be seen in Table 2-9, the flue gas blower -- which conveys flue gas from the HRSG
exhaust to the MEA absorber -- is the largest single component of the auxiliary power. Due to
this, an alternative configuration without a flue gas blower was identified. With this approach,
pressure head for the MEA absorber resistance was made up by holding a back-pressure on the
gas turbine expander.

Table 2-15 shows a summary of estimated performance for this case. There is a slight increase
in net plant power output, 311.6 MWe versus 310.8 MWe, as compared to the base case (shown
in Table 2-9). Auxiliary power is markedly decreased, 18.8 MWe as compared to 32.3 MWe,
but gas turbine power output decreases substantially due to the increased exit pressure and
temperature of the gas turbine expander. There is also a slight increase in efficiency,

48.2 percent LHV versus 48.1 percent LHV.
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Figure 2-6 shows the plant heat and material balance diagram. Gas turbine exhaust pressure is
0.123 MPa (17.9 psia) rather than the 0.101 MPa (14.7 psia) of the base case (shown in

Figure 2.2-1). This high gas turbine expander back-pressure leads to an increase in expander
exhaust temperature. The exhaust temperature with the back-pressure expander is 634.4°C
(1174°F). This value is 28.8°C (52°F) above that of the base case. This temperature is very high
and may contribute to equipment failure at some part-load conditions. Unless the OEM can
ensure that this operating temperature would not lead to equipment failure, the slight increase in
plant efficiency cannot be justified. A cost analysis would be required to determine if there is a
significant capital cost advantage or investment incentive.

The heat and material balance in Figure 2-6 is shown in U.S. standard units. The following
factors can be used for conversion to SI units.

P Absolute Pressure, PSIA multiply P by 6.9 x10? = MPa (Mega Pascals)

°F Temperature, (F minus 32) divided by 1.8 = °C (Centigrade)

H Enthalpy btu/Ib, multiply H by 2.3256 = kJ/kg (kilojoules/kilogram)

W Total plant flow 1bs/hr, multiply W by 0.4536 = kg/hr (kilograms/hour)

Heat rate, multiply btu/kWh by 1.0548 = kJ/kWh (kilojoules/kilowatt-hour)

2.2.7.3 Case 1B with Back-Pressure Gas Turbine at ISO Conditions

The approach with back-pressure gas turbine was run at ISO conditions. The results are shown
in Table 2-16.
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CASE 1B — SO CONDITIONS

GE H x 1 NGCC WITH CO, REMOVAL
FLUE GAS BLOWER OPTION
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PLANT PERFORMANCE SUMMARY - 100 PERCENT LOAD

STEAM CYCLE
Throttle Pressure, MPa (psig) 12.4 (1,800)
Throttle Temperature, °C (°F) 565.6 (1,050)
Reheat Outlet Temperature, °C (°F) 565.6 (1,050)
GROSS POWER SUMMARY, kWe
Gas Turbine Power 281,219
Steam Turbine Power 78,541
Less Generator Loss (5,396)
Gross Plant Power (Note 1) 354,364
AUXILIARY LOAD SUMMARY, kWe
Condensate Pumps 130
High Pressure Boiler Feed Pump 1,590
Miscellaneous Balance of Plant (Note 2) 500
Gas Turbine Auxiliaries 600
Steam Turbine Auxiliaries 200
Circulating Water Pumps 1,380
Cooling Tower Fans 790
Flue Gas Blower 14,240
MEA CO, Removal 1,050
CO, Compression and Drying (Note 3) 11,810
Transformer Loss 1,100
Total Auxiliary Power Requirement 33,390
NET PLANT POWER, kWe 320,974
PLANT EFFICIENCY, kWe
Net Efficiency, % LHV 48.1
Net Heat Rate, LHV, kd/kWh (Btu/kWh) 7,479 (7,091)
Net Efficiency, % HHV 43.4
Net Heat Rate, HHV, kJ/kWh (Btu/kWh) 8,300 (7,869)
CONDENSER COOLING DUTY, GJ (10° Btu/h) 547.4 (519)
CONSUMABLES
Natural Gas, kg/h (Ib/h) (Note 4) 52,496 (115,733)

Note 1 — Single shaft turbo set.

Note 2 — Includes plant control systems, lighting, HVAC, etc.
Note 3 — Final CO, pressure is 8.27 MPa (1200 psia).

