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ABSTRACT

The desÍgn of a conpact environmentally accept,able carbon dioxide

diluted coal-o:rygen fired power plant is described. The plant releases no

combustion products to Èhe atmosphere. The oxygen for coubustion is

separated in an air llquefacËion pLant and the effluent nitrogen is

available for use in oil well production. Recycle carbon dÍoxide mixed

wlth oxygen replaces the nltrogen for the combustion of coal in the

br:rners. The carbon dloxlde produced is used in enhanced oil- recovery

operations and injected Ínto spent r¡ell-s and excavated salÈ cavities for

long-term st,orage. The recovery of C02 from a coal burnlng power plant by

this method appears to have the lowest energy expenditure and Ëhe lowest

by-product cost compared to alternatíve removal and recovery processes.
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INTRODUCTION

The increasing use of the vast coal resources of the United States

has become evident for some tine. The depletion of oil and gas reserves

has made coal one of the most imporËant sources of energy in the near

future. Ilowever, the environmental problems associated rdth coal have

also rnade it one of the least desirable energy sources. The problern ¡¡ith

sulfur dloxide production from coal fired plants has threatened to turn

the lakes of Canada and the northeast United StaÈes into relatively
sterile acid pools, while the worldwide problem of lnereasíng carbon

dioxide content of the aÍr threatens far-reaching climatic changes known

as the "greenhouse effeet".1r14

The CO2 content of the alr is presently 335 ppm and increasing at the

rate of approximately 1 ppn per year. The increasing r¿orldwide use of

carbonaceous fuels ís expected to increase the rate of CO2 growth in the

atmosphere to about 2 pprn per year by the year 2000 and about 3 ppm per

year by 2025. The CO2 concentraËion would then reach about 435 ppn caus-

Lng earth surface temperature increases with consequent disturbing clina-
tic effects.4 An expected global warming of I to 2oC in the atmosphere

over the next fifty years will not be evenly distributed. There will be

less warmíng in the troplcs and more in the mod.erate and arctic regions



reaching to as ruch as 3 to 4oC. A region that suffers a 3O% decrease in

rainfall in a crop area that is margÍnall-y too dry and too hot, like Èhe

hígh plains of the U.S.A., w-Í11 have a large human impact. fhe U.S.

NationaL Academy of Scienee stated recently2, "A major clinatíc change

would force economic and social adjustrnents on a world scale, because the

global patterns of food producËion and population Èhat have evolved are

inplicítly dependent on the clinate of the present century. This depen-

dence of the natÍon's lselfare, as we1L as thaË of the internatlonal con¡mun-

iËy as a whole, should serve as a warning signal that we sfnply caûnoL

afford to be unprepared for either a natural- or a man-rnade catastrophe."

The first measurable effects of CO2 íncreases in the atmosphere are expec-

ted in the next twenty years, when the background "noíse" of the tempera-

ture varÍation wiLl be exeeeded.3

It is thus prudent to exa¡nine environmental control Èechnologies

(ECTs) for CO2 in an attempt to determine wheÈher it is possible Èo slow

the rlse in atmospherl.c content. The folLowing ECTs are some that have

been suggested.

The controi of carbon dloxide in the aËoosphere can be aceomplished

by removal- of CO2 eLther from Ëhe atmosphere, the surface waÈers of the

oceans, or the smoke stacks of fossiL fueled polrer plants. The removal of

C02 fron exhausts of transportation vehicles and residentlal heating

devices although possible is considered less pracÈícal- because of their

dispersion. Ihe concentratíon of CO2 in power plant flue gas is about 500

tímes greater than in the atmosphere; Èherefore, iËs removal from this

source point is greatly facilitated. The removal of carbon dioxide from a

concentrated effluent source requires the least expendiËure of unergy.lr5
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The dísposal of captured carbon dioxide has been Èhe subjecË of

several prevíous investigations.lr5rTr15 The options lnclude: (1)

injection in the deep ocean, (2) terrestrial storage, (3) absorption by

photosynthesis 1n plants and trees, (4) conversion of CO2 lnto useful

products, and (5) extraÈerrestrial disposal. Some of the results of these

studies are as follows.

(1) Injection into Èhe ocean at 500 to 3000 meters depth where no CO2

presently exists is feasÍble uaín1y for near shoreline potrer pl-ants. The

economlc penalty for removal, recovery and dispoeal is severe.5r15 Shore

punping statlons and long pipellnes ¡¡ould be requLred. There is also some

concern of the unknoçrn ecological effects of deep ocean disposal of CO2.

(2) TerrestriaL br.rrtal by ínjection under pressure into abandoned and

depleted oiL or gas lrells or solution nined salÊ do¡nes alEhough suggesËed,

has not been adequately studied. CO2 pr:rnped into these ¡¡e1ls would be

rnaÍnËained under pressure and would be available at a late date for syn-

thetic fueL and feedstock productlon using a non-fossil energy source.

Further analysis of thls interesËlng disposal nethod is given in thís

PaPer.

