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Abstract-An entrained-bed slagging gasifier of 3 ton/day-class was constructed m 1995 and has operated in Korea 
ever since. A total of nine imported coals were tested to distinguish the gasification performance with coal characteris- 
tics under high pressure conditions. Through the tests, Indonesian Baldttri coaI was selected as one of the most suitable 
coals for the gasifier due to its high reactivity, suitable ash fusion temperatm-e, and low ash content. For the Baidtu-i 
coal, the gasifier yields more than 98% carbon conversion efficiency and above 80% cold gas efficiency while pro- 
ducing about 60% CO and 30% H 2 in the nitrogen-free basis. Results show that none of the heavy metal constituents 
in the produced slags by the gasification is leached out by water, which is a major advantage over any combustion- 
based processes where ash normally contains many leachable heavy components that may contaminate the under- 
ground water eventually. 
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INTRODUCTION 

Integrated Gasification Combined Cycle (IGCC) technology, 
which can be applicable commercially in the near ftCure, is regarded 
as a most practical next,generation coaI-utiIizk:g power generation 
technology along with the Pressurized Fluidized Bed Combustion 
(PFBC) technology that can meet the ever-sNngent em:ironmental 
regulations of the 21th cer~tty. The reason behind the development 
of IGCC technology with PFBC technology as the next,generation 
power generation technology is, first, that they can provide higher 
efficiency compared to the conventional pulve~-ized coal con:bus- 
tion facility, and, second, they produce only minimal environmen- 
tal pollutants well below all the current regulations. In paracular, 
feeds that are considered as dirty feedstocks such as coal and by- 
products ofpetroleum refineries can be treated eventually as clmnly 
as LNG by employing these technologies. In short, the essential 
point of IGCC tedmology is that it can provide a higher efficiency 
along with a far better em:ironmental performance for the fee& 
stocks fllat are regarded as dirty, for example, a coal having high 
sulfur and/0r high ash content as well as residues fi-om petrole:rn 
refineries [Stiegel et al., 2000]. A recent simulation study [Lee et 
al., 1999] for the 500 MW-class IGCC plant using Korea:: domes- 
tic petroleum residues demonstrated that over 43% plant efficiency 
is possible, which is comparable with the efficiency when using 
bituminous coal for IGCC applications. 

It has been argued that gasification systems are still too expen- 
sive, but recent rapid progress in gas turbine technologies and in- 
creased system efficiency provided greater opporttrnties in getting 
competitively priced gasification systems [isles, 1997]. Other main 
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reasons for delay, even after so nmch funding and time invested in 
developed countries include, fi-om the technical point of view the 
following: inappropiiate systera connection tect:~:ology and insuf- 
ficient datatmse on heat transfer values and others involving slag 
behavior; and fi-on: the econon:ic point of view, IGCC technology 
exhibiting tfigher cons~ucfion cost rather than that fion: LNG or 
pulverized coal power plants. However, while current construction 
cost has dropped to US$1,250/kW fi-om US$2,000/kW in the '95- 
'95 period, further reduction is expected as low as US$1,200/kW 
around the 2005-2010 period. Specifically, encouraged by the fact 
fllat conm:ercial 500 IvlW-class IGCC plants utilizkg peh-oletu-n 
residues in Italy have progressed well [ColIodi, 2000], Japan is pro- 
motmg a 342 IvlW size ICJCC plant with hea:-y residue oils. These 
pla:ts clearly dea::onsa'ate the improved tedm_ical credibility of IGCC 
systems. It was also reported that exergy analysis technique can be 
applied for better efficiency in designing the complex enelrgy sys- 
tems like IGCC plants that need to minm:ize the avoidable eneigy 
consumption ['Kim et al., 2001]. Although all the commercial de- 
monstration IGCC plants that use coal had experienced many ted:- 
nicaI problems, they regained confidence in the technology such 
that developed know-how can be applied to the next IGCC plant 
corts~uction cases. Here, an important point ks that more tectmicaI 
problems are confronted for solid feed like coal far more than when 
liquid feed of high viscosity Eke petroleum residue oils is usect Even 
if the IGCC plant in Korea is cons~lcted and operated, these ex- 
amples indicate many technical difficulties are inevitable as exem- 
plified by foreign expe:-ience fi-on: den:ortsh-afion plants; thus, the 
accumulation of operation technology shmld be a critical ingredi- 
ent domestically since the main body of operation will be per- 
formed by domestic companies. Furthem:ore, because the IGCC 
operation technology has a feature that cannot be obtained without 
an actual facility operating under high pressure and high tempera- 
ture conditions, a pilot-scale IGCC facility as in this study can pro- 
vide valuable information on the characteristics of gasification of 
each specific coal sample for IGCC applications. 
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In addition, recent intet~est in the gasification process itself that 
has been tene~ved in many developed counWies yidded several note- 
worlhy process developments for unconventional feedstocks like 
bioma~ss [Stahl andNeergaard, 1998] and ~v~stes. United States sets 
the goal that will provide fuel-flexible high-efficiency po,~ver plants 
~v~th virtually zero pollutants enfission by 2015 through the Vision 
21 progt~n ha which gasification is one of the most important key 
technologies to accomplish the final goal [Mmkowski et at, 2000]. 