Note 4 — Heating value (LHV): 45,743 kJ/kg (19,666 Btu/ib); (HHV): 50,763 kJ/kg

(21,824 Btu/Ib).
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Table 2-15

CASE 1B - GE H x 1 NGCC WITH CO, REMOVAL

BACK PRESSURE TURBINE OPTION

PLANT PERFORMANCE SUMMARY - 100 PERCENT LOAD

2-58

STEAM CYCLE
Throttle Pressure, MPa (psig)
Throttle Temperature, °C (°F)
Reheat Outlet Temperature, °C (°F)

12.4 (1,800)
565.6 (1,050)
565.6 (1,050)

GROSS POWER SUMMARY, kWe

Gas Turbine Power 247,103
Steam Turbine Power 89,043
Generator Loss (5,714)
Gross Plant Power (Note 1) 330,432
AUXILIARY LOAD SUMMARY, kWe
Condensate Pumps 220
High Pressure Boiler Feed Pump 1,770
Miscellaneous Balance of Plant (Note 2) 500
Gas Turbine Auxiliaries 600
Steam Turbine Auxiliaries 200
Circulating Water Pumps 1,280
Cooling Tower Fans 730
MEA CO, Removal 1,010
CO, Compression and Drying (Note 3) 11,440
Transformer Loss 1,030
Total Auxiliary Power Requirement 18,780
NET PLANT POWER, kWe 311,652
PLANT EFICIENCY, kWe
Net Efficiency, % LHV 48.2
Net Heat Rate, LHV, kJ/kWh (Btu/kWh) 7,465 (7,077)
Net Efficiency, % HHV 43.4
Net Heat Rate, HHV, kJ/kWh (Btu/kWh) 8,283 (7,853)
CONDENSER COOLING DUTY, GJ (10° Btu/h) 508.4 (482)

CONSUMABLES
Natural Gas, kg/h (Ib/h) (Note 4)

50,873 (112,153)

Note 1 — Single shaft turbo set.
Note 2 — Includes plant control systems, lighting, HVAC, etc.
Note 3 — Final CO, pressure is 8.27 MPa (1200 psia).

Note 4 — Heating value (LHV): 45,743 kJ/kg (19,666 Btu/ib); (HHV): 50,763 kJ/kg

(21,824 Btu/Ib).




Table 2-16

CASE 1B — I1ISO CONDITIONS

GE H x 1 NGCC WITH CO, REMOVAL
BACK PRESSURE TURBINE OPTION

Natural Gas Combined Cycles (NGCC) — Technical Descriptions

PLANT PERFORMANCE SUMMARY - 100 PERCENT LOAD

STEAM CYCLE
Throttle Pressure, psig 12.4 (1,800)
Throttle Temperature, °F 565.6 (1,050)
Reheat Outlet Temperature, °F 565.6 (1,050)
GROSS POWER SUMMARY, kWe
Gas Turbine Power 256,247
Steam Turbine Power 91,461
Less Generator Loss (5,911)
Gross Plant Power (Note 1) 341,797
AUXILIARY LOAD SUMMARY, kWe
Condensate Pumps 240
High Pressure Boiler Feed Pump 1,820
Miscellaneous Balance of Plant (Note 2) 500
Gas Turbine Auxiliaries 600
Steam Turbine Auxiliaries 200
Circulating Water Pumps 1,310
Cooling Tower Fans 750
MEA CO, Removal 1,050
CO, Compression and Drying (Note 3) 11,810
Transformer Loss 1,060
Total Auxiliary Power Requirement 19,340
NET PLANT POWER, kWe 322,457
PLANT EFFICIENCY, kWe
Net Efficiency, % LHV 48.3
Net Heat Rate, LHV, kd/kWh (Btu/kWh) 7,447 (7,060)
Net Efficiency, % HHV 43.5
Net Heat Rate, HHV, kJ/kWh (Btu/kWh) 8,264 (7,835)
CONDENSER COOLING DUTY, GJ (10° Btu/h) 521 (494)
CONSUMABLES
Natural Gas, kg/h (Ib/h) (Note 4) 52,496 (115,733)

Note 1 — Single shaft turbo set.

Note 2 — Includes plant control systems, lighting, HVAC, etc.
Note 3 — Final CO, pressure is 8.27 MPa (1200 psia).

