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Enviro~menta! awareness and the world oil situation are having a pro- 
found impact on the U.S. Electric Power Industry. "Environmental accepta- 
bi!ity" has been redefined and it is emerging as one of the major criteria 
for selection of a power generation process to satisfy increasing load de- 
mand or to replace retired units. Furthermore, the fact that the cost of 
fuel has risen in ra~! tarms dictates that more fuel efficient plant config- 
urations will ~e deployed. Fuel efficiency and environmental tolerabi!ity 
come only at the expense of increased monetary cost: 

These fundamental changes cer~d_n!y are creating problems for the power 
industry but they are also creating opportunities for new and more appropriate 
power g~neration processes. 

E~R! has high expectations that combined cycle power systems fueled by 
ga~ from coal will be cleaner and more efficient than the competing processes 
for eqlliva!ent capital cost. Advantages accrue tc these C~=_sification-Comb~.ned 
Cycle (C~C) systems pr/zmrily from the relative e~se of cle=-ning fuel gas, 
the benign nature of the waste products, and the inherent and proven high" 
thermodynamic efficiehcy of the combined cycle configuration. 

These and other advantages will be discussed. Coal gasification pro- 
cesses will he identified which most effectively capitalize on these advan- 
tages. Environmental test results on these processes will be s~mnzrized. 
Finally, the plans for commercial scale demonstration of a GCC system will be 
reviewed. This demonstration will 5e a critical milestone since no technol- 
ogy can he considered to he a real option until it has been operated at an 
appropriate scale, 
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E E V I ~  TEST RESULTS 
FROM 

COAL -GASX~ICATION PILOT ~I~/~TS 

The combined circumstances of rapidly escalating oil prices, reduced 
availability of oil and natur-=l gas, strictplant emission standards and the 
prospect of continued delays in nuclear im_p!em_=ntation plans, provide the 
electric power industry with urgent incentives to develop economically com- 
petitive and environmentally acceptahie new mathods of power generation based 
on our most plentiful fossil fuel resource - coal. 

Of. all. these motivations, it is probably the environmental aspects which 
constitute the major incentive for coal g-=Sificaticn hosed power ~st~ms, 
s~nce without the r _equirement for post-comSustion clean up_ of the flue gases 
it would clearly ~e less costly to sim~_!y burn coal directly. 

Coal ~sification based systems offer dis~inct environmental adv-=ntages 
over conventional d/tact coal fired plants with flue gas clean up_, since 
emission forming constituents are r~moved prier to the combustion process. 
When coupled wi~i combined cycle p:wer generation the resultant Integrated 
Gasification Combined Cycle C.iC~C) plants will be more " efficient and use less 
water than direct coal fired units. Studies show that suc/~ IC~C plants when 
designed to current emission standards and using currently commercial combus- 
tion turbines are economically com~_etitive with direct coal .firing. if emis- 
sion standards become more restrictive the competitive position of IGCC tech- 
nology wi!l ~e further embanced. There are also considerable prospects for 
future improvements in both c0al gasification and combustion tu~--hine tech- 
nology, wh/ch will enable the industry to resume, its: historic learning curve 
for mere efficient less costly systems. 

The overall goal of the EPR~ Clean Gaseous Fuels Pro gr~m is to develop 
economically competitive and environmentally, acceptable coal ~ gasification- 
Based generating systems. 

%~ne principal technical objective of the E~R~ program is to design and 
operate an integrated Texaco entrained gasification-combined. ~-/c!e demo. nstra- 
tion plant of aSout i00 MW ~y 1985. A second demonstrationplant based on 
another gasif!er isalso planned. • The pro,~z-~n also-includes work to imp_rove 
gasifiers, gas c!e~n-up technology; heat recovery 5oi!ers, fuel gas ccmhus- 

• tors and other comg_onents of gasification-based generating systems. 

Coal ~asifiers react coal, steam and air or oxygen to produce a gaseous 
fu~ primarily carbon .monoxide and ~ydrogen. " T~e sulfur in the coal. is con- 

. vetted to hydrogen sulfide "C~2SI, wg_~ch can be removed fromthe gas and con- 
vertedto elemental sul~z ~y processes currently used widely in the na~! 

• . gas~ chemical and petrc!eum industries. T~e mine_~a/ matter is :with~ ~ 
primarily, as as~ or-slag from t-~e gasifier, or 'from t~e gas stream as part of 

• • the ga•s c! =eaning ~rocess, The coal nitrogen is convertedl either to ammonia, 
which can readily Be scrubbed from the gas, on to nitrogen itself. ~ 

. . . .  , . . - .  
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Gasifiers are also important ccm!~o_ nents of other coal conversion tech- 
nologies of poten~al benefit to utilities. The CO-H 2 product gas can be 
catalytically converted to methanol for use in peaking or intermediate service. 
Gasifiers can be used to provide hydrogen for use in Exxon, H-Coal or SRC - 
coal !iquefacticn plants by gasifyLug the liquefaction residues. 

ECOnOMiC ATTRACTi~SS OF GCC PL~/~TS 

EPRi studies show that integrated gasification combined cycles using 
commercially available combustion turbines (20000E inlet temperature) and 
based on Texaco or BC~/Lurgi slagging gasifiers are com meti~ve with conven- 
tional coal-fired power plants with stack gas cle=_nup. Table ! shows a per- 
formance comparison between conventional coal firing and gasification-based 
power systems. The data presented in this table reflect 1978 envircnm=_~tal 
control regulations. Cost estimates are included for cycles with advanced 
high tam_De_ raturm turbines to illustrate the further perfo~nmnce im_m_ro~ut 
potential of this technology. As environmental control regulations become 
mere stringent, the economic advantages of gasification combined cycle (GCC) 
power plants will incr =ease markedly. Table 2 shows estimated crests for mere 
stringent projected mid-1980s standards. GCC systems offer better efficiency, 
lower emissions, reduced water consump_tion and land racuirements, less fuel 
and chemicals consumption, and reduced solid waste vol~. The solid waste 
frmm the Texaco, BGC/Lurgi siagger, and Combustion Engineering gasifiers is 
in the form of extremely inert slag which should he readily dis_Dosab!e at 
lower cost than solid waste from a c~al-fired plant. 

Gasification may also offer fuel fQr retrofit to existing gas ~nd oil- 
fired boilers, cc~hined cycles and combustion turbines. Gasifiers might he 
installed in an existing plant or in some cases remote!y, with fuel distrib- 
uted hy pipeline. Gasification may allow repowering existing boilers with 
combustion turbines to reduce the heat rate and prmvide increesed generation 
capacity in convenient increments at an existing s%'te with pro~abiy reduced 
pe-nnit~ing periods. 

~J_RC~ME~ ~ G E S  OF G~IFICATION~BASED POWER PLANTS 

The pot=_ntiai environm=_nta! advantages of gasification-combined cycle 
power plants over direct coal fired plants wit~ flue gas cleanup_ are sum- 
marized in Ta~!e 3. C~C plants offer Setter resource uti!ization - mere 
kilowatt~ per ton of coal mined, less water usage per kilowatt, and les~ land 
since sludge disposa! is not required. They are also capable of ac~eving 
markedly reduced emissions cc~p_ared tc direct coal fired units. Each of t_~_se 
aspects is discussed in more detail ~e!o~. 

Resource Util~zation 

GCC systems utilizing currently ava~!ah!e combustion turbines offer a 
minor but measura~!e im~_rmvem~nt in heat rate over conventional coal plants 
with scrubbers. However, better eff~cienoies projected for GCC pl~nts w~_t~ 
higher tem_m_e_~aturm turbines cuz-/ently being developed, i.e,, machines capable 
of operating at firing temperatures above 2000oF upwards to 2600°Ff s~u!d 
result in significant reductions in coal use. versus direct coal-based units 
of similar ca_pacify, as reflected in the r-=nge of coal consumption e ~sti~ztes 
for GCC plants in TaSle 3. 
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T~le I sum~mx oF P~ESENT AND PROJECteD 

GCC SYSTEM PE/20S~L=~CE 

1978 FEDER~r. EMISSION CO~I~0L R E O ~ S  

Heat Rate, 
Btu/k~ 

Coal Fired 
Plant 

.Texaco GCC 
2000°FTurbine 

Texaco GCC 
2600u~ Tuz~ine 

9500 99oo 846o 
. °  

900 860 -. 830 

BC~S!agger C~C 
2600°F T%~rhine 

7920 

690 

30-YearLeve!!zed 
Cost of Elec- 
tricity, 

57~ 5 51. !. 4T. 9 41.3 

Basis: mid-1978 dollars~ h/gh-sulfur illinois coal; coal cost $1.00/mi!iion 
Btu; 70% capacity factor. 

,/ . I 
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~-b!e 2 ECONOMIC COM_DARISON OF TEXACO GASIFiCATION-BASED 

POWER SYSTEMS USING CURRENT (2800 © F) COMBUSTIONTURBINES 

WITH C0NVEN~!0N~L COAL-FIRED STEAM PLANTS 

EMPLOYING WET SCRUBBING OF STACK GASES. 

1978 Federal 

Emission Controls • 

Coal Fired Texaco GCC 

;rojectedmid-1980's 

Emission Controls 

Coal Fired Texaco GCC. 

Heat Rate, Btu/kWn 

Capital R _equi_ r~ent, 

$/kW 

30--Ye-ur Levalized C os~ 

of Electricity, 

m!!ls/kWh 

B a s i s  - 

9900 9500 9950" 9680 

900 860 1180 900 

S7.5  5"1 ,.1 6 9 , 0  5 2 , 9  
i 

mid-1978 dollars;, high-sulfur Illinois coal; coal cmst 

$1..OG/mi!lion Btu; 70% capacity factor.- 

Emission Controls. 

su!fu~ 

particulates 

NO 
x 

wastm water 

coal ash 

1978 mid-1980 ' s 

85% removal 9S% =~val 

0.03 lbs/!06 Htu 0.02 l~s/106 Btu 

0 ,6  l h s / 1 0 6  ~ t u  0 .2  l h s / 1 0 6  B t u  

---- zero discharge 

-- special handling 
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Table 3 "  

!000 MWPOWER P~S 

Coal Consumption - ,i~s./kWh: 

LimestoneRequired -Ibs./kWh 

SO2Emissicns-ppm 

NOxEmissions -ppm 

Particulate E~ssions 

M~Lke-up_Water- ga!./k~ 

LandRequired - acres 

No~e: l 

PC Boiler " 

• w i ~ - I  Wet ScruBber 
GCC 

Plant 

0.80 • 0.64-0.77 

0".12"-0.15 

80-400 
• 50-225 

300-500 

- !hs./!06 Btu ". 0.03 

40-90 

<0.02 

0-6-0.65 0,45-0.55 

12oo-24oo 200-500 

Solid wastes, consisting of sulfur and inert slag, produced in C~2C 
plants in significantly lower quantity than ~roublesome scruh~er 
sludge produced in coal fired unit . . . .  • 

° . . . .  
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Also, while power produced in conventional coal plants is derived from 
steam turbine generators, a large part of the electricity output of GCC plants 
is developed directly from fuel combustion energy with the remainder being 
produced in a steam cycle. Accordingly, make-up water requirements (by far 
the major part of which supports the cooling water system for the steam tur- 
bine ge_narator condenser) are signi~icantiy less in GCC plants. 

Sulfur Emissions and Disposal Land R__=qu/red 

T~e range of" sulfur emissions cited in Table 3 is based on single stage 
sulfur removal from high and low sulfur coal hosed systems for ~oth the coal 
fired boiler and gasification combined cycle power plant. Sulfur emissions 
can he reduced at additions! expense by adding a second stage of s~=ck gas 
scrubbing to ~ coal fired hoi!er plant or by several mechanisms in the 
coal gasification based plant. E~P~ econcm/c evaluations ~zve shown that in- 
cremental su!fur removal from gasification ~_sed systems is less exp_~nsive 
than from coal fired ~ier plan~s. ~ditlonally, gasification hosed systems 
will produce e!emantmi sulfur and inert slag, potentially saleable ~ygrcducts, 
while the coal fired boi!er produces a muc~ larger volume of wa_~te sludge 
wh/ch contributes significantly to the add£tiona! d~sposa! land r _equLred for 
the latter option. 

