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Envirommental awareness and the world oil situation are heving a pro~-
found impact on the U.S. Electric Power Industry. "Envirommental accepta-
bility" has been redefined and it is emerging as one of the mzjor criteria
for selection of a power genezation process to satisfy increasing load de-
mand or to replace retired units. Furthermore, the fact that the cost of
fuel has risem in real terms dictates that mors fuel efficient plant config-
urations will be deployed. Fuel efficiency and envirommental tolersbility
ccme only at the expense of increased monetaxry cost,

These fundamental changes certainly are creating problems for the power
indusitzy but they ars also creating oppc:tnm.t:.es for new and mores zporopriate
power generation processes.

EPRT has h;i.gh expectations that combined cycle power systems fusled by
gas from coal will be cleaner and moze efficient than the competing processes
for equivalent capital cost., Advantages accrue to these Gasification-Combined
Cycle (GCC) systems primarily fzom the relative ease of clezning fuel gas, -
the benign nature of the waste preducts, and the inherent and proven high’
thermedynamic efficiency of the combined cycle configuration.

These and other advantages will be discussed. Cozl gasification pro-
cesses will be identified which most effectively capitalize on these advan~
tages. Environmental test results on these processes will be summzarized.
Finally, the plans for commercial scale demonstzation of z GCC system will be
raviewed. This demonstration will be a critical milestone since no technol-
ogy can be considersd to be a rezal optz.cn until it has been opera‘.ed at an
appropriate sczle,
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- ENVIRONMENTAL TEST RESULTS -
FROM - -
COAT GASIFICATION PILOT PLANTS

INTRODUCTION

The combined c:.rcm::stances of ra’o:.dly escalat:r.ng oil pz:.ces, reduced
availability of oil and natural gas, strict plant emission standzzds and the
prospect of continued delays in nuclear imwlementation plams, provide the
electric power industry with urgent incentives to develop economically com=
Petitive and envirommentally acceptable new methods of power generat:.cn based
on our most plentiful fossil fuel resocurce - cozl.

Of all these motivations, it is pzobably the environmental as‘c:ects which
constituts the major incentive for coal gesification based power systems,
since without the reguirement For post-combustion clean uwp of the flue gasas

it would clearly bBe less costly to simply burn cozl dirsctly.

Cozl gas:.f:.ca.tz.on based systems ocffer distinct env:.ronm.ntal aavr—.nt:.ges

-over conventional direct coal fized plants with flue gas clean up, since
emission forming constituents aze removed prior to the combustion process.
- When coupled with combined cycle power generation the rasultant Inteczztad

Gasification Combined Cycle (IGCC) plants will be more efficient and use less
water than direct cozl fired units, Studies show that such IGCC plents when

designed to currant emission standards and using currently commercizl combus—
tion turbines are economically competitive with dirsct coal firing. If emis~
sion standazds become mors restrictive the competitive position of IGCC tech-

nology will be further enhsnced. There zre also considerable prospects for

futurs. improvements in both coal gasification and combustion turbine tech-
nology, which will emzble the industry to resume its historic le..zm.ng cuzve
for more efficient less costly systems. .

. EPRT CLEAN GASEOUS FUELS PROGRAM‘

The ove*a..l gcal of the EPRT Clezn Gaseous Fuels Program is to develon
economically competitive and environmentally acceptable coal- gas:r.f:.cat_cn-

" based generating systems.

The principzl technical cbjective of the EPRT progzam is to design and

. opezate an integrated Texaco entrained gas:.f:.cat:.on—combz.ned cycle demonstzz-

tion plant of about 100 ¥¥ by 1985. A second demonstration plant based on
another gasifier is also planned. . The program also includes wozk to improve
gasz.f:.er', .gas cleamup technology, heat recovery boilers, fuel gas cqmbus- :

: tozs and other components of gas:.f:.cat:.on—based generzting systems

‘Coal gas:.f'r_ezs react coal, steam and air ozr oxygen to pzcuuce a gaseous
fue.., pz:.ma::.ly cazbon -monoxzide and hydrogen. The sulfur in the coal is con~

. verted to hydrogen sulfide CEzSL wiich can bBe removed from. the gas and con-

verted to elemental sulfur By processes cuzrrently used w:.dely in the natursl

. gas, chemiczl and petroleum industries. ThRe mineral mzatter is ‘withdrawn

primazrily as ash oz slag fzcm the gasifier or from the gas st:e'am'as part of

- 'the gas ‘clezning process, The coal nitrogen is converted either. to ammonia,

which can readily be scrubbed from the gas, or to nitrogen itself,
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Gasifiers ars also important components of other coal conversion tech-
nolegies of potent:.al benefit to utilities. The CO-Hy product gas can be
catalytically converted to methsnol for use in peaking or intermediats ‘sexvice.
Gasifiers can be used to provide hydrogen for use in Exxon, H~Coazal or SRC -;
coal liguefaction plants by gasifying the ligquefaction residues.

ECONOMTC ATTRACTIVENESS OF GCC DLANTS

EPRI studies show that integrated gasification combined cycles using
commezrcially available combustion turbines (2000°F inlet temperaturs)] and
based on Texzaco or BGC/Luzgi slagging gasifiers are competitive with conven—
tional coal-fired power plants with stack gas cleznup. Table 1 shows z per-
formance compzrison betwesn conventional cozl firing and gasification~based
bower systems. The data presented in this table zeflect 1978 environmental
contzrol regulations., Cost estimates are included for cycles with advanced
high teamperature turbines to illusitzate the further performance improvemsnt
potantizl of this technology. 2As envirommentzl control regulzations become
more stringent, the economic advantages of gasification combined cycle (GCC)

 bower plants will increase markedly. Table 2 shows estimatad costs for more
stringent projected mid-1980s standazds. GCC systems offer better efficiency,
lowsr emissions, reduced water consumption and land reguirsmenits, less fuesl
and chemicals consumption, and reduced solid waste volume. The solid wasts
from the Texaco, BGC/Lurgi slagger, and Combustion Enginesring gasifiers is
in the form of extremely inert slag which should be readily disposzble at
lower cost than solid waste from z cosl-fired plant.

Gasification may also offer fuel for ratrofit to existing gas and oil~
fired boilers, combined cycles and combustion turbines. Gasifiers might be
installed in an existing plant or in soms cases remotely, with fuel distrib-
uted by pipeline. Gasification may allow repowering existing boilers with
combustion tuzrbines to reduce the hezt rate and provide increzsed generztion
capacity in convenient increments at an existing site with probsbly reduced
permitiing perieds,’

ENVIROMRENTAL ADVANTAGES OF GASIFICATION<BASED POWER PLANTS

The potential envirommental advantages of gasificztion-combined cycle
power plants over dirsct cozl fired plants with flue gas cleznup are sum—
mzrized in Table 3. GCC plants offer better resource utilization = more
kilowatts per ton of coal mined, less water usage per kilowatt, and less land
since sludge disposal is not reguired.. They ara also capable of achieving
markedly reduced emissions compared. to direct cozl fired units. FEach of tHese
aspects is discussed in more detail below.

Rescuzce Utilization

GCC systems utilizing currently available comBustion turbines offer a
minor But measurzble improvement in heat rate over conventional cozal plants _
with scrubbers. However, better efficiencies Projected for GCC plants with .
. higher temperaturs turbines curzrently being developed, i.e., machines czpzble
- of opezating at firing temperatures above 2000°F upwards to 2600°%, should
rasult in significant reductions in coal use versus direct cozi~Based units .
of similar capacity.as reflected in the range of coal consumption estimates
for GCC plants in T=ble 3.
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Table 1

SUMMARY OF PRESENT AND PROJECTED

GCC SYSTEM PERFORMANCE

1978 FEDERAL EMISSION CONTROL REQUIREMENTS

Coal Fired

Plant

. Texaco GCC
2000°F Turbine

Texaco GCC

( BGC Slagger GCC
260C°F Turbine .2600°F Turbine

Hezt Rzste, = 9900
Btu/kWh

Capital Require- 900
ment, £/kH

30-¥ear Levelized 57.5
Cost of Elec-
tricity,
nills/kWh

9500

860

51.1

‘-'8460
.. 830

47.9

7920

. 690

Basis: mid-1978 dollars; high-sulfur Illincis coal; coal cost $1.00/million
Btu; 70% capac:z.ty factor.
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Table 2 ECONOMIC COMPARISON OF TEXACO GASIFICATION~BASED
POWER SYSTEMS USING CURRENT (2000° F) COMBUSTION TURB.T:NES
WITH CONVENTIONAL COAL-FIm STEAM PLANTS
EMPLOYING WET SCRUBBING OF STACK GASES.

1978 Federal Projected mid-1980's
Emission Contzrols . Emission Contzols
Cozl Fired Texaceo GCC Cozl Fired Texaco CGCC.

Beat Reate, Btu/kWh 9900 9500 9958 2680

Capital Reguirement,
$/k9 906 8€0 1180 200

30-~Yezar Levelized Cost
of Electricity, _
mills/kWh E7.5 51e1 62.0 52.9
Basis: mid-1978 dollars; high-sulfur Illinois coal; coal cost
$1.00/million Btu; 70% capacity factor..

Emission Comtrols. 1978 mid-1980's
sulfur " 85% removal , 95% removal
particulates 0.03 1bs/10° Btu 0.02 1bs/10% Ben
No_ 0.6 1bs/10° Btu 0.2 1bs/10% Beu
waste watex — zarpo dischzargs
ccal ash — _ special handling
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Table 3-

RELATIVE ENVIROMMENTAL E'.E’E’ECTS/B::’;SOURCE REQUIREMENTS

1000 M¥ POWER PLANTS

. Note:

., PC Boiler : Gce
_ _ With Wet Scrubber - EBlant
Coal Consumption = 1bs./KWh . 0.80° . 0.64-0.77
vLimes‘cdne Required - lbs /kWn - ' o 0.12~0.15 : - _
SO, Emissions - ppm | ‘ 80~400 \ . 50;225
NO,, Emissionsv- pom ' _ 300-500 - - 40-90
Particuliate Emissions - 1bs./10% Btu o 0.03 ; T <0.02
Make-up Water - gal./kWh 0.6-0.65 . 0.45-0.55
Land Required - aézes' - 1200-2400 ; . '200~500

Solid wastes, consisting of sulfur and inert slag, produced in GCC
plants in significantly lower guantity than troublesome scrubbe.
sludge produced in coal f:z.red unit. . :
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Also, while power produced in conventional coal plants is derived from
team turbine generators, a large part of the electricity output of GCC plants
is developed diractly from fuel combustion energy with the remainder being
produced in a steam cycle. Accozrdingly, make~up water requirements {by £az
the major part of which supports the cooling water system for the stezm tuz-
bine generator condenser) are significantly less in GCC plants.

Sulfur Em:.ssz.ons and Disposal Land Reguired

The range of sulfur emissions cited in Table 3 is based on single stage
sulfur removal from high and low sulfur cozl based systems for both the cozl
fired boiler and gasification combined cycle power plant. Sulfur emissions
can be reduced zt additionzl expense by adding a second stage of stack gzs
scrubbing to the coal fired boiler plant or by several mechanisms in the
coal gasification based plant. EPRT economic evaluations have shown thzt in-
cremental sulfur removal from gasification Based systems is less expensiva
than from coal fired Boiler plants. Additionally, gasification based systems
will produce elemental sulfur and inert slag, potent:.ally saleable byprecducts,
while the coal fired Boiler produces a much larger volums of waste sludge

which contributes significantly to the additional disposal land required for
the latter option.

NOy .

In cozl or cil combustlon NO is pmduced by two mechanisms, the oxidzs-
tion of nitrogen in the fuel (fuel NOy), and oxidation of nitrogen in the
combustion air (thermal NO,)J. Fuel NO, can account for up to 75% of the total
NO,, emissions from a coal fired plan;. This is not the case with cozl gasifi-
cat:.on bzsad powsr plants because the coal-bound nitrogen leaves the gasifier
as either Ny or NHy which is scxubbed out in 2ll commercial or proposed pro—
cesses. The issue then becomes one of controlling thermel NO, by limiting
temperzture via steam/water injection and/or phased combust:.on tachnicues.

At Texzco's Montebellec pilot plant, EPRT has burned medimm Btu gas vIn exist=-
ing and developmental gas turbine combustozrs with promising results™ (at at-

‘mospheric pressure), A 70 to 80% reduction in NO,, emissions over conventional

pulverized cozl fired power plants should be achievable with gasification-
combined cycle power plants.

Particulztes

There will be for various resasons, minimal particulate emissions to the
atmosphers from gasification based power plants. Gasification systems, specif-
iczlly those supported by EPRI, propose at least two seguentizl intensive gas
scrubbing steps. Isckinetic sampling at Texaco's Montebello pilot plant and
the Westfield Development Centre of the British Gas Corxporztion has failed
to detect any significant particulates after scrubbing. For combBined cycle
systems, particulate levels in gas turbine fuel wust be minimized to pre-
vent erosion of deposition on gas turbine Blades. For mechanical integrity
of these systems, if for no other reason, particulates will be minimized.