Note 4 — Heating value (LHV): 45,743 kJ/kg (19,666 Btu/ib); (HHV): 50,763 kJ/kg

(21,824 Btu/Ib).
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2.3 CASE 1C - NGCC, F CLASS TURBINE WITHOUT CO, REMOVAL

2.3.1 Introduction

This market-based design is based on the use of two natural gas-fired combustion turbines, each
coupled with a heat recovery steam generator (HRSG) to generate steam for a single steam
turbine generator. There is no CO, removal with this power plant configuration; it is a standard
natural gas combined cycle. The plant configuration reflects current information and design
preferences, the availability of newer combustion and steam turbines, and the relative latitude of
a greenfield site.

This rendition of CT/HRSG technology is based on the General Electric 7FA machine. This
particular machine provides power output, airflow, and exhaust gas temperature that effectively
couple with a HRSG to generate steam for the companion steam cycle plant to produce a total
net output of approximately 510 MWe, at an efficiency of 55.6 percent (LHV) and 50.1 percent
(HHV). For this study, two gas turbines are used in conjunction with one

12.4 MPa/565.6°C/565.6°C (1800 psig/1050°F/1050°F) steam turbine.

The following sections provide a more detailed discussion of plant performance, equipment
descriptions, and plant cost estimates. The individual sections are:

e Thermal Plant Performance

e Power Plant Emissions

e System Description

e Equipment List

e (apital Cost, Production Cost, and Economics

e Case 1C at ISO Conditions

The thermal performance section contains a heat and material balance diagram annotated with
state point information. A summary of plant performance including a breakdown of individual
auxiliary power consumption is also included. The system description section gives a more
detailed account of the individual power plant subsections. A corresponding equipment list
supports the detailed plant description and, along with the heat and material balance diagram,

was used in generating estimated plant cost. A performance sensitivity at ISO conditions is
presented at the end of the section.

2.3.2 Thermal Plant Performance

Table 2-17 shows a detailed breakdown of the estimated system performance for the entire
combined cycle power plant. Gross power output (prior to the generator terminals) for the two
General Electric 7FA gas turbines is estimated to be 334.9 MWe. This number is less than the
oft quoted 346 MWe (2 x 173 MWe) available at ISO conditions. The assumed ambient
conditions (see Table 1-1) correspond to lower pressure and higher temperature (i.e., lower
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density) compared to ISO. The geometry of the gas turbine is fixed. As a result, the mass flow
of less dense air through the compressor will be less than that of relatively more dense air. That
is the case we have here -- less dense ambient air, lower compressor air suction, lowered fuel
usage and turbo-set power output. Simple cycle efficiency for the CT remains essentially
unchanged. For comparison, this case was also run at ISO conditions. This will be discussed
later in the write-up. Also shown in Table 2-17 is the gross steam turbine power output of

194 MWe.

Plant auxiliary power is also summarized in Table 2-17. The total is estimated to be about

10 MWe. Net plant power output, which considers generator losses and auxiliary power, is
509.4 MWe. This plant power output results in a net system thermal efficiency of 55.6 percent
(LHV) with a corresponding heat rate of 6,474 kJ/kWh (6,138 Btu/kWh) (LHV). The
corresponding HHV values for efficiency and heat rate are 50.1 percent and 7,184 kJ/kWh
(6,811 Btu/kWh), respectively.

Figure 2-7 contains a heat and material balance diagram for the 100 percent load condition. CT
and ST cycles are shown schematically along with the appropriate state point condition data. An
open Brayton cycle (CT) using air and combustion products as working fluid is used in
conjunction with the conventional sub-critical Rankine cycle (ST). The two cycles are coupled
by the generation and superheating of steam in the HRSG, and by feedwater heating in the
HRSG. The HRSG uses a triple-pressure configuration. The low-pressure drum provides steam
for an integral deaerator.

The heat and material balance in Figure 2-7 is shown in U.S. standard units. The following
factors can be used for conversion to SI units.

