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Abstract

One option for capturing CO, from pulverized coal power plants is to use a MEA scrubber,
with the captured CO, then being compressed to high pressure. Between them, the capture and
compression processes will result in approximately 33% less net unit power. The compression
process generates heat which can be recycled within the plant to reduce the energy penalty. This
report describes the effect of compressor selection and thermal integration on heat rate. The
power plant, MEA scrubber and compressors were modeled with Aspen Plus software and
Ramgen, an inline and two integrally geared compressors and five thermal integration cases were

evaluated.



1.0 Introduction

Climate change has become a growing concern. CO, emissions, believed to be one of the
primary causes of climate change, are rising around the world. It is likely that CO, emissions will
be regulated to reduce the effects of climate change. If CO, production does not decrease, the
best method for controlling emissions is to capture the CO, before it is released to the
atmosphere. Once it is captured, the CO, will most likely be compressed and stored underground
in geological formations.

The following study examines a pulverized coal, supercritical steam cycle power plant
using a sub-bituminous coal. There are several options for capturing the CO, emissions. This
analysis examines post-combustion carbon capture using an amine-based scrubber. The chemical
monoethanolamine (MEA) selectively absorbs CO, out of the flue gas. However, the MEA requires
thermal energy to release the CO,. This energy will most likely be supplied by extracting steam
from the turbine cycle, which in turn will reduce the power produced. In addition, the captured
CO, exiting the MEA scrubber will be compressed to high pressures, for which the compressor will
also require power. Overall, the energy penalty for the MEA system and the compressor is
predicted to be approximately one third of the net power.

Plant owners will be seeking technologies and techniques to reduce the energy penalty of
carbon capture. One option is to utilize the heat generated in the MEA scrubber and compressor,
which would otherwise be rejected as waste heat. Use of this heat within the power plant would
result in improved power plant efficiency.

This thesis describes the use of the software program Aspen Plus to model the various
components of a pulverized coal, supercritical power plant with MEA carbon capture. The
predicted performances of various components in the power plant are compared to published
results to demonstrate the reliability of the model. Then, four compressor options were modeled.
Finally, thermal integration cases using each compressor and the MEA scrubber are modeled and

the predicted benefits of each thermal integration case are compared.



2.0 Aspen Plus Modeling

The process modeling software, Aspen Plus, was used to predict the effects of carbon
capture and heat integration on plant performance. The models were not designed for a specific
plant so the results may be applied to multiple plants. The generic plant concept is illustrated in
Figure 1. A sub-bituminous coal was used in the boiler system for all of the analyses. In addition,
the turbine cycle used supercritical steam. The boiler system, turbine cycle, CO, capture system,
CO, compressor, and the corresponding Aspen Plus models are explained below. The Aspen Plus
model results are compared to first principle calculations and CO, property values from Aspen
Plus are compared to values from the National Institute of Standards and Technology’s Reference

Thermodynamic Properties (REFPROP).

Steam
Supercritical Steam
Turbine Cycle
Coal Feedwat 1
oal eeawater
e Stack
Condensate Extracted Steam
Boiler
A J

Air Flue Gas

— » Clean Flue Gas

CO2 Capture:
MEA Scrubber

Captured CO2

CO2 Compressor >

Figure 1. Conceptual diagram of power plant.



2.1 Steam Turbine Cycle

A supercritical steam turbine cycle was modeled from the vendor steam turbine kit shown
in Appendix A. The term supercritical refers to the fact that the water is at pressures above its
critical pressure (1070 psia) in parts of the steam cycle. The turbine cycle essentially consists of

turbines, a condenser, and feedwater heaters along with other accessory equipment (Figure 2).

Reheat Steam

/
Mo e po 1 ps |
HP1 1P1 P2 LP1 LP2 LP3 LP4
— | == =
BFP Turbine
Main Steam -
Ll - * SSR

Pre-APH
\ A »
Reheat Feed
Y FWH-7 Y FWH-6 VY FWH FWH-3 VY FWH-2

+5 FWH-4
Feedwater [ | —
4 A
BFP

BOOST DRAIN
Pump Pump

Yy

Boiler

Figure 2. Supercritical turbine cycle layout.

Water is heated in the boiler to form high pressure steam, which is then expanded in the
high pressure (HP) turbine in one stage. Then the steam is re-heated in the boiler before being
expanded in the intermediate pressure (IP) turbine in two stages followed by the low pressure
(LP) turbine in five stages. After the steam goes through the low pressure turbine, it is
condensed and routed through a series of feedwater heaters. The boiler feedwater is heated with

extractions from the higher pressure turbines to “pre-heat” the water before it reaches the boiler.



2.1.1  Turbine Calculations

The inlet and outlet pressures and the flow rates are given on the turbine kit diagram in
Appendix A. The isentropic efficiencies of the various turbine stages were calculated based on the
difference between the actual enthalpy and the isentropic enthalpy of the steam. The actual inlet
and outlet enthalpies are given on the diagram, while the isentropic enthalpy was calculated
using steam tables from Cengel and Boles (2008). The calculation for the isentropic efficiency is
shown in equation (1). The efficiencies of each turbine stage are shown in Table 1.

hi-haq

n= 4100 [%] (1)

1=h2s

Table 1. Turbine stage specifications.

Inlet Outlet Steam Isentropic
Turbine Pressure | Pressure | Flow Rate | Efficiency

[psia] [psia] [Ib/hr] [%]
HP1 3689.7 740 4,122,221 85.08%
IP1 666 295 3,730,357 83.54%
P2 295 165.1 3,545,824 86.48%
LP1 165.1 87.4 3,145,724 87.50%
LP2 87.4 24.9 2,797,689 89.69%
LP3 24.9 11.96 2,688,685 89.87%
LP4 11.96 4.68 2,574,150 89.73%
LP5 4.68 0.61 2,395,203 67.45%
BFP 160.1 0.61 233,214 79.98%

The amount of work performed by each turbine stage was calculated according to
equation (2). The constant is a conversion factor to convert the units of the equation from % to
kW.

Wiurbine = 1 * M steam * (has — hy) *2.931 % 107* [kW] (2)

Table 2 shows the total work produced by each turbine stage at design conditions. The
calculated results and the Aspen Plus results are compared to demonstrate the reliability of the
Aspen Plus model. The table shows that the Aspen Plus model is reasonably accurate in
predicting the actual turbine work produced. The booster feed pump (BFP) turbine is not included

in the total power because it is dedicated to driving the booster feed pump.



Table 2. Turbine stage work.

Turbine Work Out Calculated | Work Out Aspen Diff.

[kW] [kW] [%]
HP 183,881 183,314 -0.31%
IP1 105,981 106,167 0.18%
P2 65,783 65,889 0.16%
LP1 57,438 57,586 0.26%
LP2 84,865 85,016 0.18%
LP3 39,164 39,200 0.09%
LP4 42,852 42,927 0.17%
LP5 55,738 55,798 0.11%
Total Power 635,703 635,897 0.03%
BFP 22,542 22,544 0.01%

2.1.2 Condenser and Feedwater Heaters

The turbine cycle includes one steam condenser at the end of the last LP stage, and
seven feedwater heaters (FWHSs). The steam condenser is modeled as a condenser at the same
pressure as the exit of the last LP stage turbine. Then its pressure is increased to 88 psia in a
pump to complete the cycle.

On its way back to the boiler to become steam, the feedwater is pre-heated through a
series of FWHs. This reduces the amount of coal required to make steam at the specified boiler
exit temperature. Out of the seven FWHSs, six are closed heat exchangers, and one is a mixing
chamber. The feedwater is heated by steam extractions after each turbine stage. Although
extracting steam from the turbines reduces the total power produced by all the turbines
downstream of the extraction, the reduction in the amount of coal burned offsets the turbine
losses and makes the plant more efficient overall. The feedwater represents the “cold side” of the
heat exchanger, while the steam extraction represents the “hot side.”

The concept of the flow in a typical closed FWH heat exchanger is shown in Figure 3.
The “cool steam extraction” from the following heat exchanger (bold line) is recycled to the heat
exchanger preceding it to continue heating the feedwater. However, in FWH-1, which does not
have a preceding heat exchanger, the “cool steam extraction” is combined with the “hot

feedwater” flowing into FWH-2. Also, FWH-4 is unique in that it is an “open” heater in which the



feedwater and the steam are mixed together in a chamber. The temperatures of the feedwater

leaving each heater are shown in Table 3. However, the temperature and pressure leaving FWH-

7 are the most important values since the enthalpy of this stream will determine how much

additional heat must be provided by coal combustion in the boiler.

Hot Feedwater /

Hot Steam Extraction A

Hot Steam Extraction B

Combined Hot Steam

FWH-B v FWH-A
\ Cold Feedwater

Warm Feedwater

A

TN

\<
/

\ )

Cool Steam Extraction B Cool Steam Extraction A

Figure 3. Diagram of feedwater and extraction steam flow in closed feedwater

heaters.
Table 3. Feedwater heater specifications.
Turbine Cycle Aspen Plus
Design Feedwater Feedwater
Outlet Temp Outlet Temp Diff.
[F] [F] [%]
FWH-1 151.9 151.9 0.00%
FWH-2 193.8 193.8 0.00%
FWH-3 231.4 231.4 0.00%
FWH-5 363.6 363.6 0.00%
FWH-6 414.2 414.2 0.00%
FWH-7 506.9 506.9 0.00%

Aspen Plus calculates the duty of the FWHs based on input given by the user. An Aspen

Plus heat exchanger model requires the input of one of the following variables:

» Heat exchanger area

e Heat exchanger duty

e Qutlet temperature of the hot or cold stream

e Temperature approach at either end of the exchanger

« Degrees of superheating or subcooling for the hot or cold stream
e Vapor fraction of the hot or cold stream

e Temperature change of the hot or cold stream



In this analysis, the FWHs were given a cold stream outlet temperature (Table 3). The
feedwater outlet temperature and the heat exchanger duty were most important for modeling

the turbine kit. The overall heat transfer coefficient (U) was assumed constant with a value of

;qu% . A constant value was selected because the only known specifications of the heat

790

exchangers are the inlet and outlet stream temperatures. Typical values range from 200 to 1050

Btu
hr*sqft*R

for steam condensers that use water on the tube-side (Incropera 2007). The assumed

value in this analysis is an estimated average of the typical values and is the base value
recommended by Aspen Plus (Incropera 2007).

In Aspen Plus, the “Shortcut” calculation method was selected, which determines the
duty of a FWH based on three known temperatures (hot inlet, cold inlet and given cold outlet)
and then determines the fourth temperature (hot outlet). Since each FWH is connected to other
FWHSs, Aspen Plus must iterate all of the FWHSs until all given cold outlet temperatures are
achieved. Without Aspen Plus, the FWH duty can be estimated by either equation (3) or (4). On
the cold side, the feedwater remains a liquid through the heat exchanger. On the hot side, the
extraction steam continuously releases heat until it becomes a saturated liquid. Therefore, the
heat of vaporization must be included to account for the isothermal phase change (equation 4).
The calculated duty of each closed FWH is compared to the Aspen Plus model (Table 4). The

results demonstrate that the Aspen model is reasonably accurate.

. . Btu
Q= M feedwater * Lp,feedwater * ATfeedwater = M feedwater * (hout - hin) [W (3)

Q =m ext.steam * [(Cp,ext.steam * AText.steam) + (hfg @ Psteam out)] [Btu] (4)

hr



Table 4. Feedwater heater performance.

Meoid hin, cold hout, cold CgljlélLtI};t_ed DUty - Aspen Diff.

[Ib/hr] [Btu/Ib] | [Btu/Ib] [Btu/hr] [Btu/hr] [%]
FWH-1 2,675,463 | 55.356 120.05 173,086,403 | 173,332,835 0.14%
FWH-2 3,175,031 120.05 162.02 133,256,051 130,636,468 | -1.97%
FWH-3 3,175,031 162.02 199.88 120,206,674 | 120,270,962 0.05%
FWH-5 4,226,581 | 285.11 336.37 | 216,654,542 | 216,278,387 | -0.17%
FWH-6 | 4,226,581 | 336.37 390.43 | 228,488,969 | 228,584,230 0.04%
FWH-7 4,226,581 408.7 495.59 | 367,247,623 | 366,241,973 | -0.27%

2.1.3 Pumps

The turbine cycle also includes four (4) pumps. There is one pump downstream of the
condenser, two after feedwater heaters 1 and 4, both on the “hot side” outlet stream, and a
boiler feed pump after FWH 6 on the “cold side” outlet stream. The power required for the
pumps was calculated using equation (6). The quantity r is the mass flow across the pump, AP
is the change in pressure, v is the specific volume of the steam entering the pump and n is the
pump'’s isentropic efficiency (calculated by equation 5). The constant is a conversion factor that
changes the units of the equation from % to kW. It is assumed that this power is drawn from
the gross power produced by the plant. The performance of the booster feed pump turbine is

included in the analysis of the other turbines. The calculated power and the Aspen power are

shown in Table 5.

hi—hys
= e+ 100 [%] ©)
Woump = % mx*AP x v * 54233 %1075 [kIWV] (6)

The boiler feed pump (BFP) is powered by a turbine using steam extracted downstream
of the IP turbine. The BFP turbine is only used to power the BFP and it does not produce any
additional work to the turbine generator. Therefore, its work is not included in the gross turbine
cycle power or in any calculations for the turbine cycle heat rate. In addition, the power required
by the BFP is not subtracted from the gross power generated by the turbine cycle since it has a

dedicated source.



Table 5. Compare calculated vs. Aspen Plus pump power.

Inlet Outlet | Isentropic Power
Pressure | Pressure | Efficiency | Calculated Aspen Diff.
[psia] [psia] [%] [kw] [kW] [%]
Condenser 0.6 88 64.34% 283.31 283.44 0.05%
Drain 4.4 86 55.00% 65.62 65.88 0.39%
Booster 82.2 375 83.33% 1276.16 1275.87 | -0.02%
BFP 290.0 4615 81.72% 22541.63 | 22543.13 | 0.01%

2.1.4 Steam Turbine Cycle Performance

The performance of the steam turbine cycle is measured by the “Turbine Cycle Heat
Rate” (TCHR) which is a ratio of the total heat input to the cycle to the electrical power output.
The total heat input to the cycle is the sum of the heat for the main steam and the heat for the

reheat steam after the HP turbine. The calculation for TCHR is shown in equation (7).

_ _ QpoilertQreheat Btu
HRturbine cycle — TCHR = Pgross [kWh] (7)

The rate of heat transfer in the boiler to the main steam and reheat steam is calculated
by equation (8). The quantity m is the mass flow of steam through the boiler, h; is the enthalpy

of the steam entering the boiler and h, is the enthalpy of the steam leaving the boiler.

Q = 11 main steam * (hz = A main steam + 1 rencat * (hz = P)rencar | e 8)
The gross power generated by the turbine cycle is calculated by equation (9). The gross
power is the sum of the work performed by the HP, IP and LP turbines multiplied by the
efficiency of the turbine generator (ny). The efficiency is assumed to be 98.5% at design
conditions. The calculated values for the mass and energy of the steam flows, the turbine power,

and the turbine cycle heat rate are compared to the values calculated by Aspen Plus (Table 6).

Rgross = r]tg * zPout,1.“117‘bines [kW] (9)
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Table 6. Supercritical Turbine Cycle Performance.

Unit Turbine Kit Aspen Diff. [%]
Boiler Steam Flow [Ibm/hr] 4,184,734 4,184,730 0.00%
Q Boiler [Btu/hr] 3,859,580,168 | 3,848,000,000 -0.30%
Reheat Steam Flow [Ibm/hr] 3,677,525 3,677,530 0.00%
Q Reheat [Btu/hr] 915,335,973 928,219,255 1.41%
Total Heat Input [Btu/hr] 4,774,916,141 | 4,776,219,255 0.03%
Gross Turbine Power [kwh] 635,021 635,768 0.12%
Generated Power [kWh] 625,496 626,232 0.12%
TCHR [Btu/kWh] 7,634 7,627 -0.09%
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2.2 Boiler

The boiler model used in this analysis is illustrated in Figure 4. It was assumed that the
coal has the same composition entering the boiler as it did when it was delivered to the plant.
The coal first enters the mill to be pulverized. Then the pulverized coal flows into the boiler to
produce steam for the turbine cycle and the resulting flue gas flows through the air pre-heater
(APH). In the APH, the flue gas pre-heats the incoming combustion air after the air is
compressed in the forced draft (FD) fan. The flue gas then flows through the ESP to remove ash,
the induced draft (ID) fan, and the FGD to remove sulfur before exiting through the stack. Note
that there is no carbon capture system between the FGD and the stack in this base model. A

diagram of the corresponding Aspen Plus model of the boiler system can be found in Appendix B.

Coal Boiler
Pulverized
Coal
Hot Flue Gas
Warm Air
A
Air Pre-heater ( > ESP FGD

N
Air Cool Flue Gas Flue Gas ,v/ Flue Gas
e
A to Stack

FD Fan ID Fan
Ash Gypsum

Figure 4. Diagram of boiler and accessory equipment.

2.2.1 Coal Combustion

A sub-bituminous, Powder River Basin coal was used for this analysis. Coal is composed
of carbon, hydrogen, sulfur, oxygen, nitrogen, ash and moisture. Individual samples of coal are

analyzed for their exact composition. The composition of the coal used in this study is shown in

12



Table 7. The Proximate analysis measures the relative amounts of fixed carbon, ash, volatiles and
moisture, while the Ultimate analysis measures the specific amount of each component by
weight. The Sulfur analysis measures the various forms of sulfur present in the coal. PRB coal
has relatively high moisture content compared to other types of coal. The Higher Heating Value
(HHV) is the amount of energy released from burning one pound of coal and includes the energy

for the latent heat of vaporization of water.

Table 7. Composition of PRB coal.
Sub-bituminous (PRB) Coal
As-Received Analyses

Proximate Analysis [wt%]

Moisture 28.09
Ash 6.31
Volatile Matter 32.17
Fixed Carbon 32.98
Sulfur 0.45
HHV (Btu/Ib) 8,426
Ultimate Analysis [wt%]
Carbon 49.21
Hydrogen 3.51
Sulfur 0.45
Oxygen 11.67
Nitrogen 0.73
Chlorine 0.02
Moisture 28.09
Ash 6.31
Sulfur Analysis [wt%]
Pyritic 0.17
Sulfate 0.03
Organic 0.43

The carbon in the coal reacts with oxygen in air to form carbon dioxide and heat. The
reaction between coal and air can be calculated to predict the composition of the flue gas. First,

the chemical formula of the coal is determined using the Ultimate analysis (Table 8).
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Table 8. Chemical formula of PRB coal.

Ultimate Analysis: PRB Coal
Component As Re.ceived MoIeFuIar AR Mola_r_
Weight Weight Composition
[Ib/100 Ib coal] | [lb/mol] 100[1E°l€ oy | [mol/mol C]
C 49.21 12.0107 4.0972 1.0000
H 3.51 1.0079 3.4825 0.8500
S 0.45 32.0650 0.0140 0.0034
) 11.67 15.9994 0.7294 0.1780
N 0.73 14.0067 0.0521 0.0127
H,0 28.09 18.0152 1.5592 0.3806
Ash 6.31 === -=-=
TOTAL 99.97

The second column shows the coal composition by weight (from a 100 pound coal
sample). The molecular weight of each component, the third column, is divided by the “as
received weight" to obtain the moles of the component per 100 pounds of coal. Chlorine is
neglected in this analysis since it is present in a very small amount. Since carbon is the main
reactant, the individual molar compositions, the fourth column, are divided by the molar
concentration of carbon, which yields the fifth column. This results in a unique chemical formula
for the coal sample of (C;iHo.8550.003400.178No.0127) + 0.3806 H,O + Ash.

Air is composed of 20.58% oxygen, and 77.39% nitrogen by mole (and by volume) and
moisture. Therefore, there are 3.76 nitrogen molecules for every oxygen molecule. In
calculations, the composition of one mole of air is (O, + 3.76N,). The amount of water is
dependent on the temperature and humidity. In this study, a temperature of 77°F and a relative
humidity (RH) of 65% were assumed as constant. The molar concentration of water in dry air

(W) is calculated using equation (10).

W = RH*Pgqt m_ol] (10)

Patm—(RH*Psqt) Lmol
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This equation determines that the moles of water at the given temperature and humidity
equal 0.0207 moles H,0 per mole of dry air. This is equal to 0.0987 moles H,O per mole of O, in
air. Thus air at 77 F and 65% relative humidity has the following molar composition: O, + 3.76N,
+ 0.0987 mol H,0.

The combustion of coal in air is calculated using Equation (11). Ay, represents the
minimum theoretical amount of air required for complete combustion of the carbon in the coal.
Ash is the remaining solid material that does not react in the boiler and therefore, ash is not
included in the reaction to form flue gas. From a chemical perspective, the ash is simply heated
in the boiler.

(C1Ho.8550.003400.178No.0127) + 0.3806 H,0 + A(O, + 3.76N; + 0.0987H,0)
> bCO, + cH,0 + dO, + eN, + fSO, (11)

The composition of the flue gas can be calculated by hand or with a computer program

by performing a mass balance on the equation (Table 9).

Table 9. Mass balance of combustion with PRB coal and air.

Reactants 2> Products
Coal Coal Moisture Air Flue Gas
C 1 + 0 + 0 = |b
H| 0.8498 | + 2*0.3806 + | 2*¥0.0987*Ay, | = | 2C
S| 0.0034 | + 0 + 0 = |f
0| 0178 | + 0.3806 + 2.0987*Aw, = | 2b+c+2d+2f
N | 0.0127 | + 0 + 2*3.76%An = | 2e

Shifting all of the constants to the right hand side (RHS) and the unknown values to the

left hand side (LHS), results in the following equations:

C: b = 1.0000 (12)
H: -0.1974A, +2¢ =1.6110 (13)
S: f = 0.0034 (14)
0: -2.0987An +2b  +c  +d +2f  =0.5586 (15)
N: -7.52Au +2e = 0.0127 (16)

These equations determine the flue gas composition using the minimum theoretical

amount of air (Ay,), so there will be no oxygen in the flue gas, since all of the oxygen in the air

15



reacted with the carbon in the coal. Therefore, the coefficient for oxygen in the products, d, is
set equal to zero. This leaves 5 equations that can be solved for 5 unknowns (Ay, b, ¢, e, and f).
Performing the required algebra provides the following results:
(C1Ho.8550.003400.178No.0127) + 0.3806 H,0 + 1.1268(0, + 3.76N, + 0.0987H,0)

- CO, + 0.9167H,0 + 4.2440N; + 0.0034S0, (17)

Thus, 1.1268 moles of air are required to react with 1 mole of coal. In actual coal-fired
boilers, an excess amount of air is needed to ensure that combustion is complete. The excess air,
in addition to adequate coal pulverization and mixing within the boiler, helps the coal and oxygen
react. The amount of excess air can vary, but it is often achieved by specifying the amount of
unreacted oxygen remaining in the flue gas. In this study, the amount of oxygen in the flue gas
is specified at 3.5 mol%.

First the combustion equation changes to equation (18), where E represents the
fractional amount of excess air used. The composition of the flue gas must satisfy equation (19)
as well. Thus the six equations needed to determine the flue gas composition are listed below as
equations (20) through (25).

(C1Ho.8550.003400.178No.0127) + 0.3806 H,0 + 1.1268*(1+E)*(O, + 3.76N, + 0.0987H,0)

> bCO, + cH,0 + dO, + eN, + fSO,  (18)

ﬁ =0.035 (19)
C b = 1.0000 (20)
H -0.2224E +2c = 1.8336 (21)
S: f = 0.0034 (22)
o -2.3648E +2b +c + 2d + 2f = 2.9234 (23)
N -8.4735E + 2e = 8.4862 (24)
Excess 02: -0.035b -0.035c +0.965d -0.035e -0.035f = 0 (25)

The unknowns are found by solving the matrix, which results in equation (26). Thus, for
complete combustion and 3.5% oxygen in the flue gas, 23.08% excess air is needed.
(C1H0.8550_003400_178N0_0127) + 0.3806 H,O + 1.1268*(1+0.2308)*(02 + 3.76N, + 0.0987H20)

- CO; + 0.9451H,0 + 0.26010; + 5.2226N; + 0.0034S0, (26)
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2.2.2 Energy balance

In addition to the mass balance, the boiler must also satisfy an energy balance. Following
the first law of thermodynamics, the total energy entering the boiler must equal the total energy
leaving the boiler (Figure 5). The energy into the boiler comes from the coal energy, the
pulverizer energy and the combustion air energy. The energy leaving the boiler is in the form of
steam energy, flue gas energy and energy losses through radiation. The energy required from

the coal is shown in equation (27).
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Qair Qflue gas

v
Figure 5. Boiler Control Volume and Energy.
Btu
Qcoal = Qradiation + Qflue gas + Qsteam - qulverizer - Qair [F (27)

The values on the right hand side of equation (27) can be calculated using equations
(28) through (32). Qadiation is the amount of heat lost through the furnace walls, and was
estimated to be 0.8% of the total coal energy. Qe gas is the amount of energy remaining in the

hot flue gas after the steam is created. Qgam is the amount of energy required by the turbine
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cycle in the main and reheat steam flows. For this model, the total steam energy was previously
calculated to be 4.775%10° Btu per hour (Table 6).

Qpunerizer is the amount of heat that is added to the coal as it is crushed in the pulverizer.
The coefficient was calculated using the HEATRT code, a software program developed by the
Energy Research Center (Sarunac, 1993) with the assumption that all of the power provided to
the mills represented heat energy added to the coal and thus, there was no energy loss within
the mill or to the environment. Finally, the energy of the air (Q,;) is calculated by the mass of
combustion air times the enthalpy difference between inlet temperature and 77°F. The

temperature of 77°F is used because the HHV of coal is measured at 77°F.

. Bt
Qradgiation = 0.8% * HHV 51 * M cog [h_ru] (28)
. Bt

Qflue gas — M flue gas * (hflue gas,out — hflue gas,77 "F) [h_:] (29)
Btu

Qsteam = Qboiler + Qreheat [F] (30)
. Bt

qulverizer =18.06 * m ;g [h_ru] (31)

. Bt
Qair =M g * (hair,in - hair,77 ‘F) [h_ru (32)

The energy in the flue gas is calculated by equation (29). Via equations (11) through
(26), a relationship between the amount of coal burned and the flue gas composition is known.
Therefore, the mass of the flue gas and the enthalpy of the flue gas can be expressed in terms of
the moles of coal burned (N.). In equation (33), N, represents the moles of coal, M. represents
the molecular weight of carbon (12.01 Ib/Ibmol), and P, represents the mass percentage of

carbon in the as-received coal.