Soot formetion canm occur in pulverized coal fired systems and oil fired
systems, especially during transients or upsets. Soot formztion is not ex-
pectad to be a problem with coal gas based systems because of the burning
cha:acter:.stlcs of the gas and bet‘ter cont.rollab:.l:.ty of the fuel/a:.r ratio.
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Non~Lezchable Siag

EPRT activelﬁr supports 3 gasifiers;, all of which aze slaggi'ﬁg gasifiezs,

. that is, they are operated above the melting temperatuze of the coal minexszl

matter so it is extracted in the form of a glassy inert frit.  This slag-
ging mode of operation has two distinct advantages:
1. 'Operating at higlier temperatuze speeds the gas:'.fa.cq.t:r.on rezctions lezd-
. ing to grester throughput per reactor and reduced waste of reactants
e (e.g., gasification stezm].
2. Slag is environmentzlly mors acceptable than ash.

The EPA proposed Waste Extraction Procedure (among sévezral others) -has
besn performed on the slags produced in all thres gasifiers which EPRT sup-
ports, BGC/Lurgl Slaggexr, Texaco, and Combustion Engineszing. 2Although the
slags were produced from a variety of coals, the meximum concentrations of
toxzic elements in the leachate, or often the minimmm limits of detaction with
the available egquipment, are shown in Table 4., In no case did the trace
element concentration in the leachate -zpproach the EPR proposed cziteria for
hazazrdous wastes which is 100 times the drinking water standard. Whsn mozre
sensitive detection eguipment was used; the actuzl concentrztions were most
often much lower than those shown in the table. Those elements with pro-
rposad’ limits greater than 5000 poBE Rave Been omitied from the table since in

all cases, their concentrations in the leachate actually comfortzbly met the

drinking water standazd. Lo

One praliminary comparison h.as been made between a2 qas:.f:.er slag anc'i
fly ash frxom a coal fired Boiler based on coals with similar ash composi-

" tions. This effort was conductad by Ozk Ridge National Laboratory under con—

tract to EPRI and examined the leachates on solid wastes from a conventional
wat bottom slagging boiler and the Combustion Engineszing pilot plant gasifiez.
The fly ash leachate generally had 10 to 1000 times greater concentrztions of
toxic elements than the gasifier slag leachate (the narrowest margin was 2
times]. The slag from slagg:.ng gasifiers therefore appear to be environmen—
tally tolexrzble, certainly mozre so than fly. ash.

GASIFIER SELECTION FOR M@RIC POWER - APPLICATIONS

Coal gasification is almost as old as the industrial revolution itself,
serving a wide variety of industrial applications from steel, refining, chem-—
icals, to fuel and power production. Perhaps it is for this reason thers are
S0 many cozl gasz.f:.catlon processes curzently under development. A recent 0=k
Ridge National Laboratozy survey lists: almost 100 such prozects

A f:.rs" priority at the outsst of the EPRI aas:.flcatz.on program was the
estzblishment of criteria for selection of those processes most likely to

- meet the reguirements of the power industry. Coincidentally, objective czi-

teria wexs required to evaluate the status of process development for ezch
concept and to assess the risk and benefit involved at each scaleup stage. -
The attached Table 5 sumarizes EPRI Program Criteria for scaleup to the demon-
stration size of 1000 tons/day of cozl per un:.t, 2 size judged sufr.:.c:.ent

for subsec'uent commezrcial deployment. .

T’ne electric powezr industry emphasizes the need for uianﬁ relizbility

: and ava" lability. Thersfoxe, s:.mpl:.c:.ty of design with n.nﬁeren ease of main-.
. _tenance is wvexy des:.rable. . The prafened gas:.f:.catmn p:ocess should ‘be . -
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-Table 4 CASIFIER SLAG LEACHING TESTS

61<3

Pb

Eg

Se

g

Proposed EFA
Limit
ppb

5000
1000
5000
5000
200
1000
5000

5000

Gasifier Slag
Leachates
pob

< 200

< 10

< 1490

< 250

< 80
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Table 5 CRITERIA USED IN COAL GASIFICATION

TECENOLOGY SELECTION FOR SCALE UP
TO DEMONSTRATION STZE (%1000 TED COAL).’

IN THE ELECTRIC DOWER INDUSTRY

-Simplicity

Feedstock flexibility

Cemplete carbon conversion
Absence of troublesome hyproducts

Compatibility with power generation' requirements

- Existence of an operating pilot plaﬁ'!; of gzrzater -

than 100 tpd cozl capacity

Proof (dizsct experimentzal evidencz) of all

" essentizl aspects of the process with regard to

the gbove criteria inclﬁding waste heat recovezy

and gas clean up
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flexible with regard to coal! feed properties and should be able to conver:
all the carbon to gas. Incomplete conversion or the formation of byproduct
tar gives rise to additional processing complications, disposal problems

and the potential for greater envirommental intzusion. The process must also
be compatible with the power gemerating system needs. This implies a rapid
raesponse rat= for ease of load change, z wide operating range, and a relatively
constant heating value of the product gas throughout the operating range and
duzing transients, For scaleup to demonstration size, all essentizl aspgi:ts
of the procsss should have been experimentally proven on a large pilot plant
of 100 tons/day czpacity (so that eventual scaleup is less than tenfold).
Since the gasifier is only one part of a lar¥ge system, such a2 pilot plant
should zlso vezrify the technical concepts for the waste heat recovery and
gas clean up systems.

When these criteria of simplicity, flexibility, cleznliness,etc. are
exzmined against the known characteristics of the three main types of gasi-
fier - moving bed (both dzry ash and slagging), fluid bed and entrzined systems,
it is clear that entrazined systems come closest to meeting the désired cri-
teziz. Coincidentally thrse such systems =~ the Texaco, Shell-RKoppers and Com-
bustion Engineezing, have each prograssed to an zdvanced state of developmsnt
and pilot plants grezter than 100 tons/day coal capacity ars currasatly being
opezated for each of these technologies., Each of these developments is zble
to draw on a backgzround of commercial gasification experience, and each of
these organizations plans to scale up the pilet Plant to commercizl size
demonstration units of about 1000 tons/day coal capacity.

Each of these three entrained systems offer distinct environmentzl advan-
tages in their demonstrated completz carbon conversion, production of a denss
inert slag, and absence of tar and other troublesome byproducts.

The curzently commezcial Koppers-Totzek process has similar envirommental
advantages although. low throughput, as yet incomplets carbon conversion and
atmospheric pressurs indiczte higher costs than the other thres entrained
systems referzed to above.

The curzent commercizal Lurgi moving bed gasifier operates with dry ash
remaval, and excess steam is injected zt the bottem to keep the ash below
slagging temperaturs. This excess steam rTequizemsnt reduces the therm=zl
efficiency and produces large volumes of contaminated water which regquire
treztment. The Bxitish Gas Cozporztion (BGC) is developing a slagging vezr-
sion of -the Lurgi gasifier at Westfield, Scotland. By operating at the highex
slagging temperature , essentially only the steam for the gasificztion rezc-
tion is required, The steam consumption and overall efficiency is greatly
improved, and the waste water treatment requirements markedly reduced.

Both dxy ash and slagging :¥ersions, being countezcurrant devices, oper-
ate at lower outlet temperatures and the ocutlet gases thereby contzin tars,
oils and phenols. The slagging version provides a means for their subsequent
gasification by injection into the slagging region, so no net tzr production
will result. Lurgi is alse working on various recycle schemes +o consume the
tazs and liguors. .

The existence of tars does crezte adéitional Processing and increased
safety and housekeeping reguirements. However, such a2 choice can Be justified
if the overzll economics justify the extra costs for environmental accepta-
bility. Processés operating in the slagging region do offer the opportunity

. 278




for racycle and consumption of streams with fuel value, and a ::.ei—.ns of
' racycle of contaminated water streams (perhaps with coal added as a sluzzy)
so as to can-"nze the mnerals in the slag.

The only currzently commercial fluid bed gasifiez, the Wlnkler, has
historically suffezed from four problems -~ feeding czking coal, tar production
(with bituminous coals), high carbon in the ash, and inzbility to consume fines.
The 'U" Gas and Westinghouse smzall pilot plants'(< 1 ton/hour) seem to have
been able to solve the czking cozal and tar production problems at least in
short runs. By operabting with a.specially designed ash - agglomerating zone
at the bottom, ash low in carhon has been obsezrved, however, full consumption
of fines has yet to be demonstrated. With the smaller sczle of currant ex-
perimentation, we judge the scale-up risks, particularly with the ash agglom—~
ezrating zone,to be greater than with the entrained systems. In addition there
is still som_ concezn as to whether tar fomat:.on can be aveidesd -during the
load change.and start w cond:.t:.ons expacted for a2 gas:.f:.ez operating in 2
powez plant. -

EPRT TEST RESULTS FROM COAL GASIFICATION PILOT PLANTS -

The tasts conductsd to date on cozl gasification pilot plants give rea-
son for optimism that envirommentzlly acceptzble commercial powsr plants can
bBe designed to econcmically mest currzent and proposed emission standazds.
Howsver, it -must be admitted that in mzny cases the configuration of the

_pilot plants and the short run lengths inevitsbly associated with pre-commer-

.cial facilities, do not 1lezd to results dizsctly translatable to largez. con-
t:.nuously ouezat:.nc plants with full. economic use of zecycle steams

At EPRI the overzll program is aimed at. obta:f.nmg process and environ-

‘mentzl data on several gasification processes Judged to b= at 2 stage of -
- 'develepment whare commezrcizl deployment can reasconably be projected in the

1980's. Thess studies ars planned, whersver possible, .at largez pilot plants
(e.g., BGC/Luzgl at Westfield, Texaco at Obasrhausen, and Combustion Enginesr~
ing at Windsoz, Connecticut] &uring zuns of sufficient length to accommodate
appropriate recycle of process streams.

Comparison of the envirommental impact of various cozl -technologies in

the traice element arzez is particnlazrly difficult,

Coal i=s 'varz.able, not only fzrom mine to mine in a lazge denosz.t, But
even within a given mine, particularly with. regazd to variation in the minexal

‘ matter content.

To obtzin consistent comar:.sons of dizact coal fmng, flu:.d Bed com=
Bustion and coal gasification presents a gzrezt challenge requiring an
extremsly rigozous set of long texm tests on the tecfmolcgz.es with careful
wonitoring of feedstocks., Too often comparisons are made with di:‘:;.erent coals,
unrepresen\.a..:.ve plants, short runs, etc,

) 'EPRT has stmpozted and is mnpport:.ng test pzograms on “the BGC/Lurg:_,
COmbust:.on Engineering and Tezaco -technologies. We are also working with
Shell-Koppers. All of these Qrocesses produce tﬁe ash as a dense slag and
of:ez racycle opportum.t:.es. . - - .
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- BEC/Lurgi Slagging Gasifier

Being a slagging gasifiez, the BGC/Lurgi Slagger produces 21l the coal
mineral matter as an inert glassy frit., Under the DOE's high Btu demonstra-
tion progzam, tests on U.S. coals were conducted at BEC's Westfield pilot plant
to determine pexrformance and to characterize emissions. Based on the slzg
leach.ng test results, the EPA in Ohio (proposed site of the Demonstration

ant) has agresd that the slag is = non-hazardous waste.

The Slagger is a countercurrent moving bed gasifiexr, and therefors tars
are present in the raw product gas, As indicated by the RKosovo tests (the
subject of a peper to be presented later in this mee gting), the presence of tars
dictates that a great deal of attention must be paid to plant design and pro-~
“cedures to prevent worker exposuze to these compounds. The Slagger can inm a1l
cases easily accommodate complete gasification (destruction) of these t=xrs =s
successfully demonstrated under the EPRI test program (on PittsBuzrgh No. 8

. coal) at the Westfield 350 tpd pilot plant in late 1979. The tars are there-
fors only a plant internal recycle sitzesm.and need not intrude into the outside
environment. 2Another advantage of the Slagger over the dry ash Lurgi type gas-
ifiers tested at Kosovo is that the Slagger hormally consumss 80-90% less
steam, dramatically reducing the hydrocarbon-saturazted wastewater strezm. Con-
ventional wastewater treatment of this stresm to acceptzble limits hence be-
comes a much more managesble erideavor. 2Also, since this strezm is so small
the possibility exists of using it to slurzy finely ground cozl to an entrained
gasifier such as Texaco thus utilizing all the hydroczrhon content of the feed
coal and further simplifying the task of water treatment.

EPRI’s economic evaluations of the BGC Slagger show it to be very promis-
ing and therefore worth the extra effort nesded to dezl with the tars in an
envirommentally acceptzble mznner. The Pipeline Gas Demonstration Plant ﬂlannad
for Ohic will hopefully verify this acceptability without reducing its

economic Vlablllty An extensive environmental program has alrezdy been
specified for this .project.