(3) Storage by forestatlon ln trees and plants appears feasíble. A

1000 Mlt(e) coal burning plant requires on the average about 1000 square

kiloneters of forest land dedicated Èo this plant for photosynthesizing

the effluent CO2. There appears to be little benefÍt of locating this

area adjacent to the plant site. Regional or worldwide forestatj.on could

take care of the equivalent co2 emission.T There is, however, some

concern of other environmental side effects due to a change ín the earths ';

albedo caused by extensLve forestation.
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(4) Conversion of CO2 into useful marketable producLs is extremely

linited compared to the large quantit,ies of CO2 beÍng produced due to polrer

prod.uction. some of these products include, meËhanol, fornaldehyde,

methane and other organÍc eompounds widely used in cornmerce. these pro-

ducts, however, eventually return CO2 to the atmosphere. The fixation of

CO2 inÈo recyclable useful plasËÍ.cs although Darket li¡nited is worth

further investigation.

(5) Extraterrestrf.al- disposal ís considered fmpractical- because of the

large payload to be lifted clear of the earth (900 tons per hour of C02 for

a 1000 MW(e) plant). The large fuel to payload ratío fn conventi.onal

fueled rockets would generate much more CO2 in the aËmosphere Èhan di.sposed

of.

0f course there is also always the ECT opÈion eonverti-ng to a non-

fossil energy source (nucJ-ear or solar) thus ellmÍnati.ng the formation of

COZ. Ilowever, these alteraative sources have their own environmental and

economíc problemsr e.g. radiation from nucle¿rr energy and land resource

línitation for solar energy.

A NET^T CÁ,RBON DIOXTDE POWER PLAT.¡T CONCEPT I^iiTTT ÎOTAL EMISSIÛI.¡ CONTR.OL

A new coal burning power plant concept that would meet most control

Ëechnology eriËeria is needed. A coal- plant that eults no combustion

Products, thus ninicking Ëhe nuclear por¡rer reaetor, and that still produces

competitive power is Ehe concept envisioned. The concept consists of a

plant that separates and utllizes only the oxygen portion of the air and

uËi1íees it to convert the carbon in coal to carbon dioxide, whích is

totally recovered and contained. An enbodímenË of this coal burning po\^rer

plant concept i.s shown in the flowsheeÈ of Figure 1. The plant essentially
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consists of separating oxygen from air in a liquefaction plant at, the head-

end of the plant, burníng the coal with oxygen in the furnace diluted with

recycled CO2 to temper the flarnq, and liquefying Èhe effluent C02. The

sulfur dioxide (SO2) formed from the coal would dissolve in the carbon

díoxlde and the liquid !ùaste C02 Product transported by pipeline to a well

site for disposal or for use in enhanced oil recovery oper¿rtions. The

effluent rritrogen from the lfquefaction plant is avaiLable for useful pur

poses or is merely vented to Lhe atmosphere. Because there is no nitrogen

in the combustion flame except for trace amounts in coaL there wÍll be no

fornaÈ1on of pol'lutlng nitrogen oxÍdes (NO*). The coal ash is returned for

burial or used in marketable products.

ConventÍonal power plant flue gas contaLns about, L57" COZ' 57" H2O and

752 nitrogen. The elÍninati-on of nitrogen gtreatly reduces the voLume of

gas Ëo be processed; therefore, the use of o:rygen in the power plant

furnace ean reduce the sÍze of the plant and more importantly produces a

stream whi-ch essent,ially consisÈs of L0O7" CO2. Ilowever, burning coal in

pure oxygen causes extremeiy high tenperatures. In order to iower the com-

bustion Ëenperature, CO2 üust be recycLed to Ëlre o:<ygen fed to the furnace

to temper or lower the Ëemperature of the flame. The resultant flue gas is

nearly all CO2 and 1s Ëhus in a form that can be readily recovered and

removed. Liniting the flame temperature to about 1650oC (l000of) bf

adjusting the oxygen concentratíon provides the furnace eonditions necess-

ary for generation of high pressure steam. Because of the increased heaÈ

capacity of CO2 compared to nitrogen, it ls estimated that 3.5 rnoles of CO2

per mole of oxygen are needed to burn the coal in 2"/. excess oxygen at

300OoF. The volume of combustion gases handled is about 102 lower than for

-6-



burning wÍth air containing the nitrogen. When temperaËures in excess of

3000oF are encountered, thê Èheoretical flame temperâture is d.ecreased ciue

to Èhe díssociation of carbon dioxide and any water vapor present. Radia-

Ëlon l-osses also reduces flame tenperature. The actual reeycle quantity

of carbon dloxide r¡111 be adjusted so that Lhe proper burnlng

Èemperature is maintaiaed.