In coal or oil combustion, NO x is produced by two mechanisms, the oxida- 
tion of nitrogen in the fuel (fuel NOxl, and oxida~/on of nitrogen in the 
com~us~ion air [thermal NOx~. F~e! NO x can account for u~_ to 75% of the total 
NO x emissions from a coal fired plant. This is not the case with coal gasifi- 
cation ba_~ed po~er plants because the coal-hound nitrogen leaves the .~sifier 
as either N 2 or NH 3 which is s~ed out in all ccmmerciai or proposed pro-- 
cesses. The issue then becomes one Of controlling thermal NO x hy limiting 
t~mpe_ rature via stein/water injection and/or phased oombus~ion techni_c~es. 
At Tekaco's Montehe!!o pilot plant, EPRX ~as ~urned medium Btu gas ~ ~exist- 
ing and developmental gas turbine ccmbustors wit h pr~nising results Cat at- 
mospheric pressure)• A 70 to 80% reduction in N~ x emissions over conventional 
pulverized coal fired power plants should be achieva~!e with gasification- 
Combined cycle power plants. 

Par~icu!ates 

~nere will be for various reasons, minimal particulate emissions to the 
atmosphere from gasification ~nsed power p!ants. Gasification systems, specif- 
ically t~ose supported by EPRI, propose at least two sequ_ entla! intensive gas 
scrubbing steps. Isokinetic s~mp!ing at Texaco~s M~ntebe!!o pilot plant and 
the Westfie!d Development C~ntre of the British Gas Corgoration has failed 
to detect any significant particulatas after scrubbing. For combined cycle 
sy~ms, particulate levels in gas turbine fuel ~ be m/mimized to pre- 
vent erosion or deposition on gas turbine 51odes. For mechanical integrity 
of these systems, if for no other reason, particulates will be minimized. 

Scot formation can occur in pulverized coal fired systems and oil firsd 
systems, especially during transients or upsets. Soot formation is not ex- 
pected to be a problem with coal gas based systems ~ecause of t~e burning 
characteris~!cs of the gas and better ccntro!la~ility of the fuel/air ratio. 

° 
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Non-Leachable Slag 

EPP.T actively supports 3 gasifiers, all of which are slagg'~g gasifiers, 
that is, they are operated a~ove the melting t~m~eratulre of the coal mineral 
matter so it is extracted in the form of a glassy inert frit. This slag- 
ging mode of operation has two distinct advantages: 

i. Operating at B/g~er te~9_eretu=~ spe-=d~ the gasification reactions lead- 
ing to greater throughput per reactor end reduced waste of reactants 

..... (e. g., gasification stemm]. 
2. Slag is environmentally more acceptable than ash. 

The EPA proposed Wast~e EXtraction Procedure [among several othersl .has 
be=_~ performed on t~e slags prodmced' in all t~ree gasiflers W~ic/i E~P~ sup- 
ports, EGC/Lurgi Slagger, T~raco, and- Coz~usticn Engineering. ~-ItY~ug~ t~e 
slags were produced frmm a variety of coals, the ~ ~  concentrations of 
toxic elements "in the leachate, or often t~e ~L~ni~um limits of detection with 
the available e.mlLipment, are shown in Ta]5!e 4", Y.n no case did the trace 
element concentration in the leacha~e-approach the E~A proposed criteria for 
hazardous wastes which is 10G times the drinking water s~lndard.. 9[men more 
sensitive detection equipment was used~ t~e actual concentrations were most 
ofta~ much lower than those s~wn in t~e t~Ble.- Those e!~mmnts wltk pro- 
posed ~ts greater th~n 50.00 pp~i hove ~een cm~tted from t~e taSie s4_nce in 
eli casa~, their concentrations in t~e leac/~ate actually ccmforta~iuf'~L~t t3e 
drinking water standard. - -  

O n e  preliminary ocmperison has been :made between a g~sifier slag and 
fly ash from a coal fired ~oi!er based o£ coals with similar ash commosi- 
tions. ~"nis effort was conducted by Oak Ridge National Laboratory under con- 
tract to E~R! and examined the leachate~ on solid wastes , f r o m  a conventional 
wet ~ot~m slagging ~di!er and the Co,hush, ion Engineez4_ng pilot plant gasifier. 
TAe fly ash leachate generally had i0 to I000 times greater concen~tions of 
t~xio e!ements than the gasifier slag leachate [the narrowest margin w-=s 2 
times[. The slag from slagging gasifiers therefore appear to be environmen- 
tally to!arable, certainly more so than fly ash.. 

~.~iER SELECTION FOR ELECTRIC POWER ;LDPLICAT!ONS 

Coal gasification is aimmst 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 there are 
so many coal gasification processes currently under development, A recent 0~k 
Ridge Nationa! Laboratory survey lists almost i00 suc~ projects. 

A fir~ priority at the outset of the E~P/ 'gasification program was the 
esta~!ishm=_nt of criteria for selection of those processes ~mst likely to 
meet the requirements of the power industry'. Coincidenta!iy, o~jective cri- 
teria were required to evaluate the status of process development for e-ch 
concept and to assess the risk and benefit involved at each scaleup_ stage. • 
The attached Table 5 summarizes EPRi Program Criteria for scaleup to ~ the demon- 
stration size of 7000 tons/day of coal per unit, a size judged sufficient 
for subsequent ccmmercia! deployment. .. 

%~ne electric power industry emp._Bmsizes the need for piaut re!lability 
and availability, %~nerefore, simplicity of designfwith inherent ease of main-. 

• :t~ce £s very desira~!e.. TZne preferred gasification process s~ou!d 5e 
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• Table 4 GASITIER SLAG LEACHING TESTS 

As 

Cd 

Pb 

Mn 

H~ 

Se 

Ag 

Cr 

Proposed EPA 

~ t  
p;b 

5000 

i000 

5000 

S000 

200 

!000 

5000 

5000 

Gasifier Slag 
Leachates 

PP~ 

"< 200 

< i0 

< 140 

< 250 

< 2 

< 80 

< 20 

< 20 
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TaSle 5 CRIteRiA USED !~ CO~r, GASIFICATION 
Q 

TEChnOLOGY S~CT~O~ F O R ~  U~ 

TO DEMO~STRAT~O~ S~Z~ {:1000 T~D COAL) 

IN THE ELECTRZC POWER !NDUSTaX 

.Q 

0. 

0" 

• simplicity 

Feedstock flexibility 

Cc~p_iete c~xbon conversion 

Absence of tmoub!esome bypr@ducts ~ 

Ccmpatihilit Y with power generation r equ/mem~_uts 

Existence of. an operating pilot pl~,~t of gre~ter 

than lO0 tgd cca! capacity 

Pz~df Cdiract exg_erimenta! evid~ncal of all 

essential aspects ~f the process with regard, tm 

the. above criteria including waste heat recovery 

and gas clean up 
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flexible with regard to cmal l feed properties and should he ah!e to ccnv~ 
all the carbon to gas. Incomplete conversion or the formation of ~/product 
tar gives rise to additional processing complications, dispose! Jproh!ems : 
and the potential for greater environmental intrusion. The process must also 
he compatible with the power generating system needs. This imp_lies a ra=id 
r~-D_wcnse rata for ease of load change, a wide operating range, and a relatively 
constant heating value of the product gas throughout the operating range and 
during transients. For scaleup to demonstration size, all essential aspects 
of the proc@ss should have been experimentally proven on a large pilot piant 
of I00 tons/day capacity (so that eventual scaleup_ is less then tenfold}. 
Since the gasifier is only one part of a laz~e system, such a pilot plant 
should also verify the technical concepts for the waste heat recovery and 
gas clean up systems. 

When. these criteria of simglicity , flexibility,, c!eznliness, etc. ere 
examined against the known characteristics of the three main types of gesi- 
fief - ~vlng bed (both dry ash and slagging), flu/d ~ed and entrained systems, 
it is clear that. entrained systems, come closest tO meeting the desired cri- 
teria. Coincldenta!ly thr_=e such syst~ns - the Texaco, Sheli-Koppers and Com- 
bustion Enginee_~ing, have each progressed tm an advanced state of deve!o~ment 
and pilot plants greater than "i00 tons/day coal capacity are currently ~ing 
operated for each of these technologies. Each of these developments is able 
to draw on a background of commercial gasification experi~nce~ and each of 
these or_~-=nizations plans to scale up the pilot plant to commercial size 
demonstration units of about !000 tons/day coal capacity~ 

Each of ~hese three entrained systems offer distinct envircmmenta! advan- 
tages in their demonstrated co~_!ete carbon conversion, production of a dense 
in~ slag, and absence of tar and other trouhiesome byproducts. 

~ne currently commerciz! Koppers-Totz~k process has similar ~vironmenta! 
advantages although, low throughput, as yet incc~p!ete carbon conversion and 
atmcsphe-~ic pressure indicate hig~_r costs than the other t~ree entrained 
systems referred to above. 

The csrrent commercial Lurgi moving bed gasifier operates with d~ I ash 
remove!, and excess steam is injected at the bottom to keep the ask he!ow 
slagging tempera~. ~nis excess steam requirement reduces the t h ~  
efficiency and produces large volumes of contaminated water which r _squire 
tre-tment. The British Gas Corporation (BC42) is developing a slagging ver- 
sion of-the Lurgi gasifier at Westfie!d, Scotland. By operating at the higher 
slagging temperature , essentially only the steam for the gasification reac- 
tion is required. The steam consumption and overall efficiency is greatly 
improved, and t~e wastewater treatment requirements mzrked!y =educed. 

Both dry ash end s!agging...v~_~=i'c.~s,~heing cmuntercurrent devices, ope_~- 
ate at lower outlet temperatures and the outlet gases t/lereby contain tars, 
oils and phenols. The slagging version provides a ~eans for their subsequent 
gasification 5y injection into the slagging region, so'no net tar produc~on 
will result. Lurgi is also working on various recycle schemes to consume the 
~ars and !'~quozs. 

The existence of tars does create additional processing and increased 
safety_ and housekeeping re cuirements. However, suck a choice can ~e justified 
if t_he overall economics justify the extr~ costs for environmental accemta- 
b/lit-/. Processes operating in the s!agging region do offer the opgort-unity 
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for recycle and consumption of streams with fuel value, and a .means of 
recycle of contaminated water streams ~erhaps with coal added as a slurry] 
so as to capture the minerals in the slag. 

The only currently commercial fluid bed gasifier , the Winkler, has 
historically suffered from four problems- feeding caking coal, tar production 
Cwith bituminous, coals) , high carbon in the ash, and inability to consume fines. 
The 'U' Gas and Westinghouse small pilot p!an~'C< 1 ton/hour) se=_m to have 
been able to solve the c-=king coal end tar production problems at least in 
short runs. By opermting with a.s~ecially designed ash - agglomerating zone 
at the 5ottmm, ash low in carbon has been o~served, however, full Consumg_tion 
of fines has yet to he demonsti-ated. With the smaller" scale of current ex- 
perime_ntation, we judge the scale-up risks, particularly with the ash aggiom- 
erating zone, to he greater than with the entrained systems. In addition there 
is still some concern as to whether tar formation can he avoided during the 
load change, and start up conditions expe_ cted for a gasifier operating in a 
power plant. 

EPP~ TEST RESULTS FROM. COAL GASIE!CATION PILOT PLANTS ' 

The tests conducte~ to date on coal gasificatio~ pilot plants give rea- 
son for mpt~ that environmentally acceptahie commercial power plants can 
~e designed to ec_oncmica!ly meet curr~ut and proposed emission standards. 
H~wever~ it. must 5e admitted that in many cases the confi~ation of the 

• pilot plants and the short run leng~d%s inevitably associated with pre-commer- 
cia! faci!ities, do not lead to results directly translatable to larger, cmn- 
tinuously opez[ating plants with full economic use of recycle steams 

At E~RI t~Se over-=!! program is a/meal at. obte/ning process and environ- 
men~ date on several g-=sification processes judged tm he at a stage of 
deve!mpment %~neZe commercial deployment can reasonably be-projected in the 
iSS0's. These studies .are planned, wherever possi~!e, at !arger pilot plants' 
[e.g., BGC/Lurgi at Westfie!d, Texaco at 0herhausen, and ComBustion Engineer- 
ing at Windsor, Connecticutl ddring runs of sufficient lengt/i to a cc~date 
appropriate recycle of process streams. 

Comparison of the envi~nm~ntal impact of verious coal-recto!ogles in 
th~ ~z~s e!emmnt are~ i~ l~_T~imu!~ly dif~icu!t. 

Coal i~ ~.riaSle F not o~y from mine to mine in a large deposit, ~ut 
even within a given mine, particularly wit~ regard to variation in t~e ~inera! 
matter content. . 