. _ NexMe [
m coal = Pc [E] (33)
100

Equations (35) through (37) show the relationship between the flue gas and combustion
air mass flow rates and enthalpy proportional to the molar flow of carbon. First, the molecular
weight of the flue gas (M) is calculated by equation (34) which is required before calculating the

enthalpy of the flue gas in equation (35). Then the mass of the flue gas is calculated in terms of
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the moles of coal burned in equation (36). The subscript i refers to each individual component in

the flue gas mixture.

M fiue gas = Z(mol(%); * M) || (34)
_ mol(%);*h; Btu

hflue gas — Z ( Mfluegas) [ b ] (35)

mflue gas = Nc * Z (M flue gas m;ll:;/: ) [ ] (36)

The energy in the combustion air can also be expressed in terms of the moles of coal
burned. In the case of the example described here, the air has already gone through the APH
and thus is at a temperature between 500°F and 600°F. The enthalpy of the incoming air is
calculated to be 251.19 Btu/Ibm or 7191.88 Btu/Ibmol, using the same method as shown in
equation (35). Equation (32) is now replaced with the new Q,; calculation, shown in equation

(37). The ratio of moles of air to moles of carbon is calculated as 6.74 for PRB coal.

molmr [Btu (37)

Qair = Ngir mole
The final part of the equation is solving for the moles of coal burned. Q.. can be
represented according to equation (38). After substituting equations (28) through (38) into

equation (27) and solving for the amount of coal (N.), equation (39) develops. The result of this

equation is shown in Table 10.

. Bt
Qcoal =M coar * HHVcoal [h_:] (38)

— Qsteam mol
N, = Mc(0.992+HHV ;gg  +18.06) +( _mol ) ( mol(%); ] (39)

ai
Pc air* molc ZMfluegas molc *hfluegas

100

The amount of coal required in the boiler is minimized when the energy in the flue gas
and the radiation losses are small and when the energy in the combustion air is large. Therefore,
it is advantageous to use as much heat as possible from the flue gas to create steam and to pre-
heat the combustion air. The performance of the boiler is represented by boiler efficiency. The
efficiency of the boiler is defined as the ratio of the steam energy to the coal energy. This is
shown as equation (40). The summarized results of the calculations and the corresponding Aspen

results are compared in Table 10.
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Nboiler = QQStﬂ *100 [%]

coal

Table 10. Boiler operation results.

Unit Calculated Aspen Diff.
Coal Flow Rate [Ib/hr] 646,937 652,976 0.93%
HHV Coal [Btu/Ib] 8,426 8,426 0.00%
Q Coal [Btu/hr] | 5,451,091,162 | 5,501,978,582 | 0.93%
Q Steam [Btu/hr] | 4,774,916,141 | 4,776,219,255 0.03%
Boiler Efficiency [%] 87.60% 86.81% -0.90%

2.2.3  Air Pre-Heater

(40)

The Air Pre-Heater (APH) elevates the temperature of the incoming combustion air. This

improves the efficiency of the boiler (equations (27) and (32)). A diagram of the APH heat

exchanger is shown in Figure 6.

There is a leakage stream included in Figure 6 which represents air transfer between the

flows. In an actual boiler unit, there is leakage on both the cold side and the hot side. However,

since there is a greater air to gas pressure difference on the cold side, only the cold side leakage

was included in this analysis. The leakage was assumed to be 6% of the mass flow rate of the

flue gas.

Figure 6. Diagram of APH heat exchanger flows, temperatures and pressures.
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The main method for measuring the performance of the APH is by calculating its thermal
effectiveness (€). The thermal effectiveness measures the ratio of the actual heat transfer to the
maximum possible heat transfer, shown in equation (41). The maximum heat transfer is
determined by the minimum m*Cp (mass flow rate times specific heat) value between the two
fluids, which is the air in this analysis. The actual heat transfer is the amount of heat transferred
by the fluid with the minimum m*Cp value, calculated by equation (42). The effectiveness of the

APH in this analysis is shown in Table 11. The energy balance is shown in Table 12.

e = mair*cp,air*(Tair,out = Tair,in) * 100 [%] (41)

mair*cp,air*(Tflue gas,in ~ Tair,in)

Q =1h % C, * AT [% (42)

Table 11. Performance of air pre-heater.

Thermal
ng,in Tair,in Tair,out Effectiveness €
[F] [F] [F] [%]
600 156 518 81.59%

Table 12. Energy balance of air pre-heater.

Ahgr Mair Qair Ahfg Mggq Qfg Diff.

[Btu/lb] | [Ib/hr] [Btu/hr] [Btu/lb] | [Ib/hr] [Btu/hr] [%]
90.05 | 5,197,126 | 468,001,196 | 80.11 | 5,808,922 | 465,352,741 | -0.57%

2.2.4 Pollution Control Equipment

After the APH, the ash and flue gas are further treated for unit efficiency and pollution
control. These include an electrostatic precipitator (ESP) and a flue gas desulfurization (FGD) unit
(Figure 7). The ESP removes the ash from the flue gas stream so that only gases continue on
through the plant. Then the FGD removes sulfur dioxide from the flue gas. At this point, the flue

gas is considered clean enough to be exhausted through a stack into the atmosphere.
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Figure 7. Flue gas pollution control equipment.

2.2.5 Station Service Power

The station service power is the power required by the plant to maintain its own
operation. There are several pieces of equipment in addition to auxiliary systems such as lighting
and security that require power to operate. In this analysis, the station service power is
comprised of the sum of the power required by the fans, pulverizers (mills), pumps and auxiliary
equipment as shown in equation (43). The net power available for sale to the electrical grid is
equal to the gross power minus the station service power (equation 44).

Pss = Prans + Prins + Poumps + Paux [KW] (43)
Pret = Pyross — Pss [kW] (44)

There are two fans used near the boiler- a forced draft fan and an induced draft fan. The
forced draft fan increases the pressure of the incoming combustion air. The induced draft fan
increases the pressure of the flue gas after the ESP on its way to the FGD. The fans were
modeled as basic compressors without consideration for a specific manufacturer or flow control.
The fan efficiency was estimated as 80% for both fans. The power required to drive these fans is
shown in equation (45). W, is the required power, k and R are gas constants (1.4 for air, and
0.06855 Btu/Ib*R, respectively), P is the pressure, and T; is the temperature and m is the mass

flow of the gas entering the compressor.

k-1
Wyan = =% 5T, ((ﬁ) k- 1) *1i % 2.931 % 107 [kW] (45)

Py
The pressure rise across the FD fan was assumed to be 9” H,0 and the temperature of

the incoming ambient air was assumed to be 77°F. The pressure rise across the ID fan was

assumed to be 35" H,0 to compensate for the pressure losses caused by the pollution control
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equipment (Drbal 1996). The temperature of the incoming flue gas to the ID fan was estimated
to be 285°F. This was calculated by estimating the temperature after post-APH flue gas at 300°F
is mixed with the APH and ESP leakage at 77°F (6% and 5% by mass, respectively). The
calculated and Aspen Plus power for the fans are shown in Table 13.

Table 13. Fan power results.

Unit | Calculated Aspen Diff.
FD Fan Power [kw] 1,515 1,532 1.09%
ID Fan Power [kw] 10,096 10,044 | -0.52%

The energy added to the coal from the pulverization process was previously calculated
using equation (31). In making these calculations, a key assumption was made that all of the
power provided to the mills represented heat energy added to the coal and thus, there was no
energy loss within the mill or to the environment. This assumption offsets the previous
assumption that the coal mill operated at perfect efficiency. The calculated and Aspen Plus values
for mill power are compared in Table 14. Note that the difference is equal to the difference in the
mass flow rate of coal (from Table 10).

Table 14. Mill power results.
Unit | Calculated | Aspen Diff.
Mill Power [kW] 3,424 3,456 | 0.92%

The auxiliary power is required to run lighting, internal heating and air conditioning,
security systems, and other systems. It is difficult to estimate the auxiliary power without
knowing the specific details of each plant. Thus, in this analysis, an auxiliary power of 15,000 kW
was assumed constant for the unit in all cases. When summed with the remaining station service
power components, the station service power is approximately 32 MW at design conditions. This
is consistent with the general standard that station service power is approximately 5% of the
gross power generated by a plant.

2.2.6  Plant Performance
The overall performance of the boiler and steam turbine cycle is defined as the net unit

heat rate (NUHR). The NUHR is the ratio of the coal energy to the net power. It is calculated
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according to equation (46). The unit efficiency is a related performance measure obtained by the

conversion of the heat rate units to a percentage by a factor of 3412 % in equation (47).

Qcoa Bt
HRyerunie = NUHR = et [ 220 (46)
. . 3412
Unit Efficiency = ynie = 7+ 100 [%] (47)

The scale of NUHR and efficiency are inversely proportionate to one another — a unit has
better performance with a lower NUHR or a higher efficiency. The Aspen Plus unit operation
results for this analysis are summarized in Table 15.

Table 15. Summary of unit operation results in Aspen Plus.

Boiler Performance Unit Aspen Plus
Q Steam [Btu/hr] 4,776,219,255
Coal Flow Rate [Ib/hr] 652,976
HHV Coal [Btu/Ib] 8,426

Q Coal [Btu/hr] 5,501,978,582
Turbine Power

HP Power [kwW] 183,314
IP1 Power [kW] 106,165
IP2 Power [kwW] 65,888
LP1 Power [kW] 57,559
LP2 Power [kwW] 84,977
LP3 Power [kwW] 39,182
LP4 Power [kW] 42,908
LP5 Power [kwW] 55,774
Gross Power [kwW] 635,768
Station Service

Power

Mill Power [kW] 3,456
Fan Power [kwW] 11,576
Pump Power [kW] 1,658
Auxiliary Power [kW] 15,000
Total Py [kwW] 31,689
Plant Performance

Net Power [kW] 604,079
Boiler Efficiency [%] 86.81%
Turbine Cycle HR [Btu/kWh] 7,512
Net Unit HR [Btu/kWh] 9,108
Unit Efficiency [%] 37.46%
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2.3 Monoethanolamine (MEA) Post-combustion Capture System

Carbon dioxide was captured from the flue gas using a chemical separation process. The
Aspen Plus model for this process was developed by Dr. Ian Laurenzi, a former Assistant
Professor of Chemical Engineering at Lehigh University and Austin Szatkowski, a former Master’s
student at the Energy Research Center. The chemical solution used is a mixture of
monoethanolamine (MEA) and water. MEA is a weak base and thus selectively binds carbon
dioxide, which is a weak acid. The model is designed to have a 90 mol% carbon capture rate.
There are 4 main pieces of equipment that are required for MEA-based carbon capture, which are
an absorber, stripper, pump, and heat exchanger. The absorber removes the carbon dioxide from
the flue gas. The pump and heat exchanger pressurize and heat the CO,-rich amine before it
enters the stripper. The stripper regenerates the MEA solution and produces a pure CO, stream

ready for compression.

Dry
Stack Gas

Condenser

Make Up

MEA
90 mol% Capture

Wet CO2 Dry CO2
To Compressor

Wet

Stack Gas
SG Water

MEA, 30wt% Condenser
Hot Rich
Amine B H20-MEA
MEA Tank L.A. Cooler > W Reflux
Lean
Absorber Amine Stripper
Cool Rich J Steam
Rich Amine Amine-Amine Ext. Return

Cool FG

Heat Exchanger
g
Reboiler

Lean Amine

Pump

Flue Gas Flow g 2

FG Cooler

Figure 8. Diagram of MEA System Equipment.
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2.3.1  Absorber Column

The absorber operates at a pressure of 1 atmosphere and at a temperature of 100°F.
These settings were determined to be suitable for a 90% carbon dioxide capture rate
(Szatkowski, 2009). MEA and water solution is fed into the top of the absorber column while the
flue gas is fed to the bottom of the column (Figure 8). The MEA-water mixture and the flue gas
flow counter-currently and the MEA solution absorbs the carbon dioxide as their molecular paths
cross. The top of the column contains flue gas with minimal CO, content and the product at the
bottom of the column is an MEA-CO, solution, called rich amine.

2.3.2  Stripper Column

The stripper operates at 3 atmospheres of pressure and at a temperature of
approximately 268°F. The elevated pressure and temperature, compared to the absorber, is
required to separate the MEA and carbon dioxide. The hot rich amine is fed to the top of the
stripper column, where it sinks to the bottom and flows into the reboiler. In the reboiler, heat is
added to the MEA solution to drive the separation process. The heat is usually provided by a
steam extraction from the steam cycle. The contents of the reboiler are separated by partially
boiling the rich amine. The liquid from this process is regenerated MEA solution, called lean
amine, which is reused in the absorber. The vapor from this process is mostly carbon dioxide and
water vapor with minor amounts of MEA. This vapor re-enters the column and rises to the top
where it enters the stripper condenser. Then water vapor and trace MEA are condensed and fed
back to the column. The condenser vapor is carbon dioxide ready for compression. The results
presented here are for 90% capture (by mole) of the carbon dioxide entering the absorber.

The amount of heat required for the stripper reboiler depends on several factors, which
must be optimized to reduce the cost of the MEA system. These factors include the rate of CO,
capture, the saturation of the carbon dioxide in the rich and lean amine streams, and the
temperature and pressure of the stripper column. Since there may be multiple optimized

scenarios, the heat requirement is often expressed as heat per pound of carbon dioxide captured.
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The literature reports a range of values between 1600 and 1900 Btu/Ib CO, captured and the
present model used 1688 Btu/Ib CO, captured (Table 16).

Table 16. MEA model settings compared to literature values.

Szatkowski Fisher Knudsen
Unit Martin 2009 2005 2009
Model Model Model Pilot
MEA to Flue Gas Ratio [Ib/Ib] 4 4 3.89 2-3.2
Lean MEA Loading [mol CO2/mol MEA] 0.115 0.276 0.249
Rich MEA Loading [mol CO2/mol MEA] 0.315 0.479 0.459
Delta Loading [mol CO2/mol MEA] 0.200 0.203 0.210
Reboiler Temp [F] 270 273 253
Reboiler Duty [Btu/lb CO2 Cap.] 1688 1750 1872 1753
Reboiler Duty Diff. [%] 0.00% 3.67% 10.90% 3.85%

2.3.3 Additional Equipment

The other equipment required for the MEA capture system are a pump and a heat
exchanger. The pump follows the absorber and pumps the rich amine up to the stripper pressure
of 3 atmospheres. Then, the rich amine enters the amine-amine heat exchanger where the rich
amine is heated by the lean amine liquid leaving the stripper. The rich amine then enters the
stripper at the elevated pressure and temperature and the lean amine is cooled further to be
used in the absorber again.

2.3.4 Effect of MEA Carbon Capture on Unit Performance

The addition of carbon capture and CO, compression affects the plant performance in
four ways. The low pressure steam extraction for the reboiler reduces the gross power produced
by the turbines. The compressor consumes power which is assumed to come from the plant’s
own generation. Finally, the ID fan power increases to overcome the additional pressure drop
experienced by the flue gas through the CO, capture system and additional pumps are required
in the MEA system and in the compressor. The boiler performance remains the same as one
operating without carbon capture.

This section discusses the specific impacts of the MEA capture system, operating at a

90mol% capture rate, on plant performance. The following section, Section 2.4, discusses four

28



compressor options selected for this analysis and the impacts of each on plant performance. As a
result, there are four “base cases” for the power plant, depending on the compressor selected.
The performance of one base case is shown at the end of this section for illustration. The
performances of all four base cases are shown in Section 2.4.3, after an analysis of each
compressor option.

In this analysis, the steam used to run the reboiler is extracted between low pressure
turbines LP1 and LP2 (see Figure 2). Thus, the power produced by the HP through LP1 turbines
also remains the same as without carbon capture. However, the power from turbines LP2
through LP5 are all directly affected by the reboiler extraction steam since the steam is not
available to go through the remaining turbines downstream. In all of the base cases, the gross
turbine power is reduced by 23.5% due to the reboiler extraction.

The power required to run the fans and pumps also increases with carbon capture. The
ID fan power increases to compensate for the additional pressure drop through the absorber
column. The additional pressure drop in the flue gas stream is estimated to be 25" H,0. Thus,
the total pressure rise across the ID fan is now estimated to be 60” H,0. The pump power
increases with the addition of a lean amine pump in between the absorber and stripper columns
and the addition of pumps used to circulate water to cool the CO, between compression stages.
Different types of compressors have a different number of stages and each stage has a dedicated
pump. The total pump power is dependent on the number of compressor stages and the amount
of cooling required since this determines the size of the heat exchangers and the flow rate of
cooling water.

The performance of the MEA capture plant is dependent on the type of compressor
selected. When the fan and pump changes are taken together, the station service power
increases 24.1 to 24.3% in the base cases, depending on the type of compressor (for complete
details, see Table 30). A summary of boiler, steam turbine cycle, and station service power

results reflecting the addition of MEA-based carbon capture is shown in Table 17.
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Table 17. Summary of MEA-Based Carbon Capture on Plant Performance in Aspen

Plus.
Boiler Performance Unit MEA Capture No Capture Diff.

Q Steam [Btu/hr] | 4,776,219,255 | 4,776,219,255 | 0.0%
Coal Flow Rate [Ib/hr] 652,976 652,976 0.0%
HHV Coal [Btu/Ib] 8,426 8,426 0.0%
Q Coal [Btu/hr] | 5501,978,582 | 5,501,978,582 | 0.0%
Boiler Efficiency [%] 86.81% 86.81% 0.0%
Turbine Power

HP Power [kw] 183,314 183,314 0.0%
IP1 Power [kW] 106,165 106,165 0.0%
IP2 Power [kw] 65,888 65,888 0.0%
LP1 Power [kW] 57,559 57,559 0.0%
LP2 Power [kw] 31,476 84,977 -63.0%
LP3 Power [kw] 13,513 39,182 -65.5%
LP4 Power [kW] 13,547 42,908 -68.4%
LP5 Power [kw] 14,758 55,774 -73.5%
Gross Power [kW] 486,222 635,768 -23.5%
Turbine Cycle HR [Btu/kWh] 9,973 7,627 30.8%
Station Service Power

Fan Power [kW] 18,405 11,576 59.0%
Mill Power [kW] 3,456 3,456 0.0%
Pump Power [kwW] 2,471 1,658 49.0%
Auxiliary Power [kw] 15,000 15,000 0.0%
Total Py [kwW] 39,332 31,689 24.1%
Compressor Performance

Ramgen Comp. Power [kw] 45,593 N/A N/A
Plant Performance

Net Power [kw] 394,003 594,543 -33.7%
Net Unit HR [Btu/kWh] 13,964 9,254 50.9%
Unit Efficiency [%] 24.43% 36.87% -12.4%
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2.4 CO, Compression

Once the carbon dioxide has been captured, the CO, is compressed so it is ready for
geological sequestration. The specifics of geological sequestration are beyond the scope of this
report. The final CO, pressure used in this study was 2220 psia. This study investigated three
main types of compressors which included Ramgen, inline and integrally geared compressors.
The primary objective of this analysis is to quantify the heat generated from the compression
process and evaluate the potential to integrate this heat into the plant. Thus, each type of
compressor was evaluated with each stage’s discharge temperature and heat transferred during
intercooling in mind.

2.4.1 CO, properties: REFPROP vs Aspen Plus

REFPROP is a software program that accesses and displays National Institute of
Standards and Technology (NIST) thermodynamic properties (Levy 2010). These properties can
be used to calculate compressor performance from first principles. However, the power plant is
modeled in Aspen Plus. In order to streamline the modeling process, the compressors were
modeled in Aspen Plus also. The properties of carbon dioxide in the “Pure22” database from
Aspen Plus were compared to the properties in the NIST database via REFPROP. This comparison
demonstrates that the compressors modeled in Aspen Plus have similar performance as the
manufacturer’s performance data.

The CO, properties of enthalpy, entropy and specific heat were compared in REFPROP
and in Aspen Plus. A range of pressures (200-2200 psia) and temperatures (100-500°F) were
used for these comparisons. The pressure range was chosen to encompass most pressures
encountered during the compression process. The lower temperature boundary was chosen
because it is above the critical temperature of 88°F. For enthalpy and entropy, most equations
use two values since performance depends on the change in value (Ah or As), not the value
itself. For specific heat, the value is only dependent on temperature and it is used as a constant

in calculations.
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The REFPROP and Aspen Plus entropy and enthalpy values were tabulated at each
temperature and pressure, while the specific heat values were tabulated at each temperature.
However, the Aspen Plus Pure 22 property database uses different baseline values for enthalpy
and entropy than REFPROP. In order to compare values, the Aspen Plus values for enthalpy and
entropy at 200 psia and 100°F was adjusted to match the REFPROP values at the same pressure
and temperature, and all other Aspen Plus values were adjusted by the same amount. Since the
specific heat is constant at a given temperature, the Aspen Plus values did not need to be
adjusted.

Tables and graphs comparing REFPROP and Aspen Plus values for entropy, enthalpy and
specific heat versus temperature are included in Appendix D. There is reasonable agreement
between REFPROP and Aspen Plus values. Entropy values from Aspen Plus were on average
0.06% lower than REFPROP values with a range of -0.42 to 2.98%. Enthalpy values in Aspen
Plus were on average 0.07% higher than REFPROP values with a range of -0.40 to 4.31%. For
specific heat, Aspen Plus values were on average 0.44% higher than REFPROP values with a
range of -0.10 to 0.75%. Therefore, it is reasonable to accept the performance of the compressor
models in Aspen Plus. Note that the values are for pure carbon dioxide. The compressors used at
the end of a coal-fired power plant with MEA capture will compress a mixture of approximately
98.3% CO, and 1.7% H,0 with trace amounts of nitrogen and oxygen.

2.4.2 Overview of Compressors and Intercoolers

In this analysis, an initial CO, pressure of 44.1 psia was used since it is the pressure of
the MEA stripper column. A final pressure of 2220 psia was used as a representative value
necessary for geologic sequestration. Each compressor stage had an isentropic and mechanical
efficiency which was obtained from the manufacturer. Pressure ratios were also obtained from
the manufacturer’s specifications and were maintained as much as possible (Charles 2010).
Occasionally, due to different inlet and outlet pressures required for this analysis, pressure ratios

were adjusted slightly from the manufacturer’s specifications.
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Cooling between each compressor stage reduced the temperature of the CO, stream to
110°F unless otherwise noted. The inter-stage cooling increases the efficiency of the compressor
since the compressor work is proportional to the inlet temperature of the gas (Cengel & Boles
2008). The intercooling temperature was selected to be greater than the critical point
temperature (88°F) and thus potential issues with CO, condensation are avoided.

Intercooling was achieved with a shell-and-tube, cross-flow heat exchanger in which 90
or 100°F cooling water enters the tubes and the CO, is in the shell. The flow rate of cooling
water was minimized in order to achieve a high cooling water outlet temperature while
maintaining liquid flow, thus increasing the potential for thermal integration. A hot inlet-cold
outlet temperature difference of 10°F was selected to “set” the cooling water flow rate in the
heat exchanger model. More heat transfer is possible if a smaller temperature difference can be
achieved by the heat exchanger design. If any water condenses out of the CO, stream after it's
cooled, the water is removed so liquid does not enter the following compressor stage.

For this analysis, three types of compressors were evaluated. One unique compressor
option is being developed by Ramgen Power Systems. Also, two configurations of centrifugal
compressors, inline and integrally geared, were evaluated. One compressor of each type was
modeled following the manufacturer’s specifications with minor adjustments as necessary. The
integrally geared compressor was modeled twice with different intercooling temperatures.

2.4.2.1 Ramgen Compressor

An innovative type of compressor has been developed by Ramgen Power Systems that
can achieve high pressure ratios. The technology takes advantage of the shock effects created as
the gas in the compressor exceeds Mach 1 (Levy 2010). The high pressure ratios allow the
compression to take place in two stages instead of as many as eight stages with an integrally
geared compressor. As a consequence, the gas discharge temperatures are much higher than
typical centrifugal designs, thus increasing the potential for thermal integration. The footprint and
costs of a Ramgen compressor are lower since there are fewer stages and thus less material. A

diagram of the compressor is shown in Figure 10.
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Figure 10. Ramgen Compressor Specifications.

T = Temperature [F]
P = Pressure [psia]
W = Power [kW]

Q = Energy [MBtu/hr]

The manufacturer’s original specifications were obtained from Levy (2010). However, the

manufacturer’s conditions were different than those required for this analysis. This analysis used

a pressure range of 44.1 to 2220 psia, so a pressure ratio of 7.145 was used for each stage. It

was assumed that the isentropic and mechanical efficiencies remain constant with this change in

pressure ratio. The complete inlet specifications of the compressor stages and their performance

are included in Appendix E. The compressor stage powers were calculated from first principles

using Equation (48) and enthalpy values obtained from REFPROP. The performance results are

also summarized in Table 18.

VV(:ompTessor
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Table 18. Power Required for Ramgen Compressor.

Aspen CO; | popen | REFPROPCO: | preopop | power
Stage Discharge Discharge .
Power Power Diff.
Temp Temp

[F] [kw] [F] [kw] [%]
Stage 1 429.3 23,386 427.7 22,685 -3.00%
Stage 2 463.0 21,635 458.1 20,714 -4.26%
Total 45,593 43,399 -3.60%

The intercooler and post-compressor cooler’s complete specifications and their
performances are also included in Appendix E. This table includes Aspen Plus results compared to
REFPROP-based calculations from first principles. The heat transfer in the coolers was calculated
with REFPROP properties using Equation (49). The second part of the equation accounts for the
latent heat of vaporization (h¢g), energy released from the water vapor within the CO, stream as
it changes phase. The maximum heat available from the coolers for thermal integration is
summarized in Table 19. The unit operation results for a carbon capture plant with a Ramgen
compressor are summarized in Table 20. The boiler and turbine cycle information is the same for

all compressors and is located in Table 17.

Q = [m CO, * (hCOZ,out - hCOZ,in)] + [m H,0 knockout * hfg @ PCOZout] [Bh%] (49)

Table 19. Maximum heat available from heat exchangers used with Ramgen
compressor.

Heat Source CO, Inlet | CO, Outlet Magimum Heat M_aximum Heat Diff.
Temp Temp Available: Aspen | Available: REFPROP
[F] [F] [Btu/hr] [Btu/hr] [%]
Intercooler (IC1) 429.3 110 89,013,445 87,838,488 -1.3%
Post-Comp. Cooler (PC2) 463.0 110 168,811,875 170,341,167 0.9%
TOTAL 257,825,320 258,179,655 0.1%
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Table 20. Unit Operation Results of MEA Carbon Capture Plant with a Ramgen
Compressor compared to a "No-Capture” Plant.

