Engineering Assessment of CO
Recovery, Transport, and Utilization

Richard D. Doctor
John Molburg
Norman F. Brockmeier

Energy Systems Division
Argonne National Laboratory
9700 S. Cass Ave.
Argonne, lllinois 60439-4815

and

Karen Chess
Fuel Tech
1001 Frontenac Rd.
Naperville, IL 60563-1746

The submitted manuscript has been created by the)
University of Chicago as Operator of Argonne Nationall
Laboratory (OArgonneO) under Contract No. W-31-109-
ENG-38 with the U.S. Department of Energy. The U.S.
(Government retains for itself, and others acting on it
behalf, a paid-up, nonexclusive, irrevocable worldwide]
license in said article to reproduce, prepare derivative
lworks, distribute copies to the public, and perform
publicly and display publicly, by or on behalf of the
Government.

September 1998

*

Submitted for Publication in the Proceegiirof the Advanced Coal-Based Power and Environmental

Systems 098 Conference, y@1-23, 1998, Magantown, WVA, gonsored i US DOE-FETC/FE.

*Work supported by the U.S. Department of Energy, Assistant Secretary for Fossil Energy,
under Contract No. W-31-109-ENG-38.



Engineering Assessment of CO
Recovery, Transport, and Utilization

Richard D. Doctor (richard_doctorgmgate.anigov; 630-252-5913)
Norman F. Brockmeier (norm_brockmeieg@gate.anigov; 630-252-9984)
John C. Molbug (molbug@anlgov; 630-252-4498)

Argonne National Laboratgr
9700 S. Cass Ave.

Argonne, lllinois 60439-4815

Karen Chess (kchess@fueltechnv.com; 630-983-4722)
Fuel Tech
1001 Frontenac Rd.
Naperville, IL 60563-1746

Introduction

The need to establish benchmarks for availpbiger-generatig cycles havig reduced atmo-
spheric emissions of CO served as the basis for thiy stimhovativeprocess technotpes need
this benchmark so tlgecan be ppreciated in theiproper pergective. An oygen-blown KRW
coal-gasificationplant producirg hydrogen, electricy, and spercritical-CGO,, was studied in a full-
enegy cycle anaysis extendig from the coal mine to the final destination of gaseougproduct
streams. A location in the mid-western United States 100 mi from Old Ben #26 mine was chosen.
Threeparallelgasifier trains, each pable ofproviding 42% of theplant's 413.5 MW nominal
cagpacity use 3,845 tons/gaof lllinois #6 coal from this mine. Thaantproduces a net 52 MW of
power and 131 MMscf/daof 99.999%purity hydrogen which is sent 62 miyipipeline at 34 bars.
Theplant alsoproduces 112 MMscf/daof sipercritical-CO, at 143 bars, which isggeestered in
enhanced oil recovgioperations 310 mi awa

Objective

This project enphasizes CQ -qaure technolgies combined with ingratedgasification
combined-gcle (IGCC)power ystems thaproduce both merchanytirogen and electricjt
Conparisons of engyy penalties, cpital investment, and CQO emission reductions are based on the
full-enemy cycle includirg mining, coal tranportation, coapreparation,gasification,gas
treatmentpowergeneration, infrastructure to transf@wer or lydrogen to end users, amipeline
trangort of CO, to enhanced-oil recoyer Technical and economicpests of H pipelines and
sypercritical CQ pipelines, as well as issues relgtio CO, squesterimg in EOR are considered so
thatprocess conditions and eggruse are accounted foy kthe stug.

