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%2 Project Motivation

* CO, capture has a significant compression penalty

* Final pressure around 1,500 to 2,200 psia for
pipeline transport or re-injection.

 Based on a 400 MW plant, the typical flow rate is
~600,000 to 700,000 lbm/hr.

e Project goal: Double-digit reduction of compression
power for CO, capture

 Many thermodynamic processes studied.
e Several challenges with the application discussed.
 Research applicable to PC, Oxy-Fuel, & IGCC
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:f%! Project Overview

 Phase | (Completed)

— Perform thermodynamic study to identify optimal
compression schemes

 Phase Il (Complete in 2010)

— Pilot testing of two concepts:
 |sothermal compression
 Liquid CO, pumping

— Total Project Amount $1,270,374
— Total DOE Award 70%
— BP 15%

— Dresser-Rand 15%
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%! General Comments

e The type of compressor is highly dependent on the
starting pressure

— Approximately 20 to 500 psia for CO, scrubbing of the fuel
stream (for IGCC).

— Approximately 15 psia from CT or boiler exhaust scrubber.

e High pressure ratio results in significant heat of
compression.

e Various compressor types have been considered.

e |sothermal compression - one concept considered to
reduce the power of compression.

 Liquefaction of CO, has also been studied.
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* Only CO, stream considere
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New Let-Down
Turbine/Generator

;

SCAH — Steam Coil Air Heater
ESP — Electrostatic Precipitator
FGD — Flue Gas Desulfurization

I—Q

f ' Amine-based
! oo e C0; Captuire
Process
R 7
5 10
1 ID Fan |
3 - Air p—4—» ESP —B—FQ_..?_.. Modified
—9 PC Boiler Heater EGD
(with SCR) 4 4 |
——22 14  |«—21— SCAH |20 ? E
| Y 1 .
23 | N Secondary  qq
- Air Fan
Combustion
16 13 Air
Coal l 11
oa
—1—» Milling le—17 15 SCAH +12_Di |
Primary
Air Fan

Compression

25
\

CO;
Product

DOE/NETL report 401/110907

Southwest Research Institute




Challenges: Volume Reduction

Mass Flow Rate = 700,000 Ibm / hr = 144.89 MMSCFD

Required Volume Flow
Pressure Volume Flow for 700,000 Ibm/hr
(psia) (actm) 1000000 0
14.7 100,595.2
150 9,858.3 1000000
=
300 4,929.2 § 10000.0
450 3,286.1 10000 °
600 2.464.6
1000 . . .
1,000 1,478.8 0 500 1000 1500 2000
1,500 985.8 P1 (psia)

High volume flow reduction adds to

challenge in compressor selection
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Challenges: Multiple Streams

« Uncompressed CO, streams in a typical IGCC plant with a
physical absorption separation method using Selexol solvent.

CO, Gas Streams LP MP HP1 | HP?2

Pressure (psia) 21.9| 160.0| 250.0( 299.0
Temperature (°F) 51.0 68.0 90.0 75.0
Density (lbm/ft3) 0.177 1.3| 1.87| 2.088
Flow Rate (acfm) 33,257 2,158| 3,374| 1,073

Higher pressure separation streams help reduce volume reduction.

This allows a more uniform frame size in compressor selection.

Southwest Research Institute



 CO, mass flow proportional to Power plant
Output (e.g. 50-100%)
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Integrally Geared Isothermal Compressor

vanablke gpesd motor

irtegrally gearsd compressor

/ (8 stages)
. A

» Integrally geared can achieve near
iIsothermal compression

 Can contain up to 12 bearings, 10 gas
seals plus gearbox .

» Typically driven by electric motor .
e Impellers spin at different rates

Single-Shaft Multi-stage
Centrifugal Compressor

Multi-stage centrifugal more reliable and
used in many critical service applications
currently (oil refining, LNG production,
etc.)