The liquid carbon dioxide recovered from the plant can be disposed of

by storage in spenË ol1 and gas wells, or injected deep in the ocean5 or

can be effectively used for enhanced recovery of oil from depleted oil
well-s. If nainl-y disposal of the CO2 is considered, the sulfr:r -dioxÍde
formed from btrrning coal along r'rith any water vapor can be left unsepara-

ted Ín the carbon dioxide. The SO2 and.ÍI2O can be condensed and disposed

of together with the CO2 as a lÍquid, since SO2 and H2O are soluble in CO2

and will be díssolved under pressure at ambient temperature in Lhe efflu-
ent l-iqui d, co2. Any trace No* should also be dissolved in rhe co2. The

bulk of the ¡vater vapor can be removed by condensation during COz pressur-

lzatÍon. The ash from the furnace wÍll be removed from the furnace and

dlsposed of in the conventlonal nanner. If an SRC (SolvenÈ Refined Coal)

product Ís used, there u'ill be no ash and less sul-fur and Ëhe plant could

Èhen become cleaner and easier to construct and operate. IIowever, SRC

fuel nay noÈ be available in the future and in any case, w-il1 be nore

expenslve than coa1, so that a trade off assessment is necessary.

The disposal of CO2 ínto abandoned oil and gas wells is considered. a

possible dísposal solution because there are available 12r000 abandoned

wells throughout the U..S.4.8 The abandonüenË oil and gas well pressure is

usually in the range of. l0o to 500 psia,9 so rhat co2 at 1000 psia can be
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readily injected into an abandoned well. The carbon content of a well

filled with liquid CO2 at 1000 psia ls 302 greater than the carbon content

of the same well- filled hrlth natural gas at 3000 psia. However, Ëhe

liquíd C02 will not remain at its liquefaction ËemperaËure of BOoF, but

will be slowly heated to Ehe temperature of the surrounding earth. Its

final temperaÈure ¡¡ilL depend upon the depth of the well and could rise to

200oF or more. At this tenperature the CO2 ¡¡i1l be supercritlcal and the

Pressure lrill- rise to 3000 psia or more. If the pressure is lcept aË 1000

psia the CO2 w111 expand to five times it origínal voh-rme at 200oF, thus

reducing the equLvalent carbon storage capaciËy of the well. There should

be no problem ln holding the pressure in gas rsells because drilled gas

wells are presently capped off at hlgh pressures and contain the natural

gas without leakage.

OL1 we11s normally contain gas under thousands of pounds pressure,

increasing ln direcÈ relaËlonship to Ëhe depth. The carbon content of

liquíd CO2 is about 257" of that of Llquid petroleum thus requiring more

storage vofu:me fot CO2 when replacing oil on a carbon for carbon basis.

In Table 1, Ëhe reiat,lonship between the voh:mes of CO2 produced by

electrical power productÍon using gas, oil, and coal and the storage

volumes of their ¡¡e1l-s ls compared. The C02 produced from coal can be

recycled for storage back into the mrmerous spent gas or oil wel1s or it

can be stored in solution nlned salt caver'ns. Salt caverns presently

planned for the straËegy pelroleum reservoír16 ."r, b. formed by solution

rnining in geologf.cal formations at an addítíonal cost of a €er¡ mílls per

KlüH(e) to the overall power production cost. A nediun sized well rrich a

200 nillion cubic foot capacity would provide storage of. CO2 at 3000 psia
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TABLE 1

VOLIIME OF CO2 PRODUCED FROM POI^IER PLANTS

Fuel Type Natural Gas ¡¿troler:m Oil Bítuminous Coal

lFuel specifications
I

lHeating value BËu/lb
I

lfuel quanËity needed for power(1
I lbs/Kt¿u(e )
I

lco2 produced
I r¡lrcrs(e )
I

llnitial well pressure psia
I

Itttiti"t temperature oF
I

lfuel^votrrms ¡¡ssd for power
I rt¡lrws(e)
I

CO2 volume at well pressure
f rrIKI^IH(e )

FracEion of C02 volume that
can be stored in ¡æ11

CO2 storage in eupty roe11s[4
in terms of MtrI-yrs operation

No. of r¡ells used for a 30 yr
lifeti¡ne of a 1O00 MI,I(e) pf.ttt(l

95"Á CH4

21,000

o.4L

1 .15

24O API

19,000

0.45

L.32

70"Å c

14,000

0.61

1.57

3000 6000 3000 6000 o(6 o(6

200

a.0432

0.0346

L.24

660

34

400

0.0354

0.0367

0.96

622(a

36

200

0.0090

0.0398

o.27

574

39

400

0.0108

o.o42L

0.26

542(p.

1,1+I

50

0.0073

O.OtrlZQ

0.ls c3

484

46

50

0.0073

o.o+ggo

0.ls (3

(c458

49

1) 8530 Btu equi.valent ro one KI,tH(e).
2) CO2 disposal at gas and oil well pressures and temperatures in salt caverns.
3) Equivalent storage voh:me of coal ruined; Co2 storage in cavities produced by underground

coal gasíficatíon.
4) a) A nedír¡n sized gas well grodgces an approximate total of 50x109 SCF of natural gas,

and has a volume of 2x10ð ftj or 40 ¡nillion barrels.
b) A depleted oÍ1 r¿el1 of 40x10b bbl capaeity t-ras an equívalent volume gf 2xl08 ft3.
c) A salt cavern designed for storag" oi +OxiO6 bbl or a volt¡me of 2x108 ft3.5) 74"4 plant facÈor used.