• o co istent c= =iso  oz coal c=- 

hustion and coal gasification presents a great challeng e requ/ring an 
extremely r~gor~us set of long term tests on the technologies wltk cars_~a! 
~nitoring of feedstocks. Too often- comparisons are made wit~i different coa!s~ 
unrepresentative plants, short runs, etc, 

Combustion Engineering and Texaco techno!ogie~. We are alsD working ~_'t~ 
She!1-K~ppe~, All of these processe~ produce t~e ask as a dense slag and 
offer recycle opportunities, - 

279 



BC~/Lurgi Slagging Gasifier 

Being a slagging gasifier, the BGC/Lurgi Slagger produces ~! the coal 
~miner~! matter as an inert glassy frit, Under the DOE's high Btu demonstra- 
tion program, tests on U.S0 coals were conducted at BG-C's Westfield pilot pi~nt 
to determine performance and to characterize emissions. Based on the slag 
leaching test results, the E~A in Ohio (proposed site of the Demonstration 
~lant) has agreed that the slag is a non-hazardous waste. 

~ae S!agger is a countercurrent moving bed gasifier, and therefore tars 
ere present in the r=-w product gas. As indicated by the Kosovo tests" [the 
subject of a paper to Be presented later in this meeting), the presence of tars 
dictates that a great deal of attention must be paid to plant design and pro-__ 
cedures tc prevent worker exg_msure t~ these c~m_~_ounds. The S!agger can in all 
cases easily accommodate coop!ere gasification (destruction) of these tars as 
successfully dem~ns~ted under the E~R~ test progz--=m (on Pittsburgh No. 8 
coal) at the Westfie!d 350 tg_d pilot plant in late 1979. The tars are there- 
fore only a plant internal recycle stream .and need not intrude into the outside 
environment. Another advantage of the Slagger over the dry ash Lurgi t!rge gas- 
ifiers tested at Kosovo is that the Siagger hormal!y cons~me~ 80-90% less 
steam, ~tical!y reducing the hydrocarbon-saturated wastewatmr stream. Con- 
ventional wastewater treatment of this s~ream to acceptable limits hence be- 
comes a much more m~uageab!e endeavor. Also, since ~ stream is so small 
the possihi!ity exists of using it to slurry finely ground coal to an entrained 
gasifier such as Texaco thus utilizing all the hydrocarbon content of the fe_=~. 
coal end further simp_!ifying the t~sk of water treatment. 

EPR/'s economic evaluations of the ~GC Slagger show it to he very promis- 
ing and therefore woz~h the extra effort needed to deal with the tars in an 
environmen~zi!y accept~51e manner. Tne Pipeline Gas Demonstration Plant D!anned 
for Ohio will hopefully verify this acceptabi!ity without reducing its 
economic viability. An extensive environmental program has already be=_u 
specified for this project. 

Combustion Engineering 

The C-E gasifier has most of the previously cited environmen~z! advantages 
of entrained gaSifiez~over coal fired boilers including non-!eacha~!e slag, 
no detected hydrocarbon production, minimum particulate, NOx, SO 2 effluents, 
and reduced waste disposal land requirements. Since it Operates at atmos- 
pheric pressure, the C-E gasifier is economically attractive for oil or ne~ur - 
a! gas fired Boiler z~trofit tc conserve these v-=lua~le resources, In such 
applications, ~m~ever, water .consumption would ~e as great as that in a con- 
ventiona! coal-fired boiler plant. Combined cycle power plants Based on the 
C-E gasif~er also appez_~ competitive with direct coal firing, with advantages 
of reduced water comsumption end relatively low cost sulfur removal. 

A comprehensive program is planned under EPR~ sponsorship to measur~ 
gaseous emissions plus liquid and solid effluents from the Process Development 
Unit [P~Ui gasifier at Windsor, Connecticut. At a design capacity of 12Q 
tons of coal per day~ it is currently the largest opez~ting gasifier in the U.S. 

~m effo~ is underway by Oak Ridge National La~ [OR~LI to com,_are w-=stes 
from the gasification process wlt~ those of a direct coal-Based power plant 
using si~nilar coal feedstock. ~4%e first results ere very tentative Because 
the gasifier has not achieved well-Balanced full-scale ope_~ation; nevertheless, 
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they are very encouraging. For example, solids leaching tests on gasifier 
slag point to very low concentrations of selected metals relative to pro- 
posed standards. Results of combustion plant bottom ash were comparable. 
However, the fly ash showed !0 - 1000 times the concentration of some ~xic 
elements. This appears consistent with expectations of an environmenta!!y 
acceptable solid waste from high temperature, entrained-flow gasifiers, i.e., 
in the form of chemically inert s!ag particles. 

the ~R!-funded effort Radian Corporation is preparing to conduct an 
extensive sampling program tm assess both organic and inorganic em/ssions, 
with emphasis on potentially hazardous components. The methodology deve!oped 
here may ~so form the basis for future environmental assessment of other 
prominent gasification technologies. • 

Texaco Process - Montebe!!o Pilot Plant. 

In the wake of the 1973 oil embargo, Texaco undertook a concerted effc~ 
• to advance the development of its coal gasification process. This tec~%no!ogy 
had been first tested in the !950Ts as an outgrowth of Texaco ~s successful 
partial oxidation process for producing synthesis gas from heavy oils and 
natural gas. In the last 5 or 6 years a large number of coals and other 
solid feedstocks, including petroleum coke and coal liquefaction residue, have 
been tested with considerab!~ success in a 15 tpd pilot plant at the Montehe!!o 
Research ~aboratory near Los ~mgeles. Among these tests, particularly in the 
most recent 2 year period, have be~_n efforts which have emphasized in signifi- 
cant detail the environmental aspects of the process. The equipment configura- 
tion at Montebe!!o is shown in the a'~tached~flow sketch, Figure i. 

In a continuing set of EPR~,sponsored runs at the Montebel!o unit utiliz- 
ing Illinois No. 6 coal as the feed and employing as the oxidant both oxygen 
and, alternative!y~ 0xygen-enriche~ air [35% 021, very encouraging operational 
and en~_ronm~nta! results have been obtained. The Texaco gas/fier was shown 
to he paz~Icular!y responsive, reacting essentially instantaneously to r~pid 
changes in throughput. The product gas co~_osition remained virtually un- 
changed at various load leveis and even during fast ~ transients. One major 
inherent environmental advantage of the Texaco process over ~mmst other gasi- 
fiers was confirmed as expected in that no undesir~!e li~ors or tars were 
produced, These ~yproducts, when formed in other processeS, usually a~eer 
in the waste water streams, creating a su~stantia! removal and disposal prob- 
lem. At the hig~ reaction temperature of the Texaco ~-sifier (2300 to 28000~1, 
• such con~ensabie materials are unsta~!e and are destroyed. 

%~ne Se!~o~su!~r . removal  s y s t e m ,  when operating Within its d e s i g n  
s p e o i f i c a t i o n , . r e m o v e d  up~_rds o f  9S p e r c e n t  o f  t h e  H2S i n  t he  g a s . . T h e  on ly  
other s!gnif_icant sulfur species present was COS, measured in the feed gas to 
the Se!exo~unit at about 5 percent of the E2S level, andS0 percent of this 
COS was removed. Zt is believed that if req%u%red, the COS level could he fur- 
them reduced by catalytic hydrolysis to H2S ahead of the acid gas absorber. 

• It should he noted • that the Se!ex6~ process installed at Montebe!io is 
~ng the acid gas removal alternatives likely to be preferentia!!y aPPlied in 
ev~tua! c~mmercial gas/float_ion-combined cycle plants due to its selectivity 
• in removing H2S versus CO 2. For gas tuz~ine applications the latter compound, 
CO 2, can rema/~ in the gas and contribute, in the form of increased ~ass flow, 
to the total energy developed. 
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In the E~R!-funded test runs, particulate levels in the product gas were 
• essentially ne~ligib!e, i.e., less than 0~,! mg per normal cub~'c meter. T~e 
ammonia level in the gas was less than ! ppm. In addition to the product gas, 
analytical data were gathered in the E~P/ runs to determine the constituents 
of various other plant streams, including the presence and nature o~ ~ce 
materials.. With the exception of benzene, orgenic ~ compounds on the ~A priority 
pollutant list were not detected in the effluent- end recycle water str-==ams at the 
i0 ppb level. Benzene was detected at a level of less than 20 ppb in the' recycle 
water. No po!ynuc!ear aromatics (P~A's) which appear On the E~A priority Pol- 
lutant list were found in the slag or perticu!ates. Leaching tests conducted 
on the slag indicated all trace metals found in ~the leachata •fell at least 
an, order of magni~.~de he!ow the one hundred times-EPA drinking water stendard 
proposed for implementation of the Resource Conservation and Recovery Act. In 
fact, all hut three trace' metals actually met the drinking water criteria, and 
these three were. present at less than ten times the drinking water standard. 

A similar lev~! of environmental ana!ysis and testing to that discussed. 
above has been conducted by Texaco. at the Montebe!!o facility on a western coal, 
Kaiparowits. Reference No.2 in the list at the end of this~paper contains a 
detailed discussion of coal, gas, water, slag, end slag !eachate comgo_ sitions 
in ~oth the ~R~-sponsored Illinois No. 6 .coal tests and the Kaiparowits coal 
tests. 

Larger .Texaco Pilot Scale Facilities 

Extensive testing, including substantial environmental analysis~is planned 
to he. carried out in larger Texaco gasification facilities now operating or 
scheduled to commence operation %con. E~P~T is proceeding with plans to conduct 
during the next few months testing of Illinois No. 6 coal in a 150 tpd Texaco 
unit in-West Germany_.-: Theseruns will ~e of similar scope to the 0xygen-h!own 
runs performm~d at Monte~e!lo end the coal has he~ procured from"the s~e ~mine. 
This larger unit, operated ~ at Oberhause_u by Ruhrchemie (a European chemical 
firm[ to produce synthesis g~s for a chemical fe@dstock, hasachieved consider- 
a~le succeas in a planned test progrmm on German coals, since its start-up in 
e~r!y !978. Unlike the Montebello-pilot plant, the Ruhrchemie.facility is 
equipped with a waste heat 5oi!er, a key component r-_=quirad' for efficient gas- 
ification.-combined cycle power app!ic~tions. %~ais factor (versus direct water 
quench for cooling of the gas as employed at Montehe!!o), along with the !argar 
equipment sizes in the G=_rman unit, should increase the relev~=ucy Of the en- 
vironmental ~e/surements taken to the projected-performance of commercial scale 
Texaco-~ased c~c plants. It is intended to perform, a Careful analysis of the 
• EP~ results from 0herhausan when available to clearly identify ~the reasons. 
for any significant difference from the Montebe!lo tests, i.e., .effects of 
scale-up, dissimilarities in e cui_oment design or configuration, differing, oper- 
at/rag conditions, etc. 

Another Texaco gasifier, having a capacity of about 20Q tpd .of coal is 
5eing readied for start-up_ hy TVA at Muscle Sh~al~, Alabama. This plant, 
designed to produce a medium-Btu gas as fe-=~tock for ~monia synthesis, was 
the subject of. a paper presented earlier at this meeting, It is understood 
..that a ccm~__rehemsive envirommemta! program is planned for :93e TVA"uni't, which. 
utilize~ a direct water quench for Cool'~ng of t~e product gas and, accordingl_v, 
should 5e reasonably, representative of a number of otg~_r ~dustrla! app!ica- 
tions of t~e Texaco gasif~er, 
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COOL WATER DEM0~L~TRA~70~ PROJECT 

A numSer of major energy technology developers and supg~rters , including 
EP~t~, are proceeding with a project to design, construct, and operate a" d~non- 
stration scale [oommercial size equ/pment~ GCC power plant at Sout/iern Califor- 
nia Edison's existing Coo! Water generating station, %Vne demonstration unit 
will integrate a 1000 tgd Texaco coal gasifier with a 100 M~ cmm~ined combus- 
tion turbine-st =eem turbine electric generating system, T-he plant flc~ s~e 
is depicted in Figure 2 and the project is pr~sent!y in t~e beginning stages 
of detailed design. A preliminary estimate of the product gas comp_osit~cn 
hosed on the conceptual design of the Cool Water. facility ~ is provided in 
Table 6. %~ne makeup of the clean gas presented in t~e taS!e reflects the de- 
sign crit~ia of 97 percent r~mova! of the sulfur in the raw gas ~as~i on a 
feed coal conta/nlng 0.7% sulfur hy weight. Similar (and higher[ levels of 
sulfur r~m~val ere quite readily achievable in plants feeding higher sulfur 
coals through a_~gropri.ate selection of design options within one of several 
co~mercialiy available acid gas removal processes, 

The preliminary expected ~ emissions frum t~e Cool Water plant are shown 
in Table 7. The projection of SO 2 emissions is hosed on the clean gas cc=9_o- 
sition in the previous tahie, it should he noted that the NO x emissions shown~ 
which correspond to approximately 43 ppm, reflect ccmp!iance with the plant 
permit c~nditions which apply to the area in California where the plant is to 
he situated. This criteria is significantly more strict t~an the federal Ne~ 
Source Performance Standard for ~ationary gas turbines which limits NO x emis~ ~ 
sions to 75 p_Dm. To achieve the r-=qu/red io~ NO x emissions level the project 
intends to em~!oy gas sa~aration/steam injection prior to ccm~ustion~ along 
with the use of advanced ccmSustor design undergoing development concurrent 
with the design effort for the plant faoilit/es. 