Approach

Oxygen-blowngasification is used to convert lllinois #6 coal ymthesisgas [Fo. 1]. After



particulate removal, a shift reactor uses steam to convert the Coent of thegas to CQ and
hydrogen (H,). Next, H S is removed from the stream protessed tproduce marketable sulfur.
Carbon dioxide is then recovered iglgcol-basegrocess and traperted ly pipeline for
enhanced oil recover Thegas stream after CO recoyas processed usmpressure-swig
adsoption (PSA) to recover H atpurity suitable for fuel cells, alth@h there is no restriction on
the actual faddrogen end-use. The,H stream is tqaorsed to end users viapeline, while the
residualgas from PSA - a combination ofdirogen, methane, andght hydrocarbons - is used to
generate electrigitby combustion turbine combinegale. Part of the electrigitgenerated
supplies the internal needs of tipkant, and the excess is sent to dinid.
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Fig. 1. Intgrated Gasification CombinedyCle Producig Electricity, CO, and H

Description

Mining: The assumepower plant location is 100 mi (160 km)diesel-rail trangort from the
Old Ben #26 undground mine in Sesser, lllinois. Tpkant receives 4,112 tonskl&l155.4 metric
tonnes/h) of 2 x 4-in. coal, whichsepared to 0 x 1/4-in. with 3.5% wght loss. A summarof
this portion of thepower g/cle gopears in Table 1.

Conversion: Previougrocess degn studies to characterize igtatedgasification combined-
cycle (IGCC)power gstems with CQ -gature technolgies were modified usmASPEN®
modelirg to evaluate a corgurationproducirg both merchantydrogen and electricyt[1,2,3,4,5].
Thepowerplant confguration enploys threeparallelgasifier trains, each pable ofproviding
42% of theplant’s 413.5 MW nominal gaacity (for the base case with no €O recougrAfter
modification, theplant produces 131 MMscf/da(3.71 million standard cubic m/gdaof 99.999%
purity hydrogen at 287.7 Btu/scf; 119.9 KJ(LHV) which is sent 100 kmybpipeline at 34 bars.
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At 100% efficieng, this couldyield 460 MW ofpower. Theplant alsoproduces 112 MMscf/da
(3.18 million standard cubic m/gpof syercritical-CQO, at 143 bars, which is sent 500-km for
sajuesterig in enhanced oil recover PSA r¢ectgasgoes to a turbineycle toproduce 118 MW.
After sypplying 66 MW for internalpower use thiyields 52 MW Netpower.

H, pipeline: A 100-knpipeline desgn wasprepared and costs were estimated forghlpurity
hydrogen flow of 131 MMscf/dg throwgh a 343 mnpipe at 30 bar. Therepears to be no
economigustification forgoing to higher pipeline pressures and an internal sguaf the costs for
delivering enegy as methane vs. emmgras H showed a 13% advaggafor methane at 5Q8si
rising to a 46% advange at 80Qosi. Economic assuptions were for a gaacity factor of 95% and
cgoital recovey of 12% toyield transmission costs of 0.171 $/Mscf; 0.564 $/GJ.

Table 1. Energy Use in Coal Mining, Preparation, and Transportation

Diesel CQ
Electricity Fuel#2 Emissions Electricity Losses Coal £O
metric units kWh/tonne tonne- kg/tonne MW % kg/h kg/h
km/liter coal
MINING (a)
Methane emissions (b) 9.63 0.0% 178,981 1,724
Hoisting 6.12 6.12
Drilling 2.03 2.03
Ventilation 2.20 2.20
Dewatering 2.67 2.67
Break and convey 0.73 0.73
Ancillary 0.46 0.46
subtotal 14.21 14.21 254 0.0% 178,981 2,543
PREPARATION 2x4-in. 0.44 0.44 0.07 10.0% 161,083 71
TRANSPORT - 161 km
Mine to IGCC by rail 135 3.27
General service 0.98 0.98 0.15
Return to mine 50 1.22
General service 0.36 0.36 0.06
subtotal 5.83 0.21 3.5% 155,445 905
PREPARATION 1/4-in. (c) 5.85 6.5% 145,341

(a) Operations of 250 days/yr at 13 hr/day
(b) Methane emissions of 175 scf/ton counted only as conversion,to CO within a 14-yr life
(c) Accounted for in IGCC plant balance