6) Coal ¡nine pressure. 
,
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and 200oF for 484 !1l^I-yrs(e) hours of plant operaËion. A total of 46 such

rsells would be needed over the thirty-year lifetime of a 1000 MW(e) coal-

fired plant

Pressurized carbon dioxide Ís presently a much soughÈ after

commodÍtyl0 in the oí1 well areas of the world for enhanced oí1 recovery

(EOR) operations. If the CO2 from Ëhe power p1-ant Ís desul-furized iÊ can

be transported and narketed as a liquid or gas for use i.n extracËing more

oil fron depLeted we11s, or used as a Liquid to transport eoal in a

liquid/slurry pipeline.15 Prinary oÍ1 extraction removes about a third of

the oil" while EOR removes another third before a well becomes unecono-

mical Èo operate. Secondary and tert:i.ary Ëreatment of oil r¡el1s employs

CO2 not only because of its displacenent vah-re but also because it is

híghly soluble in o11 r¿hich narkedly reduces its viscosity and densÍËy

thereby naking the oil rot" robiL in the broken rock and sand

fornations.lo The voh-me of C02 gas used varies from approxirnately one to

six Èhousand cubic feet per barrel of oil recovered. At current prices,

Èhe CO2 treâtment can be valued equÍvalent to as much as ç10 additÍonal-

cost of producing a barrel of o11.10 the sale of carbon dioxide from the

carbon dÍoxide poner plant can be Èaken as a credit in reducíng the cost

of electrical power to the ratepayer.

An lnportant item in Ehís unconvenËional porrer plant is the produc-

tion of oxygen. For purposes of thfs study we chose a standard air lique-

faction/distíllation technique for production of oxygen because it is the

raost efficient and highly deve,loped oxygen separation process available

today. Other less developed buÈ potentiâlly more efficienË rnethods of

orygen productíon are possible e.g. menbrane or even uagnetic separation

could be the sub ject of future plant developrments.
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PROCESS DESIGN

The nearly complete elinination of nitrogen from the combustion gas

sinplifies the gas removal and recovery problem, and allor¿s disposal

scenarios that use a mirrimum of energy. The flowsheet shown in Figure I

for the carbon dioxide poïrer plant w'ith wel-l disposal of. CA2 utílizes all

conventional equlpmenË that is currently available. these include the air

liquefaction plant, the stean boiler-electric generator por¡rer plant, and

the carbon dioxide reciprocating compressors with heat e:<changers. The

flow ratesr power consrnption, and heat exchanger duties are gÍven in

Table 2.

The aÍr liquefacÈion plant consumes the najor portÍon of auxiliary

power used, 159 M!ü(e), and produces oxygen of 982 purity. The 9BZ oxygen

production plant assumes a Linde 2000 ton per day unit r,rith a specific

energy consumption of 203 KÍüII(e) per ton of o=yg"rr.ll This is accom-

plÍshed wiËh high efficieacy heat exchangers and the use of expansion

turbines to conserve energy. The 2l nítrogen and 22 excess oxygen will be

separated from the liquefied CO2 and recycled to the oxygen plant, and any

nitrogen oxides and sulfur oxides formed along with water vapor -'¡i11 be

compressed Ëo 1000 psia condensed along with the CO2 and Ëransported and

lnjected along rùith the carbon dioxide into ttre depleÈed wells. The S02,

II2O and residual NO2 dissolve in the liquid C02 and exert a lo¡¿er vapor

pressure than co2. The oxygen is preheated by the hot (245oF) carbon

dioxide issuíng from the furnace, recovering 19.4 MW(t). The carbon

díoxide ís thereby cool-ed Ëo 100oF where it is fed to a Èhree-stage

compressor w-ith intercoolers. The CO2 is eompressed from atnospheric to

60 psia and 300oF and cooled to 90oF by condensate rrater, recompressed Èo
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TABLE 2

CARBON DIOXIDE POI^TER

Nonlnal Power Pl-ant Capacity
Net Elecrrical Por¿er Output

MASS FLOW RAÎES

PLA}¡T

= 1000 M^I(e)
724.5 MI,I(e)

BiÈr:minous Coal

o2

coz

soe

Hzo

Ash

Steam Rate

Fuel

332 Tons/hr

752.5 Tons/hr

Ef f l-uent

853 lons/hr

17 Tons/hr

179 Tons/hr

33 Tons/hr

5.4x106 lu/tr

POI.{ER CONSITMPTION INCLIIDING C02 RECOVERY

Condensate Pr:mp

Coal Pulvetlzer

C02 Blower

CO2 Conpressors

AÍr Liquefaction

Total

(8O7" eff,ícient)