The good performance anticipated r~garding particulate ~sions ~s a 
result of effective water scrubbing of t~e product ~ w~ick is carried out 
as an integr~! part of the Te~ac~ gasification process, The use of enclosed 
storage and dusts~_~_pression techniques in t/ue coal receiving, transfer, and 
preparation areas will, in addition, provide appropriate control of ~otential 
~missions from these areas. 

In the ga~ifier_ ~r~sss dec-rich all 5ut a relatively small amount cf ~he 
water will De recycled internally, . The small amount of process h!owdown will 
~a ro~ited along with cco ~l!ng. tmwer h!owdo~rn and other minor power plant aqueous 
eff!uent~ to a lined ev-=poz-at!on pond located on-site. The slag produced will 
also he st~red on-site in an impe_~rious lined sto~age area, at least until suc/l 
~time as sufficient data has ~een collected to confirm that, as exgected, this 
mat~rla! is non-hazardous and alternate off-site disposal ~r practical use). 
can he pu_~sued, 

Sulfur produced in the plant as a hy-groduct will he stored at the fac~iity 
unless and until an application has been developed for it. 

The Coc! Water project has already received t~e required State environ- 
mental permit from th~ California Energy Commission CCECI: The conditions of 
the permit granted ~y the CEC require t/~at an extensive environmental monitor- 
ing and surveillance plan he carried out during the plant operations and te_~t 
period. ~se details of this plan are currently being developed. 
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Table 6 C00L'WATER GCC DEMONSTRATION PPJDJECT 

PRELiMZ~.RYESTIM_%T~D GAS COMPOSI~210~S (DRY) 

F~M ~ ~!DAT~ WEST*=~ DESIG~ COAL 

Cc~nan~ 

=2 
CO 

CO 2 

=4 
N 2 +At 

H2S 

COS 

-. .. 

%'ol. Pe-rcent 

l ~w  Gas 

33.61 

48 ,22  

17.38 

0 .09  

0 . 5 4  

0,15 

0.01 

Clean 

35 .94  

51.51 

1%86 

0.10 

0.58 

13 p'gz~ 

d0 pp=v  
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TaS!e 7 C00LWATEREX~ECTED EMXSsIoNs 

. . . . . . . . .  • . . . 

Notes: 

2o 

3. 

SO 2 

NO x 

Particulates 

0,0~_ 

Q.14  

a.a~ 

Emissions ~msed on performance calculations for a~ c~ndidate [western) 
design ooal~ 

Aqueous effluent intended to 5erouted to lined evaporation .pond. 

Solid. wastes [slag) to be stored at si~ ~- " 

• • - . .  
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A one-y =ear monitoring program to provide additional data regarding the 
present local environment in the vicinity of the plant site is n-early com- 
plete. The data from this effoz~, undertaken to comg_!y with regulations 
promulgated for i~p!ementation of t~e Pravention of Significant Deterioration 
(PSD). provisions of the Clean Air Act ~unendments, will be submitted to the 
E~A to sup_port the recently prepared project apg!ication for a PSD permit. 

SUP~/~Z 

The date from existlmg pilot plants enables us tm identify the _s~ecies, 
i.e,, c~_ unds, pres~ut in the various gasification process stream~. These 
species would not be expected to change in scaled-up commercial facilities. 
9[nat r~mains unclear, however, is the concentration at which these substances 
will a_Dpe=_r in cmmmsrcial plants emp_ioying recycle of certain materials and 
other design diss~arities for con~numus economic operation. 

The promise of the date obtained so far strongly suggests that process 
schemes to meet present and future emissions and effluent standards cam be 
econcmica!ly achieved with coal gasification combined cycle power plants. 
~everthe!ess the detailed long term enviromment~! i~pacts and full achieve- 
ment of the above pr~se can only be obtained hy continu~s long te~ 
operation of a cc~marciai sized Cand comfigured~ demonstration plant, it is 
with this very ~uch in mind that EPR! together with Southern California Edison, 
T~co, G.E, and Bechtel have commenced engineering the i00~ gasification 
ccmSined cycle demonstration plant at Cool Watt. 
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COS-H2S RELATIONSHIPS IN PROCESSES PRODUCING 
LOW/MEDIUM-BTU GAS* 

Michael B. Faist, Robert A. Mcgee, and Maureen P. Kilpatridk 
Energy and Process Chemistry Department 

Radian Corporation 
8500 Shoal Creek Blvd.' 

Austin, Tex~s78758 

ABSTRACT 

The chemical aspects of the distribution of sulfur :Between H2S and 
COS in the product g~s from the gasification of coal are examined. Comparing 
actual gasifier measurements with equilibrium computations we find that the gms 
stream becomes frozen corresponding to equilibrium values at high temperature, 
most likely corresponding to the reactor exit. This imp!ies a sulfur distribu- 
tion with a higher COS concentration than one may expect. T~e conversion of COS 
to K2S occurs mainly by COS hydrolysis, which is very slow at' low tempera- 
tures. Finite rate studies indicate that an effective catalytic COS hydrolysis 
rate constant of 10 -17 to 10-16 em3/mol see will allow the reaction to 
reach >95% equilibrium in small enough residence time to allow reasonable 
reaction vessel sizes. 

It is found that the achievable H2S/COS equilibrium ratio is deter- 
mined'from the product of the locally frozen H20/C02 ratio and the COS 
hydrolysis equilibrium constant. The governing parameters for the H20/C02 
equilibrium ratios are the temperature, pressure~ and the gas stream (H/C) and 
(O/C) ratios. The higher the (H/C) ratio and the lower the (O/C) ratio the 
larger the H20/CO 2 ratio and thus the larger the H2S/COS ratio. Moreover~ 
raising the (H/C) ratio and lowering the (O/C) ratio also increases the achiev- 
able CH 4 equilibrium concentration from a catalytic methanation module. 

7 

*Supported by the Environmental Protection Agent, Industrial• Environmental 
Research Laboratories/Research Triangle Park under contract EPA 68-02-3137. 
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COS-H2S RELATIONSHIPS IN PROCESSES PRODUCING 
LOW/MEDIUM-B TU GAS 

I. INTRODUCTION 

The production of gaseous and liquid fuels from domestic coal has a 
high priority in the overall U.S. energy policy. Of the technologies used to 
produce these fuels from coal, gasification and indirec6 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 environmental concerns associated with 
gasification and indirect liquefaction technologies is the removal and ultimate 
fate of sulfur compounds formed during the gasification of coal. Sulfur com- 
pounds will poison downstream methanation and synthesis catalysts and will pre- 
sent a potential environmental and health problem if emitted to the atmosphere 
at certain levels. 

The two primary sulfur compounds formed during coal gasification are 
H2S and COS. Of these, the amount of COS in relation tq E2S is of primary 
concern because Of the following reasons: 

Gaseous sulfur compounds are usually removed by an acid gas 
removal (AGK) process (i.e., Rectisol, Selexol, etc.). COS is 
less soluble than H2S 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 of the relative solubility, when a selective AGK 
operation is used, COS will distribute itself differently than 
H2S in the AGR tail gases. 

Certain sulfur recovery processes (e.g., Stretford) will not 
remove C0S from AGR tail gases and more expensive sulfur recovery 
processes may be required to reduce sulfur emissions from the 
plant. 

Based on the above reasons, COS can be removed from gas streams; however, it is 
more difficult to remove than E2S. 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 betwee~ H2S and C0S in gasifier 
technologies • 
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The conversion of COS to H2S is limited by the hydrolysis reaction, 

COS + H20 --~ H2S+ C02 - (i) 

This reaction is sufficiently slow that equilibrium levels cannot be achieved. 
However, catalysts exist 2-4 which increase the rate Of (I) and test modules 
are being prepared. The scope of the present study is to investigate the rela- 
tionship of H2S and COS in various gasifier te~hnOlogi~s. -CDmParis~s-betwee n- ......... 
model computations and actual gasifier measurements lends an un•derstanding of 
the systematics to aid in future designs. Both equilibrium and finite rate 
considerations are included. 

The data base 5-II used for comparison is characterized in Table i. 
As can be seen the gasifiers represent a wide diversity in gasifier technology, 
coal classification, and operating conditions. Table 2 shows the measured con- 
centrations of the major species as well as the K2S and COS levels contained 
in the raw product gas stream. These are the values to be used in comparisons 
with model calculations. 

II EQUIL~ RIUM COMPUTATIONS 

The equilibrium concentration of molecular species 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.12,13 

Figures i and 2 show typical results from such ca!culations' Figure i 
corresponds to the C0 2 Acceptor 9 and Figure 2 tO the Wiipntte-Chapman 8. 
The bars on each plot show the measured levels (with 10% ~mcertainty) of each of 
the species. Figure I illustrates that the CO 2 Acceptor is able to maintain 
its equilibrium as the gas cools to about 1000K where the reactions become 
frozen. Although the Wilputte-Chapman results show a similar effect, the agree- 
ment is not as definitive. The CO~ H2, an~ CHA are ~n equilibrium cortes- 
ponding to approximately 900K while the H20 is not in the same temperature 
range. This is mOSt likely due to an imprecise H20 measurement. Of the H2S 
and COS, the COS measurement is much higher than equilibrium would predict at 
any temperature. However, this difference is only a factor of 3 and for these 
small concentrations, the deviation is considered to be r~sonable. In general~ 
we conclude that at least the major gaseous species (H20, :C02, CO, H2, and 
CH 4) are frozen at equilibrium values corresponding to temperatures in the 
900-1300K range. 
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Figure 3 gives the calculated values for the H2S/COS ratio (by vol- 

ume) for each • of the gasifiers as a function of temperature assuming the system 
maintains equilibrium at all temperatures. It should be noted that the measured 
H2S/COS ratios for only the C02 Acceptor (CA) and the in'situ (UCG) gasi- 
fiers correspond to H2S-COS equilibrium at•any temperature; fall others show 
actual levels much lower . than their • equilibrium level. This is a clear indi- 
cation that if equilibrium could be achieved between H2 S and COS much more of 
the sulfur would be in the form of H2S , especially at lower temperatures. 

If H2S and C0S were at equilibrium then reaction I shows that the 
H2S/COS ratio is directly related to the H20/C02 ratio by the equilibrium 
constant, KI, namely, 

H2S (H20 :-, (1) 

Since K i is monotonically increasing with decreasing temperature as shown in 
Figure 4, the larger the H20/C02 ratio is the larger the H2S/COS ratio 
will be. Figure 5 shows the behavior of the equilibrium H20/C02 ratio with 
changing temperature. Again bars indicate the actual measurements. Note that 
the H20/C02 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 E20 / 
C02 ratio. 

