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ABSTRACT
{
The role of a carbon burnup cell (CBC) in reducing limestone re-

quirements to meet EPA SO, emission requirements for fluidized-bed coal

2
combuéfor plants was investigated by evaluating laboratory scale experi-
mental data. Four limestone feed options were analyzed: (1) fresh lime-
stone fed only to a combustor, (2) fresh limestone fed to both a combustor
and a CBC, (3) fresh limestone fed to a CBC, after which the partially
sulfated limestone. from the CBC is fed to a goﬁbustor, and (4) fresh lime-
stone fed to a combustor and a portion of the partially sulfated (in the
combustor) limestone injected into the CBC. For Greer limestone the calcu-

lations predfct that options 2 and 4 would require approximately one-half

as much limestone as do options 1 and 3.

The reactivitieé of Tymochtee dolomite and Germany Valley limestone

with SO, were compared with that of Greer at identical conditions. Tymoch-

2
tee dolomite is more reactive \than Greer. Germany Valley, being a high-
calcium limestone, has poor.reactivity and with any of the limestone feed
options would require high Ca/S ratios to meet the EPA 802 standard. Again,

options 2 and 4 were more favorable for Tymochtee and Germany Valley stones.




INTRODUCTION

Atmospheric-pressure fluidized-bed combustion (AFBC) is one of the
new methods being considered for producing power while meeting EPA 802
emission standards with high-sulfur coal. - In this process, coal is burned
at 850-950°C in a fluidized bed consistiﬁg of partially sulfated solid
802—§o¥bent particles. Limestones (or dolomites) are usually the bed
méterial of choice due to their high calcium content, (which is highly

reactive with SO, at these femperatures), low cost, and good availability.

2
To reduce the size and cost of an AFBC, a high superficial’gasAvelo—

city (3-4.6 m/s) is required. However, high gas velocities cause high

dust loadings (limestone and unburned coal)‘in the effluent gas stream.

High gas velocities, therefore, produce low combustion efficiencies. Pope,

Evans and Robbins (PER)1 have reported combustion efficiencies of ~857 at
a fluidizing‘gas.velocity of 3.8'm/s. To iﬁcrease the overall combustion
efficiency PER has'iﬁcorporated into their process a carbon burnup cell
(CBC) which operates at a higher temperature than the combustor énd a
“lower fluidizing gas vélocity (§1100°C, 1.8 m/s). Unburned coal dust re-
moved from the combustor effluent stream by cyclones is injectéd into the
CBC. Popé, Evans and Robbins estimates that the overall combustion effi-
ciency can .be increased to approximately‘99Z.1'

It has been estimated by Babcqck.and Wilcoxz‘that the percentage of
unburned sulfur in the elutfiated coal dust from the combustor is ~50% of
the percentage of unburned coal. Thus, at a combustion efficiency
of 85% in the combustor, approximately 937 of the sulfur in the coal is

)

oxidized to 802 in the combustor; the other 77 is unburned and leaves



the combustor in ﬁhe coal dust with the effluent gas stream. Conflictiqg
results3’4 have been found by investigators as to the fate of this sulfur
which will be released as SO2 in the CBC. The Nationai Coal Board4 has
found that the SO2 reactivity of several limestones dramatically decreased
above 1870°C. However, PER3 found that thé addition of limestone 1359 to
theirACBC causéd a 2/3 reduction in 502 emissions. Due to the high opera-

ting temperature (1100°C) in the CBC, this S0, may not be captured by

2
either partially sulfated limestone or fresh limestone injecﬁed into the
CBC. This would cause 77 of the sulfur to bypass the sulfur-removal syé—
tem of the combusto? and be released as 802 in the CBC. Cdnsequently; a
greater percentage of the sulfur (which is released as SOZ) in the combgs—
tor must be céptured to meet the EPA SO2 standard (1.2 1b SOz/millionjBTU |
produced by the entire system). Because of the increased required sulfur reten-
tion in-thei boiler, a greater overall Ca/S feed ratio would be required
(as sulfur retention increases, calcium utilization decreases). Thus, if
iﬁ is assumed that no sulfur is retained in the CBC, much greater amounts
of limestone would be required to meet the EPA SOz—emission standards.
The presently available experimental resultsB’4 and analyses5 of
sulfur caﬁtiVe in fhe CBC are émbiguous. It is the purpose of this paper
to clarify the role of the CBC in reducing SO2 emiséions from fluidized—-
bed coal combustor plants. The reactivities of fresh and partially sul-=

fated limestones with SO, were determined on a TGA at the operating con-

2

ditions of a combustor and a CBC. This information was used to predict
limestone requirements to meet EPA standards with FBC systems for four

limestoune feed options.