Station Service Unit MEA Capture No Capture Diff.
Power & Ramgen

Fan Power [kW] 18,405 11,576 59.0%
Mill Power [kW] 3,456 3,456 0.0%
Pump Power [kw] 2,471 1,658 49.0%
Auxiliary Power [kw] 15,000 15,000 0.0%
Total Pg [kwW] 39,332 31,689 24.1%
Ramgen Performance
Compressor Power [kw] 45,593 N/A N/A
Plant Performance
Qcoal [Btu/hr] 5,501,978,582 | 5,501,978,582 0.0%
Net Power [kW] 394,003 594,543 -33.7%
Net Unit HR [Btu/kWh] 13,964 9,254 50.9%
Unit Efficiency [%] 24.43% 36.87% -12.4%

2.4.2.2 Inline Compressor

Most compressors on the market are of a centrifugal design. The centrifugal design first
accelerates the gas in a rotating impeller, and then forces the gas through a diffuser at which
point the velocity of the gas is converted into a higher pressure. This process can be repeated
multiple times to achieve the desired final pressure. Cooling between stages is achieved by
ducting the gas to an external cooler.

Inline centrifugal compressors “have all the impellers driven by the same shaft in a single
casing.” (Levy 2010). Therefore, each impeller rotates at the same speed. They are inflexible and
do not operate well at partial loading. In addition, external cooling between stages can be
difficult since the gas must be piped to the cooler after several stages of compression within a
single casing. These requirements increase the footprint of an inline compressor. However, inline
compressors are easier to maintain than other centrifugal compressors (Levy 2010).

The “Inline 4" compressor, from Charles (2010), was selected as the model for an inline
type of compressor (Figure 11). The number 4 signifies a specific manufacturer’s compressor
model, the identity of which is on file at the Energy Research Center. The compressor stages’

inlet specifications and performance data are included in Appendix E. The required pressures for
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this analysis are different from the manufacturer’s specifications, but it was assumed that the

isentropic and mechanical efficiencies at different pressure ratios remained valid. In this analysis,

the pressure ratios for stages 1 and 2 were maintained, while the stage three pressure ratio was

reduced from 3.700 to 1.294.

W =22,668 W = 20,249
Cco2 (A) (B)
1073 Stage 1 cW Stage 2 CW
T_= 100 M=262.4 M=452.3
P=44 6 T=90 T=436 T=90
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Figure 11. Inline 4 Compressor Specifications.
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Unit Key
M = Mass Flow [103 Ib/hr]
T = Temperature [F]
P = Pressure [psia]
W = Power [kW]
Q = Energy [MBtu/hr]

The compressor stages’ complete inlet specifications and their performances are included

in Appendix E. The compressor powers were also calculated from REFPROP values using Equation

(48). The compressor power requirements are summarized in Table 21. Although the percent

difference for stage 3 is high, the absolute difference between the numbers is small and the

difference in total power is also small. Therefore, the Aspen Plus model is considered accurate.



Table 21. Power Required for Inline 4 Compressor.

Aspen CO; | pcnen | REFPROPCO; | pecopop | Power
Stage Discharge Discharge .
Power Power Diff.
Temp Temp

[F] [kW] [F] [kW] [%]
Stage 1 425.9 22,668 424.3 22,464 -0.9%
Stage 2 436.1 20,249 431.2 19,753 -2.5%
Stage 3 125.9 987 123.5 842 -14.7%
Total Power 43,905 43,058 -1.9%

Intercoolers were used after stages 1 and 2. The discharge temperature from Stage 3

(125.9°F) is very close to 110°F and thus was considered an appropriate temperature for

sequestration. The cost of an additional heat exchanger is not necessary. The intercoolers’

complete inlet specifications and their performance are included in Appendix E. The maximum

heat available for thermal integration from each heat exchanger is summarized in Table 22. The

unit operation results for a carbon capture plant with an Inline 4 compressor are summarized in

Table 23. The results for the boiler and turbine cycle are the same for all compressors and are

located in Table 17.

Table 22. Maximum Heat Available from Heat Exchangers of Inline 4 Compressor.

Heat Source CO; Inlet | CO, Outlet Ma?<imum Heat Maximum Heat Diff.
Temp Temp Available: Aspen | Available: REFPROP
[F] [F] [Btu/hr] [Btu/hr] [%]
Intercooler 1 (IC1) 425.9 110 87,469,588 86,280,542 -1.4%
Intercooler 2 (IC2) 436.1 110 155,846,773 159,593,365 2.4%
TOTAL 243,316,361 245,873,907 1.1%
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Table 23. Unit Operation Results of MEA Carbon Capture Plant with an Inline 4
Compressor compared to a "No-Capture” Plant.

Station Service Power Unit Mgpi Qapture No Capture Diff.
nline 4
Fan Power [kwW] 18,405 11,576 59.0%
Mill Power [kw] 3,456 3,456 0.0%
Pump Power [kW] 2,471 1,658 49.0%
Aucxiliary Power [kw] 15,000 15,000 0.0%
Total P [kw] 39,332 31,689 24.0%
Compressor Performance
Compressor Power [kw] 43,905 N/A N/A
Plant Performance
Qcoal [Btu/hr] 5,501,978,582 | 5,501,978,582 0.0%
Net Power [kw] 395,691 594,543 -33.3%
Net Unit HR [Btu/kWh] 13,905 9,254 49.9%
Unit Efficiency [%] 24.54% 36.87% -12.3%

2.4.2.3 Integrally Geared Compressors

Another configuration of a centrifugal compressor is an integrally geared compressor.
The integrally geared design has a central bull gear that connects to several pinions. Each pinion
drives an impeller in its own casing. This arrangement allows for easier external cooling between
stages. The pinions “allow each pair of impellers to rotate at different speeds while being driven
by the same bull gear” (Levy 2010). A single frame can accommodate up to 10 stages of
compression (5 pinions, 10 impellers) (Levy 2010). Integrally geared compressors are more
flexible and operate more efficiently at partial loads than inline compressors, but they are less
reliable since they are more mechanically complex (Levy 2010).

The “Integrally Geared 1” compressor, from Charles (2010), was selected as the model
for the integrally geared type of compressor. Again, the number “1” signifies a specific
manufacturer’s compressor model, the identity of which is on file at the Energy Research Center.
The manufacturer’s pressure ratios were maintained except for Stage 1 and Stage 6. These
pressure ratios were reduced from 2.405 to 1.503 and from 1.622 to 1.552, respectively, to

achieve the desired final pressure.
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The manufacturer specified using intercooling to 149°F after each stage without any
cooling after stage 6, hereafter referred to as 1G1-149. Cooling to 110°F was selected for the
post-compressor cooler after stage 7 (Figure 12). In addition, the performance of the IG 1
compressor was evaluated using intercooling to 110°F after all stages (Figure 13), hereafter
referred to as IG1-110. It is unknown why the manufacturer selected an intercooling temperature
of 149°F or whether an intercooling temperature of 110°F is achievable. However, it is useful to
demonstrate the difference in performance and potential for thermal integration between the two
scenarios.

The compressor stages’ inlet specifications and performance data is included in Appendix
E. The power requirements for the IG1-149 compressor are summarized in Table 24 and the
power requirements for the IG1-110 compressor are summarized in Table 25. The total power
required for the IG1-110 intercooling is less than the power required for the IG1-149 since

compressor power is proportional to the inlet gas temperature.
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Figure 12. Integrally Geared 1 Compressor Specifications with 149F Intercooling (IG1 — 149).
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Figure 13. Integrally Geared 1 Compressor Specifications with 110F Intercooling (IG1 — 110)



Table 24. Power required for Integrally Geared 1 Compressor with 149°F
Intercooling.

Aspen CO; | popen | REFPROPCO; | perppop | power

Stage Discharge Power Discharge Power Diff.

Temp Temp

[F] [kW] [F] [kW] [%]
Stage 1 161.1 4,074 160.9 3,956 -2.9%
Stage 2 279.3 9,073 277.5 8,714 -4.0%
Stage 3 280.3 8,884 277.7 8,494 -4.4%
Stage 4 278.5 8,309 275.1 7,913 -4.8%
Stage 5 236.1 4,856 233.0 4,602 -5.2%
Stage 6 223.0 3,671 219.6 3,347 -8.8%
Stage 7 300.7 4,315 297.5 3,742 -13.3%
Total 43,182 40,768 -5.6%

Table 25. Power required for Integrally Geared 1 Compressor with 110°F
Intercooling.

Stage Ali\)sig::at?a(r:;az ﬁspen REI;IZCRF%TQ%OZ REFPROP P0\_Ner
Temp ower Temp Power Diff.
[F] [kW] [F] [kW] [%]
Stage 1 161.1 4,074 160.9 3,956 -2.9%
Stage 2 235.2 8,479 233.4 8,145 -3.9%
Stage 3 236.3 8,201 233.4 7,839 -4.4%
Stage 4 234.8 7,588 230.8 7,221 -4.8%
Stage 5 194.3 4,317 190.5 4,083 -5.4%
Stage 6 179.7 3,044 176.0 2,757 -9.4%
Stage 7 145.2 1,793 141.1 1,363 -23.98%
Total 37,496 35,364 -5.69%

The intercoolers’ complete inlet specifications and their performance are included in
Appendix E. The maximum heat available for thermal integration from each heat exchanger is
summarized in Table 26 for IG1-149 and Table 27 for IG1-110. There is more heat available in
IG1-110 since the CO, is transferring more of its heat to the cooling water. Of course, with the
addition of Intercooler 6 in the IG1-110, there is less heat available in the Post Compressor
Cooler (PC7) than in PC7 from IG1-149. The unit operation results for the capture model
compared to the non-capture model for IG1-149 and IG1-110 are shown in Table 28 and Table
29, respectively. Since IG1-110 requires less power, the net power and plant efficiency are

greater than the results for IG1-149 compressor.
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Table 26. Maximum Heat Available from Integrally Geared 1 Compressor with 149°F
Intercooling.

Heat Source CO; Inlet | CO, Outlet Ma?dmum Heat M_aximum Heat Diff.
Temp Temp Available: Aspen | Available: REFPROP
[F] [F] [Btu/hr] [Btu/hr] [%]
Intercooler 1 (IC1) 161.1 149.0 2,656,018 2,672,035 0.6%
Intercooler 2 (IC2) 279.3 149.0 31,633,848 31,737,217 0.3%
Intercooler 3 (IC3) 280.3 149.0 34,898,117 34,691,126 -0.6%
Intercooler 4 (I1C4) 278.5 149.0 38,079,677 37,734,393 -0.9%
Intercooler 5 (IC5) 236.1 149.0 28,348,792 28,563,733 0.8%
Post-Comp. Cooler (PC7) 300.7 110.0 113,913,503 115,955,584 1.8%
TOTAL 249,529,955 251,354,088 0.7%
Table 27. Maximum Heat Available from Integrally Geared 1 Compressor with 110-
120°F Intercooling.
Heat Source CO, Inlet | CO, Outlet Magimum Heat M_aximum Heat Diff.
Temp Temp Available: Aspen | Available: REFPROP
[F] [F] [Btu/hr] [Btu/hr] [%]
Intercooler 1 (IC1) 161.1 110.0 11,632,909 11,686,878 0.5%
Intercooler 2 (IC2) 235.2 110.0 33,861,575 33,260,229 -1.8%
Intercooler 3 (IC3) 236.3 110.0 33,382,485 33,245,054 -0.4%
Intercooler 4 (IC4) 234.8 110.0 35,495,387 35,935,925 1.2%
Intercooler 5 (IC5) 194.3 110.0 30,093,402 31,106,383 3.4%
Intercooler 6 (IC6) 179.7 110.0 58,420,451 64,104,944 9.7%
Post-Comp. Cooler (PC7) 145.2 110.0 28,473,213 27,634,282 -2.9%
TOTAL 231,359,422 236,973,695 2.4%
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Table 28. Unit Operation Results for Integrally Geared 1 — 149F Compressor
Compared to a "No-Capture” Plant.

Station Service Power Unit Mfé 1C a_p'izgeF& No Capture Diff.
Fan Power [kw] 18,405 11,576 59.0%
Mill Power [kw] 3,456 3,456 0.0%
Pump Power [kwW] 2,497 1,658 50.6%
Aucxiliary Power [kw] 15,000 15,000 0.0%
Total P [kW] 39,358 31,689 24.2%
Compressor Performance

Compressor Power [kw] 43,182 N/A N/A
Plant Performance

Qcoal [Btu/hr] 5,501,978,582 | 5,501,978,582 0.0%
Net Power [kw] 396,389 594,543 -33.3%
Net Unit HR [Btu/kWh] 13,880 9,254 50.0%
Unit Efficiency [%] 24.58% 36.87% -12.3%

Table 29. Unit Operation Results for Integrally Geared 1 — 110F Compressor
Compared to a "No-Capture” Plant.

Station Service Power Unit Mfé f ip;L{BeF& No Capture Diff.
Fan Power [kw] 18,405 11,576 59.0%
Mill Power [kwW] 3,456 3,456 0.0%
Pump Power [kw] 2,538 1,658 53.1%
Auxiliary Power [kwW] 15,000 15,000 0.0%
Total P [kW] 39,399 31,689 24.3%
Compressor Performance

Compressor Power [kw] 37,496 N/A N/A
Plant Performance

Qcoal [Btu/hr] 5,501,978,582 | 5,501,978,582 0.0%
Net Power [kw] 402,033 594,543 -32.4%
Net Unit HR [Btu/kWh] 13,685 9,254 47.9%
Unit Efficiency [%] 24.93% 36.87% -11.9%

2.4.3

Effect of Carbon Capture & Compression on Unit Performance

The same MEA capture system was paired with each of four separate compressor

options. The MEA system affects the gross power, fan power and pump power. The compressor
affects the pump power and net power. The overall unit efficiency and heat rate depend on the
combination of capture system and compressor. Thus the final results are slightly different for

each compressor. After the MEA system is installed, the fan power increases by 59.0% and the
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turbine cycle produces 23.5% less gross power than the baseline plant. The pump power
increases by 49.0% to 53.1% due to additional pumps required for the MEA system, and for each
compressor stage’s cooler. The compressors with the most stages (IG1 — 149 & IG1 — 110) have
a higher pump power than the Ramgen and Inline 4 compressors. The turbine cycle heat rate
increases by 30.8% with the addition of the MEA system.

The net power is reduced by 32.4% to 33.7%, depending on the compressor selected.
The Ramgen compressor uses the most power at 45.6 MW. The Inline 4 compressor uses 43.9
MW of power. The integrally geared 1 compressors use the least amount of power, with 43.2 MW
for IG1 — 149 and 37.5 MW for IG1 — 110. The resulting unit efficiency is reduced by 11.9 to 12.4
percentage points, among all of the compressors. The IG1 — 110 base case has the highest unit
efficiency at 24.93% with the IG1 — 149 next best at 24.58%. The Inline 4 and Ramgen base
cases have unit efficiencies of 24.54% and 24.43%, respectively. The base case with the lowest

compressor power has the highest unit efficiency and vice versa.
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Table 30. Unit Performance Results of MEA Capture with Four Compressor Options Compared to No Capture.

Boiler Performance Unit ':':’r“n ;";}h Diff. '?Eﬁn‘g'zh Diff. '\I/'gf_‘f’fgh Diff. ';E?"i"ltg Diff. | No Capture
Q Steam [MBtu/hr] 4,776 0.0% 4,776 0.0% 4,776 0.0% 4,776 0.0% 4,776
Coal Flow Rate [Ib/hr] 652,976 0.0% 652,976 0.0% 652,976 0.0% 652,976 0.0% 652,976
HHV Coal [Btu/Ib] 8,426 0.0% 8,426 0.0% 8,426 0.0% 8,426 0.0% 8,426
Q Coal [MBtu/hr] 5,502 0.0% 5,502 0.0% 5,502 0.0% 5,502 0.0% 5,502
Boiler Efficiency [%] 86.81% 0.0% 86.81% 0.0% 86.81% 0.0% 86.81% 0.0% 86.81%
Turbine Power

HP Power [kW] 183,314 | 0.0% 183,314 | 0.0% 183,314 0.0% 183,314 0.0% 183,314
IP1 Power [kW] 106,165 0.0% 106,165 0.0% 106,165 0.0% 106,165 0.0% 106,165
IP2 Power [kW] 65,888 0.0% 65,888 0.0% 65,888 0.0% 65,888 0.0% 65,888
LP1 Power [kW] 57,559 0.0% 57,559 0.0% 57,559 0.0% 57,559 0.0% 57,559
LP2 Power [kW] 31,476 | -63.0% | 31,476 | -63.0% 31,476 -63.0% 31,476 -63.0% 84,977
LP3 Power [kW] 13,513 | -65.5% | 13,513 | -65.5% 13,513 | -65.5% 13,513 -65.5% 39,182
LP4 Power [kW] 13,547 | -68.4% | 13,547 | -68.4% 13,547 | -68.4% 13,547 | -68.4% 42,908
LP5 Power [kW] 14,758 | -73.5% | 14,758 | -73.5% 14,758 | -73.5% 14,758 | -73.5% 55,774
Gross Power [kW] 486,221 | -23.5% | 486,222 | -23.5% | 486,222 | -23.5% | 486,222 | -23.5% 635,768
Gross Power minus Gen. Losses [kW] 478,927 | -23.5% | 478,929 | -23.5% | 478,929 | -23.5% | 478,929 | -23.5% 626,232
Turbine Cycle HR [Btu/kWh] | 9,973 30.8% 9,973 30.8% 9,973 30.8% 9,973 30.8% 7,627
Station Service Power

Fan Power [kW] 18,405 59.0% 18,405 59.0% 18,405 59.0% 18,405 59.0% 11,576
Mill Power [kW] 3,456 0.0% 3,456 0.0% 3,456 0.0% 3,456 0.0% 3,456
Pump Power [kW] 2,471 49.0% 2,471 49.0% 2,497 50.6% 2,538 53.1% 1,658
Auxiliary Power [kw] 15,000 0.0% 15,000 0.0% 15,000 0.0% 15,000 0.0% 15,000
Total P [kW] 39,332 24.1% 39,332 24.1% 39,358 24.2% 39,399 24.3% 31,689
Compressor Performance

Compressor Power [kw] 45,593 N/A 43,905 N/A 43,182 N/A 37,496 N/A N/A
Plant Performance

Net Power [kW] 394,003 | -33.7% | 395,691 | -33.3% | 396,389 | -33.3% | 402,033 | -32.4% 594,543
Net Unit HR [Btu/kWh] | 13,964 50.9% 13,905 49.9% 13,880 50.0% 13,685 47.9% 9,254
Unit Efficiency [%] 24.43% | -12.4% | 24.54% | -12.3% | 24.58% | -12.3% | 24.93% | -11.9% 36.87%




3.0 Thermal Integration Cases

This analysis was set up to model the benefits of thermal integration. There are various
thermal sources in the plant that normally exhaust waste heat. They can be matched with
different thermal sinks in the plant to improve plant performance. The thermal sinks normally
draw on steam from the turbine cycle which reduces the gross and net power produced. Thermal
integration will reduce the cost of carbon capture by recycling heat rather than using steam heat.

Possible thermal sources are the compressor coolers, stripper condenser, lean amine
cooler and flue gas cooler, and the first two are evaluated in this study. The thermal sources
from the compressor coolers are shown in Table 19, Table 22, Table 26, and Table 27. The
thermal sources in the plant, independent of the compressor selected, are shown in Table 31.
Each of these heat sources gives off heat that would normally be removed by utilizing air or
water-cooled cooling towers or heat exchangers. If this heat is re-directed to a thermal sink
within the plant, less steam needs to be extracted from the turbine cycle, thus increasing the
gross power.

Table 31. Plant Thermal Sources: Desigh Temperatures and Maximum Heat Available.

Heat Source Design Material | Design Material | Maximum I?esign
Inlet Temp Outlet Temp Duty Available
[F] [F] [Btu/hr]
Stripper Condenser 239.9 100.0 489,940,816
Lean Amine Cooler 148.1 100.0 1,036,350,050
Flue Gas Cooler 135.0 100.0 511,780,705
TOTAL 2,038,071,571

The thermal sinks considered in this study include the stripper reboiler, feedwater
heaters, and a coal dryer prior to the boiler (Table 32). The locations of the steam extractions for
the reboiler and FWHSs are shown in Figure 14. Dried coal may be either purchased at a higher
cost, or dried on site with an available heat source in a coal dryer.

In Table 32, the “thermal energy to sink” is the quantity of energy provided to the sink
by the basic turbine cycle heat source in the row. The Aspen Plus model provides enthalpy values

for the steam extractions entering and exiting the thermal sink. The thermal energy values for
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the heat sources were obtained using Equation (49). The design duty for each thermal sink is

determined by totaling the thermal energy from each heat source.

Btu

Q =1m heat source * (hin - hout) [?

(49)

Reheat Steam Extraction for Reboiler -
4
HP1 IP1 P2 @ @ @ LP4
Ext. A Ext. B Ext. C Ext. D Ext. E Ext. F
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Figure 14. Supercritical Turbine Cycle Extraction Locations.
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Table 32. Desigh Temperatures and Thermal Duties of Thermal Sinks.

Design Temp. for

Memalsni | Peigr e e | e | Siam | Thermalerey | Desn Dt | g et o
tripper Bottoms
[Ib/hr] [F] [Btu/hr] [Btu/hr] [F]
FWH-1 LP4 Extraction (Ext. G) 178,947 159.4 171,175,153 173,265,266 151.9
(F2 recycle!) 2,089,801
FWH-2 LP3 Extraction (Ext. F) 114,535 201.8 115,328,040
SSR Outlet 6,218 557.9 7,286,259 130,649,607 193.8
(F3 recycle!) 8,035,053
FWH-3 LP2 Extraction (Ext. E) 109,004 294.3 110,796,898 120,223,508 531.4
Pre-APH out (LP1) 90,863 239.9 9,426,582
FWH-5 IP2 Extraction (Ext. C) 163,004 656.8 172,739,088
HP1 Extraction (5) 12,924 582.5 12,528,206 | 215,945,146 363.6
(F6 recycle!) 30,677,594
FWH-6 IP1 Extraction (Ext. B) 184,533 791.9 198,100,420
Main steam (Ext. 2) 1,543 | 1,000.0 1,653,333 | 228,582,814 414.2
(F7 recycle!) 28,828,969
Feedwater Heater Sub-Total 868,666,341
Stripper Reboiler | Between LP1 & LP2 1,761,410 522.0 1,798,889,282 | 1,798,887,740 269.7
TOTAL Design Duties of Thermal Sinks 2,667,554,081
Coal Drying Varies Varies

! The term “recycle” refers to the condensate after a turbine steam extraction has passed through a FWH, which is directed to another FWH to be

used as a thermal source.




All of the thermal sources and sinks vary in their temperature and amount of heat
available or required. In order for thermal integration to occur, the thermal source must be
carefully matched to the thermal sink in both temperature and quantity of heat. This analysis
evaluates possible combinations between the thermal sources and sinks, to the extent allowed by
the laws of thermodynamics and heat transfer. There are numerous possible combinations, and
methods, for thermal integration. For each thermal sink, an educated guess was made about the
best thermal source based on the source temperature and the maximum quantity of heat
available. Only this match was analyzed in detail due to time constraints.

In an actual plant, many site-specific circumstances must be taken into account in the
thermal integration design process including the design and size of the heat exchangers, space
for the cooling water loop that connects thermal source to sink, the quantity of heat available
compared to the quantity of heat required and the temperature of the thermal source compared
to the sink. This analysis focused on process methods to achieve thermal integration and predict
its benefits as a first step in the decision making process. The next steps in the process would be
to select cases that predict large benefits, estimate the size and cost of the equipment needed
and then evaluate the detailed costs and benefits. Once the appropriate case is chosen, the
necessary equipment can be installed. The latter steps are beyond the scope of this study.

3.1 Compressor Coolers to Stripper Reboiler

The first thermal integration case uses heat generated during the compression process to
offset the heat required for the stripper reboiler. The stripper reboiler is the single largest thermal
sink in an MEA carbon capture plant, requiring more than twice as much heat as all of the FWHSs
combined (Table 32). Offsetting any fraction of this heat would yield benefits to the plant. In
order to describe the thermal integration case, it will be helpful to describe the design of a typical
reboiler. The purpose of the reboiler was described in Section 2.3.2.

A reboiler is essentially a shell-and-tube heat exchanger. The liquid stripper bottoms
enter the bottom of the shell, while the heat source (i.e. steam or hot water) enters the tubes. As

the stripper bottoms pass over the hot tubes, the liquid is partially boiled, causing the MEA to
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release the CO, as a gas. The gas, mostly CO,, rises to the top of the reboiler and re-enters the
stripper column. The liquid, mostly MEA and water, exits the bottom of the reboiler after which it
is cooled and used again in the carbon capture process.

To achieve thermal integration, the reboiler would need to be designed with additional
tube bundles, one for each thermal source used (Figure 15). In terms of process flow, the
stripper bottoms would first encounter the tube bundle(s) for the integrated thermal source(s) to
utilize as much recycled heat as possible. Then the stripper bottoms would pass over the tubes
containing the steam extraction, making up the balance of the heat transfer. The steam
extraction would be reduced by the total quantity of thermal energy provided by the other
thermal source(s).

The stripper reboiler operates at 269.7°F. This temperature limits the amount of heat
transfer from the thermal source(s) because only heat available above this temperature can be
transferred to the stripper bottoms. Otherwise the stripper bottoms would be heating the
“thermal source”. There will still be heat remaining in the thermal source(s) at temperatures
below the reboiler temperature, which could be used as a heat source elsewhere. The ratio of
heat used in the reboiler to the total heat available in all of the compressor coolers is reported in
the results.

The results for each compressor coolers-to-reboiler thermal integration case are shown
and discussed below. With the Ramgen and Inline 4 compressors, thermal integration could be
achieved with the hot water streams from both coolers so a total of three tube bundles were
used in the reboiler model (Figure 15). For the IG1-149, thermal integration could be achieved
with only one compressor heat source (PC7), so a total of two tube bundles were used in the

reboiler model (Figure 16).
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Figure 15. Compressor Coolers to Reboiler Thermal Integration for Ramgen and Inline 4 Compressors.
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3.1.1 RAMGEN Compressor to Stripper Reboiler Results

When the Ramgen compressor’s coolers are used for thermal integration to the stripper
reboiler, both the intercooler (IC1) and the post-compressor cooler (PC2) can be used. The
integrated heat offsets 7.7% of the total reboiler thermal duty. Since the energy in the steam
extraction is proportional to its mass flow, the steam extraction is also reduced by 7.7% (Table
33). This quantity of heat represents 53.5% of the total heat available in the compressor, for the
case of a combined flow rate of cooling water through both coolers of 727,445 Ib/hr. In other
words, only 53.5% of the total thermal energy in the hot cooling water streams from both
compressor coolers is able to be transferred to the reboiler due to the temperature. The
remaining heat (46.5%) can be used as a thermal source elsewhere.