Now, if a catalytic module were added to increase the rate toward 
equilibrium of reaction I, and since the H2S and COS are present in very low 
concentrations compare~ to K20 and C02, H2S/C0S equilibrium would be ob- 
tained without significantly affecting the H20 "and C02 concentrations. Here 
the equilibrium II2S/COS ratios will not be as in Figure 4 but will have the 
form 

H2S 1 
C-~i = (constant) K I , (2) 

• ° 

where the constant in Equation (2) is the frozen value of H20/CO 2. Figure 6 
shows the possible equilibrium values achievable for the gasifiers studied here. 
These are simply KI(T ) multiplied by the actual (H20/C02) ratio of each 
gasifier. The equi!ibrir-, values of H2S/COS - E* are plotted on the left hand 
axis. If only 90% of equilibrium were reached, i.e., H2S/COS = 0.9R*, then 
the fraction of suif~ as K2S is H2S/(H2S + COS) = 0.9R*/(0.9K* + i). 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 
H2S. 

f 
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It is clear that the greater the H20/CO 2 ratio the greater the 
achievable H2S/COS ratio. Therefore, it is worth considering which parameters 
determine the H20/C02 ratio. Both ~0 and C02 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 0 will affect the 
H20/CO 2 ratio. Moreover, since we are only interested in a ratio, only the 
(total H/total C) and (total 0/total C) ratios in the gas stream are important 
to the equilibrium. Figure 7 shows the correlation of th~ ~sifiers between the 
O/C and K/C ratios by weight, designated (O/C) w and (H/C)w , respectively. 
The (O/C)w ratio for each gasifier (except the C02 Acceptor) is empirically 
related to the (K/C) w ratio by 

(O/C)  w = 7 . 6  ( K / C )  w + 0 . 8 8  . (3) 

The (0/C) w ratio is much lower in the C02 Acceptor due to the removal of 
C02 to form CaCO 3 in the fluidized bed, and the absence of 02 in the input 
stream. 

Using the relationship of Equation (3) the H20/C02 equilibrium 
ratio is uniquely determined from the (H/C) w ratio. Separate equilibrium com- 
putations were performed for atmospheric pressure considering bnly H, C, and 0 
with various (H/C) w ratios and Equation (3). The result for the H20/CO 2 
ratio ere presented in Figure 8. Comparing Figure 8 to Figure 5, we find the 
E20/CO 2 equilibrium ratio to be identical When conditions are the same. 
Moreover, even when conditions are very different, such as the CO 2 Acceptor, 
the H20/C02 ratio is in agreement within approximately 25% for temperature 
greater than 800K. Therefore, if one knew the (H/C) w ratio and approximated 
the temperature at Which the H20/C02 becomes frozen (in most cases 1000- 
1200K) the achievable H2S/COS equilibrium ratio could be estimated from 
Figures 4 and 8 using Equation (2). 

III. FINITE RATE CONSIDERATIONS 

From the previous section~ it is clear that at lower temperatures 
nearly all of the sulfur would exist as H2S if equilibrium for reaction 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 investigated2-4 which enhance the hydrolysis of COS; how- 
ever, rates are ill-defined and catalytic poisoning has not beech well charac- 
terized. Nevertheless, ~t is useful to understand the effect of various rate 
constants on the design of catalytic COS hydrolysis process modules. 
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Consider ~ and ~ as the effective forward and reverse rate con- 
stants for Reaction i, respectively. Then the rate of change of COS is given by 

~ncos 

dt = - kf nK2 0 nCOS • + kr ~CO 2 n ~2 S • 

where n i is the density of the ith species in moles/cm3, ' 
tionof sulfur spe6ies 

(4) 

NOW,.  by c o n s e z - v a -  

n t o t a l ,  S = n~o S + n~2s = ~ CO S + ~E2  s = ~*cO S + ~'*. . ~2  S . I . (s) 

where the superscript "o" and asterick indicate, respectively, the initial and 
equilibrium values. Using Equation (5) in Equation (4) and recognizing that 
K I = kf/kr, Equation (4) may berewritten 

daco S 
d--q-- = - s ncos + 8 

where • " 

and 

nco 2 

= kf ~2 o (1 + Ki 
E20 

"B = k r" ('~S +" ~'&OS ) :~]~C0 2 

(6a) 

(6b) 

(6=) 

As discussed in • Section i!, H20 and CO 2 are major specmes and remain 
unchanged by any redistribution of sulfur species, e.g., reaction I. Therefore, 
the H20/CO 2 ratio will be constant during the approach tO the H2S-COS 
equilibrium. Using h~fis, ~ is time inaepende~t and may be writteu as 

= = ~f~2 o (i +~) _ 

where R* is the equilibrium • ratio, nE2S/nCO S 
solution to Equation (6a) is given by 

• (6b') 

E2S*Icos*. Finally, the 

-at 
no0 S n~o S n o - = ( cos - ~os )e 

(7) 

with u given by Equation (6b'). 
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Defining an extent of equilibrium, y, by 

p~ 5~2s/ncos 
Y - -- = 

H2s~c0s 

and after considerable manipulation, we find 

(8) 

70 + Re- R* (i - 70)e- ~t 
Y = (9) 

y 0 +R* + (l-Yo)e- at 

where Y0 corresponds to the initial value of y. 

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

~t = in  
(y.+ R.) (1 - yo ) 

(7o + R,) ( !  - y) ( io)  

Now using the ideal gas relationship for the total gas phase density (n), and 
~120 = XH20n , where X H20 is the H20 mole fraction= ~ [c.f. Equation 
(6b')] is given by 

where P and T are the pressure and temperature, respectively. Subst i tut ing 
Equation ( i i )  into Equation ( i0 ) ,  we f ind 

XH2 0 kf PT/T = 1.36 x 10 -22 R* (Y + R*)(i -y0 ) In (i 2) 
% + ~* (Yo + R*)(1 - y) 

If t=T is the time to reach 90% of equilibrium them y= 0.9 and the right hand 
side is a given value depending on the achievable equilibrium ratio R e and the 
initial value Y0" 
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Table 3 presents these values for a wide range of: Y0 and R* for 
Y 0.85, 0.90, 0.95. As can be seen, the entries are relatively independent of 
T0. and R*~ :and. all:-e.ntries are well ~4presented by 

• 0-22 I I.5 + I x'~ " y = 0.85 " 

~20 kf PT/T = 2.0 + i x 0 -22 V = 0.90 (13) 

i0-22 3.0 + I x y = 0.95 "" . 

In fact, all three categories may be summarized By 

~20 kf PT/T = 2.0 -+ 2 x i0 -22 (14) 

or, for a given process with a given rate constant, the reaction time necessary 
to achieve >95% of equilibrium is 

_> 4 x 10 -22 z/x 2 o _  P kf . (15) 

Here, we have used the conservative 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 kinetics. 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 desiredextent of reaction. Now, the required residence time in a 
reactor (reaction time) is related to the reactor volume, V, and the actual gas 
fiowrate, F, by : 

T R = 'V/F = 300 V P/F T , - (16) 
O .'" 

where F o is the flowrate at 300K and 1 am. 
rewritten 

Therefore, Equation (15) may be 

__ p2 kf VFo _> 1.33 x 10 -24 T2/~20 

•305 

(17) 



TABLE 3. EQUILIBRIUM DRIVING FORCES a 

Y0~ R* i0 0 i01 102 103 104 

y= 0.85 

10 -4 1.71 2.45 2.57 2.58 
10 -3 1.71 2.45 " 2.56 2.58 
10 -2 1.69 2.43 2.55 2.56 
I0 -I 1.57 2.30 2.42 2.44 
0.5 0.96 1.53 1.63 1.64 
0.7 0.53 0.87 0.94 0.94 

Y: 0.90 

10 -4 2.00 2.95 3. ii 3.13 
10 -3 2.00 2.95 3. II 3.13 
10 -2 i. 99 2.94 3.10 3.12 
i0 -I i. 87 2.81 2.97 2.99 
0.5 1.26 2.04 2. 17 2. 19 
0.7 0.82 1.38 1.48 1.49 

Y= 0.95 

10 -4 2.49 3.82 4.05 4.07 
10 -3 2.49 3.81 4.05 4.07 
10 -2 2.48 3.80 4.03 4.06 
i0 -I 2.35 3.67 3.90 3.93 
0.5 i. 74 2.90 3. ii 3.13 
0.7 1.31 2.24 2.42 2.43 

2.58 
2.58 
2.56 
2.44 
1.64 
0.94 

3.13 
3.13 
3.12 
2.99 
2.19 
1.49 

4.07 
4.07 
4.06 
3.93 
3.13 
2.43 

aERtries correspond to 1022 XH20 kfPT/T. 
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Eq~tion (17) may 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/F o vs kf for each of the gasifier conditions with 
a process module temperature of 500K. V/F o values above the line correspond 
to a sufficiently sized process module for a given effective rate constant to 
achieve 95% equilibrium. The two horizontal dashed lines correspond to larse 
scale systems (flowrates of 3000 SCF/sec) with modules of i000 and I00 ft =. 
For these parameters, the catalytic rate must be kf ~ 10-17-10-16 cm3/ 
tool-see to handle all gasifiers. The noncat~ytic gasphase rate constant is 
not known but is estimated to be 10-26-10 -24 cm3/molsec at 500K. This 
would correspond to an activation energy of approximately 15000K. Since cataly- 
tic enhancement is thought to reduce the activation energy to approximately 
3000K, this type of catalytic module would appear encouraging. 

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 constant is determined, an optimal module may be designed. This 
model presents the parameters necessary to reach a desired fraction of the 
equilibrium" H2S/COS ratio. This ratio is • determined by the gasifier operatin~ 
conditions. As noted earlier, the H2S/COS equilibrium ratio is direet!y 
related to the COS hydrolysis equilibrium constant by the frozen H20/CO 2 
ratio in the gas stream. Since the value of the H2S/COS ratio is so important 
to the attainable sulfur redistribution in the process module, a few points 
should be noted regarding this ratio and any effect on the gaseous product fuel. 

Although the minimization of Gibbs Free Energy is a numerical!y effi- 
cient and general method of obtaining the equilibrium compositions, often the 
more explicit method of solving equi!ibrium constant expressions can lead to 
insights obscured by the above technique. In a gasifier, the major molecular 
participant s are H2, CO, CH4, H20 , and C02 • Therefore, there are only 
five conditions necessary to determine the concentrations of these species. 
These are the three elemental conservation equations and two additional chemical 
equilibrium equations. Namely 

H = 2H 2 + 2H20 + 4CH 4 
0 ='H20 + CO + 2C02 
C =CO +C02 +CH 4 
H20 +CO= C02 +H 2 
3H 2 + CO = H20 + CH 4 

Ii 
III 
IV 
V 
Vi 

The two chemical equations are the water-gas shift (V) and methanation (VI) 
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 CH4.. 
present. At lower temperatures, equilibrium is with the CH 4 formation, 
however, rates became too slow to achieve the equilibrium. Since CH 4 is a 
more economical fuel; often a methanation module is added to convert the W 2 
and CO to CH 4. Therefore, it is important to understand the equilibrium over 
the entire range of temperatures. 

The equilibrium is naturally divided into three temperature regions 
denoted by A, B, and C. 0nly in regionB are ail five molecular species 
present. The molecular distribution of major species within the regions are: 

A: CH4, H20,C02 . (T  .~ 7 0 0 K )  , . 

B: CH4, E20 ~ C02, H2, CO (7oo 4 T 4 nOOK) 

c: E2o, c02, H2, co (T% n0 ) 

Therefore, since the molecular species are reduced in regions A and C; only B 
requires the entire (ii-Vi) set of equilibrium conditions. In regions A and C, 
the conditions Become 

region A: , 
H = 2H20 + 4CE 4 
0 = H20 + 2C02 
C = CO 2 + CH 4 

II' 
III' 
IV' 

and 

region C : 
• H = 2H 2 + 2E20 
0 = H20 + CO + 2C02 
C = CO + CO 2 
H20 + CO = CO 2 + H 2 

II" 
III" 
IV" 
V 

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

:~ z6~ +~ 

: 3 -~ + i  - i 

(18a) 

( i S b )  

(~) _ 1 
2 2 + i~ w- 

(z8c) 

Therefore, as (H/C) W is increased, the yield of CH 4 and H20 is increased 
and CO 2 is decreased, while as (O/C) W is increased the yield of CH 4 is 
decreased with H20 and CO 2 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 no pressure dependence throughout this region. 
The solution for the molecular species within this region is 

with 

where 

<%) = 3_. - i - 
4 w 

l_@ 
6 4 + 1 + 

G(T) [ ~%(T) - i ] 

(_~) 3 ( l _ ~ )  (o) 
G(T)  = [ 6 - ~- 

w w" 

+ z ] / 2 ( z - ~ )  , 

] 

Table 4 gives the values of KV for several temperatures. 