P Absolute Pressure, PSIA multiply P by 6.9 x10? = MPa (Mega Pascals)

°F Temperature, (F minus 32) divided by 1.8 = °C (Centigrade)

H Enthalpy btu/lb, multiply H by 2.3256 = kJ/kg (kilojoules/kilogram)

W Total plant flow Ibs/hr, multiply W by 0.4536 = kg/hr (kilograms/hour)

Heat rate, multiply btu/kWh by 1.0548 = kJ/kWh (kilojoules/kilowatt-hour)
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Table 2-17
CASE 1C - (2) 7FA x 1 NGCC
PLANT PERFORMANCE SUMMARY - 100 PERCENT LOAD

STEAM CYCLE
Throttle Pressure, MPa (psig)
Throttle Temperature, °C (°F)
Reheat Outlet Temperature, °C (°F)

12.4 (1,800)
565.6 (1,050)
565.6 (1,050)

GROSS POWER SUMMARY, kWe

Net Heat Rate, HHV, kJ/kWh (Btu/kWh)

Gas Turbine Power 334,892
Steam Turbine Power 194,198
Generator Loss (9.724)
Gross Plant Power (Note 1) 519,366
AUXILIARY LOAD SUMMARY, kWe
Condensate Pumps 320
High Pressure Boiler Feed Pump 2,280
Miscellaneous Balance of Plant (Note 2) 500
Gas Turbine Auxiliaries 600
Steam Turbine Auxiliaries 200
Circulating Water Pumps 2,810
Cooling Tower Fans 1,600
Transformer Loss 1,650
Total Auxiliary Power Requirement 9,960
NET PLANT POWER, kWe 509,406
PLANT EFFICIENCY, kWe
Net Efficiency, % LHV 55.6
Net Heat Rate, LHV, kJ/kWh (Btu/kWh) 6,474 (6,138)
Net Efficiency, % HHV 50.1

7,184 (6,811)

CONDENSER COOLING DUTY, GJ (10° Btu/h)

1,102.3 (1,045)

CONSUMABLES
Natural Gas, kg/h (Ib/h) (Note 3)

72,116 (158,986)

Note 1 — Loads are presented for two gas turbines, and one steam turbine.

Note 2 — Includes plant control systems, lighting, HVAC, etc.

Note 3 — Heating value LHV): 45,743 kJ/kg (19,666 Btu/lb); (HHV): 50,763 kJ/kg (21,824 Btu/Ib).
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2.3.3 Power Plant Emissions

The operation of the modern commercial gas turbine fueled by natural gas, coupled to a HRSG,
is projected to result in very low levels of SO,, NOx, and CO, emissions. A summary of the
estimated plant emissions for this case is presented in Table 2-18. Emissions for SO,, NOXx,
particulate, and CO, are shown as a function of four basis: (1) kilograms per gigajoules of HHV
thermal input (pound per million Btu of HHV thermal input), (2) tonnes per year for a 65 percent
capacity factor (tons per year for a 65 percent capacity factor), (3) tonnes per year for an

85 percent capacity factor (tons per year for an 85 percent capacity factor), and, (4) kilograms
per hour per MWe of power output (pounds per hour per MWe of power output).

Table 2-18
CASE 1C AIRBORNE EMISSIONS
(2) 7FA x 1 NGCC

Values at Design Condition
(65% and 85% Capacity Factor)
kg/GJ (HHV) Tonnesl/year 65% Tonnes/year 85% kg/MWh
(Ib/10° Btu (HHV)) (Tons/year 65%) (Tons/year 85%) (Ib/MWh)
SO, Neg. (Neg.) Neg. (Neg.) Neg. (Neg.) Neg. (Neg.)
NOx <0.012 (< 0.028) 245 (270) 326.6 (360) 0.086 (0.19)
Particulate Neg. (Neg.) Neg. (Neg.) Neg. (Neg.) Neg. (Neg.)
CO, 50.7 (118) 1,057,069 (1,165,200) | 1,382,337 (1,523,740) | 364.3 (803.2)

As shown in the table, values of SO, emission and particulate discharge are negligible. This is a
direct consequence of using natural gas as the plant fuel supply. Pipeline natural gas contains
minor amounts of reduced sulfur species that produce negligible SO, emissions when combusted
and diluted with a large amount of air. As for particulate discharge, when natural gas is properly
combusted in a state-of-the-art CT, the amount of solid particulate produced is very small (less
than 9.1 kg/hour (20 Ib/hour), 0.027 kg/MWh (0.06 Ib/MWh), for both 7FA machines).

The low level of NOx production is achieved through use of GE’s dry low-NOx (DLN)
combustion system. This combustor arrangement should limit NOx emissions to 9 ppm adjusted
to 15 percent O, content in the flue gas.