CO, pipeline: Degyn and economic assymtions for a spercritical-CQ pipeline were corpared
against currenplans for Dakota Gasification Cquarny, Beulah, ND [6] and Shell estimates of
CO, purchase costs at $3.25/bbl of oil recovered [7] with a reasonallle CO utilization of 5.6
Mscf/bbl oil [8], which would come to purchaseprice of about $0.60/Mscf. Since, the 30-in.
Shell Cortez line is unusugllarge B resultig in economies of scale greviously determined
pipeline costs of $0.77/Mscf CO stilppear reasonable.



RESULTS: Full-Energy Cycle Balances

The enegy costs of deliverig electricity 100-km from the IGC@Ilant arepresented for
three cases; the IGCC base case with ng CO rec¢Vable 2); the IGCCystem with CQ
recovey (Table 3); the IGCCystem develped for this stug with H, production and CQ
recovey (Table 4). For the Base-case with no,CO recgwigliveredpower was 396-MW full-
cycle with emissions of 0.83C0O,/kwWh.

There is a deratmwith CO, recovey. Deliveredpower becomes 366-MW fullycle at
0.20 IgCO,/kWh. An additional deratgitakesplace in thepresent case with both,igroduction
and CQ recovegrwhere the Jidrogengoes to 3-stge solid-oxide fuel cells. The delivered
power now becomes 344-MW fullycle at 0.22 CO,/kWh. This is the combination of 52-MW
busbar at thelant and 298-MW from fuel cells and a stegemerator tpping cycle.

Table 2. KRW O,-blown IGCC - Base Case

Basis: Electric power delivery 100 km from station

Power cQ CH N,O
nnm’/d  tons/d kg/h MW kg/h kg/h kg/h
MINING AND TRANSPORT
Coal methane emissions 566
Mining operations & preparation -2.61 2,614 0.00003
Transport by rail - 161 km -0.21 905 0.66265
Subtotal -2.82 3,520 566 0.66267
POWER PLANT
Coal preparation (0-in. x 1/4-in.) 3,845 145,341 -0.85
O, by cryogenic separation 8,937,000 2,347 88,717 -29.29
Steam from heat recovery generator 17,254
Gasifier island -2.90
Solid waste 492 18,598
Sulfur 78 2,948 -4.64
SO, (gasifier only) 6.92 262 6,157 unknowr;
Power island -7.02 320,383
Miscellaneous (5%) -2.24
Subtotal -44.70 326,540
Power - gas turbine 627.40
Power - air compressor and losses -328.60
Power - steam turbine 159.40
GROSS Power Subtotal 458.20
NET Power 413.50




CO, PIPELINE AND 0.00 0
SEQUESTERING

H, PIPELINE 0.00 0
TRANSMISSION LOSS-3.5% -14.47 0
NET ENERGY CYCLE -Base Case 0.833 kg CQ/kwh  396.20 330,060 566 0.66267




Table 3. O,-blown IGCC with CO,

Glycol CO, and H S recovery; turbine topping
Basis: Electric power delivery 100 km from station

Power cQ CH N,O
nm*/d  tons/d kg/h MW kg/h kg/h kg/h
MINING AND TRANSPORT
Coal methane emissions 566
Mining operations & preparation -2.61 2,614 0.00003
Transport by rail - 161 km -0.21 905 0.66265
Subtotal -2.82 3,520 566 0.66267
POWER PLANT
Coal preparation (0-in. x 1/4-in.) 3,845 145,341 -0.85
O, by cryogenic separation 8,937,000 2,347 88,717 -29.29
Steam from heat recovery generator 17,254
Gasifier island -2.90
Solid waste 492 18,598
Sulfur 78 2,948
SO, (gasifier only) 6.92 262 6,157 unknown
Glycol circulation -5.80 320,383
Glycol refrigeration -4.50
Power recovery turbines 3.40
CO, compression to pipeline (143 bar)3,178,000 -17.30 -260,055
Power island -6.90
Miscellaneous (5%) -2.86
Subtotal -67.01 66,485 0  unknown
Power - gas turbine 580.78
Power - air compressor and losses -325.51
Power - steam turbine 195.30
GROSS Power Subtotal 450.57
NET Power 383.56
CO, PIPELINE AND 3,178,000 260,055
SEQUESTERING
Pipeline booster stations -1.64 1,637 0.00002
Geological reservoir (1% loss) -257,454
Subtotal -1.64 4,238 0 0.00002
H, PIPELINE 0.00