(19a) 

( zgb )  

( 1 9 c )  

(Zgd) 

(lge) 

(zgf) 

3]0 



TABLE 4. EQUILIBRIUM CONSTANT FOR 1120 +C0 =-C02 + I[ 2 

(m) 
(co z) (~2) ~ 
(H2o) (co) 

1600 

1500 

1400 

1300 

1200 

i!00 

i000 

9OO 

800 

70O 

600 

5O0 

0.3360 

0.3899 

0.4645 

0.5718 

0. 7337 

0.9936 

1.445 

2. 315 

4.246 

• 9. 472 

28.44 

138.0 
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As seen from Figures 1 and 2, the H20/C02 ratio is most likely to become 
frozen at temperatures corresponding to region C (or perhaps region B). In 
region C the H20/CO 2 ratios is given by, 

( /= (co2/c) - i . ( 2 0 )  

Here, an increase in (H/C) w [with constant (O/C)w] implies an increase in 
H20 at the expense of C0 2 and thus an increase in the H20/CO 2 
equilibrium. Another useful simp!ifiction within this region is obtained when 
K V = I. This condition corresponds to a temperature of approximately II00K. 
Here the H20/CO 2 ratio is easily found from 

H20 
T = II00K . (21) 

Region B is the only one which requires the full set of equilibrium 
conditions, namely the addition of the methanation reaction. Since this reac- 
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 i0 shows a replotting of Figure 9 with the three temperature 
regions indicated by vertical dashed lines. 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 above 
discussion illustrate that for most temperatures and pressures in the gasifica- 
tion of coal, the equilibrium distribution of themajor species may be predicted 
without the need for more elaborate computations. Examining these relation- 
ships~ the governing parameters are found to be the temperature, pressure, and 
the (H/C) w and (0/C) w ~atio. Moreover, using Equations (18-21) it is 
possible to obtain a set of conditions which will give a desired equilibrium 
distribution of the sulfur species. In the fol!owi~ section~ we will examine 
the gasifier as a whole and discuss the effect of these parameters on the 
overall quality of the product gas. 

V. C0NCLUDINGREMARKS 

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 H2S-COS 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 H2S/COS 
ratios. Therefore, there are no module design criteria which depend on the 
desired sulfur redistribution. The attainable H2S/COS ratio is completely 
determined by the local H20/CO 2 ratio and the COS hydrolysis equilibrium 
constant. 

The H20/CO 2 ratio is controlled by the water-gas reaction at high 
temperatures (>II00K) and by the water-gas and methanation reactions at inter- 
mediate temperatures (700-1100K). As the gas stream is quenched upon exitiug 
the gasifier reactor these reactions become very slow and the H20/C02 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 
II00K, (i.e., the pressure dependent region), the adjoining temperature regions 
are pressure independent. Therefore, we expect that the H20/CO 2 ratio is 
not strongly dependent on pressure. This has been born out for the gasifiers 
considered in the present study. 

Apart from temperature and pressure, the parameters which govern the 
H20/C0 2 equilibrium ratio are the (H/C) w and (0/C) w ratios. In general, 
increasing the (H/C) w and decreasing the (O/C) w ratios increases the H20/- 
C02 ratio ~nich in turn increases the H2S/COS equilibrium ratio. It is 
important to note that the affect of increasing the (H/C) w and decreasing the 
(0/C) w ratios also increases the equilibrium CH 4 yield. Therefore, attempt- 
ing to improve the sulfur distribution not only does not lower the attainable 
CH 4 yield from the methanation module but actually increases it. 

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

C +H20 = C0 +H 2 
CO + H20 = CO 2 +H 2 
C + CO 2 = 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 C02. Now, the (H/C) w ratio 
may be increased by introducing more steam but this will increase the (0/C) w 
ratio as well. In order to decrease the (O/C) w 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 reactions, 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. 

. 

314 



In summary, the major points of •this study are: 

@ 

®• 

A process module with an effective catalytic C0S hydrolysis rate 
constant of approximately 10 -17 to ~0 "16 • cm3/mo!-sec will 
reach >95% of the equilibrium H2S/COS ratio in small enough 
residence times to-allow reasonable reaction vessel sizes. 

This resonance time is essentially independent of initial and 
final H2S/COS ratios. 

The achievable H2S/COS equilibrium ratio" at a ~iven temperature 
is completely determined from the product of the locally frozen 
E20/C02 ratio and the COS hydrolysis equilibrium constant for 
that temperature. 

The H20/CO 2 ratio becomes frozen at approximately 900-1200K, 
probably near the reactor ~xit temperature. 

@ 

.@ 

• The governing parameters for the H20/C02 equilibrium ratios 
are the temperature, pressure, and the gas stream (H/C) w and 
(O/C) w ratios. 

The higher the (H/C)w ratio and the lower lille (0/C)~ ratio, 
the larger the H20/CO 2 equilibrium ratio and thus the larger 
the H2S/COS equilibrium ratio. • • • 

• ° 

Raising the (H/C) w ratio and lowering the (0/C) w ratio also 
increases the achievable CH 4 equilibrium concentration. 

The authors would like to thank Mr. Robert V. Collins and Dr. Gordon 
C. Page for many stimu!ating discussions during this work. The equilibrium com- 
putations were performed using the PACKAGE CODE which was developed and extended 
by many people (including Michael B. Faist) at Aerodyne Research, Inc. 
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BEHAVIOR OF A SEMiBATCH COAL GASIFICATION UNIT 

by 

W. J. MaMichael 
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Research Triangle Park, N. C. 27709 

ABSTRACT 

This paper describes the transient behavior of a laboratory scale 

fixed-bed gasifier operated in a semibatch mode. The operation is batch 

with respect to the coal feed and continuous with respect to gas flows. 

Various coals ranging from lignite to bituminous were gasified using 

steam-air mixtures at i.4 MPa (200 psia)~ and approximately 900°C ". The 

transient behavior of the reactor temperature at various coal bed •depths 

was examined. Test results from nine tests involving five coals are 

reported. The data presented include the rate of production of vario~ 

gasification products. These include C~4, CO, ~2' benzene~ toluene,• 
xylene, H2S , COS, and thiophene, as a function of run time. it was 

found that the majority of the CH4, the minor hydrocarbons, and sulfur 

species were evolved duri~ coal devo!ati!ization. These data were 

analyzed using a simple kinetic model which assumes that the rate of 

production of a compound at any t~'e is proportional to the (potenti/l) 

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 ra~e of production of individual species was practically 

the same for all coals and gasification products considered; the ultimate : 
yield was dependent on coal type. The ultimate yield of (a) "CH 4 or 

benzene~ and (b) su!fur species rough!y paralleled the volatile and 

s~fur contents of the coals, respectively. 

Duane G. Nichols is now with the C onoco Coal Development Company, Research 
Division, Library, PA. ~. 
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BEHAVIOE OF A SEMIBA~CH COAL GASIFICATION UNIT 

INTKODUCTION 

The Eesearch Triangle Institute (KTI) has performed over 40 gasification 

tests in a laboratory scale gasifier using a variety of coals. [1,2] During 

these tests, KTI has developed procedures for the sampling of the various 

gasifier process streams and for identifying and quantifying potentSa! environ- 
[3] mental pollutants found in these streams. 

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 run, 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. Th~ 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 with 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 Ceramic 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 in Figure 1. Recovery of the temperature took about 30 minutes, and the 

rate of increase in the average bed temperature after aoa! 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: (!) the initial stage after the coal drop during which devolati- 

!ization of the coal occurred (surge period), and (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. 
/ . . . . . . .  
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Figures 2, 3, and 4 show the time-dependaut nature of a typical gasi- 

fier test in which Illinois No.6 -bituminous, Wyoming subbitumiuous and 

North Dakota lignite coals were gasified,. The composition of the coals 

and gasification conditiona.are shown in Tables ! and 2, respectively. It 

can be seen from these figures that production of methane and other minor 

hydrocarbons is greatest during the in/tial, stage of the gasification test 

or during coal devolatilization. The production rate of these components 

fall almost two orders of magnitude from their initial rates during the 

surge period, i more complete description of the production rate-time 

characteristics of the semibatch gasification of the five coals in nine 

tests have been presented elsewhere. [4] 

Based on the data in Figures 2, S~ and 4 and additional data pre- 

sented by McM_ichae! et al.~ [4] the following observations canbe made 

about the rate of pollutant and product productionas a function of time: 

i. The production of pollutants and C~ 4 in the product gas usna!ly 
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 CH A 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 H 9 production increases during the initial stages of 
gasification, during .devolati!ization. This could be a conse- 
quence of (a) increasing bed temperatures at the beginning of 
the run resulting in increasing H 2 formation from the steam- 
carbon reaction, and(b) decreaseE availability of reactive 
carbon as coal devolatilization proceeds, ~us more H 2 appears 
in the gas. Hydrogen formation peaks early in the run, and the 
rate of formation decreases fairly steadily over the remainder 
of therun. This steady decrease is probah!y due to the 
decrease in the density of harbon in the bed with time. 

3. For a steady flow of steam and air~ the rate of production of CO 
approximately parallels the H 2 production. 

4. For Illinois No.6 bituminous coal, the rate of CO z production 
reaches a maximum in the initial stage of the gasification run 
and then decreases or remains fairly constant. The Western 
Kentucky coal also shows this trend except the production rate 
increased sharply at oxygen breakthrough. For the subbituminous 
end lignite coals, CO 2 production reaches a maximum during 
devolatilization and then quickly drops to a minimum at about 
25 minutes into the run. After this minimum the production 
rate increases steadily over the length of the run. The COp 
increase is usually accompanied by a slow decrease in the 

• rate of CO production. The reason for this could be that as 
the density of carbon" in the bed decreases through gasifi- 
cation~ more CO is burned in the gas phase. 
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5. The rates of production of benzene, toluene, and xylenesparalle! 
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 devolati!ization 
by one to two orders of magnitude. 

6. The productio~ of K2S and COS is at a maximum during devo!ati!i- 
zation and falls off rapidly near the end of this period. Aft4r 
devo!atilization, E2S and COS appear to follow the production of 
C02. This is probably due to two modes of sulfur release from the 
coal. The first is during devoiatiiization when sulfur-containing 
compounds are being rapidly evolved from the coal. Decomposition 
of these compounds results in COS and E2S. I~ the second mode 
after devolati!ization, sulfur is released by oxidation of the 
char matrix. Upon release the sulfur species react withE2, CO, 
or C02.giving rise to E2S and cOS. Thus the production rate of 
E2 S and COS follows that of C02 since it is indicative of oxidation. 

7. Methanethiol and thiophene are produced primarily during coal 
devolati!ization. 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 environmental pollutant s in the gasifier product 

gas over the length of the gasification runs has been computed for the KTI 

gasifier by integrating the rate of production with respect to time. These 

yields have been compared by Green~ et al. [5] 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 components 

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 unsteadynature of 

operation. KecentlyKTI has been operating its gasifier i~ a comti~uous 

feed mode and~alysis of this data is now underway. 

The initial production rates of methane and minor hydrocarbons during 

the devolatilization of the coal as shown in Figures 2, 3~ and 4 can be in- 

terpreted in several ways. 0neway is in terms of the Gregory-Littlejohn 

equation. [6] For a constant heating rate this equation predicts a straight 

line on a semilog graph of rate of production of volatiles versus time. 

This equatio~ could perhaps be applied to the individual components mak~g 

up the total voiatileyield. 
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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. Tke 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 coa!. [7] 

1 

where k. = the rate constant~ rain -I. 
l 

V. = the yield of the ith volatile component, sZ/kg coal. 
i 

V = the ultimate yield of the ith volatile component, si/kg coal. 
= i  

t = time, rain. 

Assuming isothermal conditions, Equation (i) can be integrated subject 

to V. = 0 at t = 0 to give 
i 

-k. t 
v - v i -- v e • (2) 

Substituting Equation (2) into (i) gives 

dV. 
= k.V e-~ t 

dt m ~i 
(3) 

Taking the log of Equation (3) yields 

dV. 

in  =in kivi 

Equation (4) predicts that a semilog plot of the rate of production of 

a volatile species versus time should yield a straight line with the slope 

equal to the negative of the rate constant and the intercept equal £o 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 constant is not a strong function of temperature such as would be 

the case in diffusion-controlled processes. 



i 

A kinetic analysis has heen made of the rate data for nin e gasifi- 

cation tests using Equation (4). The results of this analysis are shown in 

Table 4. This table presents average results for individual species for 

an initial rate period for eack type •coal gasified. The ult~ate yield 

values shown have been normalized, to a unit coal basis. 

The following observations can be drawn •from Table 4. : 

• i. The average ultimate yield of C~u, for Ii!inois No.6 coal is 
approximately 2.7 scf CH4/Ib coal maf which is in good agreement 
with a value of 2.4 scf CH4/Ib coal maf which would be obtained 
by extrapolating the data for the SYNTHANE gasifier to 200 psig. 