After the hot cooling water passes through the reboiler, it must be cooled (or integrated
elsewhere) and pumped to return it to the cooler inlet specifications. This increases the pump
power slightly compared to the baseline case without thermal integration. An additional 11,287
kW of net power is produced by the plant and the heat rate is decreased by 389 Btu/kWh.

Table 33. Ramgen Compressor to Stripper Reboiler Thermal Integration Results.

Unit MEA HI: _ M_EA w/o _heat

IC1 & PC2 to Reboiler integration
Reduction in Extraction [%] 7.7% 0.0%
Compressor Heat Used [%] 53.5% 0.0%
FG Flow to Compressor [Ib/hr] 1,073,080 1,073,080
Gross Power [kwW] 497,694 486,221
Gross Power minus Gen. Losses [kw] 490,228 478,927
Turbine Cycle Heat Rate [Btu/kWh] 9,743 9,973
Fan Power [kwW] 18,405 18,405
Pulv. Power [kW] 3,456 3,456
Pump Power [kw] 2,484 2,471
Aux. Power [kW] 15,000 15,000
Total Pss [kwW] 39,346 39,332
Compressor Power [kwW] 45,594 45,593
Net Power [kwW] 405,289 394,003
Power Increase [kw] 11,287 N/A
Net Unit Heat Rate [Btu/kWh] 13,575 13,964
HR Improvement [%] -2.78% 0.00%
Unit Efficiency [%] 25.13% 24.43%
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3.1.2 Inline 4 Compressor to Stripper Reboiler Results

For the Inline 4 compressor’s coolers to stripper reboiler thermal integration case, both of
the intercoolers (IC1 and IC2) can be integrated. The integrated heat from the compressor
intercoolers offsets 6.7% of the total reboiler heat duty and reduces the steam extraction mass
flow rate by 6.7% as well (Table 34). This quantity of heat represents 49.7% of the heat
available in both compressor coolers, for the case of a combined flow rate of cooling water
through both coolers of 714,637 Ib/hr. After the hot cooling water passes through the reboiler, it
must be cooled and pumped to return it to the cooler inlet specifications. The pump power
increases slightly compared to the case without thermal integration. An additional 9,873 kW of
net power is produced by the plant and the heat rate decreases by 339 Btu/kWh, or 2.43%.

Table 34. Inline 4 Compressor to Stripper Reboiler Thermal Integration Results.

Unit MEA HI: . M]EA w/o .heat

IC1+IC2 to Reboiler integration
Reduction in Extraction [%] 6.7% 0.0%
Compressor Heat Used [%] 49.7% 0.0%
FG Flow to Compressor [Ib/hr] 1,073,080 1,073,080
Gross Power [kW] 496,284 486,222
Gross Power minus Gen. Losses [kw] 488,840 478,929
Turbine Cycle Heat Rate [Btu/kWh] 9,771 9,973
Fan Power [kW] 18,405 18,405
Pulv. Power [kwW] 3,456 3,456
Pump Power [kw] 2,484 2,471
Aux. Power [kwW] 15,000 15,000
Total Pss [kwW] 39,345 39,332
Compressor Power [kwW] 43,905 43,905
Net Power [kw] 405,590 395,691
Power Increase [kw] 9,873 N/A
Net Unit Heat Rate [Btu/kWh] 13,565 13,905
HR Improvement [%] -2.43% 0.00%
Unit Efficiency [%] 25.15% 24.54%
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3.1.3 Integrally Geared 1 — 149 Compressor to Stripper Reboiler Results

For the 1G1-149, the hot cooling water from the post-compressor cooler (PC7) was the
only compressor heat source which could be used for the thermal integration case to the stripper
reboiler. PC7 also has the largest maximum heat available from the compressor’s thermal sources
(Table 26). Thus, a total of two sets of tubes were used within the reboiler’s shell.

The thermal energy in the hot cooling water stream from PC7 offset 1.0% of the total
reboiler heat duty and reduced the steam extraction mass flow by 1.0% as well (Table 35). This
quantity of heat represents 7.3% of the total heat available in all of the compressor coolers,
including those coolers for which it is not possible to integrate the hot cooling water streams to
the reboiler. The combined flow rate of cooling water through all of the compressor coolers is
1,396,326 Ib/hr. This compressor, as a whole, has more thermal energy available to integrate
elsewhere than the Ramgen and Inline 4 compressors.

After the hot cooling water passes through the reboiler, it must be cooled and pumped
before being returned to the cooler as cooling water. The pump power increases slightly
compared to the baseline case. Overall, an additional 1,492 kW of net power is produced by the
plant. The heat rate decreases by 52 Btu/kWh, or 0.37% less than the baseline case. The heat
rate improvement for this integration case is small because the temperature difference between

the hot cooling water from PC7 and the reboiler is relatively small (31°F).
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Table 35. Integrally Geared 1 — 149 Compressor to Stripper Reboiler Thermal
Integration Results.

Unit MEA HI: _ M_EA w/o _heat

PC7 to Reboiler integration
Reduction in Extraction [%] 1.0% 0.0%
Compressor Heat Used [%] 7.3% 0.0%
FG Flow to Compressor [Ib/hr] 1,073,080 1,073,080
Gross Power [kwW] 487,746 486,222
Gross Power minus Gen. Losses [kw] 480,430 478,929
Turbine Cycle Heat Rate [Btu/kWh] 9,942 9,973
Fan Power [kW] 18,405 18,405
Pulv. Power [kwW] 3,456 3,456
Pump Power [kw] 2,507 2,497
Aux. Power [kwW] 15,000 15,000
Total Pss [kW] 39,368 39,358
Compressor Power [kw] 43,182 43,182
Net Power [kW] 397,880 396,388
Power Increase [kw] 1,492 N/A
Net Unit Heat Rate [Btu/kWh] 13,828 13,880
HR Improvement [%] -0.37% 0.00%
Unit Efficiency [%] 24.67% 24.58%

3.1.4 Integrally Geared 1 — 110 Compressor to Stripper Reboiler Results

It was not possible to integrate heat from the IG1-110 compressor to the reboiler
because the CO, inlet temperatures to the coolers were lower than the reboiler temperature
(Table 27). However, the heat rate of the plant using IG1-110 without thermal integration
(13,699 Btu/kWh) is still lower than the heat rate of 1G1-149 with thermal integration to the
reboiler (13,832 Btu/kWh).

3.2 Compressor Coolers to FWHs

The second thermal integration case evaluated the use of heat from the compressor
coolers to offset steam extractions for the feedwater heaters (FWHSs). As discussed in Section
2.1, the FWHs are heat exchangers which use steam extractions from different turbines in the
steam turbine cycle to heat the boiler feedwater. Integrating heat from the compressor coolers to
the FWHs allows some of these steam extractions to be reduced or eliminated. This allows more

steam to flow through the low pressure turbines, which generates more power. The first three
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FWHSs (FWH-1, FWH-2 and FWH-3) have low enough feedwater exit temperatures that heat from
the compressor coolers can be used to offset the steam extraction requirements. The locations
and mass flow rates (in units of 10% Ib/hr) of the steam extractions in the turbine kit design for

FWH-1 through FWH-4 are shown in Figure 17. The exact values are also listed in Table 32.

Reheat Steam Extraction for Reboiler
HPA IP1 P2 @ @ pa | LP4
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Figure 17. Steam turbine cycle showing mass flow rates of FWH steam extractions.

The process and results for integrating compressor cooler heat to FWH-1, FWH-2, and
FWH-3 are presented. Then, the method and results are presented for the other compressors.

3.2.1 RAMGEN Compressor to FWHs Results

The hot cooling water from the Ramgen post-compressor cooler (PC2) was integrated to
FWH-1, which has the lowest feedwater exit temperature. The process for the integration case to
FWH-1 is illustrated in Figure 18. PC2 was selected because it had the highest CO, inlet
temperatures and the largest maximum quantity of heat available. The F2 recycle stream and

extraction G normally provide the thermal energy to FWH-1 (Figure 17).
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Figure 18. Compressor to FWH-1 Thermal Integration Process, Extraction G reduced.

In this case, the hot cooling water stream does not have sufficient thermal energy to
eliminate extraction G. However, steam extraction G can be reduced. In order to use the
available heat to offset the heat duty of FHW-1, the feedwater heater is divided into two heat
exchangers. The first heat exchanger, FWH-1A, is used to transfer as much thermal energy as
possible from the hot cooling water to the feedwater. This heat exchanger can be designed so
that the hot cooling water exits the heat exchanger at 100°F, so that it is at the proper
temperature to return to the compressor coolers for use as cooling water. The second heat
exchanger, FWH-1B, uses the reduced steam extraction G to heat the feedwater to the
designated exit temperature. Less extraction steam is required for FWH-1B than was originally
required for FWH-1. Then, a pump is required for the cooling water after exiting FWH-1A to
increase the pressure before the cooling water is returned to the compressor cooler.

As another option, the hot cooling water from the Ramgen post-compressor cooler (PC2)
was integrated to FWH-2. The process for the integration case to FWH-2 is illustrated in Figure
19. As stated in the FWH-1 integration process, PC2 was selected because it had the highest CO,
inlet temperatures and the largest maximum quantity of heat available. In addition, selecting the

same thermal source as the other FWH integration cases makes it easier to compare the results.

60



Extraction E Extraction G

From Steam APH From SSR
—>

-
T o
FWH-3 | ¥ FWH-2A \ R
To FWH-4 | ( | Feedwater
s AR =
j | T W I T
| | FWH-1B,  (FWH-1A
| |
| |
To FWH-4 F3 Recycle | | L
| | DRAIN Pump | |
| b e |
|
Pump I :
|
: Hot Cooling Cooling :
. Water Water |
| y

Figure 19. Compressor to FWH-2 Thermal Integration Process, Extraction F
eliminated?.

In this integration case, the hot cooling water stream has sufficient thermal energy to
eliminate the need for the steam extraction normally required for FWH-2 (Extraction F). As
discussed in Section 2.1, the steam extraction that normally passes through FWH-2 is sent to
enter FWH-1, since there is still heat available in that stream (Figure 17). This cascading process
was also repeated with the hot cooling water stream so that it passed through FWH-2 and then
through FWH-1 in order to use the remaining heat available in the stream. In order to cascade
the hot cooling water to FWH-1, two heat exchangers for FWH-1 are required, one for the hot
cooling water and one for the steam extraction. This two heat exchanger design is similar to the
design for integration to FWH-1, described above. Again, FWH-1A was designed to have the hot
cooling water exit this heat exchanger at 100°F. The pressure drop of the hot cooling water
increases since it passes through two heat exchangers, so the power requirement of the cooling

water pump increases.

% The term “recycle” refers to the condensate after a turbine steam extraction has passed
through a FWH, which is directed to another FWH to be used as a thermal source.
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Since the integrated heat is enough to eliminate the extraction for FWH-2, only one heat
exchanger is required for the hot cooling water to heat the feedwater in FWH-2. The hot cooling
water exiting FWH-2 is then sent to FWH-1A to use the remaining heat available in that stream. A
portion of the discharge from the SSR, along with the F3 recycle® stream, normally combine with
the extraction for FWH-2 to provide thermal energy to FWH-2 (Figure 17). When the extraction
for FWH-2 is eliminated, the F3 recycle stream is pumped and then re-directed to FWH-4. In
addition, the SSR discharge stream is mixed with the extraction for FWH-3 and sent through that
FWH instead.

The steam extraction for FWH-3 can be reduced because FWH-3 now has excess heat
because the SSR discharge stream is sent through that FWH, described above. The steam
extraction for FWH-2 can be eliminated because of the integration of hot cooling water. Also, the
hot cooling water exiting FWH-2 is then sent to FWH-1A thus reducing the steam extraction
required for FWH-1. Since the cooling water exits FWH-1A at 100°F, only a pump is required to
elevate the pressure of the cooling water before it's returned to the compressor cooler.

As another option, the hot cooling water was integrated to FWH-3. This process is
illustrated in Figure 20. As stated in the FWH-1 integration process, PC2 was selected because it

had the highest CO, inlet temperatures and the largest quantity of heat available (Table 19).

*The term “recycle” refers to the condensate after a turbine steam extraction has passed through
a FWH, which is directed to another FWH to be used as a thermal source.
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Figure 20. Compressor to FWH-3 Thermal Integration Process, Extraction E
eliminated.

There was sufficient heat available in the hot cooling water to eliminate the need for the
steam extraction normally required for FWH-3 (Extraction E). Since the steam extraction is
eliminated, only one heat exchanger is used for the hot cooling water to heat the feedwater. The
discharge from the Steam Air Pre-heater (Pre-APH) normally combines with extraction E to
provide thermal energy to the feedwater in FWH-3 (Figure 17). When extraction E is eliminated,
the Pre-APH discharge stream was re-directed to enter FWH-4.

Similar to the integration to FWH-2, the hot cooling water exiting FWH-3 is cascaded to
enter FWH-2A and then FWH-1A to use any remaining heat available in the stream. Since the hot
cooling water is used in three heat exchangers, the pressure drop is greater and the pump power
required for the cooling water is also greater. The steam extractions for FWH-2 and FWH-1 can
be reduced because the hot cooling water was used in FWH-2A and FWH-1A. The cooling water
stream leaves FWH-1A at 100°F, so only a pump is required to elevate the pressure of the
cooling water before it's returned to the compressor coolers.

The results for the Ramgen post-compressor cooler thermal integrations to FWH-1, FWH-
2 and FWH-3 are shown in Table 36 and in Figure 58, Figure 59 and Figure 60 respectively (in

Appendix F). In the thermal integration to FWH-1 (Figure 58), extraction G was reduced by
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92.7% by weight. The actual mass flows are shown in Figure 58. This represented 65.5% of the
total compressor cooler duties available, with a combined flow rate of cooling water through both
coolers of 727,434 Ib/hr. The net power increased by 3,805 kW, while the heat rate decreased by
134 Btu/kWh, which is 0.96% less than the base case.

In the thermal integration to FWH-2 (Figure 59), extraction E was reduced by 13.8%,
extraction F was eliminated and extraction G was reduced by 22.3% by weight. The integrated
heat represents 65.5% of the total compressor cooler duties available, with a combined flow rate
of cooling water through both coolers of 727,434 Ib/hr. An additional 6,170 kW of net power was
produced and the heat rate decreased by 215 Btu/kWh, or 1.54%.

In the thermal integration to FWH-3 (Figure 60), extraction E was eliminated, extraction
F was reduced by 16.2% and extraction G was reduced by 96.5% by weight. The thermal energy
transferred from the hot cooling water to FWH-3 represents 65.5% of the total compressor cooler
duties available, with a combined flow rate of cooling water through both coolers of 727,434
Ib/hr. In other words, only 65.5% of the total thermal energy in the hot cooling water streams
from both compressor coolers is transferred to FWH-3. The remaining heat (34.5%) can be used
as a thermal source for another thermal sink. The reduction in extraction flow rates result in an
additional 7,233 kW of net power production. The heat rate decreases by 252 Btu/kWh which is
1.80% below than the baseline case.

The FWH-3 integration case provides the greatest benefit to the plant compared to the
integrations to FWH-2 and FWH-1. In the FWH-3 integration, additional steam flows through as
many as three low pressure turbines. In the FWH-2 integration, additional steam flows through
up to two of the turbines and, in the FWH-1 integration, additional steam flows through one
turbine. Since the additional steam flows through more turbines in the FWH-3 case, the gross
power is the highest for all of the cases (Table 36) which results in the highest net power and
unit efficiency and the lowest heat rate. This is illustrated in Figure 17 (without thermal

integration) and in Figure 60 (with thermal integration).
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Table 36. Ramgen Post-Compressor Cooler to FWHs 3, 2, and 1 Thermal Integration Results.

Unit MEA HI: MEA HI: MEA HI: MEA w/o !—|eat
PC2 to FWH-3 | PC2 to FWH-2 | PC2 to FWH-1 Integration

Reduction in Ext. E [%] 100.0% 13.8% 0.0% 0.0%
Reduction in Ext. F [%] 16.2% 100.0% 0.0% 0.0%
Reduction in Ext. G [%] 96.5% 22.3% 92.7% 0.0%
Compressor Heat Used [%] 65.5% 65.5% 65.5% 0.0%
FG Flow to Compressor [Ib/hr] 1,073,080 1,073,080 1,073,080 1,073,080
Gross Power [kW] 493,627 492,546 490,086 486,222
g;‘;ﬁsl_zg;‘g minus [kW] 486,222 485,158 482,735 478,929
Turbine Cycle Heat Rate | [Btu/kWh] 9,823 9,845 9,894 9,973
Fan Power [kw] 18,405 18,405 18,405 18,405
Pulv. Power (kW] 3,456 3,456 3,456 3,456
Pump Power [kw] 2,532 2,530 2,472 2,471
Aux. Power [kw] 15,000 15,000 15,000 15,000
Total Pss (kW] 39,393 39,392 39,333 39,332
Compressor Power [kW] 45,594 45,594 45,594 45,594
Net Power [kW] 401,235 400,172 397,807 394,002
Net Unit Heat Rate [Btu/kWh] 13,713 13,749 13,831 13,964
HR Improvement [%] -1.80% -1.54% -0.96% 0.00%
Unit Efficiency [%] 24.88% 24.82% 24.67% 24.43%




3.2.2 Inline 4 Compressor to FWHs Results

The process for integrating the heat from the Inline 4 intercooler 2 (IC2) to FWH-1 is
illustrated in Figure 18. The integration case to FWH-2 is illustrated in Figure 19 and the
integration case to FWH-3 is illustrated in Figure 20. The processes are the same as described in
the Ramgen cases (Section 3.2.1), except that the cooling water exits FWH-1A at 90°F in all of
the Inline 4 integration cases. IC2 was selected for these thermal integration cases because it
has the highest CO, inlet temperatures and the largest quantity of heat available (Table 22).

The results for thermally integrating the Inline 4 intercooler 2 (IC2) to FWH-1, FWH-2
and FWH-3 are shown in Table 37 and also in Figure 61, Figure 62 and Figure 63 respectively (in
Appendix F). In the FWH-1 integration (Figure 61), extraction G was reduced by 86.6% by
weight. The actual mass flows are shown in Figure 61. This represented 64.1% of the total
compressor cooler duties available, with a combined flow rate of cooling water through both
coolers of 714,627 Ib/hr. The net power increases by 3,555 kW. The heat rate decreases by 124
Btu/kWh, which is 0.89% below the base case.

In the thermal integration to FWH-2 (Figure 62), extraction E was reduced by 13.8%,
extraction F was eliminated and extraction G was reduced by 15.6% by weight. The integrated
heat represents 64.1% of the total compressor cooler duties available, with a combined flow rate
of cooling water through both coolers of 714,627 Ib/hr. An additional 5,944 kW of net power is
produced. The heat rate decreases by 206 Btu/kWh, which is 1.48%.

In the thermal integration to FWH-3 (Figure 63), extraction E was eliminated, extraction
F was reduced by 10.1% and extraction G was reduced by 19.5% by weight. The integrated heat
represents 64.1% of the total compressor cooler duties available, with a flow rate of cooling
water through both coolers of 714,627 Ib/hr. The net power increases by 7,098 kW. The heat
rate decreases by 245 Btu/kWh, which is 1.76% less than the base case.

The Inline 4 IC2 to FWH-3 integration case provides the greatest benefit to the plant
compared to the integrations to FWH-2 and FWH-1. This is due to the fact that additional steam

flows through as many as three low pressure turbines and produces the highest gross power.
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Table 37. Inline 4 Intercooler 2 (IC2) to Feedwater Heaters 1, 2, and 3 Thermal Integration Results.

Unit MEA HI: MEA HI: MEA HI: M_EA w/o _heat
IC2 to FWH-3 | IC2 to FWH-2 | IC2 to FWH-1 integration

Reduction in Ext. E [%] 100.0% 13.8% 0.0% 0.0%
Reduction in Ext. F [%] 90.1% 100.0% 0.0% 0.0%
Reduction in Ext. G [%] 19.5% 15.6% 86.6% 0.0%
Compressor Heat Used [%] 64.1% 64.1% 64.1% 0.0%
FG Flow to Compressor [Ib/hr] 1,073,080 1,073,080 1,073,080 1,073,080
Gross Power [kw] 493,440 492,267 489,830 486,222
oross Power minus [KW] 486,038 484,883 482,482 478,929
Turbine Cycle Heat Rate | [Btu/kWh] 9,827 9,850 9,899 9,973
Fan Power [kw] 18,405 18,405 18,405 18,405
Pulv. Power [kw] 3,456 3,456 3,456 3,456
Pump Power [kwW] 2,483 2,482 2,475 2,471
Aux. Power [kwW] 15,000 15,000 15,000 15,000
Total Pss [kwW] 39,344 39,343 39,336 39,332
Compressor Power [kW] 43,905 43,905 43,905 43,905
Net Power [kW] 402,790 401,636 399,242 395,692
Net Unit Heat Rate [Btu/kWh] 13,660 13,699 13,781 13,905
HR Improvement [%] -1.76% -1.48% -0.89% 0.00%
Unit Efficiency [%] 24.98% 24.91% 24.76% 24.54%




3.2.3 Integrally Geared 1 — 149 Compressor to FWHs Results

The hot cooling water from the IG1 — 149 post-compressor cooler (PC7) was integrated
to FWH-1. The process is the same as described in the Ramgen FWH-1 case (Section 3.2.1)
except that FWH-1A is designed to have the hot cooling water exit the heat exchanger at 90°F.
The process is illustrated in Figure 18. PC7 was selected because it had the highest CO, inlet
temperatures and the largest maximum quantity of heat available.

As another option, the hot cooling water from the IG1 — 149 post-compressor cooler
(PC7) was integrated to FWH-2. The process for the integration case to FWH-2 is illustrated in
Figure 21. As stated in the FWH-1 integration process, PC7 was selected because it had the
highest CO, inlet temperatures and the largest maximum quantity of heat available. In addition,
selecting the same thermal source as the other FWH integration cases makes it easier to

compare the results.
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Figure 21. Compressor to FWH-2 Thermal Integration, Extraction F reduced.
In this integration case, the hot cooling water stream can only reduce the steam
extraction normally required for FWH-2 (Extraction F). In order to use the available heat from the

compressor to offset the heat duty of FHW-2, the feedwater heater is divided into two heat

68



exchangers. The first heat exchanger, FWH-2B, is used to transfer thermal energy from the
steam extraction to the feedwater. The second heat exchanger, FWH-2A, uses the hot cooling
water from the compressor to heat the feedwater to the designated exit temperature. Less
extraction steam is required for FWH-2B than was originally required for FWH-2 since part of the
heat duty for FWH-2 was provided by the hot cooling water.

As discussed in Section 2.1, the steam extraction that normally passes through FWH-2 is
sent to enter FWH-1, since there is still heat available in that stream, called F2 Recycle® (Figure
14). This cascading process was also repeated with the hot cooling water stream so that it
passed through FWH-2A and then through FWH-1 in order to use the remaining heat available in
the stream. The pressure drop of the hot cooling water increases since it passes through two
heat exchangers, therefore the power requirement of the cooling water pump increases. In order
to cascade the hot cooling water to FWH-1, two heat exchangers for FWH-1 are required, one for
the hot cooling water and one for the steam extraction. This two heat exchanger design is similar
to the design for integration to FWH-1, described in Section 3.2.1. However, FWH-1A was
designed to have the hot cooling water exit this heat exchanger at 90°F. A pump is then required
for the cooling water after it exits FWH-1A to increase the pressure before the cooling water is
returned to the compressor cooler.

A portion of the discharge from the SSR, along with the FWH-3 recycle stream, normally
combine with the extraction for FWH-2 to provide thermal energy to FWH-2 (Figure 14). These
streams remain in the same location and provide thermal energy to the feedwater in FWH-2B.

As another option, the hot cooling water from the IG1 — 149 post-compressor cooler
(PC7) was integrated to FWH-3. The process for this is illustrated in Figure 22. As stated in the
IG1 — 149 FWH-1 integration process, PC7 was selected because it had the highest CO, inlet

temperatures and the largest maximum quantity of heat available (Table 26).

* The term “recycle” refers to the condensate after a turbine steam extraction has passed
through a FWH, which is directed to another FWH to be used as a thermal source.
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Figure 22. Compressor to FWH-3 Thermal Integration, Extraction E reduced.

In this integration case, the hot cooling water stream can only reduce the steam
extraction normally required for FWH-3 (Extraction E). In order to use the available heat from the
compressor to offset the heat duty of FHW-3, the feedwater heater is divided into two heat
exchangers. The first heat exchanger, FWH-3B, is used to transfer thermal energy from the
steam extraction to the feedwater. The second heat exchanger, FWH-3A, uses the hot cooling
water from the compressor to heat the feedwater to the designated exit temperature. Less
extraction steam is required for FWH-3B than was originally required for FWH-3 since part of the
heat duty for FWH-3 was provided by the hot cooling water.

Similar to the integration to FWH-2, the hot cooling water exiting FWH-3A is cascaded,
and enters FWH-2A and then FWH-1A to use any remaining heat available in the stream. Since
the hot cooling water is used in three heat exchangers, the pressure drop is greater and the
pump power required for the cooling water is also greater. The steam extractions for FWH-2 and
FWH-1 can be reduced because the hot cooling water was used in FWH-2A and FWH-1A. The
cooling water stream leaves FWH-1A at 90°F so it is at the proper temperature to be used as

cooling water. A pump is then required to elevate the pressure of the cooling water before being
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returned to the compressor cooler. The discharge from the Steam Air Pre-heater (Pre-APH)
normally combines with extraction E to provide thermal energy to the feedwater in FWH-3
(Figure 14). These streams remain in the same location and provide thermal energy to the
feedwater in FWH-3B.

The results for thermally integrating the 1G1-149 post-compressor cooler (PC7) to FWH-
1, FWH-2 and FWH-3 are shown in Table 38 and also in Figure 64, Figure 65 and Figure 66,
respectively (Appendix F). In the FWH-1 integration (Figure 64), extraction G was reduced by
63.7% by weight. This represented 45.7% of the total compressor cooler duties available, with a
combined flow rate of cooling water through all of the coolers of 1,396,450 Ib/hr. The net power
increased by 2,613 kW. The heat rate decreases by 91 Btu/kWh, which is 0.65%.