Combustion Engineezing

The C-E gasifier has most of the previously cited environmentzl advantzges
of entrained gasifiemsover coal fized boilers including non-leachable slag,
no detected hydrocarbon production, minimum particulate, NO, 5’02 effluents,
and reduced wasts disposzl land requirements, Since it operatss a2t atmos-
pheric pressure, the C-E gasifier is economically attrzctive for cil or natur-
gl gas fired boiler retrofit to comserve these valusble resources, In such
applications, however, water consumption would be as great as that inm z con-
ventional cozl-fired boiler plant., Combined cycle powezr plants based on the
C-E gasifier also appear competitive with direct cozl firing, with advantages
of reduced water consumption and relztively low cost sulfur rsmovzal.

2 compzrehensive progzram is plamned under EPRI spomsorship to measurs
gaseous emissions plus liquid and solid effluents from the Process Development
Unit (PDUL gasifier at Windsor, Comnecticut. At a design capacity of 120
tons of coal per day, it is currently the largest operzting gasifier in the U.S.

An effort is underway by Ozk Ridge National Lab (ORWL] to compars wastes
from the gasification process with those of a direct coal-based power plant
using similar coal feedstock, The first results are very tentative beczuse
the gasifier has not achieved well-bzlanced full~scale operztion; nevertheless,
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they are very encouraging. Fox exaumle, sol:.ds leach:mg tests on gas;r:.ev-
slag point to very low concentrations of selécted metals: relative to pro-
posed standards. Results of combustion plant bottom ash weze comparable.
However, the fly ash showed 10 - 1000 times the concentration of some toxic

' elements. This appears consistent with expectations of an env::..T:a:.vnmeni:al1

acceptable solid waste from high tempezzture, env.za:.ned-flow gasz.a.:.ers, i.e.,
in the form of chemically inert slag particles.

In the EPH—funded effort Radian Cozpozraztion is preparing to conduct an
extensive sampling program to asssss both organic and inorganic emissions,
with emwhasis on potentially hazardous components. The methodology develonea
here may also form the basis for future env:.ronmental assessment of other

prominent gasification technologles.

Texaco Process ~ Montebello Pilot Plant .

In the wake of the 1973 oil embargo, Texaco ﬁndertcok. a concerted effort

“to advance the development of its cozl gasification process. This technology

had been first tested in the 1950's as an outgrowth of Texaco's successful
partizl oxidation process for producing synthesis gas from hesvy oils and
natural gas. In the last 5 or 6 years a large number of cozls and other

. solid feedstocks, including petrolewm coke and cozl liquefaction residue, have

been tested with considerable success in a2 15 tpd pilot plant at the Montebello
Rasezzrch Labo:atory near Los Angeles. B2Among these tests, particulazly in the
most recent 2 year period, have been efforts which have emphasized in signifi-

~cant detzil the environmental aspects of the pProcess. The egquipment configquzra-

tion at. Montebello is shown.in the attached-flow sketch, Figuze 1.

In a2 continuing ‘set' of EPRI-sponsored runs at the Montebello.unit utiliz-

- ing Illinois No. 6 coal as the fead and employing as the oxidant both oxygen

and, altermaztively, oxygen-enriched air (35% 03), very encouraging operztional
and environmental results have been obtazined. The Texaco gasifier was shown
to be particularly responsive, reacting essentially instantaneously to rapid
changes in throughput. The product gas. composition remzined wirtuzlly un=-

- changed at various load levels and even during fast transiemts. One mzjor

inherent environmentzl advantage of the Texaco process over .most other gasi-
fiers was confirmed as expected in that no undésirable ligquors or tars were
produced. These byproducts, when formed in other processes, usually appear

in the waste water streams, creating a substantial removel and disposal prob-
lem. At the high reaction temperature of the Texzaco gesifier (2300 to 2800°FL,

:such condensable matezz.als ars unsta‘éle and are destroved.

Ths Selexo.l‘.@ sulfur removal systeam, when operat:.ng within its desi ign

- -specification, removed upwards of 28 percent of the HsS in the gas. The only
other significant sulfur species present was COS, measured in the feed gas to

‘the Selexo@um.t at about 5 percent of the 08 level, and- 50 pezcent ‘of this
COS was removed. It is believed that if regquized, the COS level could be fur-’
ther reduced by catalytic hydrolysis to HyS ahead of the acid gas absorber.

° It should be noted: that the 'Selexél.@ process installied ‘at Montebello is
among the acid gas removal alternatives likely to be ‘preferentially zpplied in

“eventual commezcizl gasification-combined cycle plants due to its selectivity
in removing st versus COy. For gas turbine applications the latter compound,

COZ' can remzin ip the gas and contz:_bute, in the form of J.ncreased mass flow,

to tﬁe total energy developea.
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In the EPRI-funded test runs, particulate levels in the product gas wezs
-essentially negligible, i.e., less than 0,1 mg per normzl cubic meter. The
ammonia level in the gas was less than 1 ppm. In addition to the produdt gas,
analytical data were gathered in the EPRI runs to detszmine the constituents
of various other plant streams, including the presence and nature of trace

. materials.. With the exceptzon of benzene, organic compounds on the EPA pPriority

pollutant list wezre not detected in the effliuent and recycle water straams at the
10 pob level. Benzene was detected at a level of less than 20 ppb in the recycle
water. No polynuclear arcmatics (FNRA's) which zppear on the EPA priozity pol-
lutant list were found in the sliag or partlculates. Leaching tests conducted

on the slag indicated all trace metals found in the leachats fell at least

an order of magnitude Below the one hundred times EPA drinking water standaxd
proposed for implementation of the Resource Conservation and Recovezry Ack. In
fact, 21l but three trace metzls actually met the drinking water criteriz, and
these three were present at less than ten times the drinking water standazd.

A similar level of environmental analysis and testing to that discussed..
above has besn conducted by Tezaco at the Montebello facility on a westerm coal,
Raiparowits. Reference No.2 in the list at the end of this papezr contains a
detailed discussion of cozl, gas, watsr, slag, and slag leachate compositions

in both the E‘ERI—sycnsozed Illinois No. 6 .coal tasts ana the Ka:.parom.ts coal
tests.

Larger Taxaco Pilot Scale Facilities

Extansive testing, including substantial envirommental analysis, is plzanned
to be carried out in larger Texaco gasificztion facilities now opérzating or
scheduled to commence operztion scon. EPRT is procesding with plans to conduct
during the next few months testing of Illinois No. 6 coal in a 150 tpd Texaco
unit in West Germeny. .These runs will be of similar scope to the oxygen-blown
runs performed et Montebello and the coal has been procured from the same mine.
This larger unit, operxated at Obechausen by Ruhrchemie (a European chemical
firm] to produce synthesis gas for a2 chemical feedstock, has achieved considez-
2ble success in a planned test progzam on Germzn coals since its start-up in
ezrly 1878. 'Unlike the Montebzllc pilot plant, the Ruhzchemie.fzcility is
equipped with a waste heat boiler, a key component reguired for efficient gas-
ification~combined cycle power applicaticns. This factor (versus direct waksz
cueach for cooling of the gas as employed at Montebello), along with the larger
equipment sizes in the Germzn unit, should incrsase the relevancy of the en-
virommental measurcments taken to the projected- performznce of commercizl sczle

| Texaco-Based GCC plants. It is intended to perform a careful analysis of the
.EPRT results frem Oberhausen when available to clearly identify the rezsons-
- for any significant diffewrence from the Montsbello tests, i.e., . ef:ects of

scale-up, dissimilazrities in eau:.ment design oz conf:.gu:cat:.on, d:.f:er:_ncr opez-

- at:.ng conditions, ete.

Anothe. Texaco gas:.f:.ez, having 2 czpacity of about 200 tpd of cozl is
‘Being zreadied for start-up By TVA at Muscle Shoals, Alsbama. This plant,
designed to produce a medium-Btu gas as feedstock for ammonia synthesis, was
the subject of.z papexr pzesented earlier at this meat:.ng. It is understood

.that a comprehensive environmentzl progzrzm is planned for ths TVA unit, which.

utilizes a direct wzter quench for cooling of the product gas and, accordingly,
should De reasonably representat:.va of a number of other maustr:.al appl:l.ca— :
tions cf the Tazacc gasifier, .
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COOL WATER DEMONSTRATION PROJECT

A number of major energy technology developers and supporters, :anlualncr
EPRI, are proce=ading with a pzcject to design, construct, znd operate 2 demon-
stration sczle (commercial size eguipment) GCC powar plant at Southewrn Califor-
niz Edison's existing Cool Water gensrating station. The demonsiration unit
will integrate a 1000 tpd Texaco coal gasifier with a 100 ¥ combined combus~—
tion turbine-steam turbine electric generating system. The plant £flow scheme
is depicted in Figurs 2 and the projesct is presently in the beginning stages
of detziled design., 2 prsliminary estim=ate of the product gas composition
based on the conceptual design of the Cool Water-facility3 is provided in
Tzble 6. The makeup of the clezn gas presented in the tzble reflects the de-
sign criteria of 37 percent removal of the sulfur in the raw gas based om 2
feed coal containing 0.7% sulfur by weight. Similar (and highsr] levels of
sulfur removal are quite readily achieveble in plants feeding higher sulfur
cozls through =ppzoprizte selection of design options within one of severzl
cormereially available acid gas removal processss,

The preliminary expected emissions from the Cool Water plant are shown
in Table 7. Tne projection of S0, emissions is based on the clean gas compo-
sition in the previous tz2ble. It should Be noted that the NOy emissions showm,
which correspond o spproximately 43 pom, reflect compliance with the plant
pezmit conditions which apply to the arsa in Czliforniz wheze the plant is to
be situated. This cziteria is significantly more strict than the federzl New
Source Performance Standard for stationary gas turbines which limits NQ; emis-
sions to 75 pem. To achieve the rsguired low NOy, emissions level the project
intends to employ gas saturation/steam injection prior to combustion, slong
with the uss of advanced combustor desion undergoing development concuzzrant
with the dssign effort for the plant facilitiles.

The good performance anticipated regarding particulzte emissions iIs a.
result of effective water sczubBing of the product gas which is cazrried out
as an integral part of the Texzaco gasification process., The use of enclosed
stozage and dustsuppression technigues in the coal receiving, transfer, and

preparztion arsas will, in ada:.tlcn, provide appropriate control of potent:.al
emissions from these aresas, -

In the gasifier process section all but & relatively small amount of the
wazter will be recycled internzlly.  The small amount of process blowdown will
Be routsd along with cooling. tower blowdown and other minor powsr plant agueous
effluents to a2 lined evaporation pond located on-site. The slag produced will
alsc be stored on=site in an impervicus lined storage arez, at least until such
time as sufficient datz has been collected to confirm that, as expected, this

terizl is non-hazardous and altemate off-site disposal (oz practiczl usel
can be pursued,

: Sulfur produced in the plant as a by-product will be stoz'ed at the facility
unless and until an application has been developed for it.

The Cocl Water project has already received the reguired Stats environ~
mental permit from the Californiz Enezrgy Commission (CECL. The conditions of
the permit granted By the CEC rsguirs tiiat -an extensive enviromnmentzl monitor-
ing znd surveillance plan be carried out during the plant operations and test
period. The details of this plan zre currently being developed.
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Table 6

COOL" WATER GCC DEMONSTRATION PROJECT

‘PRELIMIN?.H ESTINMATED GAS COMPOSITIONS (DRY)

FROM A CRYDIDATE WESTERN DESIGY COAL

Vol. Percent
Raw Cas Clean Gas
33.61 35.94
48.22 51.51
17.38 11.86

G.09 G.10
.54 g0.58
€.15 13 pomv
0.01 408 prov




- Notes:

Table 7 COOL WATER EXPECTED EMISSIONS -

Ibs./10% Btz (Coa=ll
S04 6.04
N0, Q.14
Particulates - 0.0Q5

Emissions based on pexformance calculations for &.candidate (western)

design coal,

Agqueous effluent intended to Be routed to lined evaporation pond.

Solid wastes (slag) to be stored at site..
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A cne~year monitoring program to provide additional datz regarding the .
present loczl enviromment in the vicinity of the plant site is nezrly com-
plete. The data from this effort, undertsken to comply with zregulations
promulgated for implementation of the Prevention of Significant Detsriorztion
(PSD] provisions of the Clean Air Act Amendments, will be submitted to the
EPA to support the recently prepared proiject application for z PSD permit.