2. The kinetic parameters foe 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 m/n -I. In the worst case (I!!inois No. 6 coal), the rate 
constants vary by a factor of four which is still in fair agree- 
ment considering the assumptions made in the analysis and: errors 
involved in computing production rates. Wyoming subbituminous 
coal appeared on the average to have the highest specific •rate of 
product formation (i.e., largest rate constants) of any of the 
coals tested. 

3. Tee values of the rate constants for the different coals and each 
component are close to each Other with a simple average •constant 
being approximately 0.10 min-l. 

4. Examination of the average ultimate yields for the various coals 
in Table 4 shows that the bituminous ~ coals have the greatest 
potential for the production of CH 4 and C6~ as will as the 
sulfur-containing species. The potential fon sulfur species 
production appears to roughly parallel the sulfur content of the 
coal except for COS in the case of Illinois No.6. Hot#ever, only 
one value of the ultimate COS yield could be computed out of the 
three Illinois runs, and this may not be representitive. Of the 

• ' lower ranked coals, the Wyoming subbituminous Coal had the highest 
potential for CH 4 and C6H 6 product with ultimate yields of these 
components approximately on the same order as the Illinois No.6 
bituminous coal. 

'CONCLUSIONS, 
t 

Screening tests• in which several types of coalwere g~ified have been 

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

of temperature histories in the gasifier Bed and transient production rates 

of the major.gas products,, minor hydrocarbons, and selected sulfur-containing 

species. 

Tlle temperature in .the bed was found £o be dominated by#the/gasifier 

furnace when the furnace was in operation. The rata Of increase in the 

average bed temperature in the gasifier after the coal drop appeared to be 

- 3 2 9  • . 
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be proportional to thedifference 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 volatile material. 

At a constant heating rate the GregorY-Littlejohn equation predicts that a 

sea/log graph of the devo!atilization rate as a function of time should Be 

linear during the initial stages• of the gasificatio~ test. This behavior• 

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

benzene, minor hydrocarbons~ and sulfur, species indicating the possibi!ity 

of developing a Gregory-Littiejohn type. of equation" for each +olatile species. 

A simple kinetic model, which has. been widely •used in the. literature in 

one form or another~ was applied • to rate-time .data for selected chemical 

components. This model assumes that the rate of formation 0fa species is 

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

The model involves two parameters: (i) the ultimate yield, of the species 

and (2) a' proportionality' (kinetic rate) constant, it. was found that the 

kinetic rate constant was roughly the same for all species and all coals 

with a simple average of the constants being 0.i0 rain -I. [ 

• The average ultimate yield for each coal for a given species was 

dependent on the chemical species and coa ! • type., The ultimate yield of 

methane and benzene :approximately paralleled the. volatile content of the 

coal and yield, of sulfur-containing components paraliele~ the sulfur content 

of the. coal. The potential for the evo!utio~ of-su!fur-contaiu~g .compounds 

into the gas was found to he an 6rder of magnitude less • for the subbituminous 

and lignite coal than for the bituminous coals. 
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CARBON CONVERSIONs MAKE GAS PRODUCTION~ 
AND FORMATION OF SULFUR GAS SPECIES• 

IN A PILOT-SCALE FLUIDIZED BED GASIFIER 

by 

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

ABSTRACT 

The steam-oxygen gasification of a pretreated Western Kentucky 
No. ii bituminous coal was carried out in a pilot-scale f!uidized bed 
gasifier. This paper describes the experiments and summarizes meas- 
ured carbon conversions ~ sulfur • conversions, make gas production 
rates~ and the results of material balance calculations on total ~mass 
and major elements (C~ H~ ~05 N~ and S). The development of a~ single 
stage kinetic model for the gasifier is outlined~ and correlations of 
the experimental results using this model are presented. Quantities 
of sulfur gas compounds former 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 Caro- 
lina State University he~ been engaged in a research project on coal 
gasification sponsored by the U. S. Enviro~mentai Protection Agency. 
The facility used for this research is a small coal gasification-gas 
cleaning pilot plant. The overall objective of the project is to 
characterize the gaseous and condensed phase emissions from the gasif- 
ication-gas cleaning process, and to determi~--~ow-em~ss~d~--~ate~ - 
various pollutants depend on adjustable process parameters. Specific 
tasks to be performed are: 

i.. Identify and measure the gross and trace species concentra- 
tions in the gasifier product Streams. 

2. Correlate measured emission levels with coal composition and 
gasifier operating variables. 

. Perform material balances around the gasifier, raw gas clean- 
up system s and acid gas removal system~ and determine the ex- 
tent to which selected species are removed from the synthesis 

1 
gas zn 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~ Condensables~ and Solubles (PCS) removal system is shown in 
Figure 1. The Acid Gas Removal System (AGRS) is an integtra! part of 
the facility, but will not be discussed here. 

In the initial series of runs on the gasifier~ a pretreated West- 
ern Kentucky No. 11 coal was gasified with stesm and oxygen. A com- 
puter program was written to reduce the operating and analytical data 
for a run to manageable proportions and to perform material balance 
calculations. In addition= a 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 comparisions with model predictions~ and pre- 
sents a preliminary analysis of the formation of sulfur gases in the 
gas if let. 
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DATA REDUCTION COMPUTER 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 analysis, density, settled bed density, proximate and 
ultimate analyses)~ feed rates of coa!~ steam, oxygen and nitrogen s 
removal rate of char~ reactor leak rate, gas flow rate at the PCS sys- 
tem outlet~ masses of coal fed= spent char collected, cyclone dust 
co!lected~ ultimate analyses of the spent char and cyclone dust, chro- 
matographic analyses of the gases exiting the cyclone and the PCS sys- 
tem~ pressure drop across a 20-inch segment of the bed~ various feed 
and effluent flow meter calibration temperatures and pressures~ and 
results of trace element and wastewater constituent analyses. 

The output of the program contains the following components: 

. Reactor specifications, including the average bed temperature 
and pressure~ the apparent bed density and void fractions and 
the bed expansion factor. 

. Solid feed properties~ including coal type, solid particle 
and settled bed densities s as-received moisture content, 
average feed particle diameter, and proximate and untimate 
a/la!yses. 

3. Feed rates of coa!~ steam: oxygen~ and nitrogen, selected 
feed ratios and inlet conditions, superficial gas velocity, 
solids holdup~ and space times for both gases and solids. 

4. The make gas flow rate and chemical composition. 

5. Production rates of fuel components and the heating value of 
the make gas. 

6. Carbonssteam, and sulfur conversions. 

7. Material balances on total mass, and on carbon~ hydrogen, ox- 
ygen~ nitrogen, and sulfur. 

8 .  An energy  b a l a n c e .  

9. Results of water analyses. 

I0. Results of trace element analyses and trace element material 
balances. 

An example of the partial output for a run made on January 22, 
1980 ~ is shown in Table I. 



Table l 

t i~SU I)EP~R~ OF CI~.BIC~ EBBirNEERIRB 

FI.UI~I~I) BE]) COAL GABIFiCATIOH REACTOR t 

R~ CH}-44B 1/22/B0 11|15-14~30 

"REACTOR-SPECiFiCATIOHS ..... 

PRESSURE = 101,6 PSIB (BOI,YKPA) 
TE~E~TURE = 1699.8 OEB,F ( 926,5 ~O,C) 
BE]) HEIGHT = 3B,0 IH, (0.97 HETE~S) 
BE]) DI~ETF.R = 6.0 iH, (0.152 P~'TERS) 
ESTIHATE~ B~ VOI~Ab"E = 0.74 
SOLIDS HOI..OUP = 19,4 LB ( 8,Z KG) 

FEE~ RATES ~ R~TIO~ 

COAL = 3'1,69 LB/I~ (15.7"I K~,'~) 
ST'~H = 55,85 I..B/t'}R (25.33 KB/FLR) 
OXYBEH lO,tO L.BA'~ ( 4.58 K~'HR) 
HZll~OOE)l = 6,32 L.B/HR ( 2,87 KS/~) 
PURSE H2 = 14.16 LB/t']R ( 6,42 KBPr~) 
STEa.H/C~RBO~] = 1,31 HOLES STEAH/HOLE C 
02/CARBOH = 0,13 HOLEG 02/HOLE C ' 
H2/02 = 0.71 HOLES H2/'PX~ 02 

COEL 
GASES 

TOTAL IHF'gT 

CHAR 
I)UST 
GASES 

i~ASTE~TER 
TOTAL OUTPUT 

Z RECOVERY 

ELEItt2-~. HATERIAL I)~LA~CES ; F L ~  IH LBA~R 

BASS C H 0 H • S 

34,7 .28,~A 0°16 1,37 0,05 0,918 " 
G6,4 0.00 6;25 59.70 20.47 0.000 

121.1 28.44 6,4I 6!.06 20,52 0.918 

2t,8 18.10 0,08 O,IR 0,0~ 0,412 
1,8 1,20 0.0! 0°23 0,01 0.029 

96.2 8°99 6,43 59,G8 " 20.43 0°426 
0°0 0.00 0,00 0,00 0,0~ 0,000 

119.8 28.29 6.52 ~.64 20.52 0 , ~  

98,9X 99°53 101,8X 99°3"Z 1~.0~ 94.~ 

C~P3011 COHVERSIOH (F~CE~) 
COH])USTZOH 
GASIFICATIOH 
TOTAL 

orY z '~  ~s FLOe ~'E (scF'~) 

I.~.ATI~ VALUE•OF ~ 6~  (BTUI~)I}') 

CO 
H2 
CI.14 

EXi:~IB~qAL KOI)~L. 

31.6 

11.7 

~6,0 ' 

8,48 
0.94 

17,79 
2 0 . 4 3  
• 0 . 4 3 A  

14,0 
18.7 
32.7 

1 2 . 0  

6,67 
1,00 • • • 

19,3~ 
20,4B 
0°297 

• 337' 



GASiFIERMODEL 

To aid in the analysis of the char gasification runs, 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 s and purge ni- 
trogen, solids holdup, ultimate analysis of the feed coke and spent 
char, and values of three adjustable model parameters, the relative 
reactivity of the coke, the.CO/C02 distribution coefficient, and the 
water gas shift reactivity parameter. 

MODEL DEVELOPMENT ANDASSUMPTIONS 

The model treats.the gasifier as a single perfect mixer, with the 
following sixreactions taking place: 

C +-H20 = CO +H 2 

C +2H 2 = CH 4 

2C +H 2 +H20 = CO + CH 4 

CO +H20 = CO 2 +H 2 

C + 1/202 = CO 

c + o 2 = co z 

(i) 

(2) 

(3) 

(4) 

(s) 

(6) 

Reactions 5 and 6 are the oxidation steps required to supply heat 
for the remaining reactions. 'These two reactions are assumed to occur 
instantaneously in a zone of negligible volume separate from the ga- 
sification zone. All oxygen in the feed gas is assumed to be consumed 
to form CO and C02 according to the relation 

C + aO 2 = (2-2a)C0 + (2a-l)CO 2 C7) 

where "a", the combustion product distribution parameter, is an ad- 
justable parameter. 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 i, 2, and 3 are the reactions by which Johnson (1974) 
at the Institute of Gas Technology correlated gasification kinetics. 
Reaction 1 is the conventional steam-carbon reaction. Reaction 3 is 
assumed to be an independent reaction~ although it is attainable as a 
linear combination of I and 2. 

The correlation used by Johnson to describe the carbon conversion 
is given by 



r = f L k T ( l - f c ) 2 / 3 e x p ( - b f c  ) (8) 

where r is the rate at which the carbon is gasified, kTis the, sum of 
the rate constants for Reactions I~ 2, and 3, fris the fractionalcar- 
bon conversion and b is a kinetic parameter whic-h"depends on gas com- 
position and pressure. Expressions for k]= k2, and k3arepresented by 
Ferreli et al., Vol Ii. (1980). . " 

The relitive reactivity factor fLis determined from 

fL : f0 exp(8467/T0) i9) 

where T is the maximum temperature to which the char has been exposed 
prior .to gasification. The relative reactivity factor, fn~which is 
an adjustable parameter whose values depend on the partiEul~r char 
used~ has values .ranging from 0.3 for low-volatile bituminous coal 
chars to about I0 for North Dakota lignites (Johnson~1974). 