In the FWH-2 integration (Figure 65), extraction F was reduced by 52.9% and extraction
G was reduced by 32.4% by weight. The integrated heat represents 45.7% of the total
compressor cooler duties available, with a combined flow rate of cooling water through all of the
coolers of 1,396,450 Ib/hr. An additional 3,702 kW of net power was produced. The heat rate
decreases by 128 Btu/kWh, which is 0.93% below the base case.

In the FWH-3 integration (Figure 66), extraction E was reduced by 35.8%, extraction F
was reduced by 14.4% and extraction G was reduced by 11.1% by weight. The integrated heat
represents 45.7% of the total compressor cooler duties available, with a combined flow rate of
cooling water through all of the coolers of 1,396,450 Ib/hr. In other words, only 45.7% of the
total thermal energy in the hot cooling water streams from all compressor coolers is transferred
to FWH-3. The remaining heat (54.3%) can be used as a thermal source for another thermal
sink. The change in steam flow rates result in an additional 3,182 kW in net power produced. The
heat rate decreases by 110 Btu/kWh, which is 0.80% less than the base case.

The hot cooling water stream only reduces each feedwater heater extraction stream; it
does not eliminate any of the extractions. The FWH-3 integration is not as beneficial as in the
Ramgen & Inline 4 cases. For the thermal integration to FWH-3, the total heat transferred from

the hot cooling water stream to FWH-3A and FWH-2A is 56.85 MBtu/hr. For the thermal
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integration to FWH-2, the hot cooling water transfers 60.17 MBtu/hr of thermal energy to FWH-
2A. Thus, the thermal source can provide more thermal energy to FWH-2A alone than to FWH-3A
and FWH-2A separately. As a result, the FWH-2 heat integration case provides the greatest

benefit to the plant.
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Table 38. Integrally Geared 1 — 149, Post-Compressor Cooler (PC7) to FWHs 1, 2

Unit MEA HI: MEA HI: MEA HI: M_EA w/o _heat
PC7 to FWH-3 | PC7 to FWH-2 | PC7 to FWH-1 integration

Reduction in Ext. E [%] 35.8% 0.0% 0.0% 0.0%
Reduction in Ext. F [%] 14.4% 52.9% 0.0% 0.0%
Reduction in Ext. G [%] 11.1% 32.4% 63.7% 0.0%
Compressor Heat Used [%] 45.7% 45.7% 45.7% 0.0%
FG Flow to Compressor [Ib/hr] 1,073,080 1,073,080 1,073,080 1,073,080
Gross Power (kW] 489,474 489,990 488,875 486,222
g;?fﬁg!fsr minus [kW] 482,132 482,640 481,542 478,929
Turbine Cycle Heat Rate | [Btu/kWh] 9,906 9,896 9,919 9,973
Fan Power [kW] 18,405 18,405 18,405 18,405
Pulv. Power (kW] 3,456 3,456 3,456 3,456
Pump Power [kW] 2,517 2,508 2,498 2,496
Aux. Power [kw] 15,000 15,000 15,000 15,000
Total Pss (kW] 39,378 39,369 39,359 39,357
Compressor Power [kW] 43,182 43,182 43,182 43,182
Net Power [kW] 399,572 400,090 399,001 396,390
Net Unit Heat Rate [Btu/kWh] 13,770 13,752 13,789 13,880
HR Improvement [%] -0.80% -0.93% -0.65% 0.00%
Unit Efficiency [%] 24.78% 24.81% 24.74% 24.58%

, and 3 Thermal Integration Results.




3.2.4 Integrally Geared 1 — 110 Compressor to FWHs Results

The process for the integration case to FWH-1 is illustrated in Figure 18. The process for
the integration case to FWH-2 is illustrated in Figure 21. The processes are the same as
described in the IG1 — 149 cases (Section 3.2.3). The thermal integration of the hot cooling
water from the IG1 — 110 compressor to FWH-3 was not analyzed because none of the hot
cooling water temperatures are high enough to heat the feedwater entering FWH-3. IC4 was
selected for both thermal integration cases because, among the three intercoolers that produce
hot cooling water temperatures high enough to be a thermal source for both FWH-2 and FWH-1
(IC2, IC3 and IC4), it has the largest maximum quantity of heat available (Table 27).

The results for thermally integrating the 1G1-110 intercooler 4 (IC4) to FWH-1 and FWH-
2 are shown in Table 39 and also in Figure 67 and Figure 68, respectively (Appendix F). In the
FWH-1 integration (Figure 67), extraction G is reduced by 63.7% by weight. This represented
43.9% of the total compressor cooler duties available, with a combined flow rate of cooling water
through all of the coolers of 2,634,198 Ib/hr. The net power increases by 1,488 kW. The heat
rate decreases by 50 Btu/kWh, or 0.37%. The FWH-2 integration case provides the greatest
benefit to the plant since the additional steam flows through two turbines.

In the FWH-2 integration (Figure 68), extraction F is reduced by 8.3% and extraction G is
reduced by 27.4% by weight. The integrated heat represents 15.4% of the total compressor
cooler duties available, with a combined flow rate of cooling water through all of the coolers of
2,634,198 Ib/hr. In other words, only 15.4% of the total thermal energy in the hot cooling water
streams from all compressor coolers is used in this integration case. The remaining heat (84.6%)
can be used as a thermal source for another thermal sink(s). An additional 3,702 kW of net

power was produced. The heat rate decreased by 128 Btu/kWh, or 0.93%.
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Table 39. Integrally Geared 1 — 110 Intercooler 4 (IC4) to FWHSs 1 and 2 Thermal

Integration Results.

Unit MEA HI: MEA HI: MEA w/o heat

IC4 to FWH-2 | IC4 to FWH-1 integration
Reduction in Ext. F [%] 8.3% 0.0% 0.0%
Reduction in Ext. G [%] 27.4% 31.8% 0.0%
Compressor Heat Used [%] 15.4% 15.4% 0.0%
FG Flow to Compressor [Ib/hr] 1,073,080 1,073,080 1,073,080
Gross Power [kw] 487,743 487,548 486,222
g;‘;ﬁm‘g minus [kw] 480,426 480,235 478,929
Turbine Cycle Heat Rate | [Btu/kWh] 9,942 9,946 9,973
Fan Power [kw] 18,405 18,405 18,405
Pulv. Power [kw] 3,456 3,456 3,456
Pump Power [kw] 2,548 2,543 2,538
Aux. Power [kw] 15,000 15,000 15,000
Total Pss kW] 39,409 39,405 39,399
Compressor Power [kw] 37,496 37,496 37,496
Net Power [kw] 403,521 403,334 402,033
Net Unit Heat Rate [Btu/kWh] 13,635 13,641 13,685
HR Improvement [%] -0.37% -0.32% 0.00%
Unit Efficiency [%] 25.02% 25.01% 24.93%

3.3 Compressor Coolers to Coal Dryer

The final heat integration case explores the use of hot cooling water from the

compressor coolers to partially dry the coal before it enters the mills. There are humerous
benefits to drying the coal. First, less coal is required to achieve the same steam throttle
conditions since some of the thermal energy from the coal is needed to heat its own water
content. Less water equals less additional coal flow. Second, when the coal flow is reduced, less
combustion air is required and less flue gas is produced. This reduces the power load for the FD
and ID fans, MEA system and compressor since they are processing a reduced flow. However an
additional fan is required for the drying process which may increase the total fan power. Third, in
a plant with an MEA carbon capture system, the gross power increases because the steam
extraction for the capture system is reduced. Fourth, there are fewer emissions since the capture

requirement is usually proportional to the total flow. In addition, dried coal is pulverized more
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easily in the mills, but this factor is not considered in this analysis. When taken together, less
coal is required to run the plant, the gross power is higher and the compressor power is lower so
the heat rate improvements are magnified.

Research and work on coal drying is in the beginning stages. The Energy Research
Center has conducted theoretical modeling and limited field experiments to predict the quantity
of heat required to dry coal to various final moisture contents. The first full-size coal dryer, a
continuous flow fluidized bed dryer, was installed in 2010. A continuous flow fluidized bed dryer
continuously passes coal through the heated, fluidized bed (Figure 23) where the heat

transferred by the hot air and fluid removes a percentage of the moisture in the coal.

Exhaust Air &
Elutriated Coal

Wet Coal

Dried

Hot Fluid-Filled T

Tubes
Heated Fluidizing Air

Figure 23. Illustration of Continuous Flow Fluidized Bed Dryer (Charles 2011).
Charles (2011) consolidated the results of the Energy Research Center’s research into an
Excel-based modeling program called the Coal Plant Program 6.0 (CPP). The layout of the coal
dryer and air heater model is shown in Figure 24. The air is heated in a separate heater prior to
the coal dryer bed and a fan is used to maintain the necessary flow of air through the bed.
Several factors affect the final moisture content of the coal including size of the fluidized
bed, air temperature, air flow rate, water temperature, water flow rate and elutriation fraction.
All of these variables can be adjusted to achieve the desired coal moisture content. The
elutriation fraction is the portion of the coal that escapes the dryer bed with the air stream and
thus is not dried properly. In the Coal Plant Program model, the elutriated coal is collected and

mixed with the coal exiting the dryer. In calculations, it is assumed that the elutriated coal has
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the moisture content of the original feed coal. The dried coal, including the elutriated fraction, is
then fed to the mills to be pulverized before going to the boiler.

To Mills

4 Dried
Coal Elutriated Coal (10%)

—
-

Wet Coal
Coal Dryer
i Cooling Water

o o
|

1 =
I 4 Pump

[ ]
] Hot Air
|
|
: Hot Cooling Water
______________ <____________________
Air Heater
Air
Air Fan

Figure 24. Diagram of Coal Dryer and Air Heater Heat Integration Case.

The combustion process is modeled as an equilibrium reaction in Aspen Plus (Aspen
Technology 2000). However, in reality, the process does not reach equilibrium. The process is
affected by the size of the coal particles, residence time in the boiler, air flow rate and amount of
mixing between the coal and air, any of which can prevent the reaction from reaching
equilibrium. Aspen Technology (2000) instructs users to specify the combustion process with
“Identify possible products” with 14 separate products (H,O, N, O,, NO,, NO, S, SO,, SO3, H,,
Cl,, HCI, C, CO, and COy).

Typical measured values of flue gas carbon monoxide (CO) concentrations are 100 — 200
ppm, which can be neglected for combustion and boiler energy balance calculations. However,
the drying process, when modeled with the method recommended by Aspen Technology, can

produce very high CO concentrations (~1500ppm), which cannot be neglected. Thus, it is more
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accurate to specify the complete combustion of carbon to CO, and eliminate CO as a possible
product. For the results described elsewhere in this report concerning the reboiler and FWH
integrations, it is assumed that the higher CO concentration does not significantly affect the heat
rate improvement results. For the coal drying cases, the specification for coal combustion
products was changed from including CO to not including CO. Thus, comparisons between coal
dryer integration cases and other integration cases must be made carefully, since the combustion
process is slightly different.

The Coal Plant Program was used to calculate the heat duties and power required to dry
coal using the compressor coolers as thermal sources. There are multiple factors that can affect
the final coal moisture content and there is a range of possibilities for each factor. It is not
possible, nor productive, to analyze each permutation of the various factors. Each set of results
presented here represents one possible method of setting up the coal dryer.

In all of the following cases, the coal was dried as much as possible while assuming a
lower limit of 15% moisture after the elutriated coal is mixed in. The cooling water flow rate and
maximum cooling water temperature were entered into the Coal Plant Program. The actual water
temperature and coal bed area were adjusted simultaneously until the lowest coal moisture is
achieved between 15% and 28%. Then the CPP values were used as Aspen Plus model inputs,
namely the inlet water temperatures for the air heater and coal dryer and the coal dryer heat
duty.

The air heater is modeled as a heat exchanger with the air outlet temperature specified.
The coal dryer bed has a specified inlet water temperature and dryer heat duty. To complete the
process, a heat sink is placed before the coal dryer bed to set the water temperature entering
the coal dryer. Another heat sink and a pump are placed after the dryer bed before the returning
to the compressors as cooling water. In the Ramgen, Inline 4, and IG1-149 models, only one hot
cooling water stream was used for the thermal integration. In the IG1-110 model, multiple hot
cooling water streams were combined in order to achieve an appropriate hot cooling water flow

rate and temperature.
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3.3.1 RAMGEN Compressor to Coal Dryer Results

The case for thermally integrating the Ramgen post-compressor cooler (PC2) to the coal
dryer is presented below. The CPP predicted performance of the drying process is compared to
Aspen Plus results in Table 40. The hot cooling water from PC2 will provide heat to both the air
heater and coal dryer bed. The coal is dried to 15.02% moisture using most of the available heat.

Table 40. Coal Plant Program and Aspen Plus Coal Dryer Results for Ramgen & Inline
4 Compressors.

Unit CF?r :Igl:r)éanr:t Aspen Plus Diff.
Coal Moisture [%] 15.02% 15.02%
Wet Coal Flow Into Dryer [Ib/hr] 638,103 630,384 -1.21%
Dry Coal Flow Out of Dryer [Ib/hr] 539,942 533,431 -1.21%
FG Flow [Ib/hr] 5,845,016 | 5,846,823 | 0.03%

The plant performances for no heat integration versus coal drying are presented in Table
41. In the coal drying case, the wet coal flow rate is reduced by 2.75%. Also, the steam
extraction for the MEA system is reduced by 2.6% and the gross power increased by 3,948 kW.
While the FD and ID fan powers are reduced, the addition of the air fan for the coal dryer
increases the total fan power by 1,276 kW. The pump power increases since the hot cooling
water experiences a pressure drop through each stage in the coal drying process. The pulverizer
and compressor powers are reduced due to the change in flow rates through them.

The integrated heat represents 50.5% of the total compressor cooler duties available,
with a combined flow rate of cooling water through both coolers of 1,257,659 Ib/hr. In other
words, only 50.5% of the total thermal energy in the hot cooling water streams from all
compressor coolers is used in this integration case. The remaining heat (49.5%) can be used as a
thermal source for another thermal sink(s). Overall, the heat rate decreased by 3.84% and the

unit efficiency gained 0.98 percentage points.
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Table 41. Ramgen Post-Compressor Cooler to Coal Dryer Thermal Integration Results.

Unit MEA HI: M_EA w/o _heat
PC2 -> Coal Dryer integration

Wet Coal Flow [Ib/hr] 630,384 648,178
Coal Flow Difference [%] -2.75% 0.00%
Coal HHV after Dryer [Btu/Ib] 9,957 8,426
Boiler Efficiency [%] 89.92% 87.45%
Reduction in Reboiler Extraction [%] 2.6% 0.0%
Compressor Heat Used [%] 50.5% 0.0%
FG Flow to Compressor [Ib/hr] 1,047,160 1,077,250
Gross Power [kw] 489,496 485,548
I(_S;g:ZSPower minus Generator [kW] 482,154 478,265
Turbine Cycle Heat Rate [Btu/kWh] 9,906 9,987
Fan Power [kw] 19,616 18,340
Pulv. Power [kw] 2,823 3,430
Pump Power [kw] 2,493 2,470
Aux. Power [kW] 15,000 15,000
Total Pss [kW] 39,932 39,241
Compressor Power [kw] 44,493 45,771
Net Power [kwW] 397,729 393,253
Net Unit Heat Rate [Btu/kWh] 13,355 13,888
HR Improvement [%] -3.84% 0.00%
Unit Efficiency [%] 25.55% 24.57%

3.3.2 Inline 4 Compressor to Coal Dryer Results

The case for thermally integrating the Inline 4 intercooler (IC2) to the coal dryer is
presented below. The CPP predicted performance of the drying process is compared to Aspen
Plus results in Table 40. The coal is dried to 15.02% moisture using most of the available heat.
The same coal feedstock is used in each coal dryer integration case, so the heat required to dry
the coal to specific moisture content is constant. Thus, the results in wet coal flow through
station service power for both cases are practically identical. However, the results for compressor
power, net power, net unit heat rate and unit efficiency reflect the compressor model selected.

The plant performances for no heat integration versus coal drying are presented in Table
42. In the coal drying case, the wet coal flow rate is reduced by 2.75%. Also, the steam

extraction for the MEA system is reduced by 2.7% and the gross power increased by 3,940 kW.
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While the FD and ID fan powers are reduced, the addition of the air fan for the coal dryer
increases the total fan power by 607 kW. The pump power increases since the hot cooling water
experiences a pressure drop through each stage in the coal drying process. The pulverizer and
compressor powers are reduced due to the change in flow rates through them.

The integrated heat represents 53.5% of the total compressor cooler duties available,
with a combined flow rate of cooling water through both coolers of 1,255,971 Ib/hr. In other
words, only 53.5% of the total thermal energy in the hot cooling water streams from all
compressor coolers is used in this integration case. The remaining heat (46.5%) can be used as a
thermal source for another thermal sink(s). Overall, the heat rate decreased by 3.84% and the
unit efficiency gained 0.98 percentage points.

Table 42. Inline 4 Intercooler 2 to Coal Dryer Thermal Integration Results.

Unit MEA HI: M!EA w/o .heat
IC2 to Coal Dryer integration

Wet Coal Flow [Ib/hr] 630,384 648,177
Coal Flow Difference [%] -2.75% 0.00%
Coal HHV after Dryer [Btu/Ib] 9,957 8,426
Boiler Efficiency [%] 89.92% 87.45%
Reduction in Reboiler Extraction [%] 2.7% 0.0%
Compressor Heat Used [%] 53.5% 0.0%
FG Flow to Compressor [Ib/hr] 1,047,080 1,077,240
Gross Power [kwW] 489,516 485,516
I(_S;g:ZSPower minus Generator [kW] 482,173 478,233
Turbine Cycle Heat Rate [Btu/kWh] 9,906 9,987
Fan Power [kwW] 19,616 18,340
Pulv. Power [kW] 2,823 3,430
Pump Power [kw] 2,493 2,470
Aux. Power [kW] 15,000 15,000
Total Pss [kwW] 39,931 39,240
Compressor Power [kw] 42,840 44,074
Net Power [kW] 399,402 394,918
Unit HR [Btu/kWh] 13,299 13,830
HR Improvement [%] -3.84% 0.00%
Unit Efficiency [%] 25.66% 24.67%
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3.3.3 Integrally Geared 1 — 149 Compressor to Coal Dryer Results

The case for thermally integrating the 1G1-149 post-compressor cooler (PC7) to the coal
dryer is presented below. The CPP predicted performance of the drying process is compared to
Aspen Plus results in Table 43. The hot cooling water from PC7 will provide heat to both the air
heater and coal dryer bed. The coal is dried to 17.49% moisture with the thermal energy
transferred by the hot cooling water from PC7.

Table 43. Coal Plant Program and Aspen Plus Coal Dryer Results for the Integrally
Geared 1 — 149 Compressor.

Unit CF?r acl)lgl?r"l_janqt Aspen Plus Diff.
Coal Moisture [%] 17.49% 17.49%
Wet Coal Flow Into Dryer [Ib/hr] 640,679 632,837 -1.22%
Dry Coal Flow Out of Dryer [Ib/hr] 558,341 551,537 -1.22%
FG Flow [Ib/hr] 5,891,392 | 5,889,948 | -0.02%

The plant performances for no heat integration versus coal drying are presented in Table
44, In the coal drying case, the wet coal flow rate is reduced by 2.37%. Also, the steam
extraction for the MEA system is reduced by 2.3% and the gross power increased by 3,448 kW.
While the FD and ID fan powers are reduced, the addition of the air fan for the coal dryer
increases the total fan power by 1,446 kW. The pump power increases since the hot cooling
water experiences a pressure drop through each stage in the coal drying process. The pulverizer
and compressor powers are reduced due to the change in flow rates through them.

The integrated heat represents 44.3% of the total compressor cooler duties available,
with a combined flow rate of cooling water through both coolers of 1,666,607 Ib/hr. In other
words, only 44.3% of the total thermal energy in the hot cooling water streams from all
compressor coolers is used in this integration case. The remaining heat (55.7%) can be used as a
thermal source for another thermal sink(s). Overall, the heat rate decreased by 3.22% and the

unit efficiency gained 0.82 percentage points.
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Table 44. IG 1 — 149 Post-Compressor Cooler to Coal Dryer Thermal Integration

Results.
Unit MEA HI: _ M_EA w/o _heat
PC7 to Reboiler integration

Wet Coal Flow [Ib/hr] 632,837 648,177
Coal Flow Difference [%] -2.37% 0.00%
Coal HHV after Dryer [Btu/Ib] 9,668 8,426
Boiler Efficiency [%] 17.49% 28.09%
Reduction in Reboiler Extraction [%] 2.3% 0.0%
Compressor Heat Used [%] 44.3% 0.0%
FG Flow to Compressor [Ib/hr] 1,051,320 1,079,750
Gross Power [kwW] 488,956 485,508
I(_S;:ss:sPower minus Generator [kW] 481,622 478,226
Turbine Cycle Heat Rate [Btu/kWh] 9,917 9,987
Fan Power [kwW] 19,786 18,340
Pulv. Power [kW] 2,919 3,430
Pump Power [kw] 2,524 2,506
Aux. Power [kwW] 15,000 15,000
Total Pss [kwW] 40,229 39,276
Compressor Power [kwW] 42,306 43,352
Net Power [kW] 399,087 395,597
Net Unit Heat Rate [Btu/kWh] 13,361 13,806
HR Improvement [%] -3.22% 0.00%
Unit Efficiency [%] 25.54% 24.71%

3.3.4

Integrally Geared 1 — 110 Compressor to Coal Dryer Results

The case for thermally integrating the 1G1-110 intercoolers 2 through 6 (IC2, IC3, IC4,
IC5 & IC6) to the coal dryer is presented below. There is a small amount of heat available in
each intercooler, so the hot cooling water streams from 5 intercoolers were combined to achieve
a high temperature and flow rate. The CPP predicted performance of the drying process is
compared to Aspen Plus results in Table 45. The combined hot cooling water streams from 1C2
through IC6 will provide heat to both the air heater and coal dryer bed. The coal is dried to

15.04% moisture with the available heat.
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Table 45. Coal Plant Program and Aspen Plus Coal Dryer Results for the Integrally
Geared 1 — 110 Compressor.

| ot | Ao
Coal Moisture [%] 15.04% 15.04%
Wet Coal Flow Into Dryer [Ib/hr] 638,529 630,870 -1.20%
Dry Coal Flow Out of Dryer [Ib/hr] 540,478 533,967 -1.20%
FG Flow - ESP [lb/hr] 5,849,164 | 5,851,331 | 0.04%

The plant performances for no heat integration versus coal drying are presented in Table
46. In the coal drying case, the wet coal flow rate is reduced by 2.67%. Also, the steam
extraction for the MEA system is reduced by 2.6% and the gross power increased by 3,923 kW.
While the FD and ID fan powers are reduced, the addition of the air fan for the coal dryer
increases the total fan power by 1,291 kW. The pump power increases since the hot cooling
water experiences a pressure drop through each stage in the coal drying process. The pulverizer
and compressor powers are reduced due to the change in flow rates through them.

The integrated heat represents 55.4% of the total compressor cooler duties available,
with a combined flow rate of cooling water through both coolers of 2,320,034 Ib/hr. In other
words, only 55.4% of the total thermal energy in the hot cooling water streams from all
compressor coolers is used in this integration case. The remaining heat (44.6%) can be used as a
thermal source for another thermal sink(s). Overall, the heat rate decreased by 3.67% and the

unit efficiency gained 0.95 percentage points.
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Table 46. Integrally Geared 1 — 110 Post-Compressor Cooler to Coal Dryer Thermal
Integration Results.

Unit MEA HI: M_EA w/o _heat
IC2-6 to Coal Dryer integration

Wet Coal Flow [Ib/hr] 630,870 648,177
Coal Flow Difference [%] -2.67% 0.00%
Coal HHV after Dryer [Btu/Ib] 9,954 8,426
Boiler Efficiency [%] 89.86% 87.45%
Reduction in Reboiler Extraction [%] 2.6% 0.0%
Compressor Heat Used [%] 55.4% 0.0%
FG Flow to Compressor [Ib/hr] 1,047,880 1,077,240
Gross Power [kW] 489,428 485,505
E}ggszsPower minus Generator [kW] 482,087 478,223
Turbine Cycle Heat Rate [Btu/kWh] 9,907 9,987
Fan Power [kwW] 19,631 18,340
Pulv. Power [kw] 2,826 3,430
Pump Power [kW] 2,585 2,538
Aux. Power [kW] 15,000 15,000
Total Pss [kW] 40,042 39,308
Compressor Power [kw] 36,615 37,641
Net Power [kW] 405,430 401,274
Net Unit Heat Rate [Btu/kWh] 13,111 13,611
HR Improvement [%] -3.67% 0.00%
Unit Efficiency [%] 26.02% 25.07%

3.4 Stripper Condenser Heat Integration Cases

The next set of thermal integration cases used the stripper condenser as the thermal
source. It is thermally integrated to the FWHSs and to the coal dryer. In addition, a combination
case was analyzed in which the integration of the condenser to the FWHs was combined with the
integration of the compressor coolers to the reboiler.

The stripper condenser contains a large quantity of heat, greater than the heat in any of
the compressor coolers. This is due to the large quantity of water vapor entering the condenser.
The water releases a large amount of heat as it changes phase. The vapor that rises to the top of
the stripper is approximately 50% water. This has also been predicted by other MEA Scrubber

models reported in the literature (Table 47).
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Table 47. Stripper Condenser Stream Composition Literature Comparison.

Martin NETL Freguia | Fashami
Unit 2011 2002 2002 2007
Model Model Model Model
Gas Composition CO; [mol %] 51% 54% 64% 55%
entering Condenser | H,0 [mol %] | 49% 43% 36% 45%
Gas Composition CO, [mol %] 98% 91% 92% 95%
exiting Condenser H,0O [mol %] 2% 4% 8% 5%

The performance of the stripper condenser is the same regardless of the compressor
selected for thermal integration cases to the FWHSs. Thus, the boiler efficiency and throttle
conditions remain the same. In addition, the change in net power and net unit heat rate for all of
the compressor cases will be constant. Only the results for compressor power, net power, net
unit heat rate and unit efficiency are unique to the compressor model selected.