SUMMARY

The data from existing pilot plants enables us to identify the species,
i.e,, compounds, present in the variocus gasification process streams, These
species would not be expected to change in scaled-up commercizl facilities.
Whnat remains unclear, however, is the concentration at which these substzances
will zppe=r in commezcial plants employing recycle of certain materizls and
other design dissimilarities for continucus economic opsration,

The promise of the data cbitzined so far strongly suggests that process
schemes to mest present and future emissions and effluent standards can be
econcmiczlly achieved with coal gasificztion combined cycle power plants.
Nevertheless the detziled long term environmental impacts and full achieve-
ment of ths sbove promise can only be obtained by continuous long term
ocpezration of a commercizl sized (and configuresd]l demomstzation plant. It is
with this vezry much in mind that EPRT together with Southern Califormiz Edison,
Texzaco, G.E. and Bechtel have commenced eng:.neezz.ng the 100M¥ gas:z.flcat:.on
combined cycle demonstration plant at Cool Watez.
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COS-HyS RELATIONSHIPS IN PROCESSES PRODUCING
LOW/MEDIUM~BTD GAS*

M:Lchael B. Faist, Robert A. Magee, and Maureen P. K:Llpatrlck
Energy and Process Chemistry Department
Radian Corporation
8500 Shoal Creek Blvd. '
Austin, Texas 78758

ABSTRACT

The chemical aspects of the distribution of sulfur between H9S .and
COS in. the product gas from the gasification of coal are examined. Comparing
actual gasifier measurements with equilibrium computations we find that the gas
stream becomes frozen corresponding to equilibrium values at high temperature,
most likely corresponding to the reactor exit. This implies a sulfur distribu-
tion with a higher COS concentration than one may expect. The conversiom of COS
to H9S occurs ‘mainly by COS hydrolysis, which is very slow at’ low tempera-—
tures. Finite rate studies indicate that an effective catalytic COS hydrolysis
rate comstant of 10717 to 10716 cm3/mol. sec will allow the reaction to
reach >95% equlllbrlum in small enough residence time to allow reasonable
reactlon vessel sizes.

: It is found that the ach:.evable HZS/COS equlllbrz.mn ratio is deter-
mined ' from the product of the locally frozen Hy0/COy~ ratio anmd the COS
hydrolysis equilibrium constant. The governing parameters for the BZO/ COo
equilibrium ratios are the temperature, pressure, and the gas stream (H/C) and
(0/C) ratios. The higher the (H/C) ratio amd the lower the (0/C) ratio the
larger the Hg0/COy ratio anmd thus the larger the HyS/C0S ratios  Moreover,
raising the (H/C) ratio and lowerinmg the (0/C) ratio also imcreases the achiev-
able CHy equilibrium concentration from a catalytic methanation module.

*Supported by the ‘Environmental Protection Agenc.y, Industrial . Environmental
Research Laboratories/Research Triangle Park under contract- EPA 68-02-3137.
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COS-HoS RELATIONSHIPS IN PROCESSES PRODUCING
LOW/MEDIUM-BTU GAS

1. INTRODUCTION

The production of gaseous and liquid fuels from domestic coal has a
high priority in the overall U.S. emergy policy. Of the techmologies used to
produce these fuels from coal, gasification and indirect liquefaction are com—
mercially available, and therefore, will be the first generation plants con—
structed in the U.S.

One of the largest process and envirommental concerns associated with
gasification and indirect liquefaction techmologies is the removal and ultimate
fate of sulfur compounds formed durimg the gasification of coal. Sulfur com—
pounds will poison downstream methamation amd synthesis catalysts and will pre-

sent a potential envirommental and health problem if emitted to the atmosphere
at certain levels. ’

The two primary sulfur compounds " formed 'during coal gasification are
HpS and COS. Of these, the amount of COS in relation tq HyS is of primary
concern because of the following reasons:

° Gaseous sulfur compounds are usually removed by an acid gas
: removal (AGR) process (i.e., Rectisol, Selexol, etc.). COS is
less soluble than H9S in physical AGR solvents; therefore, more
energy is required to remove COS from the product gas stream to

levels required for downstream processes (i.e., <5 ppm reduced
sulfur). . .

. Because .0f the relative solubility, when a selective AGR
operation is used, COS will distribute itself differently than
HoS in the AGR tail gases.

. Certain sulfur recovery processes (e.g., Stretford) will not
remove COS from AGR tail gases and more expensive sulfur recovery

processes may be required to reduce sulfur emissions from the
Planto

Based on the above reasons, COS can be removed from gas streams; however, it is
more difficult to remove tham HyS. In order to design AGR and sulfur recovery
systems it is important to identify and understand the effect of the parameters

which control the distribution of sulfur between H9S and COS in gasifier
technologies.
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The comversion of COS to HyS is limited by.the hydfolys’is reaction,
1 COS + Hy0 & S + Coy . o o
This reaction is sufficiently slow that equilibrium’ levels camnot Be achieved.

However, catalysts exist?™® which inecrease the rate of (I) and test modules
are being prepared. The scope of the present study is to investigate the rela—

tionship of H9S and COS in various gasifier technologies, ~Comparisons “betweem ™

model computations and actuzl gasifier measurements lends an' wnderstanding of
the systematics to aid in future designs. Both equilibrium and finite rate
considerations are included. — '

The data based~1l ysed for comparison is characterized in Table 1.
As can be seen the gasifiers represent a wide diversity in gasifier technology,
coal classification, and operating conditions. Table 2 shows the measured com~
centrations of the major species as well as the HoS and COS levels contained
in the raw product gas stream. These are the values to be used in comparisons
with model calculations. : ‘ -

II EQUILIBRIUM COMPUTATIONS

The equilibrium concentration of molecular.speéies at a given tempera-

ture and pressure may be calculated by minimizing Gibbs Free Energy constrained

by the conservation of mass for each element. We have performed such calcula-~
tions for each gasification system using as input the amounts of total carbon,
hydrogen, oxygen, nitrogen, and sulfur present from the measurements of the
product gas streams. The data base consists of the Gibb's Free Energy of over
70 molecular species from the JANAF handbook.lZ2,13 o :

Figures 1 and 2 show typical results from such calculations. Figure 1
corresponds to the COy Acceptor9 and Figure 2 to ‘the Wilputte-ﬂhapmans.
The bars on each plot show the measured levels (with 10% uncertainty) of each of
the species. Figure 1 illustrates that the €02 Acceptor is able to maintain
its equilibrium as the gas cools to sgbout 1000K where the reactions become
frozen. Although the Wilputte~Chapman results show a similar effect s the agree—

ment is not as definitive. The CO, Hp, and CH; are in equilibrium corres-
ponding to ‘approximately 900K while the Hy0 is not in the same temperature
range. This is most likely due to am imprecise Hy0 measurement. Of the HoS
and COS, the COS measurement is much higher than ‘equilibrium would predict at
any temperature. FHowever, this difference is omly a factor of '3 and for these
small concentrations, the deviation is considered to be reasona‘tjle. In gemeral,
we conclude that at least the major gaseous species (H;0, :COz, €0, Hz, and

. CHy) are frozen at. equilibrium values corresponding to temperatures in the
900-1300K range. : :
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CO, ACCEPTOR MOLE FRACTIONS
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Figure 1. Plot of the Calculated Equilibrium Majof'Gas-Speciés4and-thé
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WILPUTTE CHAPMAN MOLE FRACTIONS
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Figure 3 gives the calculated values for the HyS/COS ratio (by vol-
ume) for each of the gasifiers as a funmction of temperature assuming the system
maintains equilibrium at all temperatures. It should be noted that the measured
Hy8/COS ratios for omnly the CO Acceptor (CA) and the in-situ (UCG) gasi-
fiers correspond to H9S-COS equilibrium at -any temperature;. all others show
actual levels much lower than their equilibrium level. This is a clear indi-
cation that if equilibrium could be achieved between HyS and €08 much more of
the sulfur would be in the form of HyS, especially at lower temperatures.

If vHZS and COS were at equilibrium then reaction I shows that the
HyS/C0S ratio is directly related to the Hy0/CO9 ratio by the equilibrium
comstant; Ky, namely, . .

@)-®) 5 S

Since Ky is monotonically increasing with decreasing temperature as shown in
Figure 4, the larger the Hp0/C0; ratio is the larger the HpS/COS ratio
will be. Figure 5 shows the behavior of the equilibrium H90/C09 ratio with
changing temperature. Again bars indicate the actual measurements. WNote that
the Hp0/CO0; ratios form a family of curves related by the H/C ratio by
weight. As may be expected, the higher the H/C ratio the greater the Hy0/
C0g ratio. .

Now, if a catalytic module were added to increase the rate toward

equilibrium of reaction I, and since the H3S and COS are present in very low

concentrations compared to Hp0 and COp, HpS/COS equilibrium - would be ob-
tained without significantly affecting the Hy0 and CO5 comcentrations. Here

~ the equilibrium HpS/COS ratios will mot be as in Figure 4 but will have the

form

, HZS
( )= (constant) K

%5 )

I 3

where the constant in Equation (2) is the frozenm value of Hy0/C05. Figure 6
shows the possible equilibrium values achievable for the gasifiers studied here.
These are simply Kj(T) multiplied by the actual (Hp0/C09)" ratio of each
gasifier. The equilibrium values of HyS/COS = R* are plotted on the left hand
axiss If only 90% of equilibrium were reached, i.e., H5S/COS = 0.9R*, then
the fraction of sulfur as HyS is HyS/(HS + COS) = 0.9R*/(0.98* + 1). The
right hand axis is scaled to this fraction. Therefore, if the module achieved
90% equilibrium at 500K nearly all gasifiers would yield >99.9% of all sulfur as
HsS. \ ' : : . S : .
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It is clear that the greater the H9p0/CO» ratio the greater the
achievable H9S/COS ratio. Therefore, it is worth considering which parameters
determine the H50/C09 ratio. Both Hp0 and COy are major species in the
gas phase and as such they will only be affected by the other major species. Of
the major elements present (C, H, O, and N) only the C, H, and O will affect the
Hy0/CO; ratio. Moreover, since we are only interested in a ratio, only the
(total H/total GC) and (total O/total C) ratios im the gas stream are important

to the equilibrium. Figure 7 shows the correlation of the gasifiers betwesen the

0/C and H/C ratios by weight, designated (0/G); and (8/C)y, respectively.

The (0/C)y; ratio for each gasifier (except the COy Acceptor) is empirically
related to the (H/C)y ratio by '

(0/C)y = 7.6 (B/C)y +0.88 . (3)

The (0/C)y; ratio is much lower in the CO03 Acceptor due to the removal of

CO2 to form CaCO3 in the fluidized bed, and the absence of Oz in the input
stream.

Using the relationship of Equation (3) the Hp0/C09 equilibrimm
ratio is wmiquely determined from the (H/C )y ratio. Separate equilibrium com=—
putations were performed for atmospheric pressure considering only H, C, and O
with various (H/C)y ratios amd Equationm (3).  The .result for the Hy0/C0g
ratio are presented in Figure 8. Comparing Figure 8 to Figure 5, we find the
Hp0/COy equilibrium ratio to be identical when conditions are the same.
Moreover, even when conditions are very different, such as the CO2 Acceptor,
the Hy0/CO09 ratio is in agreement within approximately 257 for temperature
greater than 800K. Therefore, if one knew the (B/C),;, ratio and approximated
the temperature at whith the Hg0/CO3 becomes frozen (in most cases 1000-
1200K) the achievable HzS/ CO0S equilibrium ratio could be estimated from
Figures 4 and 8 using Equation (2).

IIT. FINITE RATE CONSIDERATIONS

From the previous sectiomn, it is clear that at lower temperatures
nearly all of the sulfur would exist as H9S if equilibrium for reactiom I
could be obtained. If a catalyst is used, the equilibrium is unaltered, only
the rate at which the equilibrium is attained is increased. Several catalysts
have been partially iﬁvestigatedz"l" which enhance the hydrolysis of COS; how-
ever, rates are ill-defined and catalytic poisoming has not beeen well charac—
terized. Nevertheless, it is useful to understand the effect of various rate
constants on the design of catalytic COS hydrolysis process modules.
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Congider kg and k, as the effective forward and reversé rate com-
stants for Reaction I, respectlvely. Then the rate of change of COS is given by

dn -
cos _ . - e
& T ke %,0 "cog ¥ Yt %0, s - @

where nj; is the den51ty of the ith species in moles/cm3. . Now, by conserva—
tion of sulfur species :

= o ' ] = - = 1R . .*. . .
“total,s = os ¥ "H,s T "cos T Pm,s T "Cos Y TEs v (5)

where the superscript "o" and asterick indicate, respectively, the imitial and
equlllbrlum values. Using Equation (5) in Equation (4) and recognizing that

= k¢/ky, Equation (4) may be rewritten

“oos = - oz. n .+ B , S - (62)
dt Cos - ? _ N
where
- Peo, - _ .
g = k.n L+ =) . _ :
and

. - (6c)
= . (n .o ;
8=k, ('ﬁzs *+- Pos? Bgo ~
. 2
As discussed in  Section II, Hy0 and COy are major spec1es and remain
unchanged by any redlstrlbutlon of sulfur species, e.g., reaction T. Therefore,

the Hp0/COp ratio will be constant during the approach to' the HS-COS -
equilibrium. Using this, ¢ is time independent and may be wrltten as

R : ' A (6p")
o l?fr-lnzo (1"' =) ... . o

whére R* is the equlllbrlum ratio, nHzS/nCOS

HyS#/COS%. - Finmally, the
golution to Equation (6a) is given by o )

i _ o -0t S (N
Teos T %8s~ ®los ~ “tos'e SRR

wiih 0. given by Equation (6b').
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Defining an extent of equilibrium, Y . by

R “Ezs/ “cos
YE R T m oA ; (8
R st/n cos

and after considerable manipulation, we find

% _ R% - - at
. - Yo +RE-RE (1 -7y)e 9)
Yo +R*+ (].--Yc,)e"c‘t

where Yo corresponds to the imitial value of vy.