Reacton 4 is the water gas shift reaction~ often assumed to be at 
equilibrium in gasification processes. Results to be described indi- 
cate this may be a bad assumption~ leading to the necessity of incor- 
porating shift kinetics into the model. The rate expression used is 
that given by Wen and Tseng (1979) ~ 

r4 b ~ I 0 ~ = 1.6652 X 104V(l-e)f,.,g_ exp(-25147/T). P .G 

r 

where 
V 
G 
e 

f 
• wg 

K4 

= bed volume 
:, [C0] - [H~][COz]/[H20][K4] 
=bed void ~ractzon 
= adjustable shift reactivity parameger 

(varies from char to char) 
= equilibrium constant 

for 

to the equation 

Ln (KE) = (a0/T) + a I 

The equilibrium constants for the water gas Shift . reaction and 
reactions 1~ 2, and 3 were taken from Lowry (1963)~ and were fit 

i11) 

by least-squares analysis (A!exander, 1978). 

• A complete description of the mode! development and the reactor 
simulation computer program is given by Ferre!l et al., V01 II, 
(1980). . 



CHAR GASIFiCATION RESULTS 

A total of 56 runs havebeen completed using a Western Kentucky 
No. !i coal char as feed stock. The first 13 of these runs were used 
primarily for the development of operating and sampling procedures, 
and refinement of analytical methods• The data from gasifier runs 
G0-!4 through G0-56 have been co!lected and reviewed, and a complete 
analysis of these runs is presented by Ferre!l et al., Vol II, (1980). 

MASS BALANCES 

An example of a single page output from the previously described 
data processing program is shown as Table i• Criteria for acceptance 
of a run 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 i00%~ and if the worst of the recoveries of elements 
C~ E, and 0 are within 8%. Based on these criteria, 22 Of the 34 runs 
reviewed are acceptab!e~ and are designated by crossed circles in the 
figures. Points with filled circles are for runs with total mass re- 
coveries within 5% and worst element recoveries within 6%• Open cir- 
cles are used for all other runs. 

TEMPERATURE EFFECTS 

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 carbon ratio varied from0.92 to 1.15. The 
plot indicates that the make gas flow rate is highly sensitive to the 
average bed temperature, with scatter due mainly to the small steam to 
carbon ratio differences and differing feed rates• The high sensitiv- 
ity makes determination of the average bed temperature crucial for 
good model predictions. 

STEAMTO CARBON EFFECTS 

The effect of the steam to carbon ratio on the make gas flow rate 
is shown in Figure 3. At any given temperature the effect of increas- 
ing the steam rate at a given carbon input is to increase the make gas 
flow rate. A side benefit to operating with relatively high steam to 
carbon ratios in the fluidized bed gasifier is a reduced tendency for 
the char to clinker. 

SULFOECONVERSION 

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



O FIGURE 2 

THE EFFECT OF THE AVERAGE BED TEMPERATURE 
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FIGURE 3 

THE EFFECT OF THE STEAM TO CARBON RATIO 

ON THE MAKE GAS FLOW RATE (DRY, N 2 FREE) 
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FIGURE 4 

COMPARISON OF PERCENT SULFUR. CONVERSION 

TO PERCENT CARBON CONVERSION 
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on a firmer theoretical foundation. 

EVALUATION OF MODEL PARAMETERS 

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

. 

2. 

the char reactivity, f0 

the combustion product distribution parameter~ a~ which spec- 
ifies the split between CO and C02 in the products of the 
combustion stage of the gasification 

3. the water gas shift reactivity parameter, %g. 

These paramet%rs were evaluated by using a Pattern Search algor- 
ithm to ~ z e  a function of the sum of squared deviations between 
predicted and measured values of gasifier performance variables. This 
analysis gave thefollowing values: 

i. fo = 0.50 

2. a = 0.95 

3 .  o.00o0099 

The value of a, when substituted into Eg. 7~ indicates that 90% 
of the carbon oxidized forms C02 and 10% 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 

fo = 6 .2  y ( ! - y )  (12) 

where y is the dry, ash free carbon fraction in the original raw coal. 
Eq. 12 predicts a value of f = i.i, which is larger than that deter- 
mined in this study. The difference may be due to the differences in 
the microba!ance used by Johnson and the fluidized bed of this study. 

The value of fWO = 0.0000099 indicates that the shift reaction rate 
is approximately fi~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 modellng the gasification of a bituminous 
coal by the SYNTEANE process. The larger value used by Wen and Tseng 
may be attributed to the differences between the coal of their study 
and the char used in this study. 

Due to the simplicityof the model~ it is also likely that the 
effects of factors not specifically accounted for in the model have 
influenced the optimal values of the three model parameters. The va- 
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lues of the parameters found as describedabove appear to be reason- 
able, and are probably a fair representation of what actual~y happens 
in the f!uidized bed gasifier. 

HODEL RESULTS 

Using the optimal parameter values, the model was run for gasif- 
ier runs GO-!4 through G0-56. A representative model output is shown 
for runGO-44B in Tab!e 2. Plots of predicted vs measured values of 
carbon conversion~ dry make gas flow rate, and sweet gasheating value 
are shown in Figures 5 - 7. The reasonably close proximity of most 
points to the45 degree line is gratifying in view of the crudeness of 
the model. The proximity of the points corresponding t~ the ~"best" 
runs (from the standpoint of satisfying mass balances) is even more 
satisfying. 

For each run s the ratio 

K : [C02]I"H2]/..[CO].[H20] (13) 

was calculated, where [ ] is the mole fraction of the evaluated spe- 
cies in the product gas. This quantity would equal the water-gas 
shift equilibrium constant at the reactor temperature if th~s reaction 
proceeded to equilibrium~ A plot of the predicted vs experimental va- 
lues of this ratios K s is given in Figure 8. The substantial degree 
of scatter may be attributed to the simplicity of the mode! ~ and 
equally to the fact-that the mole fractionswhich are the constituents 
of K are interdependent~ so that an experimental error in one of them 
affects the values of the others. 

The significance of this plot emerges when it is comparedwith 
Figure 9~ which shows the values of K predicted assuming shift equili- 
brium. This assumption leads to the overprediction of K by as much as 
a factor of two~ and lends support to the conclusion that the shift 
reaction should not be assumed to proceed to equilibrium. 

FORMATION OF SUI/UR GASES 

One of the objectives of gasifier runs G0-43 through G0-59 was to 
investigate the production of sulfur gas species in the fluidized bed 
reactor~ A summary of resu!ts is given in Table 3. 

The coal char used in this study has a very low voiatile matters 
less than 2%~ and it is vemy likely that most of the sulf/ris Present 
aspyritic sulfur. For this case s it has beenpostulat~d that during 



Table 2 
J~ ~. -~:~ ~ ~ ~ :, G ~ :~ & :~ :,:~ ~.~:~ :~ ~ :,~'-~ ~ ¼ ~ & ~1 ~ .................................. 

Q~LL-~I~ ~ ~BIFICATIOH 
X X 
X~ HOt)EL ~SLP...TS X 
~t :t 

GO-~4~ 1-~-80 11:1~-1~t30 

RE~TO~ SPECIFIC~TIOHS 

] ~  PRE~W-.E(PSI6) 101,60 
B~ TE~E~TUI~(F) 1699,80 
SOLIDS HOL~(13) 18.40 
]~E]) ~EI~T(IH) 38,00 

DIAH~(IH) 6,00 
]~Et) VOI]~E 0,74 

FE~TES(1.3J,'~) 

IHLE'T CPrJ~ 3~,~9 
STEAH ~,8~ 
O~SEH 10,10 
H ~  6.32 
HYI)RO[~ 0,00 
PU]LS"E H2 14,16 

HOt)E1. PA~ETEi~S 

P R ~ T  TE~(F) 2000,00 
P~CTIUtTY 0,~000 

COH~IJSTIOH EXTEHT 0,9500 
SHIFT RE~CTTVITY 9,900E-06 

~ i~,v,~4.~iS(HT P~'EEHT) 

O~GEH 3,90 
HITR~ 0,10 

2.60 
ASH 10,80 

DRY G~ FLOH RATE (SCFH) 

8TE~ COHV~SIOH 

CA~BOH CO~'UE~IOH 
COHt~STZOH 0,1kt) 
8~StFIC~TIOH 0,,187 
TOTAL 0,,327 

ASH COHTEHT OF C~R 15,24 

Ci~ REHOVAL RATE (L~/I-~) • 23,07 

HOZ~EL E~ERti~TAL 

12,04 11,.~ 

0471 O,15Z 

0,~16 

12,00 

21,8-0 

GAS ~ I T I O H  (HOLE PEA~) 

~gEL EXPE~It~T~ 

CO 6.76 6,60 

H2 10,85 10.11 

C~ 0,56 0,89 

C02 9,~9 8,82 

tt2 15,96 15,91 

H2S 0,19 ~t 0.28 

COB 0,00 0.01 

H20 56.08 57.38 
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FIGURE 5 

PREDICTED VS. EXPERIMENTAL CARBON CONVERSION 
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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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FIGURE 8 

PREDICTED VS. EXPERIMENTAL K VALUE 
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FIGURE 9 

..PREDICTED VS. EXPERIMENTAL K VALUE 
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TABLE 3 
CONCENTRATIONS OF SULFUR GASES IN REACTOR EFFLUENT 

Run Bed Reactor Effluent Concentrations ppm 

No. Temp. H2S COS CS 2 Methyl Thiophene 
F Mercap- 

tan 

43 1794 62R9 277 2.27 x x 
44 1678 6510 283 2.44 x N.D. 
45 1671 3433 266 7.92 x x 
46 1790 5478 222 1.56 x x 
47 1785 5071 272 1.97 x x 
48 1778 6912 312 3.30 x x 
49 1799 7052 403 3.80 x x 
51 1777 6711 299 1.56 x x 
55 1708 8931 465 2.95 x N.D. 
56 1800 8924 410 1.58 x x 
57 1778 8098 388 1.58 x x 
58 1771 5111 362 1.36 x x 
59 1803 8470 306 1.61 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 2 H2 H20 K1 K2 

43 16.80 
44 6.60 
45 4.22 
46 12.77 
47 13.89 
48 12.88 
49 15 • 42 
51 i0.98 
55 9.28 
56 i0.73 
57 12.74 
58 ii. 68 
59 !0 • !0 

12.36 
S.s2 
6.81 
9.08 
9.86 

10.79 
16.03 
15.11 
12.61 
12.75 
14.87 
15.80 
14.60 

11.21 43.60 6.4 33.7 
10.11 57.38 3.5 15.0 
8.27 39.27 2.2 6.6 

13.82 33.14 6.8 22.8 
15.16 29.89 6.2 17.1 
15.77 46.62 5.1 18.1 
13.68 36.25 7.7 19.7 
19.06 41.49 8.2 12.9 
15.24 50.05 4.8 11.7 
16.98 48.95 5.7 13.8 
18.05 41.92 7.4 14.7 
19.84 38.38 5.8 8.3 
17.15 47.68 8.5 16.3 



0 
t 

steam-oxygen gasification the gas-solid reactions form mainly hydrogen 
sulfide. The gas phase reactions then tend to bring the compounds 
C02, H20, H2~ H2S~ and C0S to an eq~i!ibriummixture. . • 

The two gas phase reactions of most importance involving H2S and 
COS are: 

COS + H20 : H2S + CO 2 

COS + H 2 : H2S + CO 

- (14) 

The equilibrium constants for these two reactions are defined 
follows: 

as 

K I .  : [H2S][CO2]/[COS][H20] ' ; ~  (16) 

K 2 : [H2S][CO]/[COS][H 2] . (17) 

where, due-to the stoichiometry of the reactions, the brackets may in- 
dicate any convenient concentration. Ideal gas behavior is assumed. 

A survey of the literature yielded several sets of equilibrium 
data for the above reacticns~ and several predictions based' on thermo- 
dynamic data. Since there were substantial differences amoung the 
sources of data, predictions of the two equilibrium constants as fun- 
tions of temperature were derived from the data given in Reid etal. 
(1977). A least squares fit of the literature data, and the predicted 
curve from the data of Reid are shown, in Figures 10 and ~ ilJ 

Also shown on Figures i0 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 literature values given in Koh! and Riesenfeld (1979). 

Although there is considerable uncertainty in .determining the 
correct value of the equilibrium constants, and some inaccuracy i~ the 
experimental data, it appears that the sulfur Compounds H2S and COS 
are in equilibrium with the major gases at the exit of the f!uidized 
bed~ and that the distribution of the sulfur gases between H2S and COS 
can be predicted if the sulfur convers~o~s-kna~ra. 
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