PlanÈ

2L,g3O

7,992

5,987

- L2O,O54

2L3,28O

MI'I(e)

16.3

5.9

4.3

90.0

159.0

275.5

HEAT EXCHANGER DUTIES

02 - Preheater

Feed l.IaËer lleater

66.2 x 106 BTU/hr

439 x to6 stu/hr
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250 psia and 300oF and cooled to 90oF, and finally eoupressed to l00o psia

and 275oF and cooled Ëo 84oF. The final condensation to liquid CO2 at

84o¡'in a heat exchanger is accomplished rc"ith 70oF cond.ensate rrater

flowing at 5.4 nillion por.rnds per hour. the excess oxygen and nitrogen

are seParated at Ëhís pofnË for recycle. The condensate Ìdater picks up a

total of 129 lfif(t) and enters the boiler at l62oF thus decreasíng the coal

consr¡mption and furnace heat generaÈÍon to 23L6 lflf(t). A conventíonal

Rankine eycle steam turbÍne generator produces the 1000 Mt{(e).

The aÍr liquefaction pJ-antll, 
"".bon dioxide compressors and blo¡¿ers

use 254 MIr(e) of the power output, yields a net poner output of 724.5

MI^I(e) and thus reduces the overall plant efficiency to 3L.37,. A modern

conventional plant runs as high as 4O7" efflciency. Table 3 sunmarizes Ëhe

power baLance of the maÍn conponents of the entire plant. The dÍsposal of

liquid c02 is accomplished by purnping into empty or spent r¿ells. The

voL¡me available in a spent r¿e118 r¿ould typically accept the 1000 MIf(e)

porüer plant effluent for periods ranging from 6 nonths to 3 years. The

energy required equivalent to the energy redi¡ction of the power plant

amounts to 0.12 KI'lIl(e) per pound of carbon dioxide sËored. This penalÈy

can be útriÈten off as a cost for environnental control or the additional

cost for this power can be more than recovered if the carbon dioxide can

be sold for stimulating the recovery of oil in spent r¡ells.

rf l-ow sulfur co2 for EoR is required, Èhere are several ways of

adjusting the SO2 content. The carbon dioxide can either be scrubbed with

potassium carbonate solutíons príor to compression, or nore economically

the liquid CO2 can be run through a linesÊone Erap to remove the SOZ. The

energy requiremenË is esti¡uated to be 0.5 MI,I(e) for full S02 removal
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CARBON
Noninal Power

TABLE 3

DIOXTDE POIIIER PLANT
Plant Capacíty = 1000 MI,l(e )
Por¡er Bal-ance

CO^ Power Plant Operatíng tr'lithout CO^ Recovery and Disposal

CondensaÈe Pr:rup

Coal Pulvetizet

Boiler OutpuÈ
Feed Ì{ater Heater

Total

Por¡er Consumption

16.3 Mf,¡(e)
5.9 MI{(e)

22.2 MI.¡(e )

2316 Mr{(r)
129 MI,I(t)

2445 M{^r(r)

(8514 eff.)

1000 Ml{(e) ' 22.2 = 977.8 Mi{(e)

Output

Output

Net Electric Po¡ser Output

Plant Efficiency ns
977 .8 MI,I(e)
T[rs',ffi('E = 4A.O"Á

CO^ Power Plant Operatíng with CO^ Recovery and Disposal

åddi.tional Power Pl-ant Consumption for COz Disposal:

AÍr Liquefaction Plant
Carbon Dioxide Blor¡er
Carbon Dioxide Compressors

Power Consumption

lsg .3 MIJ(e )
4.5 Mtù(e)

89.5 Mlt(e) (802 eff )

253.3 M[r(e )

253.3 = 724.5 Mlr(e)Net ElectrÍcal Por¿er Out = 1000 - 22.2 -

Net PlanÈ Efficiency rìc
1000-22.2-253.3 = 3L.3i(

-T4-
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(<0.i2) and proportionally less for partial SO2 renoval, which is, ín any

case, a negligible amounÈ, eompared to the porrer planË output.

PRELT},ÍINARY ECONOMIC ANALYSIS

Ïhe capital cost estimate of a nomínal 1000 MW(e) porrer plant gíven

in Table 4 is compared to one with desulfurlzation and one !¡ith flue gas

recovery of. CO2 using monoethanolamíne (MEA)5 and finally with the carbon

dioxide plant. Table 4 also gives a breakdown of the additl-onal eapital

equipnent need,ed for the CO2 planr above the conventional- plant. The

poner production coats in ui1ls per KI{H(e) are given in Table 5 for each

of the cases mentioned. Tabl-e 6 and rable 7 give a co6t comparíson,

beËçeen conventÍonal plant operations and Èhe C02 poÌrer plant operation

wlth and withouË the saLe of CO2 for EORs. tr{hen the CO2 cannot be sold

and there is no disposal site j.mmediately available for the CO2 Lt can be

vented to the aËmosphere so there will be no po\rer interruption. The

power cosr in Ëhis case would be 55.6 mll-1s/K![It(e) which is only 8.6

mills/KWH(e) nore than for a convenr,j.onal 1000 MI.I(e) p1ant.