However, in thermal integration cases of the compressor coolers to the coal dryer, the
results can depend on the compressor selected. In thermal integration cases of the stripper
condenser to the coal dryer, the results will not depend on the compressor selected. The heat
available in the thermal source determines how much the coal can be dried. When dried coal is
combusted in the boiler, less flue gas is produced. Thus, the power requirements for the MEA
system and compressor are reduced since they are processing less flue gas. Yet, for the stripper
condenser, the amount of drying will be constant since it processes the same amount of CO,,
regardless of the compressor that follows the MEA system. The details of the condenser to coal
dryer integration case will be described further in section 3.6.3 along with the coal dryer results.

3.4.1 Stripper Condenser to FWHSs

The next thermal integration case uses hot cooling water from the stripper condenser to
offset the steam extractions for the FWHSs. There is sufficient heat in the hot cooling water
stream from the stripper condenser to replace FWH-1, FWH-2 and FWH-3 with a single heat
exchanger and eliminate the usual extractions feeding them (Figure 25). The original extractions
are shown in Figure 17. Since the discharge from the Steam APH and SSR originally entered

FWH-3 and FWH-2, respectively, they are both re-directed to FWH-4. Since FWH-4 is receiving
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additional heat, Extraction D can be reduced as well. In addition, the Drain Pump was removed
since there was no extraction that required pumping. After the hot cooling water passes through
the single feedwater heater, it must go through a cooler and a pump before returning to the

stripper condenser as cooling water.

Reheat Steam Extraction for Reboiler
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Figure 25. Stripper Condenser to FWH-3 Diagram.

For this case, the IG1 — 110 compressor was selected to demonstrate the results for this
thermal integration case. The results for the condenser to FWH-3 thermal integration case are
shown in Table 48 and in Figure 69 in Appendix F. The results for the Ramgen, Inline 4 and the
IG1 — 149 compressors are shown in the next section. The gross power for the plant increases by
29,814 kW, due to the elimination of three steam extractions. The pump power increases to
overcome the pressure drop through FWH-3A, but the drain pump power was eliminated.

The integrated heat represents 96.1% of the stripper condenser duty, with a flow rate of
cooling water of 3,376,030 Ib/hr. In other words, only 96.1% of the total thermal energy in the
hot cooling water stream from the stripper condenser is used in this integration case. The
remaining heat (3.9%) can be used as a thermal source for another thermal sink(s). Overall, the

net unit heat rate decreases by 6.78%. The unit efficiency gained 1.81 percentage points.
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Table 48. Stripper Condenser to FWH-3, with 1G1-110, Thermal Integration Results.

Unit MEA HI: M_EA w/o _heat
Condenser to FWH-3 integration

Reduction in Ext. D [%] 69.3% 0%
Reduction in Ext. E [%] 100.0% 0%
Reduction in Ext. F [%] 100.0% 0%
Reduction in Ext. G [%] 100.0% 0%
Other Model Changes: E"mé? gt;?nF;/\c I—r|r?p.1&2’ N/A
Condenser Heat Used [%] 96.1% 0%
FG Flow to Compressor [Ib/hr] 1,073,080 1,073,080
Gross Power [kw] 516,036 486,222
g;‘;‘frgt%"r"f;gg“s [kW] 508,295 478,929
Turbine Cycle Heat Rate [Btu/kWh] 9,397 9,973
Fan Power [kwW] 18,405 18,405
Pulv. Power [kW] 3,456 3,456
Pump Power [kwW] 2,681 2,538
Aux. Power [kW] 15,000 15,000
Total Pss [kwW] 39,543 39,399
Compressor Power [kw] 37,496 37,496
Net Power [kwW] 431,257 402,033
Net Unit Heat Rate [Btu/kWh] 12,758 13,685
HR Improvement [%] -6.78% 0.00%
Unit Efficiency [%] 26.74% 24.93%

3.4.2 Compressor & Condenser Combination Integration

In addition, a combination thermal integration case was analyzed. In this model, the
compressor coolers are integrated with the stripper reboiler and the stripper condenser is
integrated with FWH-3. The methods for the integrations were described previously. The results
demonstrate the improvement in plant performance from the combination of thermal integration
cases. The changes in plant performance in combination are the summation of the improvements
from the separate integrations. The results for each compressor model are described below.
Recall that the heat integration of IG1 — 110 to the reboiler is not feasible, so this compressor is

not included here.
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The Ramgen compressor results for the combination and individual thermal integration
cases are compared to the base case in Table 49. The results for the combination case are
illustrated in Figure 70 in Appendix F. For the integration, 53.5% of the compressor heat and
96.1% of the condenser heat was utilized. As a result three steam extractions were eliminated
and two extractions were reduced. The drain pump and FWHSs 1 and 2 were removed for the
condenser integration cases. In the combination case, the gross power increased by 41,285 kW
while the net power increased by 40,510 kW. The pump power increased to overcome the
pressure drops through the integration-related heat exchangers. The net unit heat rate
decreased by 1,302 Btu/kWh while the unit efficiency gained 2.52 percentage points.

The Inline 4 compressor results for the combination and individual thermal integration
cases are compared to the base case in Table 50. The results for the combination case are
illustrated in Figure 71 in Appendix F. For the integration, 49.7% of the compressor heat and
96.1% of the condenser heat was utilized. As a result three steam extractions were eliminated
and two extractions were reduced. The drain pump and FWHSs 1 and 2 were removed for cases
including the condenser integration. In the combination case, the gross power increased by
39,876 kW while the net power increased by 39,122 kW. The pump power increased to overcome
the pressure drops through the integration-related heat exchangers. The net unit heat rate
decreased by 1,251 Btu/kWh while the unit efficiency gained 2.42 percentage points.

The I1G1-149 compressor results for the combination and individual thermal integration
cases are compared to the base case in Table 51. The results for the combination case are
illustrated in Figure 72 in Appendix F. For the integration, 16.1% of the compressor heat and
96.1% of the condenser heat was utilized. As a result three steam extractions were eliminated
and two extractions were reduced. The drain pump and FWHs 1 and 2 were removed for cases
including the condenser integration. In the combination case, the gross power increased by
31,231 kW while the net power increased by 30,610 kW. The pump power increased to overcome
the pressure drops through the integration-related heat exchangers. The net unit heat rate

decreased by 995 Btu/kWh while the unit efficiency gained 1.90 percentage points.
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Table 49. Ramgen Compressor to Reboiler and Condenser to FWH-3 Thermal Integration Resulits.

Unit MEA HI: Comp to Reboiler MEA HI: MEA HI: _ M_EA w/o _heat
& Cond to FWH3 Cond to FWH3 Comp to Reboiler integration

Reduction in Reboiler Ext. [%] 7.7% N/A 7.7% 0%
Reduction in Ext. D [%] 69.3% 69.3% N/A 0%
Reduction in Ext. E [%] 100.0% 100.0% N/A 0%
Reduction in Ext. F [%] 100.0% 100.0% N/A 0%
Reduction in Ext. G [%] 100.0% 100.0% N/A 0%
Other Model Changes: E"m'galgercal;vgrriéfzgk‘?” Ellmlgagigiﬁvgr;;fzw’ N/A N/A
Compressor Heat Used [%] 53.5% 0% 53.5% 0%
Condenser Heat Used [%] 96.1% 96.1% 0% 0%
FG Flow to Compressor [Ib/hr] 1,073,080 1,073,080 1,073,080 1,073,080
Gross Power [kwW] 527,507 516,036 497,694 486,222
g;%fr;t‘c’)"r"isnggus [kW] 519,595 508,295 490,228 478,929
Turbine Cycle Heat Rate [Btu/kWh] 9,192 9,397 9,743 9,973
Fan Power [kwW] 18,405 18,405 18,405 18,405
Pulv. Power [kw] 3,456 3,456 3,456 3,456
Pump Power [kW] 2,628 2,615 2,484 2,471
Aux. Power [kw] 15,000 15,000 15,000 15,000
Total Pss [kwW] 39,489 39,476 39,346 39,332
Compressor Power [kw] 45,594 45,594 45,594 45,594
Net Power [kW] 434,512 423,225 405,289 394,002
Net Unit Heat Rate [Btu/kWh] 12,662 13,000 13,575 13,964
HR Improvement [%] -9.32% -6.90% -2.78% 0.00%
Unit Efficiency [%] 26.95% 26.25% 25.13% 24.43%
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Table 50. Inline 4 Compressor to Reboiler and Condenser to FWH-3 Thermal Integration Results.

Unit MEA HI: Comp to Reboiler MEA HI: MEA HI: _ M_EA w/o _heat
& Cond to FWH3 Cond to FWH3 Comp to Reboiler integration

Reduction in Reboiler Ext. [%] 6.7% N/A 6.7% 0%
Reduction in Ext. D [%] 69.3% 69.3% N/A 0%
Reduction in Ext. E [%] 100.0% 100.0% N/A 0%
Reduction in Ext. F [%] 100.0% 100.0% N/A 0%
Reduction in Ext. G [%] 100.0% 100.0% N/A 0%
Other Model Changes: Ehmé': aDtrZ(ijnFl\DALll I-r:]sp.l&z, Ehmé': aDtrZ(ijnFl\DALll I-r:]sp.l&z, N/A N/A
Compressor Heat Used [%] 49.7% 0% 49.7% 0%
Condenser Heat Used [%] 96.1% 96.1% 0% 0%
FG Flow to Compressor [Ib/hr] 1,073,080 1,073,080 1,073,080 1,073,080
Gross Power [kw] 526,098 516,036 496,284 486,222
g;‘;‘fr;t%"r"fgs”;g”s [KW] 518,206 508,295 488,840 478,929
Turbine Cycle Heat Rate [Btu/kWh] 9,217 9,397 9,771 9,973
Fan Power [kwW] 18,405 18,405 18,405 18,405
Pulv. Power [kw] 3,456 3,456 3,456 3,456
Pump Power [kW] 2,627 2,614 2,484 2,471
Aux. Power [kW] 15,000 15,000 15,000 15,000
Total Pss [kW] 39,488 39,475 39,345 39,332
Compressor Power [kw] 43,905 43,905 43,905 43,905
Net Power [kW] 434,814 424,915 405,590 395,692
Net Unit Heat Rate [Btu/kWh] 12,654 12,948 13,565 13,905
HR Improvement [%] -9.00% -6.88% -2.44% 0.00%
Unit Efficiency [%] 26.96% 26.35% 25.15% 24.54%
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Table 51. Integrally Geared 1 — 149 Compressor to Reboiler and Condenser to FWH-3 Thermal Integration Results.

Unit MEA HI: Comp to Reboiler MEA HI: MEA HI: _ M_EA w/o _heat
& Cond to FWH3 Cond to FWH3 Comp to Reboiler integration

Reduction in Reboiler Ext. [%] 1.0% N/A 1.0% 0%
Reduction in Ext. D [%] 69.3% 69.3% N/A 0%
Reduction in Ext. E [%] 100.0% 100.0% N/A 0%
Reduction in Ext. F [%] 100.0% 100.0% N/A 0%
Reduction in Ext. G [%] 100.0% 100.0% N/A 0%
Other Model Changes: Ehmé': aDtrZ(ijnFl\DALll I-r:]sp.l&z, Ehmé': aDtrZ(ijnFl\DALll I-r:]sp.l&z, N/A N/A
Compressor Heat Used [%] 16.1% 0% 16.1% 0%
Condenser Heat Used [%] 96.1% 96.1% 0% 0%
FG Flow to Compressor [Ib/hr] 1,073,080 1,073,080 1,073,080 1,073,080
Gross Power [kw] 517,558 516,036 487,746 486,222
g;‘;‘fr;t%"r"fgs”;g”s [KW] 509,795 508,295 480,430 478,929
Turbine Cycle Heat Rate [Btu/kWh] 9,369 9,397 9,942 9,973
Fan Power [kwW] 18,405 18,405 18,405 18,405
Pulv. Power [kw] 3,456 3,456 3,456 3,456
Pump Power [kW] 2,651 2,640 2,507 2,497
Aux. Power [kwW] 15,000 15,000 15,000 15,000
Total Pss [kW] 39,512 39,501 39,368 39,358
Compressor Power [kw] 43,182 43,182 43,182 43,182
Net Power [kW] 427,101 425,612 397,880 396,388
Net Unit Heat Rate [Btu/kWh] 12,882 12,927 13,828 13,880
HR Improvement [%] -7.19% -6.87% -0.37% 0.00%
Unit Efficiency [%] 26.49% 26.39% 24.67% 24.58%




3.4.3 Stripper Condenser to Coal Dryer Results

The combustion process is modeled as an equilibrium reaction in Aspen Plus (Aspen
Technology 2000). However, in reality, the process does not reach equilibrium. The process is
affected by the size of the coal particles, residence time in the boiler, air flow rate and amount of
mixing between the coal and air, any of which can prevent the reaction from reaching
equilibrium. Aspen Technology (2000) instructs users to specify the combustion process with
“Identify possible products” with 14 separate products (H,O, N,, O,, NO,, NO, S, SO,, SO3, H,,
Cly, HCl, C, CO, and CO,).

Typical measured values of flue gas carbon monoxide (CO) concentrations are 100 — 200
ppm, which can be neglected for combustion and boiler energy balance calculations. However,
the drying process, when modeled with the method recommended by Aspen Technology, can
produce very high CO concentrations (~1500ppm), which cannot be neglected. Thus, it is more
accurate to specify the complete combustion of carbon to CO, and eliminate CO as a possible
product. For the results described elsewhere in this report concerning the reboiler and FWH
integrations, it is assumed that the higher CO concentration does not significantly affect the heat
rate improvement results. For the coal drying cases, the specification for coal combustion
products was changed from including CO to not including CO. Thus, comparisons between coal
dryer integration cases and other integration cases must be made carefully, since the combustion
process is slightly different.

The case for thermally integrating the Stripper Condenser to the coal dryer is presented
below. The history, changes in plant performance and the overall benefits of coal drying are
reviewed in Section 3.5. The drying process is illustrated in Figure 24. The performance of the
drying process predicted by the Coal Plant Program is compared to Aspen Plus results in Table
52. The hot cooling water from the condenser will provide heat to both the air heater and coal
dryer bed. The coal is dried to 15.03% moisture using the available heat.

There is a high quantity of heat available in the stripper condenser. There is too much to

use for coal drying alone. In this thermal integration case, the cooling water flow rate in the

93



stripper condenser was set to 3.375*10° Ib/hr to achieve a high discharge temperature. Then the
flow was split so only 1.0%10° Ib/hr traveled through the air heater and coal dryer. The hot
cooling water temperature was high enough to dry the coal to 15.03%.

Table 52. Coal Plant Program and Aspen Plus Coal Dryer Results for the Stripper
Condenser to Coal Drying.

Unit Cpor ?gl:laar';t Aspen Plus Diff.
Coal Moisture [%] 15.03% 15.03%
Wet Coal Flow Into Dryer [Ib/hr] 638,058 630,334 | -1.21%
Dry Coal Flow Out of Dryer [Ib/hr] 539,996 533,451 -1.21%
FG Flow - ESP [Ib/hr] 5,844,728 5,846,455 0.03%

The plant performances for no heat integration versus coal drying are presented in Table
53. If the condenser is used as the thermal source for the coal dryer, the amount of drying will
be constant, regardless of the compressor selected. Results for this thermal integration case are
presented using a Ramgen compressor. In the coal drying case, the wet coal flow rate is reduced
by 2.75%. Also, the steam extraction for the MEA system is reduced by 2.7% and the gross
power increased by 3,993 kW. While the FD and ID fan powers are reduced, the addition of the
air fan for the coal dryer increases the total fan power by 1,275 kW. The pump power increases
since the hot cooling water experiences a pressure drop through each stage in the coal drying
process. The pulverizer and compressor powers are reduced due to the change in flow rates
through them. Overall, the heat rate decreased by 3.85% and the unit efficiency gained 0.98

percentage points.
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Table 53. Condenser to Coal Dryer Thermal Integration Results.

Unit MEA HI: M_EA w/o _heat
Condenser to Coal Dryer integration

Wet Coal Flow [Ib/hr] 630,334 648,178
Coal Flow Difference [%] -2.75% 0.00%
Coal HHV after Dryer [Btu/Ib] 9,956 8,426
Boiler Efficiency [%] 89.93% 87.45%
Reboiler LPS Ext. [%] 97.3% 100.0%
Condenser Heat Used [%] 26.5% 0.0%
FG Flow to Compressor [Ib/hr] 1,047,030 1,077,250
Gross Power [kwW] 489,541 485,548
oross Power minus [KW] 482,198 478,265
Turbine Cycle Heat Rate [Btu/kWh] 9,905 9,987
Fan Power [kwW] 19,615 18,340
Pulv. Power [kW] 2,823 3,430
Pump Power [kW] 2,518 2,470
Aux. Power [kW] 15,000 15,000
Total Pss [kw] 39,956 39,241
Compressor Power [kw] 44,487 45,771
Net Power [kw] 397,755 393,253
Net Unit Heat Rate [Btu/kWh] 13,353 13,888
HR Improvement [%] -3.85% 0.00%
Unit Efficiency [%] 25.55% 24.57%
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4.0 Conclusions

The energy penalty of the MEA capture system is large. The net power of the plant is
reduced by approximately 33% to run the MEA system and compressor. Technologies designed
to reduce this energy penalty will be sought by plant owners. Several thermal integration cases
were evaluated using the CO, compressor and the MEA stripper condenser as thermal sources. In
the real world, there are myriad compressor configurations and methods for thermal integration.
Thus, it must be reiterated that the thermal integration cases presented here are not the only
possibilities, so these conclusions may not always apply.

The four CO, compressors evaluated for this study have different power requirements. At
the beginning of this study, it was thought that thermal integration would result in the
compressors with the largest power requirement having better performance due to higher CO,
stage discharge temperatures and larger quantities of waste heat than the compressors with the
smallest power requirement. However, unexpectedly, the benefits of a small compressor power
outweighed the gains from thermal integration. In addition, no single compressor option had the
best performance in all cases. The results are highly case specific. Plant optimization will require
careful analysis of several thermal integration scenarios along with space and cost considerations.
The following are some general guidelines drawn from these results that will help evaluate
possible thermal integration cases.

1. Itis better to consider the heat rate value, rather than the percent heat rate
improvement, when evaluating plant performance. The main reason is that each
base case has a different heat rate, depending on the compressor used. The
compressors with a high power requirement have the highest CO, discharge
temperatures and therefore the best opportunities for thermal integration. As a
result, the percent heat rate improvement will be relatively large. The compressors
with a low power requirement tend to have lower CO, discharge temperatures and
fewer opportunities for thermal integration. As a result, the percent heat rate

improvement will be relatively small. In addition, the percent heat rate improvement
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is calculated by dividing the heat rate from the thermal integration case by the base
case heat rate for that particular compressor. Thus, the percent improvements are
not comparable between compressor models.

2. The greatest reduction in energy penalty is obtained from selecting the compressor
with the lowest power requirement. In this study, a Ramgen, an inline and two
integrally geared compressors, which differed in isentropic efficiencies and pressure
ratios, were analyzed. The Ramgen compressor requires the highest power at 45.6
MW and has a base case heat rate of 13,964 Btu/kWh. The Inline 4 compressor
requires 43.9 MW of power and it has a base case heat rate of 13,905 Btu/kWh. For
the Integrally Geared compressors, the IG 1 — 149 requires 43.2 MW and it has a
base case heat rate of 13,880 Btu/kWh, while the IG 1 — 110 model requires 37.5
MW and has a base case heat rate of 13,685 Btu/kWh. The best base case (i.e.
without thermal integration) is for the IG 1 — 110 compressor because it has the
lowest power requirement.

3. Finally, select the best method to recycle thermal waste energy in the plant. The
differences in the compressor configurations result in a variety of compressor stage
CO, discharge temperatures. The thermal integration method depends first on the
CO, and hot cooling water temperatures available. Since heat transfer is dependent
on a temperature difference, the most important factor for thermal integration is the
CO, discharge temperature. The other factor is the quantity of energy available in
the thermal source. Given the same quantity of thermal energy, it is possible for two
different temperature thermal sources to provide the same heat rate improvement.
However, if the temperature of a thermal source is not greater than the temperature
of the thermal sink, the heat integration is not possible, regardless of quantity.

Now, the results from this study will be explained using these guidelines. The Ramgen,

Inline 4 and IG 1 — 149 compressor coolers have discharge temperatures from at least one heat

exchanger that can be used as a thermal source for the reboiler, the first three FWHs, and the
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coal dryer. The thermal energy from the IG 1 — 110 compressor coolers can be used as a thermal
source for the first two FWHs and coal dryer. None of the IG 1 — 110 stage discharge
temperatures is higher than the reboiler operating temperature or the design feedwater
discharge temperature from FWH-3. This precludes the IG 1 — 110 compressor from being a
thermal source for the reboiler or for FWH-3.

Three compressors can be thermally integrated to the stripper reboiler. The results are
shown in Figure 26, Figure 27, and Figure 28. The best performing reboiler integration was Inline
4. Although the heat rates for the Ramgen and the Inline 4 reboiler integration cases are similar
(Figure 26), the net power for the Inline 4 reboiler case is higher than the Ramgen because less
power goes to the compressor itself (Figure 28). The IG 1 — 149 compressor has a lower quantity
of heat available in the post-compressor cooler so the benefits of thermal integration to the
reboiler are smaller.

All four compressors can be thermally integrated to the FWHSs. The results are shown in
Figure 26, Figure 27, and Figure 28. The best heat rate improvement for Ramgen and Inline 4
was obtained with thermal integration to FWH-3. The best heat rate improvement for the IG 1
compressors was obtained with thermal integration to FWH-2. The best heat rate overall was in
the IG 1 — 110 IC4 to FWH-2 case, for which the heat rate is 13,635 Btu/kWh (Figure 26). The
other compressors exhibited large gains in net power. However, only the Inline 4 case, the
second best FWH integration, performed better than the IG 1 — 110 base case.

Again, all four compressors can be thermally integrated to the coal dryer. The results are
shown in Figure 29, Figure 30, and Figure 31. Comparison of coal dryer cases to the reboiler or
FWH cases must be performed carefully since the base case model is different for the coal dryer
integration. The thermal energy from Ramgen, Inline 4 and IG 1 — 110 was able to dry the coal
to approximately 15%, while the energy from IG 1 — 149 was able to dry the coal to 17.5%. The
IG 1 — 110 compressor to coal dryer heat integration case had the best performance. Again,

Ramgen has the largest heat rate improvement, but still has the highest heat rate.
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Compressor Heat to Reboiler or FWHs for MEA Capture
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Figure 26. Compressor to Reboiler or FWH Thermal Integration Results for Net Unit
Heat Rate.
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Figure 27. Compressor to Reboiler or FWH Thermal Integration Results for Heat Rate
Improvement.
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Compressor Heat to Reboiler or FWHs for MEA Capture
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Figure 28. Compressor to Reboiler or FWH Thermal Integration Results for Net
Power.
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Figure 29. Compressors and Condenser to Coal Dryer Thermal Integration Results for
Net Unit Heat Rate.
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Compressors to Coal Dryer for MEA Capture
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Figure 30. Compressors and Condenser to Coal Dryer Thermal Integration Results for
Heat Rate Improvement.
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Figure 31. Compressors and Condenser to Coal Dryer Thermal Integration Results for
Net Power.

101



Another way to interpret the results is compressor-specific. For many plants, the
compressor is already installed or the plant site limits the compressor options. In all cases, coal
drying provides the highest percent heat rate improvement and the lowest heat rate for a given
compressor. If a Ramgen or Inline 4 compressor has been selected already, the next best
thermal sink for heat rate improvement is the reboiler. If an IG 1 — 149 compressor has been
selected already, the next best thermal sink for heat rate improvement is FWH-2. If an IG 1 —
110 compressor has been selected already, the best thermal sink for heat rate improvement is
the coal dryer.

The stripper condenser has a larger quantity of thermal energy than the compressor
coolers. Two individual cases (FWH-3 and the coal dryer) and one combination thermal
integration case (condenser to FWH-3 and compressor to reboiler) were evaluated. The FWH-3
and combination results are shown in Figure 32, Figure 33, and Figure 34. The coal drying results
are shown in Figure 35, Figure 36, and Figure 37. For the individual cases, the best heat rate was
obtained with the thermal integration to FWH-3. The condenser to coal drying was only
performed with the Ramgen compressor model since the amount of coal drying is not dependent
on the compressor selected. However, this thermal integration case did not reduce the heat rate
as much as the integration to FWH-3. The combination thermal integration case, with the
condenser to FWH-3 and the compressor to reboiler, is the best thermal integration case. This is
because the results for net power, unit efficiency, and net unit heat rate are the sum of the

respective results from the individual cases for each compressor.
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Figure 32. Condenser Thermal Integration Results for Net Unit Heat Rate.
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Figure 33. Condenser Thermal Integration Results for Heat Rate Improvement.
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Figure 34. Condenser Thermal Integration Results for Net Power.
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Figure 35. Condenser to Coal Dryer Thermal Integration Results for Net Unit Heat

Rate.
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Figure 36. Condenser to Coal Dryer Thermal Integration Results for Heat Rate
Improvement.
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Figure 37. Condenser to Coal Dryer Thermal Integration Results for Net Power.
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Appendix A — Turbine Kit Diagram
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Figure 38. Supercritical Turbine Kit (redrawn).




Appendix B — Aspen Plus Model Diagrams
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Figure 39. Aspen Plus Model for Supercritical Steam Cycle.
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Figure 40. Aspen Plus Model of Boiler and Pollution Control Equipment.
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Figure 41. Aspen Plus Model of MEA System.
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Figure 42. Aspen Plus Model of Ramgen Compressor.
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Figure 43. Aspen Plus Model of Inline 4 Compressor.
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Figure 44. Aspen Plus Model of IG 1 - 149 Compressor.
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Figure 45. Aspen Plus Model of IG 1 - 110 Compressor.
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Appendix C —Aspen Plus Settings
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Aspen Plus has a variety of property calculation methods and iterative numerical solution
methods available. Each of the property methods is intended for a different application. Changing
the property method for a given Aspen Plus block and set of streams may produce different
results. In this analysis, the steam cycle uses STEAMNBS, the boiler uses PR-BM, the MEA cycle
uses ELECNRTL with the KEMEA insert and the pollution control equipment and the compressors
use RK-SOAVE. STEAMNBS references the ASME Code steam tables and is useful for calculations
involving water only. PR-BM uses the Peng-Robinson equation of state with the Boston-Mathias
alpha function and it is useful for balancing hydrocarbon separation reactions such as coal
comubustion (Aspen Technology 2001). ELECNRTL is used for reactions involving polar ions and
electrolyte components. This includes acidic gas absorption into amine solutions, which is the
method used by the CO, capture system (Aspen Technology 2001). The KEMEA insert changes
the kinetic reaction characteristics slightly and produces more accurate results (Alie 2004). RK-
SOAVE uses the Redlich-Kwong-Soave equation of state. It is used for hydrocarbon processing
applications including the flue gas in the pollution control equipment and compressors.