Toward obtaining residence times to reach a given extent of equili-
brium, Equation (9) may be rearranged as

(r.+ B9 (L - ¥y

et = Im 0, ¥ 29 @-v) -

(10)

Now using the ideal gas relationship for the total gas phase density (n), and
oHy0 = ZXEyom, Where Xgy0 1s the H0 mole fraction, & [cf. Equation
(6b')] is given by

e =1%ok (Basdy (D
20

where P and T are the pressure and temperature, respectively. Substituting
Equation (11) into Equation (10) » we find

irE ® mErma-y 0 0P

Xy 0 ke PT/T = 1.36 x 1072
2

If t=1 is the time to reach 90% of equilibrium then Y= 0.9 and the right hand

side is a given value depending on the achievable equilibrivm ratio R* and the
initial value YO'
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. Table 3 presents these values for a wide range of: 'Yb and R* for
Y= 0.85, 0.90, 0.95. As can be seen, the entries are relatively independent of
Yo,and.R*,. -and . all:-entries are well pépresented by o

1.5+ 1 %1022 .y

0.85  *

L k. PTU/T =]2.0:1x102%2 ¢ = 0.90
"H,0 £ , —22 _ (13)
3.0 £ 1 x 10 vy = 0.95 "
In fact, all three categories may be summariéed by
| ' -22. S
© Xy ok PUT = 2.0%2x10 : (14)
2 ) .

or, for a given process with a given rate constant, the reaction time Tlecessary
to achieve 2957 of equilibrium is ‘

-22 o . ' L 15
T, > 4x10 T/xﬁzogkf . : (15)
Here, we have used the conmservative upper limit for the constant. The fact that
these . constants are all very similar in magnitude is just a reflection of the
nature of first order kinmetics. That is, these constants represent the driving
force toward equilibrium and the further the system is from equilibrium
initially, the faster the approach to equilibrium, providing similar times to
reach the desired extent of reactiomn. Now, the required residence time in a
reactor (reaction time) is related to the reactor volume, V, and the actual gas
flowrate, F, by S

T, = V/F = 300VE/F T , o (16)

where F, is the flowrate at 300K and 1 atm. Therefore, Equation (15) may be
rewritten ‘ :

v 94 2. g (17)
i > 1.33 x 107 T/XEZO P ke )
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TABLE 3. EQUILIBRIUM DRIVING FORCES2

w£>\R% 100 101 102 103 104
Y= 0.85 .
104 1.71 2.45 2.57 2.58 2.58
10-3 1.71 2.45 2,56 2.58 2.58
102 1.69 2.43 2.55 2.56 2.56
10~1 1.57 2.30 2.42 2.44 2.44
0.5 0.96 . 1.53 1.63 1.64 1.64
0.7 0.53 0.87 0.94 0.9 0.94
Y= 0.90
1074 2.00 2.95 3.11 3.13 3.13
103 2.00 2.95 3.11 3.13 3.13
102 1.99 2.94 3.10 3.12 3.12
10-1 1.87 2.81" 2.97 2.99 2.99
0.5 1.26 2.04& 2.17 2.19 2.19
0.7 0.82 1.38 1.48 1.49 1.49
Y = 0.95
104 2.49 3.82 4.05 4,07 4,07
103 2.49 3.81 4,05 4,07 4,07
102 2.48 3.80 4,03 4,06 4,06
10-1 2.35 3.67 3.90 3.93 3.93
0.5 1.74 2.90 3.11 3.13 3.13
0.7 1.31 2,24 2.42 2.43

2.43

@Fntries correspond to 1022 Zg490 ka't/ T.
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Eqﬁétion an m,éy be thought of as a design criterion for a process module. It
relates the necessary volume of the module to the governing parameters, Figure 9
shows a log~log plot of V/Fo vs k¢ for each of the gasifier conditioms with

'a process module temperature of 500K. V/F, values above the line correspond

to a sufficiently sized process module for a given effective rate comstant to
achieve 957 equilibrium. The two horizontal dashed lines correspond to 1la
scale systems (flowrates of 3000 SCF/sec) with modules of 1000 and 100 ft .
For these parameters, the catalytic rate must be kg N 10"]-7--3.0"'16 cm3/
mol~sec to handle all gasifiers. The noncatalytic gas phase rate comstant is
not knmown but is estimated to be = 10726-102%4 cp3/molsec at 500K. This
would correspond to an activation emergy of approximately 15000K. Since cataly-
tic enhancement is thought to reduce the -activation energy to -approximately
3000K this type of catalytic module would appear encouraglng.

IV, . EQUILIBRIUM REVISITED .

In the previous section the governing parameters and their relation~
ship to the process module were determined. With them, once the effective
hydrolysis rate comstant is determined, an optimal module may be designed. This
model presents the parameters necessary to reach a desired fraction of the
equilibrium’ HyS/COS ratio. This ratio is determined by the gas:Lf:Ler operating
conditions. - As mnoted earliier, the HZS/ COS equilibrium ratio is directly
related to the COS hydrolysis equilibrium comstant by the frozem Hy0/COg
ratio in the gas stream. Since the value of the HpS/COS ratio is so important
to the attainable sulfur reédistribution in the  process module, a few points
should be noted regarding this ratio and amy effect on the -gaseous product fuel.

Although the minimization of Gibbs Free Energy is a numerically effi-
cient and general method of obtaining the equilibrium compositioms, often the
more explicit method of solving equilibrium constant expressions can lead to

- insights obscured by the above techmique. ' In a gasifier, the major molecular

participants are Hp, CO, CHa, Hp0, and COg. Therefore, there are only
five conditions necessary to determine the concentrations .of these species.
These are the three elemental comservation equations and two addlt:«.onal chemical
equilibrium equations. Namely

28, + 2650 + 4CH, B I -

H=

0 = Hy0 + CO + 2C0, : _ . III

C = CO + COy + CHy . _ v
- Hg0 + C0 = G0y + Hy » ' . v

3H; + CO = Ho0 + CHy ‘ o VI

-The two chemical equations are the water—gas shift (V) and methanat:.on (V1)

reactions.
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Now, the equilibrium of the methanation reaction is such that at high
temperatures the equilibrium is totally shifted to the left, with no CHz
present. At lower temperatﬁres, equilibrium is with the CH; fommation,
however, rates became ‘too slow to achieve the equilibrium. . Since CHj is a
more economical- fuel, often a methanation module is added to convert the Hy
and CO to CH4. Therefore, it is important to understand the equilibrium over
the entire range of temperatures. ' :

The equilibrium is naturally divided mto three temperature regioms
denoted by A, B, and C. Only in region B are all five -molecular species
present. The molecular distribution of major species within the regions are:

A:  CHy, Hy0,C09 (T £ 700K)
B: CHg, Hz0, COy, Hp, CO (700 & T X 1100K)
C:  Hy0, €Oy, Hy, CO (T y 1100K)

Therefore, since the molecular species are reduced in reglons A and C, only B
requires the entire (II-VI) set of equilibrium cond:i.tlons. In regionms A and G,

the condltlons become -

B H = 2Hy0 + 4CH; A & &
region A: ~ - 0 = Hy0 + 2C0y R Do IITf
C = COg + CHy . - IV
and
S H = 2Hy + 2Hy0 _ ' ' L Ir"
region C: 0 = Hy0 + CO + 2C09 : IIr”
S C = CO + COy _ _ "
:

90 + CO = COp + Hy _ - v

'In region A the molecular distribution of major species is trivially
determined from the comservation equations. :
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The solution (per mole of carbon) in region A is

(%) - 3@) - &@), + 2 , s

ER) - s@) +3@), - , asw)
w

() -3-3@) - 2@ . e

Therefore, as (H/C)y is increased, the yield of CH; and Ho0 is increased
and GO0y is decreased, while as (0/C)y; is increased the yield of CHy is

decreased with H0 and COy being increased. Note that there is no_pressure
or temperature dependence within this region.

Region C has a temperature dependence due to the addition of the water
gas reaction (V). However, since there is no change in the number of moles
during this reaction there is mno pressure dependence throughout this region.
The solution for the molecular species within this region is

B R 50

® - -

]
(2153
5
~——
|
~—

(19b)
i co.\
2} = H _-3(0 _2 19
(C) 6(c:)W 4(c)w + 1 +(C> , (19¢)
co ’ . ,
with (—CZ-> = &(T) [ H%(T) - 1] , | (19a)
were 6@ = [6(3) - Famp) +1i2am .
. ‘ - (19e)
- v 3/0
and BT = 1 + (1_Kv)c;2 [Z (E)w — 1 ] s
) (19£)

Table 4 gives the values of Ky for several temperatures.
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TABLE 4. EQUILIBRIUM CONSTANT FOR H,0 + CO =CO, + H

2 T H
N (co,) (E,)

T (R) 5 T @& @ -
1600 0.3360
1500 0.3899
1400 0.4645
1300 0.5718
1200 0.7337
1100 - 0.9936
1000. 1.445

900 2.315

800 4,246

700 '9.472

600  28.44

500

133.0
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As seen from Figures 1 and 2, the Hy0/C09 ratio is most likely to become

frozen at temperatures corresponding to region C (or perhaps region B). In
region C the Hy0/CO9 ratios is given by,

noy |2(8) -1
(0(2)2)= [%cozlg) ] -1 : (205

Here, an increase in (H/C)y [with constant (0/C)y;] implies an increase in
Hy)0 at the expense of COp. and thus an increase in the H0/COy
equilibrium. Another useful simplifiction within this regiom is obtained when
Ky = 1. This condition corresponds to a temperature of approximately 1100K.
Here the H90/COy ratio is easily found from

E.O

20\ E _

(Eb;)’ 6(0) T = 1100K . (21)
w

Region B is the only ome which regquires the full set of equilibrium
conditions, namely the addition of the methanation reaction. Since this reaze—
tion decreases the total number of moles,the corresponding equilibrium constant
carries a factor of P2, Therefore this is the only region which will show a ~
pressure dependence as well as a temperature dependence.

Figure 10 shows a replotting of Figure 9 with the three temperature
regions indicated by vertical dashed limes. The accuracy of Equations (18-21)
is related by the plotted points within each region. The open circles corres—
pond to Equation (18), the solid circles correspond to Equations (19 and 20),
and the open squares correspond to Equation (21). This figure and the zbove
discussion illustrate that .for most temperatures and pressures in the gasifica—
tion of coal, the equilibrium distribution of the major species mzy be predicted
without the need for more elaborate computations. Examining these relztion—
ships, the governing parameters are found to be the temperature, pressure, and
the (H/C)y; and (0/C),, zatio. Moreover, using Equations (18-21) it is
possible to obtain a set of conditioms which will give a desired equilibrium
distribution of the sulfur species. In the following section, we will examine
the gasifier as a whole and discuss the effect of these parameters om the
overall quality of the product gas.

V. CONCLUDING REMARKS

The gas phase chemistry of a gasifier has been studied with particular
attention to the major species and their influence on the equilibrium distri-
bution of sulfur between Hp8-C0S and the size of the process module needed to
achieve the desired extent of equilibrium. One important conclusion is that the
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residence time is essentially independent of the initial and final H9S/COS
ratios. Therefore, there are no module design criteria which depend on the
desired sulfur redistribution. The attainable H9S/COS ratio is completely

determined by the local H90/CO0y ratio and the COS hydrolysis equilibrium
constant.

The H90/CO03 ratio is controlled by the water—-gas reaction at high
temperatures (>1100K) and by the water-gas and methanation reactions at inter—
mediate temperatures (700-1100K). As the gas stream is quenched upon exiting
the gasifier reactor these reactioms become very slow and the Hy0/ COg ratio
becomes frozen corresponding, most likely, to its equilibrium value at the tem~
perature of the reactor exit. Although, this temperature may be between 700 and
1100K, (i.e., the pressure dependent region), the ad joining temperature regioms
are pressure independent. Therefore, we expect that the H90/CO9 ratio is

not stronmgly dependent on pressure. This has been born out for the gasifiers
considered in the preseat study.

Apart from temperature and pressure, the parameters which goverm the
Hp0/COz equilibrium ratio are the (H/C)y and (0/C), ratios. 1In gemeral,
- increasing the (H/C)y and decreasinmg the (0/C),, ratios increases the HyO/~
COz ratio which in turn increases the H3S/C0S equilibrium ratioc. It is
important to mote that the affect of increasing the (H/C), and decreasing the
(0/C); ratios also imcreases the equilibrium CH; yield. Therefore, attempt—
ing to improve the sulfur distribution not omnly does mnot lower the attainzble
CHy yield from the methanation module but actually increases it.