2.3.4 System Description

The major subsystems in this natural gas-fired combined cycle power plant are:
e Combustion Turbine
e Heat Recovery Steam Generator

e CO, Removal and Compression
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e Steam Turbine Generator
e (Condensate and Feedwater Systems

e Balance of Plant

This section provides a brief discussion of the power plant equipment and operating conditions.
This discussion is based on the heat and material balance diagram shown in Figure 2-7. The
equipment list, which follows this section, is also based on the material presented here.

2.3.4.1 Combustion Turbine

The CT, or gas turbine, generator selected for this application is based on the General Electric
MS 7001FA model. This machine is an axial flow, constant speed unit, with variable inlet guide
vanes. Each CT operates in an open cycle mode. Two 7FAs, each equipped with an individual
HRSG, are used to power a single steam turbine in a traditional 2 on 1 arrangement.

Inlet air at 429.6 kg/sec (947 Ib/sec) (per CT) is compressed in a single spool compressor to a
pressure ratio of approximately 15.5:1. This airflow is lower than the ISO airflow of

442.7 kg/sec (976 1b/sec) due to the choice of ambient conditions used in this specific study. The
ambient conditions chosen in this correspond to a standard EPRI/DOE fossil-plant site. They
result in a less dense ambient air, and subsequently, less airflow and power output in the gas
turbine. The compressor discharge air remains on-board the machine and passes to the burner
section to support combustion of the natural gas. Compressed air is also used in burner,
transition and film cooling services.

Pressurized pipeline natural gas at a rate of 36,058 kg/hour (79,493 Ib/hour) (per CT) is
combusted in several (14) parallel dry low-NOx combustors that use staged combustion to limit
NOx formation. The CT combustors are can-annular in configuration. In the can-annular
arrangement, individual combustion cans are placed side-by-side in an annular chamber. Each
can is equipped with six fuel nozzles. This allows for higher mass flows over earlier machines
and higher operating temperatures. In the estimated performance provided here, the machine
will develop a rotor inlet temperature of about 1315°C (2400°F).

Hot combustion products are expanded in the three-stage turbine-expander. The CT exhaust
temperature is estimated as 606.1°C (1123°F) given the assumed ambient conditions, back-end
loss, and HRSG pressure drop. This value, slightly higher than the ISO quoted value of 602.8°C
(1117°F) for a simple cycle gas turbine, is due to increased back-pressure (HRSG) on the CT.

Gross turbine power, as measured prior to the generator terminals, is estimated as 334.9 MWe.
The CT generator is a standard hydrogen-cooled machine with static exciter. Net CT power
from the generator is estimated at 329.2 MWe. These power values are lower than those quoted
at ISO conditions because the CT compressor airflow is lower at the assumed ambient
conditions. This lower airflow results in reduced power output. The CT fuel feed is decreased
proportionally such that the CT simple cycle efficiency is relatively unchanged.
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2.3.4.2 Heat Recovery Steam Generator

High-temperature flue gas at 1,582,472 kg/hour (3,488,694 1b/hour) (per turbine) exiting the CT
is conveyed through a HRSG (one for each turbine) to recover the large quantity of thermal
energy that remains. For analytical purposes, it is assumed that the flue gas heat loss through the
HRSG duct corresponds to 1.7°C (3°F). Flue gases travel through the HRSG gas path and exit at
93.3°C (200°F).

The HRSG is configured with high-pressure (HP), intermediate-pressure (IP), and LP steam
drums and circuitry. The HP drum is supplied with feedwater by the HP boiler feed pump while
the IP drum is supplied with feedwater from an interstage bleed on the HP boiler feed pump. IP
steam from the drum is mixed with cold reheat steam; the combined flow is then passed to the
reheat section. The LP drum produces steam for superheat as well as saturated steam for an
integral deaerator.

Condensate at 495558 kg/hour (1,092,500 Ib/hour) flows from the gland steam condenser to the
HRSG feedwater heater (low-temperature economizer). In this heater, the condensate
temperature is raised from 39.4°C (103°F) to 144.4°C (292°F). The condensate is then routed to
the integral deaerator, which operates at 152.8°C (307°F) and 0.5 MPa (75 psia). Feedwater
from the integral deaerator is then conveyed to the boiler feed pump.