In order to run a variety of input conditions in Aspen Plus, the software allows users to
create design spec and calculator blocks. Design spec blocks allow the user to vary one model
variable until a second variable reaches a desired value. Blocks were created for variables in each
system and are described below.

In the boiler, the coal flow rate into the boiler is varied in a design block until the
temperature of the flue gas exiting the boiler reaches 600°F. This means that Aspen Plus
iteratively adjusts the coal flow rate until the amount of coal is reconciled with the flue gas exit
temperature, the heat added by the mills, the boiler radiation losses, input energy from the
combustion air and the throttle and reheat steam flow rates and temperature. This runs
simultaneously with another design spec that determines the amount of combustion air required
by the boiler. The DS-FGT design spec sets the flue gas temperature exiting the APH at 300°F.
The APH-LEAK design spec sets the amount of air leaking through the APH at 6% of the flue gas

flow rate.

115



Table 54. Coal Mass Flow Design Block.

Design Spec: COALBURN

Define:

Flowsheet variable Definition

FGTEMP Stream-Var Stream=PROD3 Substream=MIXED Variable=TEMP Units=F
Spec: Tolerance:

FGTEMP = 600 0.001

Vary:

Mass-Flow Stream=COAL Substream=NCPSD Component=COAL Units=Ib/hr
Limits:

Lower: 100
Upper: 1.8 E6
Table 55. Combustion Air Mass Flow Design Block.
Design Spec: 02
Define:
Flowsheet variable Definition
O2LEV Mole-Frac Stream=PROD2 Substream=MIXED Component=02
Spec: Tolerance:
O2LEV = 0.035 0.0001
Vary:
Stream-Var Stream=AIR Substream=MIXED Variable=MASS-FLOW Units=Ib/hr
Limits:
Lower: 1.0 E4
Upper: 1.7 E7
Table 56. Flue Gas Temperature Design Block.
Design Spec: DS-FGT
Define:
Flowsheet variable  Definition
FGT Stream-Var Stream=PROD4 Substream=MIXED Variable=TEMP Units=F
Spec: Tolerance:
FGT = 300 0.1
Vary:
Block-Var Block=APH Variable=T-HOT Sentence=PARAM Units=F
Limits:
Lower: 300
Upper: 400
Table 57. APH Air Leakage Rate Design Block.
Design Spec: APH-LEAK
Define:
Flowsheet variable Definition
APHLK Stream-Var Stream=LEAK Substream=MIXED Variable=MASS-FLOW Units=Ib/hr
Stream-Var Stream=PROD4 Substream=MIXED Variable=MASS-FLOW
FGAS Units=Ib/hr
Spec: Tolerance:
APHLK = 0.06*FGAS  0.01
Vary:

Block-Var Block=SPLT-APH Variable=FLOW/FRAC Sentence=FLOW/FRAC ID1=LEAK
Limits:

Lower: 0.02

Upper: 0.2
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For the pollution control equipment, the ESP-LEAK design spec sets the amount of air
leaking into the ESP at 5% of the flue gas flow rate. The FGD-AIR design spec sets the air
leaking into the FGD at approximately 1.07% of the flue gas flow rate. The FGD-H20 design spec
sets the water added to the flue gas stream in the FGD at approximately 8.02% of the flue gas
flow rate. The relationships in the FGD design blocks were calculated based on stream data from

the air-fired reference case in NETL (2008).

Table 58. ESP Air Leakage Rate Design Block.

Design Spec: ESP-LEAK
Define:
Flowsheet variable Definition
Stream-Var Stream=PROD5 Substream=MIXED Variable=MASS-FLOW
PROD5 Units=Ib/hr
Stream-Var Stream=AIR-LEAK Substream=MIXED Variable=MASS-FLOW
AIRLK Units=Ib/hr
Spec: Tolerance:
AIRLK = PROD5*0.05 0.01
Vary:

Stream-Var Stream=AIR-LEAK Substream=MIXED Variable=MASS-FLOW Units=Ib/hr
Limits:

Lower: 1.0 E3

Upper: 1.0 E7

Table 59. FGD Air Leakage Design Block.

Design Spec: FGD-AIR
Define:
Flowsheet variable Definition
Stream-Var Stream=AIR-FGD Substream=MIXED Variable=MOLE-FLOW

FGDAIR Units=Ibmol/hr
Stream-Var Stream=FGAS3 Substream=MIXED Variable=MOLE-FLOW
FGAS3 Units=Ibmol/hr
Spec: Tolerance:
FGDAIR =
FGAS3*0.01068908 0.01
Vary:

Stream-Var Stream=AIR-FGD Substream=MIXED Variable=MASS-FLOW Units=Ib/hr
Limits:

Lower: 100

Upper: 1.0 E7
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Table 60. FGD Additional Water Design Spec.

Design Spec: FGD-H20
Define:
Flowsheet variable Definition
Stream-Var Stream=H20-FGD Substream=MIXED Variable=MOLE-FLOW

FGDH20 Units=Ibmol/hr
Stream-Var Stream=FGAS3 Substream=MIXED Variable=MOLE-FLOW
FGAS3 Units=Ibmol/hr
Spec: Tolerance:
FGDH20 =
FGAS3*0.080150025 0.01
Vary:

Stream-Var Stream=H20-FGD Substream=MIXED Variable=MASS-FLOW Units=Ib/hr
Limits:

Lower: 100

Upper: 1.0 E7

The performance of the MEA system is controlled by four separate design spec blocks.
First, AMINEFLR sets the flow rate of the MEA and water mixture at four times the flue gas flow
rate entering the absorber. CO2CAP varies the CO, content of the MEA solution entering the
absorber in order to achieve a 90% CO, capture rate. Different capture rates can be achieved by
changing the spec in this block. CO2LD varies the duty of the reboiler to ensure the CO, content
of the lean amine and the initial MEA solution is equal. LPS-FLR calculates the required mass flow

rate of the reboiler steam extraction to deliver enough heat to the reboiler.

Table 61. Amine Flow Rate Design Block.

Design Spec: AMINEFLR
Define:
Flowsheet variable Definition
Stream-Var Stream=AMINE Substream=MIXED Variable=MASS-FLOW

AMINEF Units=Ib/hr
Stream-Var Stream=FG-COLD Substream=MIXED Variable=MASS-FLOW
FGFLR Units=Ib/hr
Spec: Tolerance:
AMINEF = 4*FGFLR 50
Vary:

Stream-Var Stream=AMINE Substream=MIXED Variable=MASS-FLOW Units=Ib/hr
Limits:

Lower: 1000

Upper: 1.0 E8
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Table 62. CO, Capture Rate Design Block.

Design Spec: CO2CAP
Define:
Flowsheet variable Definition

Mole-Flow Stream=AMINE Substream=MIXED Component=C02
CO2L0OD Units=Ibmol/hr

Mole-Flow Stream=FG-COLD Substream=MIXED Component=C02
CO2IN Units=Ibmol/hr

Mole-Flow Stream=CO2-DRY Substream=MIXED Component=C02
co20ouTt Units=Ibmol/hr
Spec: Tolerance:
CO20UT/CO2IN =09 1
Vary:

Mole-Flow Stream=AMINE Substream=MIXED Component=C0O2 Units=Ibmol/hr
Limits:

Lower: 10000
Upper: 15000
Table 63. CO, Content in Lean Amine Stream Design Block.
Design Spec: CO2LD
Define:
Flowsheet variable  Definition
CO2IN Mole-Flow Stream=AMINE Substream=MIXED Component=CO2 Units=Ibmol/hr
Mole-Flow Stream=HOTLEAN Substream=MIXED Component=C02
CO2RTN Units=Ibmol/hr
QREB Block-Var Block=STRIPPER Variable=REB-DUTY Sentence=RESULTS Units=Btu/hr
Spec: Tolerance:
CO2RTN = CO2IN 2
Vary:

Block-Var Block=STRIPPER Variable=REB-DUTY Sentence=COL-SPECS Units=Btu/hr
Limits:

Lower: 1.5E9
Upper: 2.0 E9
Table 64. Reboiler Steam Extraction Flow Rate Design Block.
Design Spec: LPS-FLR
Define:
Flowsheet variable  Definition
LPSREB Block-Var Block=LPS-REB Variable=QCALC Sentence=PARAM Units=Btu/hr
QREB Block-Var Block=STRIPPER Variable=REB-DUTY Sentence=RESULTS Units=Btu/hr
Stream-Var Stream=LPS-C0O2 Substream=MIXED Variable=MASS-FLOW
LPSFLO Units=Ib/hr
LPSS5 Block-Var Block=S-5 Variable=FLOW/FRAC Sentence=FLOW/FRAC ID1=LPS-C0O2
Spec: Tolerance:
LPSREB = -QREB 5
Vary:

Block-Var Block=S-5 Variable=FLOW/FRAC Sentence=FLOW/FRAC ID1=LPS-CO2
Limits:

Lower: 1468745

Upper: 1958327
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For the thermal integration cases, the cooling water exiting heat exchangers is desired at
a high temperature. The heat duty of the heat exchanger is determined by the change in
enthalpy of the CO, flow rate alone. When the heat duty is fixed, a high exit temperature is
produced when the cooling water flow rate is low. However, in a counter-flow heat exchanger,
the exit temperature of the cooling water cannot be greater than the CO, inlet temperature. For
example, CW1FR varies the cooling water flow rate until the temperature difference between the
CO, inlet temperature and cooling water outlet temperature is 10°F, conservatively. The design
block was repeated for each cooling water heat exchanger used in the thermal integration cases.

Table 65. Cooling Water Flow Rate Design Block.

Design Spec: CW1FR
Define:
Flowsheet variable Definition

Stream-Var Stream=CW11 Substream=MIXED Variable=MASS-FLOW
FCW11 Units=Ib/hr

Stream-Var Stream=CO2B Substream=MIXED Variable=MASS-FLOW
FCO2B Units=Ib/hr
TCO2B Stream-Var Stream=CO02B Substream=MIXED Variable=TEMP Units=F
TCW12 Stream-Var Stream=CW12 Substream=MIXED Variable=TEMP Units=F
Spec: Tolerance:
TCO2B-TCW12 =10 0.2
Vary:

Stream-Var Stream=CW11 Substream=MIXED Variable=MASS-FLOW Units=Ib/hr
Limits:

Lower: 10000

Upper: 50000

Aspen Plus also has calculator blocks that allow users to write Fortran programming
statements using specified variables. The calculator ensures that user-defined relationships are
maintained. COMBUST calculates the composition of the coal entering the boiler. QMILL
determines the required mill power and QRAD calculates the amount of heat lost in the boiler due

to radiation.
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Table 66. Mill Power Calculator.

Calculator:
Define:
Variable name
QMILL

MCOAL

Calculate:
QMILL=MCOAL*18.06
Sequence:

Before Unit Operation PULV

Q-MILL

Definition

Heat-Duty Stream=Q-MILL Units=Btu/hr

Mass-Flow Stream=COAL-IN Substream=NCPSD Component=COAL
Units=Ib/hr

Table 67. Boiler Radiation Losses Calculator.

Calculator:
Define:
Variable name

MCOAL

QRAD

Calculate:
QRAD=-(MCOAL*8426*0.008)
Sequence:

Before Unit Operation RAD

Q-RAD

Definition

Stream-Var Stream=COAL-IN Substream=NCPSD Variable=MASS-
FLOW Units=Ib/hr

Block-Var Block=RAD Variable=DUTY Sentence=PARAM
Units=Btu/hr
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Table 68. Coal Composition Normalization Calculator.

Calculator: COMBUST
Define:
Variable name Definition

Compattr-Vec Stream=COAL Substream=NCPSD Component=COAL
ULT Attribute=ULTANAL

Compattr-Var Stream=COAL Substream=NCPSD Component=COAL
WATER Attribute=PROXANAL Element=1

Block-Var Block=DECOMP Variable=MASS-YIELD Sentence=MASS-
H20 YIELD ID1=H20 ID2=MIXED

Block-Var Block=DECOMP Variable=MASS-YIELD Sentence=MASS-
ASH YIELD ID1=ASH ID2=NCPSD

Block-Var Block=DECOMP Variable=MASS-YIELD Sentence=MASS-
CARB YIELD ID1=C ID2=CIPSD

Block-Var Block=DECOMP Variable=MASS-YIELD Sentence=MASS-
H2 YIELD ID1=H2 ID2=MIXED

Block-Var Block=DECOMP Variable=MASS-YIELD Sentence=MASS-
N2 YIELD ID1=N2 ID2=MIXED

Block-Var Block=DECOMP Variable=MASS-YIELD Sentence=MASS-
CL2 YIELD ID1=CL2 ID2=MIXED

Block-Var Block=DECOMP Variable=MASS-YIELD Sentence=MASS-
SULF YIELD ID1=S ID2=MIXED

Block-Var Block=DECOMP Variable=MASS-YIELD Sentence=MASS-
02 YIELD ID1=02 ID2=MIXED
Calculate:

FACT=(100-WATER)/100
H20=WATER/100
ASH=ULT(1)/100*FACT
CARB=ULT(2)/100*FACT
H2=ULT(3)/100*FACT
N2=ULT(4)/100*FACT
CL2=ULT(5)/100*FACT
SULF=ULT(6)/100*FACT
02=ULT(7)/100*FACT
Sequence:

Before Unit Operation DECOMP
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Appendix D — REFPROP vs Aspen Plus CO, Properties
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Table 69. Pure CO, Aspen P/us and REFPROP Entropy Values.

Entropy Values

[Btu/Ib-R]

Temp. P = 200 psia P = 600 psia P = 1000 psia

[F] | Aspen | REFPROP | Diff. | Aspen | REFPROP | Diff. | Aspen | REFPROP | Diff.

100 0.5386 0.5386 0.00% | 0.4721 0.4720 0.04% | 0.4205 0.4196 0.22%

125 0.5484 0.5485 -0.02% [ 0.4846 0.4850 -0.08% | 0.4417 0.4422 -0.12%

150 0.5579 0.5581 -0.03% | 0.4961 0.4967 -0.13% [ 0.4576 0.4586 -0.23%

175 0.5671 0.5672 -0.03% [ 0.5068 0.5076 -0.15% [ 0.4711 0.4724 -0.28%

200 0.5759 0.5761 -0.02% [ 0.5169 0.5177 -0.15% | 0.4832 0.4846 -0.28%

225 0.5845 0.5846 -0.01% [ 0.5266 0.5273 -0.14% | 0.4944 0.4957 -0.27%

250 0.5929 0.5929 0.00% | 0.5358 0.5365 -0.13% | 0.5048 0.5060 -0.25%

275 0.6011 0.6010 0.01% | 0.5447 0.5453 -0.11% | 0.5146 0.5158 -0.22%

300 0.6090 0.6089 0.02% | 0.5533 0.5538 -0.09% | 0.5239 0.5250 -0.20%

325 0.6167 0.6166 0.03% | 0.5616 0.5620 -0.07% | 0.5329 0.5338 -0.17%

350 0.6243 0.6240 0.04% | 0.5696 0.5699 -0.05% [ 0.5415 0.5422 -0.14%

375 0.6316 0.6314 0.04% | 0.5774 0.5777 -0.04% | 0.5497 0.5504 -0.12%

400 0.6389 0.6385 0.05% | 0.5850 0.5852 -0.02% [ 0.5577 0.5582 -0.09%

425 0.6459 0.6456 0.05% | 0.5924 0.5925 -0.01% | 0.5655 0.5659 -0.07%

450 0.6528 0.6524 0.06% | 0.5996 0.5996 0.00% | 0.5730 0.5733 -0.05%

475 0.6596 0.6592 0.06% | 0.6066 0.6066 0.02% | 0.5803 0.5805 -0.03%

500 0.6662 0.6658 0.06% | 0.6135 0.6134 0.02% [ 0.5874 0.5875 -0.02%

Temp. P = 400 psia P = 800 psia P = 1200 psia

[F] Aspen | REFPROP Diff. Aspen | REFPROP Diff. Aspen REFPROP Diff.

100 0.4996 0.4996 0.01% | 0.4475 0.4471 0.09% [ 0.3745 0.3712 0.90%

125 0.5105 0.5107 -0.05% [ 0.4627 0.4632 -0.10% | 0.4193 0.4197 -0.10%

150 0.5208 0.5212 -0.08% [ 0.4759 0.4767 -0.18% | 0.4398 0.4410 -0.27%

175 0.5306 0.5311 -0.08% | 0.4878 0.4888 -0.21% [ 0.4556 0.4572 -0.33%

200 0.5401 0.5405 -0.08% [ 0.4988 0.4999 -0.22% [ 0.4691 0.4708 -0.34%

225 0.5492 0.5496 -0.07% [ 0.5091 0.5102 -0.21% | 0.4812 0.4828 -0.33%

250 0.5580 0.5583 -0.06% [ 0.5189 0.5199 -0.19% [ 0.4924 0.4939 -0.31%

275 0.5664 0.5667 -0.05% [ 0.5282 0.5291 -0.17% | 0.5027 0.5041 -0.28%

300 0.5747 0.5749 -0.03% | 0.5372 0.5380 -0.15% [ 0.5125 0.5138 -0.24%

325 0.5827 0.5828 -0.02% [ 0.5458 0.5465 -0.12% | 0.5218 0.5229 -0.21%

350 0.5905 0.5905 -0.01% | 0.5541 0.5546 -0.10% [ 0.5307 0.5316 -0.18%

375 0.5981 0.5980 0.00% | 0.5621 0.5626 -0.08% [ 0.5392 0.5400 -0.15%

400 0.6055 0.6054 0.02% | 0.5699 0.5702 -0.06% | 0.5474 0.5481 -0.12%

425 0.6127 0.6125 0.03% | 0.5775 0.5777 -0.04% [ 0.5553 0.5559 -0.10%

450 0.6197 0.6195 0.03% | 0.5848 0.5850 -0.02% | 0.5630 0.5634 -0.07%

475 0.6266 0.6264 0.04% | 0.5920 0.5921 -0.01% [ 0.5705 0.5708 -0.05%

500 0.6334 0.6331 0.04% | 0.5990 0.5990 0.00% [ 0.5777 0.5779 -0.04%
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Entropy Values

[Btu/Ib-R]
Temp. P = 1400 psia P = 1800 psia P = 2200 psia
[F] Aspen | REFPROP Diff. Aspen | REFPROP Diff. Aspen | REFPROP Diff.
100 0.3284 0.3189 2.98% | 0.3055 0.3016 1.28% | 0.2937 0.2929 0.27%
125 0.3928 0.3922 0.17% | 0.3460 0.3405 1.62% | 0.3253 0.3223 0.92%
150 0.4218 0.4229 -0.26% [ 0.3854 0.3844 0.27% | 0.3581 0.3554 0.77%
175 0.4408 0.4424 -0.36% [ 0.4122 0.4132 -0.25% [ 0.3871 0.3866 0.12%
200 0.4560 0.4578 -0.39% [ 0.4316 0.4333 -0.39% | 0.4098 0.4108 -0.23%
225 0.4692 0.4710 -0.38% [ 0.4474 0.4493 -0.42% [ 0.4281 0.4296 -0.37%
250 0.4811 0.4828 -0.35% [ 0.4611 0.4630 -0.41% | 0.4434 0.4453 -0.41%
275 0.4921 0.4937 -0.32% | 0.4733 0.4751 -0.39% | 0.4570 0.4588 -0.40%
300 0.5023 0.5038 -0.29% | 0.4845 0.4862 -0.35% | 0.4692 0.4710 -0.38%
325 0.5120 0.5133 -0.25% [ 0.4949 0.4965 -0.31% | 0.4804 0.4820 -0.34%
350 0.5211 0.5223 -0.22% [ 0.5047 0.5061 -0.27% | 0.4908 0.4923 -0.31%
375 0.5299 0.5309 -0.18% [ 0.5140 0.5153 -0.23% | 0.5006 0.5020 -0.27%
400 0.5384 0.5392 -0.15% [ 0.5229 0.5240 -0.20% | 0.5099 0.5111 -0.23%
425 0.5465 0.5471 -0.12% [ 0.5314 0.5323 -0.16% | 0.5188 0.5198 -0.19%
450 0.5543 0.5549 -0.10% [ 0.5396 0.5403 -0.13% | 0.5273 0.5281 -0.16%
475 0.5619 0.5623 -0.07% [ 0.5475 0.5480 -0.10% | 0.5354 0.5361 -0.13%
500 0.5693 0.5696 -0.05% [ 0.5551 0.5555 -0.08% | 0.5433 0.5438 -0.10%
Temp. P = 1600 psia P = 2000 psia
[F] Aspen | REFPROP Diff. Aspen | REFPROP Diff.
100 0.3142 0.3081 2.00% | 0.2989 0.2968 0.72%
125 0.3650 0.3606 1.23% | 0.3339 0.3295 1.32%
150 0.4033 0.4038 -0.11% | 0.3701 0.3677 0.65%
175 0.4263 0.4278 -0.35% [ 0.3989 0.3992 -0.08%
200 0.4435 0.4453 -0.41% [ 0.4203 0.4217 -0.33%
225 0.4580 0.4599 -0.41% [ 0.4374 0.4392 -0.41%
250 0.4707 0.4726 -0.39% [ 0.4520 0.4539 -0.42%
275 0.4823 0.4841 -0.36% [ 0.4649 0.4667 -0.40%
300 0.4930 0.4946 -0.32% [ 0.4766 0.4783 -0.37%
325 0.5031 0.5045 -0.28% [ 0.4874 0.4890 -0.33%
350 0.5126 0.5139 -0.25% [ 0.4975 0.4990 -0.29%
375 0.5216 0.5227 -0.21% [ 0.5071 0.5084 -0.25%
400 0.5303 0.5312 -0.18% [ 0.5162 0.5173 -0.22%
425 0.5386 0.5394 -0.14% [ 0.5248 0.5258 -0.18%
450 0.5466 0.5472 -0.12% [ 0.5332 0.5340 -0.15%
475 0.5543 0.5548 -0.09% [ 0.5412 0.5418 -0.12%
500 0.5618 0.5622 -0.07% [ 0.5489 0.5494 -0.09%
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Table 70. Pure CO, Aspen P/us and REFPROP Enthalpy Values.

Enthalpy Values
[Btu/Ib]
Temp. P = 200 psia P = 600 psia P = 1000 psia

[F] Aspen | REFPROP Diff. Aspen | REFPROP Diff. Aspen | REFPROP Diff.

100 217.4 217.4 -0.01% | 204.7 204.6 0.05% 185.0 184.4 0.32%
125 223.0 223.1 -0.04% | 211.8 212.0 -0.10% | 197.1 197.3 -0.12%
150 228.7 228.8 -0.05% | 218.7 219.0 -0.17% | 206.6 207.1 -0.27%
175 234.4 234.5 -0.05% | 225.3 225.8 -0.20% | 215.0 215.7 -0.32%
200 240.1 240.2 -0.04% | 231.9 232.4 -0.20% | 222.8 223.6 -0.33%
225 245.9 246.0 -0.03% | 238.4 238.8 -0.18% | 230.3 231.1 -0.32%
250 251.7 251.8 -0.01% | 244.8 245.2 -0.16% | 237.6 238.3 -0.28%
275 257.6 257.6 0.01% 251.3 251.6 -0.13% | 244.7 245.3 -0.24%
300 263.5 263.5 0.03% 257.7 257.9 -0.10% | 251.7 252.2 -0.20%
325 269.5 269.4 0.04% 264.1 264.3 -0.07% | 258.6 259.0 -0.16%
350 275.5 275.4 0.06% 270.5 270.6 -0.04% | 265.4 265.7 -0.11%
375 281.6 281.4 0.07% 276.9 276.9 -0.01% | 272.2 272.4 -0.07%
400 287.7 287.5 0.08% 283.3 283.3 0.02% 279.0 279.1 -0.03%
425 293.8 293.6 0.09% 289.8 289.6 0.04% 285.7 285.7 0.01%
450 300.0 299.7 0.10% 296.2 296.0 0.06% 292.5 292.4 0.04%
475 306.3 306.0 0.10% 302.7 302.5 0.08% 299.2 299.0 0.07%
500 312.5 312.2 0.11% 309.2 308.9 0.09% 306.0 305.7 0.10%

Temp. P = 400 psia P = 800 psia P = 1200 psia

[F] Aspen | REFPROP Diff. Aspen | REFPROP Diff. Aspen | REFPROP Diff.