Although, from the sbove discussion, it would appear that every effort
should be made to imcrease the (H/C)y ratio and decrease the (0/C)y ratio,
this is only true within bounds. The gasification of coal requires fairly high
temperatures. Moreover, the overall gasification reactioms,

C + Hy0 = CO + Hyp
CO + H90 = C09 + Hy
C + C0p = 2C0 ,

are endothermic. Thus, if heat is not continually supplied the temperature will
drop and gasification will cease. This heat is produced from the combustion
zone where some of the carbon is oxidized to COg. Now, the (H/C)y ratio
may be imcreased by introducing more steam but this will increase the (0/C)y
ratio as well. In order to decrease the (0/C);; ratio the air (or oxygen) flow—
rate must be decreased. However, decreasing the air will cause less combustion
and therefore lower the reaction zone temperature. In actuality, increasing the
steam flowrate, will increase the endothermic gasification reactioms, resulting
in lower temperature. Therefore, an increase in steam flowrate must be accom—
panyed by an increase in air (or oxygen) flowrate to maintain temperature.
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In summary, the major po:Lnts of this study are:-

A process module w:.th an effective catalytlc COS hydrolys:.s rate
constant of approximately 10717 to 10716  cw3/mol-sec will
reach >957 of the equilibrium H9S/COS ratio inm small emough

residence tmes to- allow reasonable reactlon vessel s:.zes. )

'Th:.s resonance time is essentlally 1ndependent of ‘initial zmnd

£inal HpS/COS ratios.

The achievable H3S/COS equilibrium ratio” at a given temperature
is completely determined from the product of the locally frozen
H90/CO9 ratio and the COS hydrolys:.s equlllbrlum constant for
that témperature.

The Hp0/COg ratio becomes frozen at approx:unately 900-1200K,
probably near the reactor exit temperature.

The governing parameters for the Hy0/COg equlllbrlum ratios

are the temperature, pressure, and the gas stream (B/C)W and
(0/C)y; ratios.

" The higher the (H/C)y ratio and the lower the (O/C)W ratio,

the larger the Hp0/CO0; equilibrium rat:.o and thus the larger
the HyS/CO0S equilibrium ratio. ~

_ Raising the (H/C)W ratio and lowering tiae (0/C)y; ratio also

increases the achievable CH; equilibrium concentration.:
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 BEHAVIOR OF A SEMITBATCH COAL GASIFIQAIION UNIT
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W. J. McMichael
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Research Triangle Park, N. C. 27709

© ABSTRACT

This paper describes the transient behavior of a laboretory scale
fixed-bed gasifier operated in a semibatch mode. The operation is_batoh
with respect to the cozl feed -and continuous with respect to gas flows.
Various coals ranging from lignite to bituminous were gasified usingv
steam—air mixtures at 1.4 MPa (200 psia). and approximately 900°C. .The
transient behavior of the reactor temperature at-variousﬂcoai bed -depths
was examined, Test results from nine tests involving five coalsfare
;e@orted. The data presented include thé rate of production of various
gagification products. These include CHA’ co, 2, benzene, toluene,
xylene, HZS’ C0S, and thiophene, as a function of run tlme. It Was
found that the majority of the CH4, the minor hydrocarbons, and sulfur
epecmes were evolved during coal devolatilization. These data were
analyzed using a eimple kinetic model which assumes that the rate of
production of a compound at any time is proportional to the (potential)
amount of that compound remaining in the coal. This model explains the
data reasonably well during the devolatilization period. - It was'found
‘that the specific rate of production of individual species was practically
the same for all coals and gasification products con51dered' the ultimate
yleld was dependent on cozl type. The ultimate yield of (a) CH
benzene, and (b) sulfur species roughly paralleled the volatile and

suifnr contents of the coals, respectively.

Duane G. Nichols is now with the Comnoco Coal Development Company, Research
Dlv1szon, lerary, PA.
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BEHAVIOR OF A SEMIBATCH COAL GASIFICATION UNIT

INTRODUCTION

The Research Triangle Institute (RTI) has performed over 40 gasification
tests in a laboratory scale gasifier usiné a.variety of coals.[l’zl During
these tests, RTI has developed procedpres for the sampling of the various
gasifier process streams and for identifying and quantifying potential envirom~-
mental pollutanis found in these streams.[3]

The coal gasification tests were performed in a semibatch reactor where
the experiments are batch with respect to the coal and continuous with respect
to gas flows. The gasifier is approximately 6.6 cm I.D. and its 60 cm active
length is surrounded by a three zone furnace. During a gasifier runm, the
gasifier was initially heated electrically to the desired gasification tempera-
ture of about 950°C with the desired air and steam flow passing through the
gasifier. The air flows varied from 5.0 to 15.0 standard liters per minute
(slpm) and steam varied from 5.0 to 18.0 slpm. After reaching gasification
temperatures, the coal was batch-fed to the gasifier ﬁith the charge ranging
from approximately 1.2 to 1.6 kg. The coal size was 8 x 16 mesh, and the
charge was supported by a porous cerzmic plate which also acted as the gas

distributor.

The coal was charged to the gasifier at room temperature and, consequently,
cooled the gasifier well below. the initial temperature. This behavior is
shown im Figure 1. Recovery of the temperatureﬂtook about 30 minutes, and the
" rate of increase in the average bed temperaturé after coal drop appeared to be
proportional to the difference between the average final temperature and
instantaneous average bed temperature. It was found that after the recovery
period, the temperature profiles in the coal bed closely matched the initial
temperature profile and were dominated by the furnace except in the combustion
zone of the bed.

The gasification tests were characterized by two distinct periods of
operation: (1) the initial stage after the coai drop during which devolati-
lization of thé coal occurred (surge period), amd (2) a steady-state period
which followed the surge and was the stage where coal gasification took place

resulting in a fairly steady product gas composition.

. cheem .
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Figures 2, 3, and 4 show the time~dependent nature of a typical gasi-
fier test in which I1linois No.6 bituminous, Wyoming subbituminous and
North Dakotz lignite coals were gasified.. The composition of the coals
and gasification conditions.are shown in Tables 1 and 2, respectively. It
can be seen from these figures that .production of methane.and other minor
hydrocarbons is greatest during the initial stage of ' the gasification test
or during coal devolatilization. The production rate of these components
£21l almost two orders of magnitude from their initial rates during the
surge period. A more complete description of the production rate-time
characteristics of the semibatch gasification of the five coals in nime

tests have been presented. elsew‘here.[ I )

Based on the data in Figures 2, 3, and 4 and additional data pre~
sented by McMichael et al..,[4] the following observations can be made
about the rate of pollutant and product production.as a function of time:

i. The production of pollutants and CH, in the product gas usually
surges to a high rate just after the coal drop, and drops quickly
as the bed temperature rises. A majority of the minor components

and CHA are formed in the first. 25 to 30 minutes of the run. .
After this time the product rate decreases.

2. For the bituminous coals and the Montana subbituminous coal the
rate of B, production increases during the initial stages of
gasification. during devolatilization. This could be z comse~
quence of (2) increasing bed temperatures at the beginning of
the run resulting in iuncreasing H, formation from the steam—
carbon reaction, and (b) dec.reaseé availability of reactive
carbon as coal devolatilization proceeds,. thus more H, appears
in the gas. Hydrogen formation peaks early in the rum, and the
rate of formation decreases fairly steadily over the remainder
of the run. This steady decrease is probably due to the
decrease in the density of carbon in the bed with time.

3. For a steady flow of steam and air, the rate of production of CO
approximately parallels the Hz production.

4, . For Illinois No.6 bituminous coal, the rate of GO, production
reaches a maximumm in the. initial stage of the gasification run
and then decreases or remains fairly comstant. The Western
Kentucky coal .also shows this trend except the production rate
increased sharply at oxygen breakthrough. For the subbituminous
and lignite coals, CO, production reaches a maximum during
devolatilization and then .quickly drops to a minimmm at about
25 minutes into the run. After this minimum. the production
rate increases- steadily over the length of the run. The C'02
increase is usually accompanied by a slow decrease in the

« rate of CO production. The reason for this could be that as .
the demsity of carbon in the bed decreases through gasz.fl—
cation, more CO is burned :m the gas phase.
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5. The rates of production of benzenme, tolueme, and xylenes parallel
each other. In general, benzene has the highest rate of produc-
tion and the xylenes the lowest. Each has a high initial pro-
duction rate. The rate decreases rapidly during devolatilization
by one to two orders of magmnitude.

6. The production of HpS and COS is at a maximum during devolatili-
zation and f£alls off rapidly near the end of this period. Aftér
devalatilization, H9S and COS appear te follow the production of
CO02. Thisg is probably due to two modes of sulfur release from the
coal. The first is during devolatilization when sulfur-containing
compounds are being rapidly evolved from the coal. Decomposition
of these compounds results in COS and HpS. In the second mode
after devolatilization, sulfur is released by oxidation of the
char matrix. Upon release the sulfur species react with Hp, CO,
or CO2 giving rise to H9S and C0S. Thus the production rate of

H9S and COS follows that of CO2 since it is indicative of oxidatiom.

7. Methaunethiol and thiophene are produced primarily during coal
devolatilization. For each compound the production rate starts at

a high initial value and falls below detection limits within 25 to
50 minutes. after the coal drop.

The yield of potential envirommental pollutants in the gasifier product
gas over the length of the gasification runs hés been computed for the RTI
gasifier by integrating the rate of production with respect to time. These
yields have been compared by Green, et al.[S] to yield data reported in the
literature for larger scale, continuous gasifier. An example of this is
shown in Table 3. It can be seen that for a majority of the compoments
reported that the data from the RTI gasifier appears to bracket the data
from the continuous gasifier even though the continuous gasifiers represent
a range of gasifier operation from fixed- to fluidized-bed. Analysis of
data from semibatch operation is difficult due to the unsteady nature of
operation. Recently RTI has been operating its gasifier in a continuous
feed mode and analysis of this data is now underway.

The inmitial production rates of methame and minor hydrocarbons during
the devolatilization of the coal as shown in Figures 2, 3, and 4 can be in-
terpreted in several ways. One way is in terms of the Gregory-Littlejohmn
equation.[6] For-a constant heating.rate-thié equation predicts a straight
line on a semilog graph of rate of production of volatiles versus time.
This equation could perhaps be applied to the individual components making
up the total volatile yield.
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Another way to interpret data of the type shown in Figures 2, 3, and 4 .
involves the use of a rate expression. The most commonly used kinetic
approach is to assume that the rate of evolution of a volatile species is

proportional to the potential amount of that species remaining in the coal.[ﬂ

dVi
& & (Vmi =) @
where ki = the rate constant, min—l.
Vi = the yield of the ith volatile compoment, si/kg coal.
V_. = the ultimate yield of the ith volatilé component, si/kg coal.
i
t = iime, min.

Assuming isothermal conditions, Equation (1) can be integrated subject
toVi=0att=0to give

V,-V.=Ve 1 2)

Substituting Equation (2) into (1) gives

dav,

i -l t
T ki (3)

Taking the log of Equation (3) yields

- av,
In —==1a (kivmi) -kt (&)

dt

Equation (4) predicts that a semilog plot of the rate of production of
a volatile species versus time should yield z straight line with the slope
equal to the negative of the rate comstant and the intercept equal to the
product of the ultimate yield and the rate constant. A substantial number of
product rate-time curves determined in RTI's gasification experiments can be
interpreted in terms of Equation (4) if the rate constant, ki’ is viewed as
an average constant. over the period of the linear data. This can be done if

the rate comstant is not a strong function.of temperature such as would be .

the case in diffusion-controlled processes.
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A kinetic amalysis has been made of the rate data for nine gasifi~
cation tests using Equation.(é).' The results of this analysis are shown in
Table 4. This table presents aVerage'results fdr'individual.species for
an initial rate .period for each,type_eoal’gasified. The.ultiﬁateiyield
values shown have been normalized to.a unit coal basis. -

The following observations can be drawn from Table 4.

.1. The average ultimate yield of CHz for Tlliriois No.6 coal is
approximately 2.7 scf CH,/1hb coal maf which is in good agreement
with a value of 2.4 secf CE&/lb coal maf which would be obtained
by extrapolating the data for the SYNTHANE gasifier to 200 psig.

2. The kinetic parameters for the initial rate period are for the

' most part fairly consistent within a given coal type. For
example, for Wyoming coal the .rate constants range from 0.149 to
0.173 min~l. In the worst case (I1linois No.6 cozl), the rate
constants vary by a factor of four which is still imn fair agree-
ment considering the assumptions made. in the analysis and: errors
involved in computing production rates. Wyoming subbituminous
coal appeared omn the average to have the highest specific rate of
product formation (i.e., largest rate comstants) of any of the
coals tested.

3. The values of the rate constants for the different coale and each

component are close to each other with a simple average constant
being approximately 0.10 min-i,

4.  Examination of the average ultimate yields for the various cozls
in Table 4 shows that the bituminous coals have. the greatest
potential for the production of CHy and CgHg as well as the
sulfur-containing species. The potential for sulfur species
production appears to roughly parallel the sulfur content of the
coal except for COS in the case of I1llinois No.6. However, oaly
one value of the ultimate COS yield ‘could be computed out of the
three Illinois runs, and this may not be representative. Of the
lower ranked coals, the Wyoming subbituminous coal had the highest
potential for CHy and CgHg product with ultimate yields of these
components approximately on the same order as the IllanlS No.6
bituminous. coal,

‘CONCLUSTONS .