High-pressure water from the boiler feed pump at 15.9 MPa (2300 psia) is heated to 315.6°C
(600°F) in a series of three economizers. The high-pressure economizers are staggered within
the HRSG in order to maximize flue gas heat flux. The high-pressure evaporator operates at
13.4 MPa (1950 psia) resulting in a nominal 18.3°C (33°F) evaporator temperature approach.
The gas to water pinch is 11.1°C (20°F). A continuous drum blowdown of 2,721.6 kg/hour
(6,000 Ib/hour) was used in this analysis. Saturated steam removed from the high-pressure drum
is superheated to 567.8°C (1054°F) and then routed to the high-pressure steam turbine throttle
valves.

Feedwater from an interstage bleed on the HP boiler feed pump at a rate of 72,338 kg/hour
(159,475 Ib/hour) feeds the IP steam drum. The IP drum operates with a 13.9°C (25°F) approach
and a 11.1°C (20°F) gas-to-water pinch. Saturated steam from the IP drum at 2.83 MPa

(410 psia) is superheated to 315.6°C (600°F) and then mixed with cold reheat from the high-
pressure steam turbine. The combined flow is then reheated to 565.6°C (1050°F) and routed to
the IP section of the steam turbine.

The LP steam drum operates at 0.5 MPa (75 psia). Saturated steam not utilized in the integral
deaerator is removed from the LP drum and superheated to 313.4°C (597°F). This steam then
flows to the steam turbine crossover area at a rate of 59,768 kg/hour (131,763 1b/hour).

The HRSG tube surface is typically comprised of bare surface and/or finned tubing or pipe

material. The high-temperature portions are type P91 or P22 material; the low-temperature
portions (< 398.9°C (< 750°F)) will be carbon steel.
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2.3.4.3 Steam Turbine Generator

The Rankine cycle used in this case is based on a state-of-the-art 12.4 MPa/565.6°C/565.6°C
(1800 psig/1050°F/1050°F) single reheat configuration. The steam turbine is a single machine
consisting of tandem high-pressure (HP), intermediate-pressure (IP), and double-flow low-
pressure (LP) turbine sections connected via a common shaft and driving a 3600 rpm hydrogen-
cooled generator. The HP and IP sections are contained in a single-span, opposed-flow casing,
with the double-flow LP section in a separate casing. The LP turbine has a last-stage bucket
length of 101.6 cm (40 inches).

Main steam at a rate of 359,614 kg/hour (792,800 1b/hour) from the HP boiler located in the
HRSG passes through the HP stop valves and control valves and enters the turbine at

12.5 MPa/565.6°C (1815 psia/1050°F). The steam initially enters the turbine near the middle of
the high-pressure span, flows through the turbine, and returns to the HRSG for reheating. The
reheat steam flows through the IP stop valves and intercept valves and enters the IP section at
2.4 MPa/565.6°C (343 psig/1050°F). After passing through the IP section, the steam enters a
crossover pipe. The crossover steam is divided into two paths and flows through the LP sections
exhausting downward into the condenser.

Turbine bearings are lubricated by a closed-loop, water-cooled pressurized oil system. The oil is
contained in a reservoir located below the turbine floor. During startup or unit trip the oil is
pumped by an emergency oil pump mounted on the reservoir. When the turbine reaches

95 percent of synchronous speed, oil is pumped by the main pump mounted on the turbine shaft.
The oil flows through water-cooled heat exchangers prior to entering the bearings. The oil then
flows through the bearings and returns by gravity to the lube oil reservoir.

Turbine shafts are sealed against air in-leakage or steam blowout using a modern positive
pressure variable clearance shaft sealing design arrangement connected to a low-pressure steam
seal system. During startup, seal steam is provided from the main steam line. As the unit
increases load, HP turbine gland leakage provides the seal steam. Pressure regulating valves
control the gland header pressure and dump any excess steam to the condenser. A steam packing
exhauster maintains a vacuum at the outer gland seals to prevent leakage of steam into the
turbine room. Any steam collected is condensed in the packing exhauster and returned to the
condensate system.

The generator is a synchronous type rated at 225 MWe. It operates with a 0.85 power factor and
generates power at 23 kV. A static, transformer type exciter is provided. Gross generator output
is 194 MWe. The generator operates with an efficiency of approximately 98 percent. Net steam
turbine generator power output is 191.0 MWe.