EXPERIMENTAL

A thermograviméﬁric anaiyzeri(TGA) wés used to study the reaction
of variéus limestones Qith SO2 and 02. A 0.3% SO2 - 5% 02 in N2~éynthetic
combustion gas was used for all reactions. The l_imestone—SO2 reactions
were performed at either 900 or 1100°C to represent the operating tempera-
tures.for the combustor and CBC resbectively. Fresh limestones before
beiné sulfated at 900°C were precalcined in 207 002 (balance NZ)' The TGA
system has been described in detail elsewhere. |

Three limestones were studied: (1) TymochteeAdolomite,,a highly re-
active stone, which contains 52% CaCO3 and 437 Mng','(Z) Greer limestone,
which cqntains 80% CaCo and a high sodium content

3.5% MgCO,, 10% Si0

3 3 2°

(Na, o0, &0.23%), and is highly reactive compared with high—calcium_limestoﬁes,

2
and (3) Germany Valley limestone coﬁtaining 98% CaCO3 0.6% MgCOB, which

| . "+ is a high-calcium limestone with low reactivity. . Data
obtained with Greer limestone, which is being used in the 30-MWe AFBC pilot

plant by PER, was used in the comparison of the various process options.

The SO2

were compared with :the reactivity of Greer.

reactivities of Tymochtee dolomite and Germany Valley limestone

RESULTS AﬁD DISCUSSION
Four design options for feeding limestone into an AFBC power plant
are considered (Fig. 3). 1In option 1, limestoﬁe is fed only to.tﬁe
combustor. In option 2, virgin limegtone, ié fed to both the gombustor
and the CBC. Virgin limestone is fed only to the CBC in option 3; the
partially sulfated bed material from the CBC is then fed to the comﬁustor. in the
fourth option,. fresh limestone is fed to the combustor and a portion

of the partially sulfated limestone from the combustor is fed to the CBC.



In order to determine the limestone requirements for these four optionms,
.fhe reactivities of fresh and partially sulfated 1iﬁest9nes‘§ith $0, were determined
using a TGA (as described in the previous section). These results are shownin Fig. 1
for Greer limesgone; Virgin limestones were reacted with 50, and 0, at both
900 and 1100°C to determine the reactivity of fresh limestone at the condi-
tions prevailing in a combustor and CEC (curves 2 and 3 respectively). These
experiments provided the information necessary to detérmine limestone require-
ments for options 1 and 2 and parts of options 3 and 4. Limestones which had
been partiaily sulfated (5% counversion of Ca0 to CaSO4 and heat treated for
30 min at 1100°C) were reacted with 802 at 900°C to determine the combustor
limestone requirements for option 3 (curve 4). A total heat-treating time
of 30 min was chosen to simulate the estimated 1imest6ne CBC residence time.
For option 4 consideration, fresh limestones were partiall? sulfated (reacted
for 30‘min with SOZ) at 900°C. This material was then tested for SO2 reactivit&
‘at 1100°C (curve'S). |

The initial reactivity of Greer Limestone at 900°C is higher than at -
11009CAas expected, however,Athe extent of conVerqion of Ca0 to'CaéO4 after
three hoﬁrs is the same. Partially sulfating (5% conversiqn) of Greer lime-
stone at 1100°C had a detérimental effect on its reactivity at 900°C (dis-
cussed later). Partially sulfated (at 900°C) Greer limestone at 1100°C had
the highest reactivity. Total conversion of Ca to CaSO4 (900 and 1100°C7
was 58%. These résults show that Greer limestone does react with SO2 at
900 or 1100°C. However, this information is not in a useful form to pre-
dict limestone requireﬁents for FBC plants. ‘This inférmation'cgn be con-

verted to the proper form which is a plot of internal SO, reduction (ratio

2

of absorbed S0, to that released in the reactor) vs internal Ca/S ratio

;v



CONVERSION OF AVAILABLE CaO TO CaSO4

2- 300°C FRESH LIMESTONE
 3-1100°C_ FRESH LIMESTONE

~ 4-1100°C USING PARTIALLY SULFATED LBMESTONE
—5- 800°C USING PARTIALLY SULFATED LIMESTONE —

2

TIME, hrs

Fig. 1. Conversion ¢of CaC to CaSO4 in fresh or partlally sulfated Greer limestone at
- 900° and 1100° C.