Screening tests. in which several types of coal. were gaéified'ha?e'been

considered in this paper. . Major emphasiS'has been placed on the analysis

of temperature histories in the gasifier bed and transient production rates

jof the major.gas products,umiﬁor hydrocarbons, and selected sulfur-containing

species, ) . :
The temperature in the,bed was found to.be dominated by the ga51f1er -
furnace when the furnace was in operatiomn. Theﬂrate of 1ncrease 1n the

average bed temperature in the ga51f1er after the coal drop appeared to be
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be proportional to the -difference between the average. final temperature and
the instantaneous average bed temperature. '

'According to the Gregory-Littlejohn equation, the coal bed temperature
should have a significant effect.on evolution of total volatlle material.
At a coustant heat:.no rate the Greaory-thtlejohn equatlon predlcts that a
semilag graph of the.devolatlllzatlon"rate as a function of time should be

linear during the initial stages. of the gasification test. . This behavior.

.was observed for the evolution of individual components such as methane,

benzene, minor hydrocarbons, and sulfur. species indicating the possibility
of &eveloping a Grecorthittlejohn type of equation  for each volatile species.

A simple kinetic model, which has been w1dely used in. the llterature in
one form or another, was applied to rate~time data for selected chemlcal
components. This model assumes that the rate of formation of a species is
proportional to the potemtial amount of that species remaiﬁing.invthe coal.
The model involves two parameters: (1) the ultimate yield -of the species,
and (2) a proportionality (kinetic rate) comstant. It was found that the
kinetic rate constant was roughly the same for all.species and alllcoels
with a simple average of the constants being 0.10 minfl. '

‘The average ﬁltimate.yield for each coal for a given épeeiee-ﬁas
dependent on the chemieal species and coai:typef The ultimate field of
methane and benzene.approximately parzlleled the volatile content of the
coal and yield.of sulfur-centaining.components paralieled the sulfur comteat
of the coal., The potential for the evolution.of-sulfur-containiggfcompounds
into the gas was found to be an order of magnitude. less for'the.subbituminous

and lignite coal than for the bituminous coals.
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CARBOW CONVERSION, MAKE GAS PRODUCTION,
AND FORMATION OF SULFUR GAS SPECIES.
IN A PILOT-SCALE FLUIDIZED BED GASIFIER

_ M, J. Purdy, J. K. Ferrell,
R. M. Felder, S. Ganesan, and R. M. Kelly

ARSTRACT

The steam—oxygen gasification of a pretreated Western Kentucky
No. 11 bituminous coal was carried out in a pilot-scale fluidized bed
gasifier, This paper describes the experiments and summarizes meas—
ured carbon conversionms, sulfur  conversioms, make gas production
rates, and the results of material balance calculatioms on total mass
and major elements (G, H, O, N, and §). The development of & single
stage kinetic model for the gasifier is outlined, and correlatioms of
the experimental results using this model are presented. Quantities
of sulfur gas compounds formed in the gasifier at different operating
conditions are summarized and a first analysis of these results is
presented. ' - : : :



INTRODUCTION

Since 1976, the Department of Chemical Engineering at North Garo-
lina State University has been engaged in a research project on coal
gasification sponsored by the U. S. Envirommental Protection Agency.
The facility used for this reseazrch is a small coal gasification—-gas
cleaning pilot plant. The overall objective of the project is to
characterize the gaseous and condenmsed phase emissions from the gasif-
ication-gas cleaning process, and to determiné How emission Tates of "~
various pollutants depend on adjustable process parameters, Specific
tasks to be performed are:

1. TIdentify and measure the gross and trace species concentra-—
tions in the gasifier product streams.

2. Gorrelate measured emission levels with coal composition amnd
gasifier operating variables.

3. Perform materizl balances around the gasifier, raw gas clean~
up system, and acid gas removal system, and determine the ex-

tent to which selected species are removed from the synthesis
gas in each subsystem.

4. Correlate measured extents of conversion and removal effici-
encies for various species with system operating variables.

5. Evaluate and compare the performance characteristics of al-
ternative acid gas removal processes.

6. Use results to develop models for the gasification and gas
cleanup processes.

A complete description of the facility and operating procedures
is given by Ferrell et al., Vol I, (1980), and in abbreviated form by
Felder et al. (1980). A schematic diagram of the Gasifier and Parti-
culates, GCondemsables, and Solubles (PCS) removal system is shown in
Figure 1. The Acid Gas Removal System (AGRS) is am integtral part of
the facility, but will not be discussed here.

. In the initial series of rums on the gasifier, a pretreated West—
ern Kentucky No. 11 coal was gasified with steam and oxygen. A com-
puter program was writtem to reduce the operating and analytical data
for a run to manageable proportions and to perform material balance
calculations. In addition, az single-stage model for the gasifier was
formulated and used to correlate the results of the char gasification
runs. This paper outlines the data processing program, describes the
modeling and model parameter estimation procedures, presents the char
gasification results and comparisioms with model predictions, and pre-

sents a preliminary analysis of the formationm of sulfur gases im the
gasifier.
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DATA REDUCTION GOMPUTER PROGRAM

A complete description of the data reduction program is given by
Ferrell et al., Vol II, (1980). The program takes as input the reac-
tor temperature profile and pressure, bed dimensions, solid feed pro—
perties (sieve amalysis, density, settled bed demsity, proximate and
ultimate analyses), feed rates of coal, steam, oxygen and mnitrogen,
removal rate of char, reactor leak rate, gas flow rate at the BCS sys~—
tem outlet, masses of cozl fed, spent char collected, cyclome dust
collected, ultimate amalyses of the spent char and cyclone dust, chro-
matographic analyses of the gases exiting the c¢yclone and the PCS sys-—
tem, pressure drop across a 20-inch segment of the bed, various feed
and effluent flow meter calibratiom temperatures and pressures, and
results of trace element and wastewater coustituent analyses,

The output of the program contains the following components:

1. Reactor specifications, including the average bed temperature
and pressure, the apparent bed demsity and void fractiom, and
the bed expansion factor.

2. 8olid feed properties, imcluding coal type, solid particle
and settled bed densities, as-received moisture content,

average feed particle diameter, and proximate and untimate
analyses.

3. TFeed rates of coal, steam, oxygen, and nitrogen, selected
feed ratios and inlet conditioms, superficial gas velocity,
solids holdup, and space times for both gases and solids.
« The make gas flow rate and chemical ccmposition.

S. Production rates of fuel compoments and the heating value of
the make gas.

6. GCarbon, steam, and sulfur conversioms.

7. Material balances on totsl mass, and on carbom, hydrogen, ox~—
ygen, nitrogen, and sulfur.

8. Amn eﬁergy balance.
9. Results of water analyses.
10. Results of trace element analyses and trace element material

balances.

An example of the partial output for a rum made on January 22,
1980, is shown in Table 1.




Table 1

:czazzza
'Y

1 HiSU DEPARTHENT OF CHEMICAL EMBINEERTNS §
X FLUTBIZED BED COAL GASTFICATION REACTIR ;
T T S e

RUN GO-44B 1/22/80

*ﬁEAETBR‘S?iSIFIEATIBHS

PRESSIRE = 101.4 PSIB { 801.7 KPA)
TEHPERATURE = 1499.8 DEG.F ( 924.5 DEB.C)

BED HEIGHT = 38.0 I¥, (0.97 METERS)

BED DIAHETER = &0 IM. {0.152 ﬁiTERS)

ESTIHATED BEDR YBIDASE = 0,74

SOLIDS HOLBHP = 18.4 LB ( 8.2 KG)

CoaL -
- GRSES
TOTAL INPUT
CHAR
hugy
GASES

UASTEUATER
TOTAL QUTPUT

7% RELOVERY

11115-14330

FEED RATES AND RATIOS

casL = 34,49 LB/HR (13,74 KB/HR)
STzad = 35,85 [B/HR (23,33 KG/HR)
GXYGEN = 10.10 LB/BR ( 4,58 KG/HR)
HITROBEN = 4,32 LB/HR ( 2,87 KG/HR)
PURGE H2 = 14,18 LB/HR ( 6,42 KB/HR)
STEAH/CARBON = 1,31 HOLES STEMN/HOLE C
- O2/CAREOM = 0.13 MOLES Q/HDIE L
N2/G2 = 0,71 NDLES N2/HDLE G2

ELEMENTAL MATERIAL BALANLES ¢ FLONS TN LI/HR

#ASE

119.8
98.92

c

28,44

0.00
28,44

18,10
1,20
8.%7
0.00

28,29

K

0,14
£:25
be81
0408

0.01
6,43

.00

8,52

99.32 101.82

CARBON CONVERSION (PERCENT)

COHBUSTION

BABIFICATION
T0TAL

TRY HAVE BAS FLOW RATE (STFH)
KEATING VALUE OF SSEFT GAS (BTU/SCR)

EFFLUERT Hcga RATES (LB/HR)

- H2
CH3
co2
N2
Hzs

it H- . 8
1.37 0,405 058
37,70 20,47  0.000
&1,05 20032 0.918
0:35 G038 G.d12

0.23 0,01 6,027
39,88 © 20,43 (.428
0. 00

6058 20,52 0.85b
99,32 100,07 94,7

EXPERIMENTAL MODEL .

14,0

18,7
b 2.7
1.7 - 12,0
2980 - 2851
8,43 B.&7
0.94 1,60
Qudd 0:41
17,79 19:.3
26,43

20,48
- 0,432 0237

337



GASTIFIER MODEL

To aid inm the amalysis of the char gasification runms, a mathemat—
ical model of the fluidized bed gasifier was developed. The model
takes as input the average reactor bed temperature and pressure! bed
dimensions, feed rates of coal, steam, oxygen, nitrogen, and purge ni-
trogen, solids holdup, ultimate analysis of the feed coke and spent
char, and wvalues of three adjustable model parameters, the relative

reactivity of the coke, the.C0/C02 distribution coefficient, and the
water gas shift reactivity parameter.

MODEL DEVELOPMENT AND ASSUMPTIONS

The model treats the gasifier as a single perfect mizer, with the
following six reactions taking place:

C +Hy0 = CO + H, - (1)
C + 2H, = CH, | ' (2)
2C +‘H2 + Hy0 = C0 + CHy - (3)
CO + Hy0 = CO, + H, : (4)
C + 1/20, = €O (5)
C+0,=C0, - (6)

Reactions 5 and 6 are the oxidation steps required to supply heat
for the remaining reactioms. ' These two reactions are assumed to occur
instantaneously in a zone of megligible volume separate from the ga—
sification zome. All oxygen in the feed gas is assumed to be comsumed
to form CO and GOZ zccording to the relation

C + a02 = (2-2a)C0 + (Za-'l)CO2 ' (7)

where "a", the combustion product distribution parsmeter, is an gd—
justable paraemeter. A value of a = 0.5 indicates that all CO is
formed, while a value of a = 1.0 indicates that only C02 is formed.

Reactions 1, 2, and 3 are the reactions by which Johmsomn (1974&)
at the Imstitute of Gas Technology correlated gasification kimetics.
Reaction 1 is the comventional steam—carbom reaction. Reaction 3 is
assumed to be an independent reactiom, although it is attainable as a
linear combimation of I and 2.

The correlation used by Johnson to describe the carbom conversiom
is given by

~ T




T f, kp(1-F )% Sexp(-bf ) | IR

where r is the rate at which the carbon is gasified, kris the sum of
the rate constants for Reactioms 1, 2, and 3, £ _is the fractional car--
bon conversionm and b is a kinetic parameter whlgh depends on gas com~
position and pressure. Expressions for k1, 20 and k3are presented by
Ferrell et al., Vol II. (1980). : o

The relative feactivity factor £ is determined from

L
fL = fy exp(8467/Ty) - " (9)

where T is the maximum temperature to whlch the char has been expcsed
prior to gasification. The relative reactivity factor, f_,.which is
an adjustable parameter whose values depend on the partlgular char
used, has wvalues .ranging from 0.3 for low-volatile bitumimous coal
cha:s to about 10 for North Dakota ligmites (Johmsom, 1974).

Reacton & is the water gas shift reaction, often assumed to be at
equilibriem in gasification processes. Results to be described indi~
cate this may be a bad assumption, leading to the mecessity of incor-—
porating shift kinetics into the model. The rate expre551on used is
that given by Wem and Tseng (1979)

ry = 1.6652 X 104V(1;e)fwg‘exp(-25147/T).P.G - (10)

where

bed volume

-[col - [H ][Coz]/[Hzol[Ka,]

‘bed void %ractlon

adjustable shift reactivity parameter .
g (varies from char to char) ‘
equilibrium comstant:

nonon

]

-PW Ei'h(D'CD<l

The equilibrium constants for the water gas shift .reaction and

. for <teactiomns 1, 2, and 3 were taken from Lowry (1963), and were fit

to the equatiom

B e

by least-squares aﬁalysis.OAlexandér, 19f8).
A ‘complete descrlptlon of the model development and the ~ reactor

simulation computer program is .given by Ferrell et al., Vbl ITy
(1980).
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CHAR GASTFICATION RESULTS

A total of 56 ruums have been completed using a Western Kentucky
No. 11 coal char as feed stock. The first 13 of these runs were used
Pprimarily for the development of operating and sampling procedures,
and refinement of analytical methods. The data from gasifier rums
GO-14 through G0-56 have been collected and reviewed, and a complete
analysis of these rums is presented by Ferrell et al., Vol II, (1980).