The generator is cooled with a hydrogen gas recirculation system using fans mounted on the
generator rotor shaft. The heat absorbed by the gas is removed as it passes over finned tube gas
coolers mounted in the stator frame. Gas is prevented from escaping at the rotor shafts by a
closed-loop oil seal system. The oil seal system consists of a storage tank, pumps, filters, and
pressure controls, all skid-mounted.

The steam turbine generator is controlled by a triple-redundant microprocessor-based electro-
hydraulic control system. The system provides digital control of the unit in accordance with
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programmed control algorithms, color CRT operator interfacing, and datalink interfaces to the
balance-of-plant distributed control system (DCS), and incorporates on-line repair capability.

2.3.4.4 Condensate and Feedwater Systems

The function of the condensate system is to pump condensate from the condenser hotwell to the
deaerator, through the gland steam condenser and the low-temperature economizer section in the
HRSG. Each system consists of one main condenser; two 50 percent capacity, motor-driven
vertical condensate pumps; one gland steam condenser; and a low-temperature tube bundle in the
HRSG.

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

The function of the feedwater system is to pump various feedwater streams from the deaerator
storage tank in the HRSG to the respective steam drums. Two 50 percent capacity motor-driven
feed pumps are provided for HP/IP service. Each pump is provided with inlet and outlet
isolation valves, outlet check valves, and individual minimum flow recirculation lines
discharging back to the deaerator storage tank. The recirculation flow is controlled by pneumatic
flow control valves. In addition, the suctions of the boiler feed pumps are equipped with startup
strainers, which are utilized during initial startup and following major outages or system
maintenance.

2.3.4.5 Balance of Plant

The balance of plant items discussed in this section include:
e Natural Gas Lines and Metering

e Steam Systems

e (Circulating Water System

e Accessory Electric Plant

e [Instrumentation and Control

Natural Gas Lines and Metering

In this design, it is assumed that a natural gas main with adequate capacity and pressure is at the
fence line of the site and that a suitable right of way is available to install a branch line to the
site. A gas line comprised of Schedule 40 carbon steel pipe, 40.64 cm (16 inches) nominal OD,
is required to convey the gas to the site. The buried pipeline is coated and wrapped, and
cathodically protected with a zinc ribbon-type sacrificial anode to protect the pipe from
corrosion.
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A new gas metering station is located on the site, adjacent to the new combustion turbine. The
meter may be of the rate-of-flow type, with input to the plant computer for summing and
recording, or may be of the positive displacement type. In either case, a complete time-line
record of gas consumption rates and cumulative consumption is provided.

Steam Systems

The function of the main steam system is to convey main steam from the HRSG superheater
outlet to the HP turbine stop valves. The function of the reheat system is to convey steam from
the HP turbine exhaust to the HRSG reheater and from the HRSG reheater outlet to the turbine
reheat stop valves.

Main steam exits the HRSG superheater through a motor-operated stop/check valve and a motor-
operated gate valve, and is routed to the HP turbine.

Cold reheat steam exits the HP turbine, and flows through a motor-operated isolation gate valve
to the HRSG reheater. Hot reheat steam exits at the HRSG reheater through a motor-operated
gate valve and is routed to the IP turbines.

Circulating Water System

The function of the circulating water system is to supply cooling water to condense the main
turbine exhaust steam. The system consists of two 50 percent capacity vertical circulating water
pumps, a mechanical draft evaporative cooling tower, and carbon steel cement-lined
interconnecting piping. The condenser is a single pass, horizontal type with divided water boxes.
There are two separate circulating water circuits in each box. One-half of the condenser can be
removed from service for cleaning or plugging tubes. This can be done during normal operation
at reduced load.

Accessory Electric Plant

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

Instrumentation and Control

An integrated plant-wide control and monitoring system (DCS) is provided. The DCS is a
redundant microprocessor-based, functionally distributed system. The control room houses an
array of multiple video monitor (CRT) and keyboard units. The CRT/keyboard units are the
primary interface between the generating process and operations personnel. The DCS
incorporates plant monitoring and control functions for all the major plant equipment. The DCS
is designed to provide 99.5 percent availability. The plant equipment and the DCS are designed
for automatic response to load changes from minimum load to 100 percent.
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2.3.5 Case 1C Major Equipment List

This section contains the equipment list corresponding to the power plant configuration shown in
Figure 2-7. This list, along with the heat and material balance and suppor