If Èhe CO2 can be sold at a priee of one dollar per thousand standard

cubic feet, the cost of electricíty is about equal to a eonventional

planÈ , 47 .O niUs/KI^iH(e) . Any increase in the sale price of C02 will nake

the cost of electrÍcity that nuch less and r¡ould benefit the ratepayer.

Monoethanol-amlne (ì{EA) absorption/stripping ís one of the more energy

effícient methods of recovering CO2 from a conventional power plant by

stack gas scrubblng, aceording to recent studies.s Compared to a conven-

tional plant that recovers .902 of ics CO2 by MEA absorption, Ëhe CO2 Power

PlanL can se1l iÈs {O2 at about two-thirds the price ($1.00/nsef) of a

conventional plant, ($1.50/nscf) to breakeven at Èhe same net electric and

pohTer generation cosr of (46.7 to 4à.0 ¡nÍlls/ï$¡H(e)).

-1 5-



TABLE 4

CASITAL COST ESTIMATES
1981 Dollars

Conventional Coal-Fired Po¡rer Plant, 978 MW(e) $650,000,000

Convent,íonal ¡¡/F1ue Gas DesuLfurizatíon, 978 MI.{(e) 75O'OO0,0O0

Carbon Dio:dde Plant, 724 MI,f(e) net output - 9511500,000

Additional Capital EquÍpnent for CO^ plant

Linde O:<ygen PLants, 181000 Tons per Day $2021500,000

Carbon Dioxlde Compressors, 1049 Tons per Hour 6010001000

Heat Exchangers for Feed frlater, 5.4 x 106 Lb per hour 25,OOO,OOO

Oxygen Preheater, 753 Tons per llour 12,000,000

Carbon Dloxide Circulatlon Blower, 4750 tons per hour 2,000,000

Total additloaal capLtal for CO2 plant 301,500,000

-r 6-



TABLE 5
PRODUCTION COSTS* OF POWER PTANTS

1000 MW(e) Nominal Capaclty

1. Conventional Plant, No Desulfurizatíon:

978 MW(e) net output

Fuel Expense:

DepreciaÈion:

Operating and Maint,enance Labor

Total

L5.2

18 .5

10.0

43.7

2. Conventional Plant rrith Flue Gas

978 MI{(e )

Fuel Expense:

Deprecíation:

operating and Mainteûance Labor:

Desulfuri zåtion:

net output

Total

L5.2

2L.3

10 .5

47 .O

3. Convent,ionaL Plant trith Desul-furizatlon and Flr¡e Gas Recovery
(902 removal) of co2 using MEA-rabsorprfon and disposal in a well:

443 MI{(e) ner ourpuË

Fuel E:çense:

Depreciation:

Operating and Maintenance Labor:

TotaL

33.5

59 .5

11 .5

104.5

4. Carbon Dioxide Plant with S02 and CO2 Disposal ro a Well

725 MtI(e) ner ourpur

Fuel Expense: L9.z

Depreciatíon: 36.5

Operating and Maintenance Labor: 11.0

-L7 -

Total 66.7

*Assr:mpt.ions
Depreciation: 182 per year
Fuel: Coal at Ç42/ton
Plant Factor z 747"



TABLE 6

ELECTRIC POI.IER PRODUCTION COST*
FOR

A CONVENTIONAL 1000 MI.l(e) COAL-FIRED POhTER PLANT
-- Wrfg BY-PRODUCT RECOVERY OF CO2

Net Cost of
Power

rni11s/K!ÍII

1_.

2.

3.

Poser plaut rrithout flue gas desulfurl.zation

Conventional power plaat rrlth flue gas desulfurizatÍon (FGD)

conventíonal power plant with desulfurization and flue gas recovery,
(902 renoval) of CO2 usÍng I'ÍEA absorption and disposal Ín a we11.(1

Conventional- power plant with flue gas desulfurieation and by-product
sale of CO2.

Selling Prlce(2 of CO2

$/nscf
0.00
0.75
1.00
1.50**
2.AO

43.7

47 .O

104.5

104.5
75.6
66.0
46 .7 rrrc
27 .4

4.

1)
2)

*Assr:nptions:
DepreciatÍ.on: 182 per year.
Fuel: Coal at $42/ton.
I'fainrenance and Labor: 10.0 ro 11.5 ní1ls/KWH for 1000 MtI(e) planr
Plant factor: 747"

well assr:med avallable at power plant site at no extra cost.
C02 sold F.O.B. aË power plant.