MASS BAUANCES

An example of a single page output from the previously described
data processing program is shown as Table 1. Criteria for acceptance
of a rum were arbitrarily chosen following inspection of the mass bal-
ance results. A run is judged acceptable if the total mass recovery
is within 5% of 100%, and if the worst of the recoveries of elements
C, E, and 0 are within 8Z. Based on these criteria, 22 of the 34 rums
reviewed are acceptable, and are designated by crossed circles in the
figures. Points with filled circles are for runs with totzl mass re—
coveries within 57 and worst element recoveries withinm 6%Z. Open cir—
cles are used for all other rums,

TEMPERATURE EF¥FECTS

The effect of the average bed temperature on the dry,
nitrogen—free make gas flow rate is shown in Figure 2. For the points
shown, the molar steam to carbom ratioc varied from 0.92 to 1.15. The
plot imdicates that the mzke gas flow rate is highly semsitive to the
average bed temperature, with scatter due mainly to the small stesm to
carbon ratic differences and differing feed rates. The high sensitiv-

ity makes determination of the average bed temperature crucial for
good model predictioms.

STEAM 'TO CARBON EFFECTS

The effect of the steam to carbon ratioc om the make gas flow rate
is shown in Figure 3. At any given temperature the effect of increas—
ing the steam rate at z given carbon input is to increase the make gas
flow rate. A side bemefit to operating with relatively high steam to

carbon ratios im the fluidized bed gasifier is a reduced tendency for
the char to climker, _ -

SULFUR CONVERSTION

Measured sulfur conversion, assumed to equal the carbon conver—
sion by. the model, is plotted vs carbon conmversion in Figure 4. In
most cases the sulfur conversiom is greater than the carbon conver—
sion. Studies are currently under way to put the sulfur gas evolutiom

~




FIGURE 2 )
. THE EFFECT OF THE AVERAGE BED TEMPERATURE |

. ON THE MAKE GAS FLOW RATE (DRY, Ny FREE)

! 18 ==
Molar Steam to Carbon
Ratio of 0.92 to 1.15
| &
16 |

3 ©
| =

LL. N

LN 1 F OA'

® :
| 2
| oz b O

Q
: 2

= O

=

[=] .

= o ®

£ 10 '

[4a]

g

£ @

8 i )
&
. : év i L L — 1

. | © 1680 © ‘1720 . 1760 1800 1840 .

“ Average Bed Temperature, °F



Make Gas Flow Rate, SCFM (Dry, Ny Free)

19

18

16

15

14

13

FIGURE 3

THE EFFECT OF THE STEAM TG CARBON RATIO
ON THE MAKE GAS FLOW RATE (DRY, N, FREE)

Average Bed Temperature
of 1869-1882° F

1.00 1.04 1.08 1.12 1.16 1.20

Molar Steam to Carbon Ratio

342

1.24




. Percent Sulfur Conversion

80

70

60

50

40

30

. 20

FIGURE 4 ' .

COMPARISON OF PERCENT SULFUR'CONVERSION '

~ TO PERCENT CARBON CONVERSION

e § ©Oe
O - |
o © |
e @)
o e - -
, O
e
O
o | o .
o ® O
8
e
' _38 = '45 EB‘ :;66 70

20

Percent Carbon Conversion

4



on a firmer theoretical foundation.

EVALUATION OF MODEL PARAMETERS

In its present form, the model has three adjustable parameters:e

1. the char reactivity, fo

2. the combustion product distribution parameter, a, which spec-
ifies the split between GO and CO02 in the products of the
combustion stage of the gasificatiom

3. the water gas shift reactivity parameter, ﬁ# .

These parameters weré evaluated by using a Pattern Search algor-
ithm to minimize a function of the sum of squared deviatioms between
predicted and measured values of gasifier performance variazbles. This
analysis gave the following values:

1. £,= 0.50
2. a=10.,95

3. £,

0.0000099

Y

The value of a, when substituted into Eg. 7, indicates that 90%
of the carbon oxidized forms C0Z and 107 forms CO. An equation by Ar—
thur (1951) predicts values of 0.57 at 1400 F to 0.52 at 2000 F, while
several gasification studies have assumed a = 1.0.

Johnson (1975) developed a correlation for char reactivity
£ =6.27y (1-y) . (12)

where y is the dry, ash free carbon fraction im the original raw coal.
Eq. 12 predicts a value of £ = 1.1, which is larger than that deter-
mined in this study. The difference may be due to the differemces in
the microbalance used by Johnson and the fluidized bed of this study.

The value of §i= 0.0000099 indicates that the shift reactior rate
is approximately f%e orders of magnitude less than the rate obtained
in catalytic shift reactors. Wen and Tseng (1979) used a shift reac-—
tivity value of 0.00017 in modeling the gasificatiom of a bituminous
cozl by the SYNTHANE process. The larger value used by Wemn and Tseng

may be attributed to the differences between the cozl of their study
and the char used in this study.

Due to the simplicity of the model, it is also 1likely that the
effects of factors not specifically accounted for in the model have
influenced the optimal values of the three model parameters. The va~

(M)
-
-]




lues of the parameters found as described above appear to ‘be reason~
able, aud are probably a fair representation of what actually happens
in the fluidized bed gasifier.

MODEL RESULTS

Using the optimal parameter values,. the model was rum for gasif-
ier rums GO-14 through GO~56. A representative model output is shown
for run GO-44B im Table Z. Plots of predicted vs measured - values of
carbon conversiom, dry make gas flow rate, and sweet gas heating value
are shown im Figures 5 - 7. The reasomably close prozlmlty of most
points to the 45 degree lime is gratifying im view of the crudeness of
the model. The proxzimity of the points corresponding to the ‘"best"
runs (from the standpoint of satisfying mass balances) is even more
satisfying. ' .

‘For each run, the ratio

K = [cO,IH,1/[OIH,0 SN E)

was calculated, where [ 1 is the mole fractiom of the evaluated spe-
cies in the product gas. This quantity would equal the water—gas
shift equilibrium comstant at the reactor temperature if this reaction

proceeded to equilibrium. A plot of the predicted vs experlmental va—

lues of this ratio, K, is given in Figure 8. The substantial degree
of scatter may be attributed to the simplicity of the model, -and
equally to the fact that the mole fractioms whick are the comstituents
of K are interdependent, sc that an experumental €TT0T 1n one of them
affects the values of the others. :

The significance of this plot emerges when it is compared " with
Figure 9, which shows the values of K predicted zssuming shift equili-
brium. This assumption leads to the overpredictionm of K by as much as
a factor of two, and lemds support to the comclusion that the shift
reaction should not be assumed to proceed to equilibrium.

 FORMATION OF SULFUR GASES

One of the objectives of gasifier rums GO=43 thzough'G0+59 was to
investigate the production of sulfur gas species in the fluidized bed
reactor. A summary of results is given in Table 3. '

The coal char used inm this study hds z very low volatile matter,

less than 2%, and it is veny likely that most of the sulfur is present
as pyrltlc sulfur. For this case, it has been postulated that during

‘Aanr



Table 2

% VELL-HIXED CHAR BASIFICATION %
x HODEL RESULTS Y
T U TITTRIIN.
B0-448 1-72-80 11315-14130

REACTOR SPECIFICATIONS FEETRATES{LB/HR)
BET PRESSURE{PSIG} 101.40 THLET CHAR 38,49
BED TEMPERATURE(F)  1699.80 STERH 95,83
SOLINS HOLDUP{LB) 18.40 OXyEEN 10,10
BED HEIGHT{I) 38.00 NITROGEY 5:32
BED DIAMETER{IM) 6:00 HYDROBEY 0.00
BED VDIBAGE 0,73 PUREE n2 13,16
HODEL PARSMETERS . FEED CHRR AMALYSIS{NT PERCENT)
PRETREAT TE¥PIF) 2000.00 CAREIYN 82,80
CHAR REACTIVITY 0,5000 HYEROEEN 0,30
COHBUSTION EXTRNT 09550 GXYEEN 3,90
BHIFT REALTIVITY  9.500E-08 NITRDEEN 0.10
SRR 2:40
ASH 10.80

HOBEZL  EXPERINENTAL

DRY B45 FLOY RATE (SCFH) 12,04 11,73
STEAS CONVERSION 8,171 0,153
{ARBON CONVERSIGH

CONBUSTION 0,140

BASIFICATION 0,187 :

TOTAL 0,327 0,314
. ABH CONTENT OF CHAR 15,24 12,00

CHAR REMOUAL RATE (LB/HR) - 2307 21,80

BAS CO¥PGSITION (MELE PERLENT)
MBDEL  EMPERIMENTAL

o 8476 8:80
H2 10.83 10.11
CH4 0,58 0.89
eo2 9039 8.82
K2 135,98 15,91
HZS 0:19 % 0,28
Cos 0.00 .01

 HD 56,08 57,38

(% FRTTHATET)
346



Model Prediction
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Model Prediction
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FIGURE 6

PREDICTED VS. EXPERIMENTAL DRY MAKE GAS FLOW RATE
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FIGURE 7

PREDICTED VS. EXPERIMENTAL HEATING VALUE OF SWEET GAS .
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Equilibrium va1u§

. FIGURE 9

- PREDICTED VS. EXPERIMENTAL K VALUE
ASSUMING SHIFT EQUILIBRIUM
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TABLE 3
CONCENTRATIONS OF SULFUR GASES IN REACTOR EFFLUENT ‘

Run Bed Reactor Effiuent Concentrations jo)sisil
No. Temp. H,g cos CSo Methyl  Thiophene

¥ Mercap-

" tan

43 174 6229 277 2.27 X
44 1678 6510 283 2.44 p:4 N.D.
45 1671 3433 266 7.92 X b4
46 1720 5478 222 1.56 b4 x
47 1785 5071 272 1.97 X X
48 1778 6912 312 3.30 p:4 p:4
49 1799 7052 403 3.80 X . X
51 1777 6711 299 1.56 X p:4
55 1708 8931 465 2.95 x N.D.
56 1800 8924 410 1.58 p:4 p:4
57 1778 8098 388 1.58 X X
58 1771 5111 362 1.36 X X
59 1803 8470 306 l1.61 X X

X — Less then 1 ppm
N.D. - Not detected

TABLE 3 CONTINUED
EQUILIBRIUM CONSTANTS FROM EXPERIMENTAL DATA

Run Reactor Effluent Concentrations Equilibrium
No. . Constants
co Co, Ho Ho0 Ki Ko

43 16.80 12.36 11.21 43.60 6.4 33.7
44 6.60 8.82 10.11 57.38 3.5 15.0
45 4.22 6.81 8.27 39.27 2.2 . 6.6
46 12.77 9.08 13.82 33.14 6.8 22.8
47 13.89 2.86 15.16 29.89 6.2 17.1
48 12.88 10.79 15.77 46.62 5.1 i8.1
49 15.42 16.03 13.68 36.25 7.7 19.7
51 ° 10.98 15.11 19.06 41.49 8.2 12.9
55 9.28 12.61 i5.24 50.05 4.8  11.7
56 10.73 12.75 16.98 48.95 5.7 13.8
57 12.74 14.87 18.05 41.92 7.4 14.7
58 11.68 15.80 12.84 38.38 5.8 8.3
59 10.10 - 14.60 17.15 47.68 8.5 i6.3

(V]
[\




steemroxygen ga51f1catlon the gas—solid reactioms form malnly hydrogen
sulfide. The gas phase reactioms then tend to bring the compounds
€0z, H20, H2, HZ2S, and COS to an equlllbrlum mixture. '

- The two gas phase reactioms of most lmportance 1nvolv1ng HZS and
COS are:

COS + H,0

2]
COS + H,

H,S + €O, B € )

H,S + CO . ..  ~(15)

The equilibzrium comstants for these two reactlons are defined as
follows. _

Ky = [H,S10C0,1/[COSTIH0T - e (16)
Ky = [H,SILCO1/[COSITH,] S

where, due to the stoichiometry of the reactioms, the b:ackets may in-
dlcate any comvenient concentratlon. Ideal gas behavior ls assumed.,

A survey of the literature yielded several sets of equlllbrlum
data for the above reactioms, and several predictions based on thermo-
dynamic data. Since there were substantial differences amoung the
sources of data, predictions of the two equlllbrlum constants as fun—
tioms of temperature were derived from the data givem in Reid et .al.
(1977). A least squares fit of the literature data, and the predicted
curve from the data of Reid are shown in Figures 10 and’ 11

Also shown om Figures 10 and 11 are calculated values .of the

.equilibrium constants from the data in Table 3. Figures 12 and 13

show the experimental data on a expanded scale and a comparison of our
data with the litevature values given in Kohl and Riesenfeld (1979).

Although there is comsiderable uncertainty im determznlng the
correct value of the equilibrium comstants, and some inaccuracy in the
experlmental data, it appears that the sulfur compounds H2S and COS
are - in equilibrium with the major gases at the exit of the fluidized
bed, and that the distributiom of the sulfur gases between EZS and GOS
cau be predicted 1f the sulfur conversion=is-koown, :

Tars
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