(S is the number of moles of sulfur released in the reactor), by using a

fluid-bed desulfurization equation developed by Westinghouse.

)

. —kHe
_— , J ,
where U = calcium utilization, fraction
Ca/S = calcium to sulfur mole ratio
VA = superficial gas velocity, m/sec
H = fluidized-bed height, m "
€ = bed voidage, assumed to be 0.5
k - = average particle reaction rate constant,.Sec-l.

This fluid-bed desulfurization equation gives fhe calcium utilization as
a funétion of the "average" reaction rate constant of the particles in the
bed (provided the superficial gas velocity andAbed height are known). Thus,
in order to determine U, the "average" rate éonstant, k must.be known -
(which is obtained using the kinetic information shown in Fig; 1. See
references 6 and 7 for calculation details.)
. The.resulté of the conversion of the kinetic data to SO2 reduction vs
Ca/S ratio for Greer limestone are shown in Fig. 2; (PER experimental
results are also: included.) The internal 802 reduction should be distinguished

from SO, reduction, as is normally reported b& FBC workers. This 802 re-

2
duction, as is conventionally feported,is the percentage of the:total sulfur
that does not leaye the combustor as SOZ' That is, it includes both sulfur
captured by the limestone and unburned sulfur and is not useful for the

process  analysis presented%.below. Curve 1 in Fig. 2 represents the

8 .
corrected (internal) experimental results obtained by PER .using Greer
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limestone in the éombustor assuming that 7% of the totél sulfur remains
in thé unbﬁrned coal dust.

. Curve 2 is the predicted results for Greer, based on the laboratory
(TGA) eiperimental data. fhe laboratdry experimental results predict a

2

has been found in PER's pilot plant (Curve 1). The! laboratory results

somewhat higher Ca/S requirement (Curve 2) for a given S0, reduction than

(Curve 2) were, nevertheless, used as a basis for comparing the four
plant limestone feed options. The resulting comparisons are qualitatively
correct; quantitaﬁive comparison.can be made as sufficient FBC data beéomes
available. Curve 3 shows a higher 502 reduction for a given Ca/S ratio
for fresh limestone in the CBC than in tﬁé,combustor even though. the 802
reactivity is lower in the CBC (Fig. 1). This is because the fiuidizing
velocity. is. lower in .the CBC‘brodgcing a longer SO2 residence time in the
fluid bed, thus allowing more SO2 to be captured by the limestone.

Curve 4 projects a lower Sdz retention in- the combustor when Greer
limestone is used that has been partially sulfated in the CBC. This is

due to its low SO, reactivity (Fig. 1, Curve 4). It has been shown9 that

2

limestones which contain small quantities of CaS_O4 sinter rapidly at high
‘temperatures (1100°C). Sintering causes small pores to coalesce into ...

large pores, and a loss in total porosity.results.9 This sintered lime-

2

bustor conditions (900°C). This reactivity loss by the sintered limestone

stone now has a low SO reactivity compared to fresh.limestone at com-

. is however only experienced at the lower temperature (900°C). Althougli
sintering does occur at the higher temperature, it is speculated that mo-

bility of CaSO, within the limestone particle at fhe high temperature

4

~allows continued reaction of fresh calcium with SOZ, and thus the limestone
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,xetainéAitg.reactiyity at the higher temperature (see Curve 3, Fig. 1 and
'2): 'Héﬁe;éf; remoying the’ limestone fromAtﬁe CBC-(NllOO°C)>and injecting
it intO'thé'Cmeustor at tﬁé.lqwer temperature (v900°C) causes a loss of
CaSO mOblllty in the partially sulfated and sintered limestone. With

4

.1ower avallablllty of Ca0 (reduced por031ty and CaSO moblllty) the lime-

stone is.less..reactive.’