**Selling price of CO2 for breaking even wiÈh net porüer production cost from a
conventional plant with FGD.
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ÎABLE 7

ELECTRIC POI,IER PRODUCTION COST*
FOR

CARBON DIOXIDE POWER PLAN:T

wrfficovERY oF co2

Net Cost of
Power

nil1s/KtfII

1. CO2 Power

2. CO2 Power

3. C02 Power

4. CO2 Power

Plant

PlanË

Plant

Plant

and with flue gas SO2 removal.

with CO2 and SO2 recovery and disposal in a

with SO2 renoval fron C02 prior to dfsposal

r¡/saLe of CO2 after SO2 renoval-

Selltag Price(2 of CO2

$/nscf

0.00
o.75
1.00**
1.50
2.OO

well(1

in a ¡¡e11.

55.6

66.7

68.3

68.3
53.0
48.0**
42.9
27 .7

*Assumptions:
Depreclation: 182 per year.
Fuel: CoaL at $42/toa.
I'laintenanee and Labor: 10.5 to 11.5 n1l1s/KI.fH for 1000 MI{(e) plant
Plant Factor: 74f

1) well assuned available at power plant site at no extra cost.
2) CO2 sold F.0.8. at power plant.

*:tSel-ling price of CO2 for breaking even wlth power production cost for a conventional
plant r¿íth FGD.
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Ã 725 Mw(e) planr produces enough co1 (15,000 T/D) ro obrain enhaneed.

oil recovery (EOR) from spent ¡¿el1s equivalent to 43,000 to 262,00A

bb1-/day of ofl based on 1000 ro 6000 CO2 SCF barrel of oit. AË a

$1.00/nscf for CO2, this adds g1 ro g6/bb1 of oí1 Ëo rhe cosr of oíI

recovery aÈ the wells. The plant slze can be scaled down or adjusËed to

Èhe needs of EOR, thus if less CO2 is needed in an area for oil recovery a

proportionately smaller size power plant can be builË. Normally, the

Power plant would be sized for the poÍrër productÍon requÍrement to meet

the demands in the are¿. The CO2 wor-rld then be used wherever j.t is econo-

nically feasible in the oil fields. Like every dual purpose plant, a

parametric optlmization study must be performed. If the C02 is sold for

75 cents per mscf, iËs approximate operatlng cost of recovery, the average

incooe to the plant fron EoR would be $1961000 per day, wtrich is equiva-

l-enË to 15.3 nllLs/KttH, brtngfng the power cosÈ down to 53 mi1ls/KI,II{(e).

In all these estimates no dollar credit has been taken for environmental

control-.

A 1981 studyl2 made at the Unlversity of I.Iest Virginia on the

recovery of CO2 fron flue gas indicates, -wi.-'-h the use of a potassíum

carbonaËe f1-ue gas process, the CO2 costs 88 cents/mscf at orie atm and the

MEA flue gas process cost,s $1.O7/¡nscf. The dlfference in cost fras not

considered significanÈ. For comparÍson, the carbon dioxide plant cost is

equivalent to $1.00/rnscf CO2 delívered at 1000 psia. The compression and.

drying of flue gas CO2 in the University of t*,Iest Virginia sÈudy is estíma-

ted Eo add another 20 to 30 cents/urscf; therefore, the Èotal cost \rill

approach the $1.S0/mscf estimated above for the MEA absorption recovery

proces.s. The difference in cost (-$1.50 versus $1.30) is due to the

-20-



capital charges assumed, e.g. gl40/Kr^I(e) versus g200/K[^l(e) for the higher

cost CO2 plant. The llest Virginia study used $28,300,000 (December, LgTg)

for the capital investment and our study uses g40roo0r000 (August, 19Bl)

based on a 200 MW(e) plant size.

If the C02 is just stored wlth So2 in it and not sold, the cost of

electricity is 66.7 ¡ni11s/t{¡g without taklng any credir for environmental

control.

Large quantites of nitrogen are produced by the air liquefaction

plant, (601000 tons/day), but no credit has been taken for its use,

although it is available for enhancing oil and gas field recovery.

NÍtrogen is considered of much less value than the CO2 in the oil and gas

fields, however, the nítrogen vah¡e should not be overl-ooked especially if
Ëhere is a need to inert large volumes or can be used for other indusÈrial

purposes.

ALTERNATE PROCESS DESIGN

A nr:mber of variations and alÈernatives Ëo the basíc flowsheet can

be considered. (1) The oxygen frou the alr llquefaction plant can be used

at 50 psi and higher in a pressurieed fluidized bed (PFBC) power genera-

Èion furnace; (2) the air liquefaction plant can be eliminated and the

flue gases compressed to remove the carbon díoxide and the nitrogen expan-

ded through a turbíae Ëo recover the energy and (3) a proposal by GarwÍnl3

to use a pressurized fluidized bed (PFBC) at 33 atmospheres to generate

por¡7er trith deep sea disposal of the pressurized flue gases. In the latter

scheme, sketched ouË in Figure 2, the carbon díoxide ls dissolved in Èhe

sea \tater aÈ 330 meter ocean depth which pressure equal-izes the power

planÈ at Èhat depth. The pressurized ni.Ërogen after being scrubbed of its

-2L-



FIGURE 2

PFBC POI{ER PLANT PRESSURE EQUALIZED
BY SEAI{ATER DISPOSAL OF CO2
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CO2 contenÈ at the 330 ueter depth, is piped back Êo the oeean surface and