Considered more reliable (2 brgs&seals)
Can be direct driven by steam turbine
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D-R Selection Using Conventional
Centrifugal Compressors (Baseline)

e Requires two parallel trains | [ ;
* Intercooling between each section st P P
OPERATING CONDITIONS
(ALL DATA ON PER UNIT BASIS) Base
D18R7B D16R9B
SEC #1 SSn SEC #2 SEC #1 | SEC #2
@® GAS HANDLED (ALSO SEE PAGE ) LP MP Blend
® WEIGHT FLOW, (Lb/Hr) (WET) 176,649 168,445 | 260,872 | 517,475 | 517,475
INLET CONDITION
@® PRESSURE (PSIA) 21.90 170.0 96.58 248.0 1,087
® TEMPERATURE (°F) 51.00 68.00 90.21 100.00 100.0
® MOLECULAR WEIGHT 43.88 43.13 43.63 41.61 41.61
B INLET VOLUME, (ACFM)(WET) 16,634 5,908 4,694 745.0
DISCHARGE CONDITI

@® PRESSURE (PSIA) 106.6 258.0 1,097 2,215
Bl TEMPERATURE (°F) 299.3 258.1 369.8 231.4
B Cp/Cv(Kavg) 1.271 1.272 1.274 1.230
Bl COMPRESSIBILITY (ZAvg) 0.9910 0.9685 0.9334 | 0.6919
B GHP REQUIRED (HP) 3,684 | | 3656 | 12,126 | 5,180
B SPEED (RPM) 5,166

Total Power = 49,292 HP (37 MW, 5.2% of 700 MW Output)
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Compression Technology Options for IGCC Waste
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Semi-Isothermal Process

Compression Technology Options for IGCC Waste Carbon
Dioxide Streams
Isothermal vs. Semi-Isothermal Compression
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%D Summary of Thermodynamic Analysis

* Liquefaction process

— Utilize a refrigeration system to condense CO,
at about 250 psia and -20°F.

— Liquid then pumped from 250 to 2,215 psia.

— Requires significantly less power to pump
Iquid than to compress a gas.

— The cost of the refrigeration system must be
accounted for.

Southwest Research Institute



$ Proposed Solution for Optimal Efficiency

Compression Technology Options for IGCC Waste
Carbon Dioxide Streams
10000 T
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Optimal solution combines inter-stage cooling and a liquefaction approach.
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1%}3 Summary of Thermodynamic Analysis

Power % Diff from
Option Compression Technology Requirements | Option A Cooling Technology
A Con\/gntlonal Dresser-Rand | 23,251 BHP 0.00% Air-cool streams between
Centrifugal 10-stage Compression separate stages
Conwentional Dresser-Rand Air-cool streams between
B Centrifugal 10-stage Compression 21,522 BHP -7.44% |[separate stages using
with additional cooling ASU cool N2 stream
Isothermal compression at 70 degF Tc = 70 degF inlet tem
c.1 omp 9| 14840BHP | -36.17% < .
and 80% efficiency throughout
Semi-isothermal compression at 70 17’.025 BHP. Tc = 70degF in between
C4 . (Required Cooling | -26.78%
degF, Pressure Ratio ~ 1.55 each stage.
Power TBD)
Semi-isothermal compression at 17’979 BHP. Tc = 100degF in between
C.7 : (Required Cooling | -22.67%
100 degF, Pressure Ratio ~ 1.55 each stage.
Power TBD)
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1%}3 Summary of Thermodynamic Analysis

Power % Diff from
Option Compression Technology Requirements | Option A Cooling Technology
High ratio compression at 90% : :
D3 [ gnral press ° 34,192 BHP 47.06% |Air cool at 2215 psia only
efficiency - no inter-stage cooling
High ratio compression at 90% :
- ) : : Air cool at 220 and 2215
D.4 efficiency - intercooling on final 24,730 BHP 6.36% ;ia
compression stage P
Centrifugal ' 250 - Ai | 250 psi
gntrl l_Jga_ compression to (Includes 7,814 ir (?,oo up to psia,
E.1l psia, Liquid cryo-pump from 250- BHP for -30.33% |Refrigeration to reduce
2215 psi : : CO2 to -25degF to liqui
bsia Refrigeration) * © egF to liquify
: : : Air cool up to 250 psia
Centrifugal compression to 250 psia 15,145 BHP P . P
. . . between centrifugal
with semi-isothermal cooling at 100 | (Includes 7,814 . )
E.2 deaF. Liauid crvo-oumo from 250 BHP for -34.86% |stages, Refrigeration to
g9r. Hd yo-pump _ N reduce CO2 to -25degF to
2215 psia Refrigeration) liquify

Southwest Research Institute




Isothermal Compression
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Liquefaction/Pumping Compression
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e Investigate an
Internally-cooled
compressor concept.

— Red - CO, flow path
through compressor
stage

— Blue - Liquid cooling In
the diaphragm

— Grey - Solid ¢

Southwest Research Institute



* Predicted temperature in return channel with
and without internal cooling.