Curve 5 (Fig. 1 and 2) shows .the highest llmestone—SOZAxetention
for given’ CaO/S\ratlo. Curye 5.represents the reactivity of partially
sulfated (900°C) Greer in the CBC.for option 4. Calcination at the lower
t;mp;rafﬁpé (900%C), Prqduceé a pore structure which is somewhat more favor-
%Bié t§ thé'§0é diffusion—reactiqn process. It is expected that removing
the'pértiallyssulfated'li@estone from.the combustor and injecting it into
ghe'CﬁC éausés'the'CasoéjgoAbecqme more mobile. This exposes fresh cal-
ciﬁm for feattipn with;Sng
‘EVALUATION OF AFBC SULFUR REMOVAL SYSTEM OPTIONS

The 802 reductlon results in Fig. 2 were used to determine .the.over-
all 1imeétone rééUirementa.ﬁqr'the‘fqur process options. The .requirements
fét Greér:limestqne are given iniﬁig, 3.. The required SO2 removal in
thésé'éaléulations was based on using Sewickley Coal. a Pittsburg.seam :
coal (4 3% §). which has a heating value of 12,200 Btu/lb. This coal re--
quires an overall 302 retentlon of 837 to meet EPA SOz‘gmlssiqﬁ.standards,

' It was assumed in optlon l that there is no SO2 retention by limestone

(fresh, elutriated; or otherwise) in.the CBC. This assumption, which is
nq@ knawn to be invalid, was used as a base case since as discussed in the

infroduction it has been a preyailing assumption in FBC research which

would require high (but unknown) limestone requirements. Since 7% of the
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2,3

totai'sulfur is assumed to be released from the CBC as SO >~ 89.3% SO2

2!
retention would be required in the combustor to give an overall SOz-reten-
tion of 83%. This would require a Ca/S ratio in the combustor of 10 (curve

2, Fig. 2) and an overall Ca/S ratio of 9.3 (Fig. 3).

The limestone requirements can be decreased by feeding fresh lime-

stone to the CBC to remove the SO, released in the CBC (option 2). A Ca/S

2
ratio of 3.4 is reduiréQ‘to achieve 83% 502 retention in the CBC (Fig. 2,
cﬁrve 3). A Ca/S ratio of 4,9 (83% 802 retention) is required in the com-
bustor (Fig. 2, curve 2). The overall Ca/S ratio is then 4.8,approximately
one—halfbthat for option 1.

The third option was :considered in the hope that the high temperature
in the CBC would have a beneficial heat treatment effeét and that the CBC

would lave two roles, caﬁture of 50, released in the CBC and pretreatment

2
of limestone for limestone-SO2 reactivity enhancement. As shown in Fig. I.and 2, ;
reactivity enhancement was not realized due to the detrimental effect of

the CaS0, and high temperature (discussed above). Since in option 3 all

4
virgin limestone is fed to the CBC, the Ca/s rgtio is 128 and a 95% SO2
retention would be obtained ih..the CBC. This would require an internal
SO2 retention bf 827 in the combustor. Since stones that haye been par= .
tially sulfated at high temperature (&1100°C in the CBC) are lessAreaétive f
at the lower temperature (Fig. 2, curve 4), a high internal Ca0/$ ratio

9.5) Vould‘be.required in .the combustor. . .The overall Ca/S feed ratio

for option 3 is 8.9,

ECRRE LS irahios

L emda o TR o e



'The fourth option provides a partially sulfated limestone feed stream
from the combustor to the CBC. A CaO/S ratio of only 3 is required to ob-
tain 837% SO2 retention in the CBC, necessitating a.Ca/S of 4.9 in the com-
bustor. = This option gives the lowest overall Ca/S feed ratio~-4.5.

A detailed mass balance for option 4 is givén in Fig. 4 for Ca and S
throuéh the system, since. this feed option had the lowest limestone require-.
ments. This mass balance was based on Greer limestﬁne and 100 Kg of coal.
Four kilograms of the sulfur converts to 302 in the combustor; the other
0.3 kilograms remains in the unburned coal and is injected into the CBC,
where 83% or 0.28 Kg of the sulfur is captured by limestone that has been
partially sulfated in the combustor. In the combustor, 3.3 Kg of the
sulfur is captured by the limestone.

The limestone requirements presented above are based on Fig. 2. The
projectedilimestone‘reéuirements are fairly insensitive to the SOz—lime—
stone reactivity in the CBC (Curves 3 and 5) since only 7% of the total
sulfur is released as SOZ in the CBC. Thus, if these SO2 retention curves
are over optimistic by.a factor of 2, the error in the overall estimated
Ca/S ratio would be low by/only 4%. The overall Ca/S ratio is sensitive

. ‘ . ¢ . .
to the limestone-S0, reactivity in the combustor (curve 2) which is why

2
fresh 1imestone—802,reactivity at 900°C is used as a base case for com-
baring the various process options.