expanded through a turblne to recover and generaËe electric power. A CO2

disposal energy cost was calculated to be equivalent to 0.18. KlfH(e) per lb

C02r or 502 hlgher than for the carbon dloxide power plant flowsheet

described above. No pipeline or pumping poner was lncluded for the sea

disposal- whlch r¡ou1d furÈher increase the energy requirement for CO2

dísposal. The ef ficiency of Ëhis plant Ls 26.2"/" wtrÍ-ch is lov¡er than the

3L.2"/" for the COZ.

The energy required to remove and recover CO2 from flue gas wiEh at

least 9O7. ef.ficiency by conventional meLhods shown Ín Table I varies from

0.27 KIftI(e)/tA CO2 f,ot MEA absorption, to 0.32 K!üII(e) /IU tor potassium

carbonate absorption, Ëo 0.40 KI.{II(e)/lb for molecular sieves and refri-

geration to 0.80 KI^III(e)/1b for sea water absorption. The Garwin proposal

reduces the sea rtater disposal energy to Ëhe lowesË of the air-fired

plants - 0.18 KlüI(e)/1b. Ilo¡¡ever, Èhe carbon dioxide recycle plant

proposed in this report reduces the energy requirement to a minimum value

of 0.12 KI{(e)/lb and thus energy-wise is Ëhe üost economical.

CONCLUSIONS

An o:<ygen-coal fired power plant diluted with CO2, referred to as a

carbon dioxide recycle plant designed to contain all environnentally

unacceptable combustion products has been evaluated to be energy and cosË

effective. The carbon dioxide and sulfur dloxide as well as any trace

nítrogen oxides are condensed and injected into depleted oi1 or gas wells

or soluÈion mined salË caverns. The plant is environmentalip acceptable

for total emissions control which include sulfur oxides, nítrogen oxid.es

and carbon dloxide. The cost effectiveness of the plant can be furLher
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TABLE 8

ENERGY REQUIRED TO REMOVE AND RECOVER
CO2 FROM COAL FIRXD POI^IER PLAM|

Process
CO2 removal KI{ä(e)/fU COr(a)

efficiency Z recovered

1. A¡n'ine (¡æA) absorption/strtpping 90 O.Z7

2. Potassium carbonate absorption/strlpping 90 0.32

3. Molecular sieves 90 0.40

4. Refrigeration 90 0.40

5. Sear¡ater absorptlon(b) 90 0.A0

6. PFBC Seawater Pressure Equali2g¿(b) 99 0.18

7. Carbon Dioxide Po¡¡er p1¿as(c) 100 o.Lz

(a) Energy required Ëo recover CA2 (as a gas) from flue gas of coal-fired power plant
subsequent to SO2 removal.

(b) IncludÍng deep ocean dlsposal of capËured CO2.

(c) Includes CO2 liquefact,ion energy.

-24-



increased by using the carbon dÍoxide for enhanced oil recovery (EOR)

oPerations and the income can be accrued to Ehe ratepayer by significantly

reducing the net eost of power." Ttris planË appears ro be the most econo-

mically and ecol-ogically acceptable method for controlling carbon dioxide

as indfcated by the ninLnum energy eonsr:mpËion used for disposal-r 0.12

KI,tH(e) /tA Co2, compared to the oÈher rDore conventional ¡nethods which

require from 50 to 100% hígher energy expenditures. The capltal equipment

LnvestmenË appears to be in a reasonable range at $95115001000 for a net

725 MII(e) plant with zero emlssÍons.

A 1000 MI{(e) pJ-ant can sel1 725 MVt(e) of elecÈrlcity and 853 tons per

hour of CO2 for enhanced oil recovery (EOR) operations, wtrich at $l/nscf

wilJ- produce an a\terage income of. $2621000 a day equÍvalent to a credfÈ of

20.4 nills/KIlH. the quantiey of CO2 available for EOR is equivalent ro

producing 43,000 to 262,000 bbl/day of oil ar an additfonal 91 ro g6/bUf

above the cost of conventÍonal recovery of oil at the wells. The cosË of

el-ectricity for the plant woul-d be abouË 48 nil1s per KI.[l which is about

egual to the cost of electricity from a conventional plant. The avail-

ability of depleted oil, aged gas wells, as ne1l as solution mined salt

caverns allo¡ss the long teru storage of CO2 fron coal burning power plants

for either environmental- reasons or for conversion Ëo carbonaceous fuel-s

usíng a non-fossil energy source at. a futtrre date. The economic and

envíronmental potentl-al of this conceptual power plant and CO2 dlsposal

systen appears highly attractive.
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