TRANSMISSION LOSS-3.5% -13.42

NET ENERGY CYCLE 0.203 kg CO /kwWh 365.67 74,242 566 0.66269
NET ENERGY CYCLE -Base Case 0.833 kg CO,/kwh 396.20 330,060 566 0.66267




Table 4. KRW O,-blown IGCC

Glycol CO, and H S recovery; PSA/H recovery; turbine topping; 3-stage solid oxide fuel cell

Power ca CH.  NO
nni/d  tons/d kg/h MW kg/h kg/h  kg/h
MINING AND TRANSPORT
Coal methane emissions 566
Mining operations & preparation -2.61 2,614 0.00003
Transport by rail - 161 km -0.21 905 0.66265
Subtotal -2.82 3,520 566 0.66267
POWER PLANT
Coal preparation (0-in. x 1/4-in.) 3,845 145341 -0.85
O, by cryogenic separation 8,937,000 2,347 88,717 -29.29
Steam from heat recovery 17,254
generator
Gasifier island -2.90
Solid waste 492 18,598
Sulfur 78 2,948
SO, (gasifier only) 6.92 262 6,157 unknown
Glycaol circulation -5.80 320,383
Glycol refrigeration -4.50
Power recovery turbines 3.40
CO, compression to 143 bar 3,178,000 -17.30 -260,055
H, PSA purification to 31 bar 3,710,000 -3.18
H, cryo-storage for pipeline -0.92
Power island -1.81
Miscellaneous (5%) -3.07
Subtotal -66.22 66,485 0 unknown
Power - gas turbine 24453
Power - air compressor and losses -169.48
Power - steam turbine 42.93
GROSS Power Subtotal 117.98
NET Power 51.76
CO, PIPELINE & 3,178,000 260,055
SEQUESTERING
Pipeline booster stations -1.64 1,637 0.00002
Geological reservoir (1% loss) -257,454
Subtotal -1.64 4,238 0 0.00002
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H, PIPELINE OUTLET (21 3,710,000
bar)

H,3-stage SOFC (58% of 460.0
MW)

Steam Generator (85% of 36.8
MW)

Subtotal

TRANSMISSION LOSS-3.5%

NET ENERGY CYCLE 0.216 kg CQ /kWh
NET ENERGY CYCLE -Base 0.833 kg CQ /kWh

266.80

31.28

298.08
-1.81
343.56
396.20

74,242
330,060

0

566
566

0.00000

0.66269
0.66267
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Applications

Carbon dioxide as a percriticalproduct (143 bar) can be recovered from gaaification and
powerproduction. Where there is an enhanced oil regow@rket, this actuallis profitable.

The need for lgh-pipeline utilization is critical. Hydrogen can be recovered aghipurity
(99.999%) for sale from coghsification, however the need foghipipeline-utilization is

critical. Pressures of 35 bar angtimal. Fuel-cell conversion efficiencies need fipaach 77%

to match the base-case puit At present, solid-oxide fuel cell efficiencies are 53-58%; while
alkaline fuel cell efficiencies are near 70%.

Future Work

Costs for the current stydhave beemprepared for thepipelines, but chages to the IGC@lant
itself must be reviewed and finalizedyield the conparative costs of electrigit
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