In this study, a dry-feeding coal gasifier has been adopted over 
slurry-feeding type because of its operability for wide range of coal 
rank, especially for low tank coals ofsubbimminous and lignite. In 
general, the dry-feeding gasifier avoids the energy penalty associ- 
ated with evaporating w~ter that occm~ in a sluny-feeding reactor 
['Nager, 1984]. Variables evaluating the gasifier pet'fonnmce involve 
coal-gas composition, carbon conversion that judges the degree 
of conversion fi~om carbon in pulverized coal into gas phase car- 
bon, andthe cold gas efficiency that is the ratio of heating value in 
the product gas to the heating value of the feed coal. 

~ e r  operation results for other coals have been reported else- 
where [Yun et al., 1998, 2000]. According to the earlier gasifica- 
tion tests on the nine imported coals to Korea [Yun et al., 2000], 
the best candidate coal for IGCC gasification applications possesses 
the ch~actet-istics ofmoderae asia fusion temperature (1,300-1,400 
~ with low-enough slag viscosity of  less than 200 cp (20 Pa's) at 
the opet~ing temperaure as well as the low ash content and the 
low fuel ratio (fixed carbon/volatile matter) ha coal. Coals of  the 
low fuel ratio are in the tmige of lower coal t~lk containing less 
cmbon aid higher oxygen. As has already been repot*ed [Fung and 
Kim, 1990], the lower tank coals exhibit higher gasification reac- 
tivity ha genera]. Among the tested coals, the Indonesian Adaro and 
Baiduri coals that contain the properties to fit the conditions exhib- 
ited most promising gasification results. The purpose of the study 
is to elabot~e the detailed operational ch~'acteristics of the Indo- 
nesian Balduri coal that was selected as one of fire best coals for 
gasification till now under the high pressure gasifying conditions. 

E X P E R I M E N T A L  

cation feedstock like petroleum coke, anthracite, and petmlemn re- 
sidues requites higher stean addition for the gasification reaction 
than the bituminous coal. 

Normal operation consists of the preheating, pressurization, tran- 
sient opea-ation, normal gasification operation, and the shutdown 
steps LPG bumer at the bottom of the gasifier did preheating of 
the gasifier a least for 20 hom~. Then, niWogen was inWoduced to 
pressurize the gasifier tiU the operating pressure range in less than 
30 min; after this step, oxygen and coal powder were fed into the 
gafifier. Coal supply is fn'st started at the low feeding range ha order 
not to cause any sudden pressure buildup in the gasifier and thus 
causing may back pressurization into the coal feeding line~ This 
step takes normally less than one hour Normal hot test operation 
step for obtaining gafification data is maintained at the steady state 
for at least 4 hours to proxdde enough gas, slag, and other process 
clnta Analysis data of the Baidari coal me as follows. Proximate 
analysis shows moimwe 26.26%, volatile matter 32.78~ fixed car- 
bon 37.02%, asia 3.92%, andthe ultimate analysis in chy-I:~tsis shows 
C 69.07%, H 5.16~ N 1.29~ O (by-difference) 17.82%, S 0.79~ 
~vtfile the coal contains calorific value of 6,367.2 kcal/kg in I-]MV 
(Higher-Heating-Value) basis. 

The Baldufi coal was dried during the drying./pulverization step 
to less than 3% moisture coment and this dried coal powder was 
used for gasification ha the study. The combustion ash for the XP, D 
(X-R~r Diffraction) analysis was obtained atter miniman~ five houm 
of combustion in a convection oven at 650 ~ Inorganic composi- 
tions of conthusfion ash and the gasification slags were analyzed 
by XP, F (X-ray Fluorescence SpecWometer, Phillips PW1480, Korea 
Basic Science Institute). Heavy metal concentrations were deter'- 
mined by ICP-AES (inductively Coupled Plasana-Atomic Emis- 
sion Speclronaetet, Petkin Elmer 40, Korea Basic Science Institute) 
on the solution that was made by digestion with acid stinting from 
1 g of coal and ash samples as well as on the extracted wmer sam- 
ple flora slag. SENI (Scanning Eleclron Microscopy, Leica/Stereo 
Scan 440) was applied to see the met- shape of the produced slags, 
while the inner mineral ~'ucture of ash mad slags was analyzed by 
X1LD (X-ray Diffi~actometet, Mac Science M18XHF). 