100 211.5 211.5 0.01% 196.4 196.1 0.13% 161.7 159.6 1.26%
125 217.7 217.9 -0.07% | 205.1 205.3 -0.12% | 187.1 187.2 -0.05%
150 223.9 224.1 -0.11% | 213.0 213.4 -0.22% | 199.4 200.0 -0.29%
175 230.0 230.3 -0.12% | 220.4 220.9 -0.26% | 209.2 210.0 -0.37%
200 236.1 236.4 -0.12% | 227.5 228.1 -0.27% | 218.0 218.8 -0.38%
225 242.2 242.5 -0.11% | 234.4 235.0 -0.26% | 226.1 226.9 -0.36%
250 248.3 248.6 -0.09% | 241.3 241.8 -0.23% | 233.8 234.6 -0.33%
275 254.5 254.6 -0.06% | 248.0 248.5 -0.19% | 241.3 242.0 -0.28%
300 260.6 260.7 -0.04% | 254.7 255.1 -0.16% | 248.6 249.2 -0.23%
325 266.8 266.8 -0.01% | 261.3 261.6 -0.12% | 255.8 256.3 -0.18%
350 273.0 273.0 0.01% 267.9 268.1 -0.08% | 262.9 263.2 -0.13%
375 279.2 279.2 0.03% 274.5 274.7 -0.04% | 269.9 270.1 -0.08%
400 285.5 285.4 0.05% 281.1 281.2 -0.01% | 276.8 276.9 -0.04%
425 291.8 291.6 0.06% 287.7 287.7 0.02% 283.8 283.8 0.00%
450 298.1 297.9 0.08% 294.3 294.2 0.05% 290.6 290.5 0.04%
475 304.5 304.2 0.09% 300.9 300.7 0.07% 297.5 297.3 0.07%
500 310.9 310.6 0.10% 307.6 307.3 0.09% 304.4 304.1 0.11%
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Enthalpy Values

[Btu/Ib]
Temp. P = 1400 psia P = 1800 psia P = 2200 psia
[F] Aspen | REFPROP Diff. Aspen | REFPROP Diff. Aspen | REFPROP Diff.
100 137.1 131.5 4.31% 126.3 123.5 2.30% 121.5 120.1 1.13%
125 174.0 173.4 0.34% 149.5 145.8 2.59% 139.6 137.0 1.92%
150 191.2 191.7 -0.23% | 173.0 172.0 0.63% 159.2 156.7 1.57%
175 203.0 203.8 -0.37% | 189.7 189.9 -0.10% | 177.2 176.1 0.60%
200 212.9 213.7 -0.40% | 202.3 202.9 -0.30% | 191.9 191.8 0.07%
225 221.7 222.6 -0.39% | 212.9 213.6 -0.35% | 204.2 204.4 -0.14%
250 230.0 230.9 -0.35% | 222.4 223.1 -0.34% | 214.9 215.3 -0.21%
275 237.9 238.7 -0.31% | 231.2 231.9 -0.30% | 224.6 225.1 -0.21%
300 245.6 246.2 -0.25% | 239.6 240.2 -0.25% | 233.8 234.2 -0.18%
325 253.1 253.6 -0.20% | 247.6 248.1 -0.19% | 242.4 242.7 -0.14%
350 260.4 260.7 -0.14% | 255.5 255.8 -0.14% | 250.7 250.9 -0.08%
375 267.6 267.8 -0.09% | 263.1 263.3 -0.08% | 258.8 258.9 -0.03%
400 274.7 274.8 -0.04% | 270.6 270.7 -0.02% | 266.7 266.6 0.03%
425 281.8 281.8 0.01% 278.0 277.9 0.03% 274.4 274.2 0.08%
450 288.8 288.7 0.05% 285.3 285.1 0.08% 282.0 281.6 0.13%
475 295.9 295.6 0.08% 292.6 292.3 0.12% 289.5 289.0 0.18%
500 302.8 302.5 0.12% 299.8 299.4 0.16% 297.0 296.3 0.22%
Temp. P = 1600 psia P = 2000 psia
[F] Aspen | REFPROP Diff. Aspen | REFPROP Diff.
100 130.3 126.3 3.16% 123.6 121.6 1.66%
125 159.4 156.4 1.89% 143.6 140.3 2.33%
150 182.2 182.1 0.03% 165.2 163.1 1.28%
175 196.4 197.0 -0.30% | 183.1 182.7 0.23%
200 207.6 208.4 -0.38% | 197.0 197.2 -0.14%
225 217.3 218.2 -0.39% | 208.4 209.0 -0.26%
250 226.2 227.0 -0.36% | 218.6 219.2 -0.29%
275 234.6 235.3 -0.31% | 227.9 228.5 -0.27%
300 242.6 243.2 -0.26% | 236.6 237.2 -0.22%
325 250.3 250.8 -0.20% | 245.0 245.4 -0.17%
350 257.9 258.3 -0.15% | 253.1 253.4 -0.12%
375 265.3 265.6 -0.09% | 260.9 261.1 -0.06%
400 272.6 272.7 -0.03% | 268.6 268.6 0.00%
425 279.9 279.9 0.02% 276.2 276.0 0.06%
450 287.1 286.9 0.06% 283.7 283.4 0.10%
475 294.2 293.9 0.10% 291.1 290.6 0.15%
500 301.3 300.9 0.14% 298.4 297.8 0.19%
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Table 71. Pure CO, Aspen Plus and REFPROP Specific Heat Values.

Specific Heat

Temp. [Btu/Ib-R]
[F] Aspen | REFPROP Diff.
100 0.2056 0.2048 0.39%
125 0.2093 0.2082 0.53%
150 0.2128 0.2114 0.64%
175 0.2160 0.2145 0.71%
200 0.2192 0.2175 0.75%
225 0.2221 0.2205 0.74%
250 0.2249 0.2233 0.72%
275 0.2276 0.2261 0.67%
300 0.2301 0.2288 0.60%
325 0.2326 0.2314 0.53%
350 0.2349 0.2339 0.44%
375 0.2371 0.2363 0.35%
400 0.2393 0.2387 0.26%
425 0.2414 0.2410 0.16%
450 0.2434 0.2433 0.07%
475 0.2454 0.2454 -0.02%
500 0.2473 0.2476 -0.10%
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Table 72. Ramgen Compressor and Intercooler Specifications and Results From Calculations Using REFPROP and Aspen Plus models.

Ramgen Compressor

Stage 1 Compressor Intercooler 1 Intercooling
REFPROP | Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,073,080 CO, Temp in (F) 429.3 429.3
Temp in (F) 100.0 100.0 CO, Temp out (F) 110.0 110.0
Pressure in (psia) 44.1 44.1 H,O Mass Flow (Ib/hr) 263,885 263,885
Temp out (F) 427.7 429.3 H,0:C0O, Mass Ratio 0.25 0.25
Pressure out (psia) 315.0 315.0 H20 Pressure in (psia) 350.0 350.0
Pressure Ratio 7.143 7.145 H20 Temp in (F) 90.0 90.0
Isentropic Eff. 0.85 H20 Temp out (F) 414.3 419.5
Mechanical Eff. 0.9704 Water Knockout (Ib/hr) 5,720
Mechanical Power (kW) 22,649 | 23,411 | 3.36% h-fg H20 @ P2,CO, (Btu/Ib) 806.9
Gas Power (kW) 21,979 | 22,718 | 3.36% Max Heat Avail. (Btu/hr) 87,838,488 89,013,445 | 1.34%

Stage 2 Compressor Post-Compressor Cooler 2 Intercooling

REFPROP ‘ Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,067,360 CO, Temp in (F) 463.0 463.0
Temp in (F) 110.0 110.0 CO, Temp out (F) 110.0 110.0
Pressure in (psia) 310.0 310.0 H,0O Mass Flow (lb/hr) 463,560 463,560
Temp out (F) 458.1 463.0 H,0:C0O2 Mass Ratio 0.43 0.43
Pressure out (psia) 2215.0 2215.0 H,O Pressure in (psia) 500.0 500.0
Pressure Ratio 7.145 7.145 H,O Temp in (F) 100.0 100.0
Isentropic Eff. 0.85 H,O Temp out (F) 454.5 453.0
Mechanical Eff. 0.9701 Max Heat Avail. (Btu/hr) 170,341,167 | 168,811,875 | -0.90%
Mechanical Power (kW) 21,043 | 22,183 | 542%
Gas Power (kW) 20,413 | 21,520 | 5.42%

TOTAL
Total Mech. Power (kW) 43,692 | 45,594 | 4.35%
Total Gas Power (kW) 42,392 | 44,238 | 4,35%




ovl

Table 73. Inline 4 Compressor and Intercooler Specifications and Results From Calculations Using REFPROP and Aspen Plus models.

Inline 4 Compressor

Stage 1 Compressor Intercooler 1 Intercooling
REFPROP ‘ Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,073,080 CO, Temp in (F) 426.0 425.9
Temp in (F) 100.0 100.0 CO, Temp out (F) 110.0 110.0
Pressure in (psia) 44.1 44.1 H,O Mass Flow (lb/hr) 262,057 262,351
Temp out (F) 424.3 425.9 H,0:CO, Mass Ratio 0.225 0.24
Pressure out (psia) 289.3 289.3 H,O Pressure in (psia) 350.0 350.0
Pressure Ratio 6.560 6.563 H,O Temp in (F) 90.0 90.0
Isentropic Eff. 0.8125 H,O Temp out (F) 411.0 415.9
Mechanical Eff. 0.993 Water Knockout [Ib/hr] 5,602
Mechanical Power (kW) 22,464 | 22,668 | -0.90% h-fg H,0 @ P2,CO, (Btu/Ib) 815
Gas Power (kW) 22,306 | 22,510 | -0.90% Max Heat Avail. (Btu/hr) 86,280,542 87,469,588 | -1.36%

Stage 2 Compressor Intercooler 2 Intercooling

REFPROP | Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,067,480 CO, Temp in (F) 436.0 436.1
Temp in (F) 110.0 110.0 CO, Temp out (F) 110.0 110.0
Pressure in (psia) 284.3 284.3 H,0 Mass Flow (lb/hr) 451,779 452,286
Temp out (F) 431.2 436.1 H,0:C02 Mass Ratio 0.431 0.42
Pressure out (psia) 1720.3 1720.3 H,O Pressure in (psia) 350.0 350.0
Pressure Ratio 6.051 6.050 H,O Temp in (F) 90.0 90.0
Isentropic Eff. 0.8188 H,O Temp out (F) 427.4 426.1
Mechanical Eff. 0.992 Max Heat Avail. (Btu/hr) 159,593,365 | 155,846,773 | 2.40%
Mechanical Power (kW) 19,753 | 20,249 | -2.45%
Gas Power (kW) 19,595 | 20,087 | -2.45%
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Stage 3 Compressor
REFPROP | Aspen Diff.
Mass Flow (Ib/hr) 1,067,480
Temp in (F) 110.0 110.0
Pressure in (psia) 1715.3 1715.3
Temp out (F) 123.5 125.9
Pressure out (psia) 2219.6 2219.6
Pressure Ratio 1.294 1.294
Isentropic Eff. 0.8114
Mechanical Eff. 0.998
Mechanical Power (kW) 842 987 | -14.72%
Gas Power (kW) 840 985 | -14.72%
TOTAL
Total Mech. Power (kW) 43,058 | 43,905 | -1.93%
Total Gas Power (kW) 42,741 | 43,582 | -1,93%
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Table 74. Integrally Geared 1 with 149F Intercooling Compressor and Intercooler Specifications and Results From Calculations Using

REFPROP and Aspen Plus models.

IG 1 Compressor with 149F Intercooling

Stage 1 Compressor Intercooler 1 Intercooling
REFPROP | Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,073,080 CO, Temp in (F) 161.1 161.1
Temp in (F) 100.0 100.0 CO, Temp out (F) 149.0 149.0
Pressure in (psia) 44.1 44.1 H,0O Mass Flow (lb/hr) 43,540 43,540
Temp out (F) 160.9 161.1 H,0:CO, Mass Ratio 0.04 0.04
Pressure out (psia) 66.3 66.3 H,0 Pressure in (psia) 85.0 85.0
Pressure Ratio 1.503 1.503 H,O Temp in (F) 90.0 90.0
Polytropic Eff. 0.8597 H,O Temp out (F) 151.2 151.1
Isentropic Eff. 0.854 Max Heat Avail. (Btu/hr) 2,672,035 2,656,018 | 0.60%
Mechanical Eff. 0.97
Mechanical Power (kW) 3,956 | 4,074 | -2.89%
Gas Power (kW) 3,838 | 3,952 | -2.89%

Stage 2 Compressor Intercooler 2 Intercooling

REFPROP | Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,073,080 CO, Temp in (F) 279.3 279.3
Temp in (F) 149.0 149.0 CO, Temp out (F) 149.0 149.0
Pressure in (psia) 59.0 59.0 H,O Mass Flow (lb/hr) 175,714 175,714
Temp out (F) 277.5 279.3 H,0:C0O2 Mass Ratio 0.16 0.16
Pressure out (psia) 131.5 131.5 H,O Pressure in (psia) 85.0 85.0
Pressure Ratio 2.229 2.228 H,O Temp in (F) 90.0 90.0
Polytropic Eff. 0.8649 H,0O Temp out (F) 269.5 269.2
Isentropic Eff. 0.862 Water Knockout (lb/hr) 0.0
Mechanical Eff. 0.97 h-fg H,0 @ P2,CO, (Btu/Ib) 876.7
Mechanical Power (kW) 8,714 | 9,073 | -3.95% Max Heat Avail. (Btu/hr) 31,737,217 | 31,633,848 | 0.33%
Gas Power (kW) 8,453 | 8,801 | -3,95%
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Stage 3 Compressor Intercooling
Intercooler 3
REFPROP | Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,073,080 CO, Temp in (F) 280.3 280.3
Temp in (F) 149.0 149.0 CO, Temp out (F) 149.0 149.0
Pressure in (psia) 124.2 124.2 H,0O Mass Flow (lb/hr) 192,692 192,692
Temp out (F) 277.7 280.3 H,0:CO, Mass Ratio 0.18 0.18
Pressure out (psia) 278.1 278.1 H,0 Pressure in (psia) 85.0 85.0
Pressure Ratio 2.239 2.239 H,O Temp in (F) 90.0 90.0
Polytropic Eff. 0.8754 H,O Temp out (F) 268.9 270.3
Isentropic Eff. 0.876 Water Knockout (Ib/hr) 1670.0
Mechanical Eff. 0.97 h-fg H,O0 @ P2,CO, (Btu/Ib) 819.1
Mechanical Power (kW) 8,494 | 8,884 | -4.38% Max Heat Avail. (Btu/hr) 34,691,126 | 34,898,117 | -0.59%
Gas Power (kW) 8,239 | 8,617 | -4,38%

Stage 4 Compressor Intercooler 4 Intercooling

REFPROP | Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,071,410 CO, Temp in (F) 278.5 278.5
Temp in (F) 149.0 149.0 CO, Temp out (F) 149.0 149.0
Pressure in (psia) 270.8 270.8 H,0O Mass Flow (Ib/hr) 212,394 212,394
Temp out (F) 275.1 278.5 H,0:CO, Mass Ratio 0.20 0.20
Pressure out (psia) 572.0 572.0 H,O Pressure in (psia) 85.0 85.0
Pressure Ratio 2.112 2.112 H,O Temp in (F) 90.0 90.0
Polytropic Eff. 0.8343 H,O Temp out (F) 266.6 268.5
Isentropic Eff. 0.832 Water Knockout (Ib/hr) 2420.0
Mechanical Eff. 0.97 h-fg H,O0 @ P2,CO, (Btu/Ib) 740.6
Mechanical Power (kW) 7,913 8,309 | -4.77% Max Heat Avail. (Btu/hr) 37,734,393 | 38,079,677 | -0.91%
Gas Power (kW) 7,675 | 8,060 | -4,77%
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Stage 5 Compressor Intercooling
Intercooler 5
REFPROP | Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,068,990 CO, Temp in (F) 236.1 236.1
Temp in (F) 149.0 149.0 CO, Temp out (F) 149.0 149.0
Pressure in (psia) 564.8 564.8 H,0O Mass Flow (lb/hr) 208,137 208,137
Temp out (F) 233.0 236.1 H,0:C0O2 Mass Ratio 0.19 0.19
Pressure out (psia) 949.4 949.4 H,0 Pressure in (psia) 85.0 85.0
Pressure Ratio 1.681 1.681 H,O Temp in (F) 90.0 90.0
Polytropic Eff. 0.8846 H,O Temp out (F) 226.7 226.1
Isentropic Eff. 0.890 Water Knockout (Ib/hr) 640.0
Mechanical Eff. 0.97 h-fg H,0 @ P2,CO, (Btu/Ib) 664.4
Mechanical Power (kW) 4,602 4,856 | -5.23% Max Heat Avail. (Btu/hr) 28,563,733 | 28,348,792 | 0.76%
Gas Power (kW) 4,464 | 4,710 | -523%

Stage 6 Compressor

REFPROP | Aspen Diff.

Mass Flow (Ib/hr) 1,068,350
Temp in (F) 149.0 149.0
Pressure in (psia) 927.6 927.6
Temp out (F) 219.6 223.0
Pressure out (psia) 1439.6 1439.6
Pressure Ratio 1.552 1.552
Polytropic Eff. 0.8781
Isentropic Eff. 0.907
Mechanical Eff. 0.97
Mechanical Power (kW) 3,347 3,671 | -8.82%
Gas Power (kW) 3,247 | 3,561 | -8.82%
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Stage 7 Compressor Post-Compressor Cooler 7 Intercooling
REFPROP Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,068,350 CO, Temp in (F) 300.7 300.7
Temp in (F) 223.0 223.0 CO, Temp out (F) 110.0 110.0
Pressure in (psia) 1439.1 1439.1 H,0O Mass Flow (lb/hr) 563,849 563,849
Temp out (F) 297.5 300.7 H,0:CO2 Mass Ratio 0.53 0.53
Pressure out (psia) 2219.2 2219.2 H,0 Pressure in (psia) 85.0 85.0
Pressure Ratio 1.542 1.542 H,O Temp in (F) 90.0 90.0
Polytropic Eff. 0.8585 H,O Temp out (F) 294.0 290.7
Isentropic Eff. 0.917 Max Heat Avail. (Btu/hr) 115,955,584 | 113,913,503 | 1,79%
Mechanical Eff. 0.97
Mechanical Power (kW) 3,742 4,315 | -13.29%
Gas Power (kW) 3,629 4,186 | -13.29%

TOTAL
Total Mech. Power (kW) 40,768 | 43,182 | -5.59%
Total Gas Power (kW) 39,545 | 41,886 | -5.59%
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Table 75. Integrally Geared 1 with 110F Intercooling Compressor and Intercooler Specifications and Results From Calculations Using

REFPROP and Aspen Plus models.

IG 1 Compressor with 110F Intercooling

Stage 1 Compressor Intercooler 1 Intercooling
REFPROP | Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,073,080 CO, Temp in (F) 161.1 161.1
Temp in (F) 100.0 100.0 CO, Temp out (F) 110.0 110.0
Pressure in (psia) 44.1 44.1 H,0O Mass Flow (Ib/hr) 191,305 191,305
Temp out (F) 160.9 161.1 H,0:CO, Mass Ratio 0.18 0.18
Pressure out (psia) 66.3 66.3 H,0 Pressure in (psia) 85.0 85.0
Pressure Ratio 1.503 1.503 H,O Temp in (F) 90.0 90.0
Polytropic Eff. 0.8597 H,O Temp out (F) 150.9 150.9
Isentropic Eff. 0.854 Max Heat Avail. (Btu/hr) 11,686,878 | 11,632,909 | 0.46%
Mechanical Eff. 0.97
Mechanical Power (kW) 3,956 | 4,074 | -2.89%
Gas Power (kW) 3,838 | 3,952 | -2.89%

Stage 2 Compressor Intercooler 2 Intercooling

REFPROP | Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,073,080 CO, Temp in (F) 235.2 235.2
Temp in (F) 110.0 110.0 CO, Temp out (F) 110.0 110.0
Pressure in (psia) 59.0 59.0 H,O Mass Flow (lb/hr) 250,306 250,306
Temp out (F) 233.4 235.2 H,0:CO, Mass Ratio 0.23 0.23
Pressure out (psia) 131.5 131.5 H,O Pressure in (psia) 85.0 85.0
Pressure Ratio 2.229 2.228 H,O Temp in (F) 90.0 90.0
Polytropic Eff. 0.8649 H,0O Temp out (F) 222.4 225.1
Isentropic Eff. 0.862 Water Knockout (Ib/hr) 3650.0
Mechanical Eff. 0.97 h-fg H,O0 @ P2,CO, (Btu/lb) 876.7
Mechanical Power (kW) 8,145 8,479 | -3.94% Max Heat Avail. (Btu/hr) 33,260,229 | 33,861,575 | -1.78%
Gas Power (kW) 7,901 | 8,225 | -3,94%
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Stage 3 Compressor Intercooling
Intercooler 3
REFPROP | Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,069,430 CO, Temp in (F) 236.3 236.3
Temp in (F) 110.0 110.0 CO, Temp out (F) 110.0 110.0
Pressure in (psia) 124.2 124.2 H,0O Mass Flow (lb/hr) 244,880 244,880
Temp out (F) 233.4 236.3 H,0:CO, Mass Ratio 0.23 0.23
Pressure out (psia) 278.1 278.1 H,0 Pressure in (psia) 85.0 85.0
Pressure Ratio 2.239 2.239 H,O Temp in (F) 90.0 90.0
Polytropic Eff. 0.8754 H,O Temp out (F) 225.3 226.2
Isentropic Eff. 0.876 Water Knockout (Ib/hr) 1870.0
Mechanical Eff. 0.97 h-fg H,O0 @ P2,CO, (Btu/Ib) 819.1
Mechanical Power (kW) 7,839 | 8,201 | -4.42% Max Heat Avail. (Btu/hr) 33,245,054 | 33,382,485 | -0.41%
Gas Power (kW) 7,603 | 7,955 | -4.42%

Stage 4 Compressor Intercooler 4 Intercooling

REFPROP | Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,067,560 CO, Temp in (F) 234.8 234.8
Temp in (F) 110.0 110.0 CO, Temp out (F) 110.0 110.0
Pressure in (psia) 270.8 270.8 H,0O Mass Flow (Ib/hr) 263,152 263,152
Temp out (F) 230.8 234.8 H,0:CO, Mass Ratio 0.25 0.25
Pressure out (psia) 572.0 572.0 H,O Pressure in (psia) 85.0 85.0
Pressure Ratio 2.112 2.112 H,O Temp in (F) 90.0 90.0
Polytropic Eff. 0.8343 H,O Temp out (F) 226.1 224.7
Isentropic Eff. 0.832 Water Knockout (Ib/hr) 750.0
Mechanical Eff. 0.97 h-fg H,O0 @ P2,CO, (Btu/Ib) 740.6
Mechanical Power (kW) 7,221 7,588 | -4.84% Max Heat Avail. (Btu/hr) 35,935,925 | 35,495,387 | 1.24%
Gas Power (kW) 7,004 | 7,360 | -4.84%
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Stage 5 Compressor Intercooling
Intercooler 5
REFPROP | Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,066,810 CO, Temp in (F) 194.3 194.3
Temp in (F) 110.0 110.0 CO, Temp out (F) 110.0 110.0
Pressure in (psia) 564.8 564.8 H,0O Mass Flow (lb/hr) 319,510 319,510
Temp out (F) 190.5 194.3 H,0:CO, Mass Ratio 0.30 0.30
Pressure out (psia) 949.4 949.4 H,0 Pressure in (psia) 85.0 85.0
Pressure Ratio 1.681 1.681 H,O Temp in (F) 90.0 90.0
Polytropic Eff. 0.8846 H,O Temp out (F) 187.1 184.3
Isentropic Eff. 0.890 Water Knockout (Ib/hr) 120.0
Mechanical Eff. 0.97 h-fg H,0 @ P2,CO, (Btu/Ib) 664.4
Mechanical Power (kW) 4,083 4,317 | -5.41% Max Heat Avail. (Btu/hr) 31,106,383 | 30,093,402 | 3.37%
Gas Power (kW) 3,961 | 4,187 | -541%

Stage 6 Compressor Intercooler 6 Intercooling

REFPROP | Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,066,690 CO, Temp in (F) 179.7 179.7
Temp in (F) 110.0 110.0 CO, Temp out (F) 110.0 110.0
Pressure in (psia) 927.6 927.6 H,0O Mass Flow (lb/hr) 733,837 733,837
Temp out (F) 176.0 179.7 H,0:CO, Mass Ratio 0.69 0.69
Pressure out (psia) 1439.6 1439.6 H,O Pressure in (psia) 85.0 85.0
Pressure Ratio 1.552 1.552 H,O Temp in (F) 90.0 90.0
Polytropic Eff. 0.8781 H,O Temp out (F) 177.4 169.7
Isentropic Eff. 0.907 Max Heat Avail. (Btu/hr) 64,104,944 | 58,420,451 | 9.73%
Mechanical Eff. 0.97
Mechanical Power (kW) 2,757 3,044 -9.42%
Gas Power (kW) 2,675 2,953 | -9.42%
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Stage 7 Compressor Post-cooler 7 Intercooling
REFPROP | Aspen Diff. REFPROP Aspen Diff.

Mass Flow (Ib/hr) 1,066,690 CO, Temp in (F) 145.2 145.2
Temp in (F) 110.0 110.0 CO, Temp out (F) 110.0 110.0
Pressure in (psia) 1439.1 1439.1 H,O Mass Flow (Ib/hr) 631,028 631,028
Temp out (F) 141.1 145.2 H,0:CO, Mass Ratio 0.59 0.59
Pressure out (psia) 2219.2 2219.1 H,O Pressure in (psia) 85.0 85.0
Pressure Ratio 1.542 1.542 H,O Temp in (F) 90.0 90.0
Polytropic Eff. 0.8585 H,O Temp out (F) 133.6 135.2
Isentropic Eff. 0.917 Max Heat Avail. (Btu/hr) 27,634,282 | 28,473,213 | -2.95%
Mechanical Eff. 0.97
Mechanical Power (kW) 1,363 | 1,793 | -23.96%
Gas Power (kW) 1,322 1,739 | -23.96%

TOTAL
Total Mech. Power (kW) 35,364 | 37,496 | -5.68%
Total Gas Power (kW) 34,303 | 36,371 | -5.68%
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Figure 55. Ramgen IC1 and PC2 to Stripper Reboiler Thermal Integration Results.

W = Power [kW]
Q = Energy [MBtu/hr]
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Figure 56. Inline 4 IC1 and IC2 to Stripper Reboiler Thermal Integration Results.

P = Pressure [psia]
W = Power [kW]
Q = Energy [MBtu/hr]
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Figure 57. Integrally Geared 1 — 149 PC7 to Stripper Reboiler Thermal Integration Results.

W = Power [kW]
Q = Energy [MBtu/hr]
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Figure 58. Ramgen PC2 to Feedwater Heater 1 Thermal Integration Results.
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Figure 59. Ramgen PC2 to Feedwater Heater 2 Thermal Integration Results.
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Figure 60. Ramgen PC2 to Feedwater Heater 3 Thermal Integration Results.
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Figure 61. Inline 4 IC2 to Feedwater Heater 1 Thermal Integration Results.
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Figure 62. Inline 4 IC2 to Feedwater Heater 2 Thermal Integration Results.
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Figure 63. Inline 4 IC2 to Feedwater Heater 3 Thermal Integration Results.
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Figure 64. Integrally Geared 1 — 149 PC7 Feedwater Heater 1 Thermal Integration Results.
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Figure 65. Integrally Geared 1 — 149 PC7 to Feedwater Heater 2 Thermal Integration Results.
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Figure 66. Integrally Geared 1 — 149 PC7 to Feedwater Heater 3 Thermal Integration Results.
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Figure 67. Integrally Geared 1 — 110 IC4 to Feedwater Heater 1 Thermal Integration Results.
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Figure 68. Integrally Geared 1 — 110 IC4 to Feedwater Heater 2 Thermal Integration Results.
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Figure 69. Stripper Condenser to FWH-3, with IG1 — 110 Base Case, Thermal Integration Results.
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Figure 70. Combination of Ramgen Compressor to Reboiler and Condenser to FWH-3 Thermal Integration Results.
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Figure 71. Combination of Inline 4 Compressor to Reboiler and Condenser to FWH-3 Thermal Integration Results.
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Figure 72. Combination of IG1 — 149 Compressor to Reboiler and Condenser to FWH-3 Thermal Integration Results.
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