The results in Fig. 3 are for idealized limestome feed options which
were chosen to elucidate the role of the CBC in minimizing limestone

requirements. In actuality, unreacted and partially sulfated limestone

will be elutriated with the unburned coal, removed from the gas by the
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cyclone and injected into the CBC. Most likely the elutriatedjlimeétone
will provide a Ca0/S ratio in the CBC in excess of that shown in option
"4, (Ca0/S of 3)which is needed to obtain 83% SO2 reduction. If this
elutriated limestone had no SO2 reactivity; the fears of needing a high
Ca/S ratio in order to meet EPA SO2 standards would be realized, thus re-
quiring large amounts of Greer limestone. However, as shown in option 4,
this is not .the case, .the elutriated limgstone will have sufficient reac-
tivity to not require excessive limestone quantities, 1If these projections
afterlpilot plant testing turn out to be low, (due to high elutriation
rates in the CBC or other reasons) option 4 suggests that the feeding

of coﬁbustor bed material (larger particles) or fresh'limestone (option

2) to the CBC would be beneficial.

S0, REACTIVITY OF OTHER LIMESTONES

2 .
The result presented above are only for Greer limestone, which is a

highly reactive liméstone that has been chosen for use by PER in the 30

‘MWe .demonstration plant. However, limestones have a large variation in

S0, reactivity that is dependent upon the limestone physical properties.

2
To date, siﬁ limestones have been tested, and the trends found-afé some-
what the same for éll.calciumabased stones. Thgtzis, the qualitive re-~
1ationship.befween the 802 reactivities of fresh and partially sulfated
limestone at 900°C and 1100°C are the same as shown in Fig.l. Thus, for
any. limestone options 2and 4 require the.least amount of limestone.
F;éure 5 cémpares the SOzj;eactivities of tw§ calcium—baséd stones.
with Greer after having beén partially sulfated at 900°C (optidn 4),

This figure .shows the conversion of ayailable Ca0 to CaSO4 with time.

Tquchtée'délqmite has only a somewhat higher reactivity than does Greer.
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.Germany Valley limestone has a poor reactivity as is typical for high-
calcium limestqnesq' However, they a%kl had some ability to react with SOZ’

thus some S50, .retention in the CBC can.be expected for any limestone.

2
The use of high calcium (>95%) limestones, however, may require un-
exceptably 1que quantities of limestone for both the combustor and CBC

in order to meet the SQ, standards. Limestone mass feed rates greater

2
than coal ‘may .be necessary which would require the strip mining of large

areas for limestone and would generate large amounts of solid wastes.

.This -may not .be economically or ecologically acceptable.

CONCLUSTONS

The'sulfureremoyél role of the carbon burnup cell (CBC) in an AFBC
system has been analyzed. Four different operating system options are
congidéred:'.Thg‘greatest limestone utilization can be achieved by feeding
all of the viréin 1i@estone to the.boiler (combustor) and feeding (directly
of By.élutriation) part of the partially spent liﬁestone from the beiler
to the CBC to capture most of the sulfur released in the CBC (option 4).
Thé'éxperimental résults suggest that yirgin or partially sﬁlfated Greer
limestqné_éan be .yery reactive when fed to the CBC giving the CBC a po-
4teﬁ£iéllf siénificant role in.reducing SQ2 emissions and meeting EPA
staﬁdards! Dolomites should ?grform similar to Greer. High calcium-
iiﬁéstén;s'haVe their greatest SOZT;etention using option 4p'howevef, due
to their geﬂerally poo;iSOz—rgactivities, unexceptabl& 1arge limestone
éuéntitieé'may be required.

-Al£ﬁoﬁgh the res;lts can be quantitatively questioned because the
éﬁal&sis was Easéd on behaviof of limestones in an AFBC predicféd from

TGA experimental data, the predicted trends for the different options are
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reliable. For example, the predicted overall Ca/S feed ragio for case 1
(Fig. 3) from AFBC experimental data (Fig. 2, curve 1) may be compared
with predicted data (Fig. 2, curve 2). The predictions from TGA daté
project an errall ca/S of 9.3 whiéh is higher than 4.5 projected wiﬁh .

experimental AFBC data. Therefore, it may be expected that the predicted

overall Ca/S feed ratios for the four considered options are high estimafes.

The differences between the different options definitely confirm that
the CBC can play a significant role in reducing 802 emission from an AFBC
system. Its usefulness can be more fruitfully exploited by adopting op-

tion 2 or 4 (Fig. 3).
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