Without Heat Transfer With Heat Transfer

Total Temperature in 5tn Frame i ; Frame
{Contour 1) y g /

— 5.680e+02
.645e+02
.6510e+02
.575e+02
.540e+02

.505e+02

. 470e+02

.435e+02

. 400e+02

. 365e+02

. 330e+02
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%! Phase 2 Project Plan

 Experimentally validate thermodynamic
predictions.
e Two test programs envisaged:
— Liquid CO, pumping loop
— Closed-loop CO, compressor test with internal
cooling

 Power savings will be quantified in both
tests.

Southwest Research Institute



Liquid CO2 Pumping Loop Testing

Testing will measure pump efficiency
Validate pump design
Measure NPSH requirements looking for signs of cavitation
Investigate gas entrainment effects

Cryostar will supply the pump (250 KW, 100 gpm)

Motor

GB

Valve

|

Cco,

Pump

A

A

Knock-out Drum
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Liquid CO2 Loop

« Vessel layout showing
elevated reservoir and

knock-out drum e T8 & (==
* Pump will be mounted at v o FE———
ground level. b
« Oirifice run will be located

between pump and
control valve (in
supercritical regime)

 Knock-out drum structural ) . %ﬁ
support completed % 4@ m 5

T
=-=$ Pump

[
7 —
E:lj]: L
g —

N
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%! Liquid CO, Loop Status

o Detall design complete for loop
* Receiver tank vessel specified
 Pump order being placed

e Control valve selected

 VFD ordered

e Analysis and construction of knock-out drum
support structure complete

* Process analysis underway
e HAZOP study scheduled

Southwest Research Institute



Internally Cooled Compressor Testing

Goal: To measure effectiveness of internally cooled diaphragm
Existing Multi-Stage Test Rig will be utilized using CO,

New impeller and internals will be manufactured and tested
Diaphragms will contain optimized flow path and cooling jacket design
Stage performance will be measured (P1, T1, P2, P2, Q)

Both ambient and chilled cooling water will be employed

Heat transfer enhancement devices employed

Southwest Research Institute



Design pressure
ratio of 1.55 was
achieved

Mach no. similar
to field condition

Impeller will be
tested over entire
map
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CFD Results

 CFD analysis performed for optimized Dresser-
Rand stage
— CO, flow path only complete

— Conjugate Heat Transfer (CHT) underway to predict
heat transfer through diaphragm

(Contour 1)
[' 5.747e+01
5.42%e+01

F5.111e+01
F4.7%93e+01
Fd.475e+01
F 4. 157e+01
F3.83%c+01

F3.5212+01

3. 203e+01
I 2 885e+01
2. 567e+01

[psi] 2 i
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1%3 Internally Cooled Compressor

 Completed:
— Aerodynamic selections made for test impeller

— Literature review performed on heat transfer enhancement
technologies

— 3-D flow path generated

— Solid models of internally cooled diaphragms generated
— Structural finite element analysis under pressure loading
— Instrumentation and DAQ selected

— “Green” run of compressor test rig including chiller

— CFD analysis of CO, flow path

— Manufacturing quotes for all parts minus diaphragms (impeller,
shaft, seals)

— Selection of instrumentation and data acquisition

Southwest Research Institute



Internally Cooled Compressor

e Underway:
— Conjugate heat transfer of cooled diaphragm
— Manufacturing quotes for cooled diaphragm
— Detail design of compressor retrofit

— Upgrade of loop components (gas cooler, gearbox, data
acquisition)

Southwest Research Institute



Program Benefits

Provide enabling technology to compress CO, from a PC, Oxy-Fuel, or
IGCC power plant, cost-effectively minimizing the financial Impact of CO,
sequestration.

This program identified up to 35% power savings over a conventional CO,
compression solution.

Technology applicable to all power plant types plants
The thermodynamic process is more important than compressor efficiency.

The internally-cooled compressor concept should result in significant
capital savings over an integrally geared compressor

Liquefaction and pumping equipment will add some additional capital
expense, but some is offset by lower cost pump compared to high-
pressure compressor.

— A 35% power reduction will save a utility $4.2 million per year, based on 4¢ /
kwh, which will provide a fast return on investment.

Testing will be complete 15t Qtr 2010
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Questions???

WWW.SWTrI.0rg

Dr. J. Jeffrey Moore
Southwest Research Institute
(210) 522-5812
Jeff.Moore@swri.org
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