A dry-feeding type gasifier facility, tha is locaed at Ajou Uni- 
versity in Suwon, Korea and can treat 3 ton/day at maximum 30 
ba~; 1,650 ~ was built in April 1995. The facility (8 m • • m) 
is located in a 30 m• m space. Main target feeds are subbitumi- 
nous and bituminous coals, but petroleum coke is also possible to 
gasify. Coal feed is of identical size with that of conventional power 
plants using pulverized coal, as 80-90% passing -200 mesh. Pul- 
verized coal is pnemnaicalty conveyed with nitrogen gas in dense- 
phase into the feeding nozzle systetn, where 99% -pta'ity oxygen 
mad s~ean me mixed with the coal powder Steean is injected se- 
pm~ely from the oxygen md coal powder, but the cmrent study 
does not use any steam, but only oxygen is employed to control 
the temperattwe mad the degree of conversion. Dry-feeding gasifi- 
ers employ am~lmum 15% of steam basedupon the coal amount 
for the gasification ofbitmninous coals, whereas subbituninous and 
lignite coals normally do not need additional steana supply [Ploeg, 
2000] due to thek" intrhsic moisture content that is stored in pores 
of coal ~uctm'e Thus, stean was not used ha this study for the Bai- 
duff coal which is of subbitmninous t~k.  In genea-al, other gasifi- 

RESULTS AND DISCUSSION 

Typical gasifier operating profdes m~e illus~a~ed in Fig~ 1; gamier 
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Fig, 1. Profiles of operating variables nl lhe pilot-scale gastfier for 
the Baiduro coal. 
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pressure was controlled at a constant 12 kgdcm: while tile gasifier 
temperature was maintahmd above 1A00 ~ which is required to 
melt the ash into molten slag. The coal-gas produced exhibits abaft 
61% CO, 31% 1-I2 and around 6-9~ C Q  concentrations (nitrogen- 
flee basis) at the optimal Offcoal ratio range ot"0.7-0.75 (0.75-0.81 
in O~r weight ratio). Nomlally in the pilot-scale (ky-feeding 
gasifier, 10-30~ of nilrogen that is used for pneumatic coal con- 
veying into the gasifier exists in the coal-gas. The necessmy nitro- 
gen amount for pneumatic feeding depends upon the size of feed- 
hag nozzle, ~hich is obviously bigger in the la'gen'-scale gasi.fien: 
Because there's a tendency of  particle blockage in the snalM'-scale 
reactors x~ich have a smaller feedlauce diameter, higher ttma~ott 
velocity for particle feeding is employed in the sanaller-scale gasifi- 
ers than the larger dry-feeding gasifiers. Also, in a lmge-scale gas- 
i.tier nitrogen concenlmtion ~ l l  drop fl~rough more dense-phase pm'- 
ticle feeding mid also sometimes by replacing the nitrogen Irmls- 
polt gas with the product coal-gas. 

From the simila" dry-feeding 6 ton/day-scale coal gasifier of SheU 
Oil Co. which has a twice capacity of the pilot-scale gasifier em- 
ployed in this study, the Texas lignite coal yielded 52% CO, 270/0 
H2, 7.1% C02, 13.8% N2 at the optimal Offmafcoal t~io of 0.9 
['Nager, 1984] that is 60.3% CO, 31.3% I-I2, 8.2% C02 with the nilro- 
gen-fi'ee basis, which shows the product gas conlposition fi'onl this 
study exhibits similar pen'fotmance of the Shell dry-feeding gas- 
after. Here, inaf means the moisture-ash-fi'ee basis. The C02 com- 
positiotl results fi~om the Shell and cturent ~udies me in the lower 
range conlpared to the repotted enttmaed-type coal gasifien~ that 
shows about 10-12% C02 when CO concenl~ion is 60~ in nilro- 
gen-ti'ee-bo, sis In the 0.6 ton/day-size enlrained-bed gusifier test that 
was pens at the 5-10.5 kgflcn~ pressure using the Utah bitu- 
minous coal, the product gas composition was 60% CO, 31% I-I2, 
9-10% C02 with dilution-type nozzle in inent-gas-fi'ee basis at the 
optimal O#oal  r~io o1"0.7-0.8 [Azuhata et al., 1986], which is also 
quite close datawith file cutrenlt study. 

Some initial fluctaation in cooncentv, aion in the Fig. 1 occurs due 
to the changes in oxygen/coal ratio and file adjusted differences in 
feeding conditions. Tempemtm-e sho~ai in the fignre represents file 
actual tennpen~ture in the gasification zone just beside the coati feed- 
ing ports and thus exhibiting sonle fluctuation according to the reac- 
ting coal powder and oxygen. In commercial gasifiens, this tennper- 
ature is not dkectly memawed; instead, ~ y  tennpen~ure slightly 
away fi'om the real hot gas tempewture is typically measured. Also, 
step changes of gas compositions in the figure are due to the ad- 
ju~nent in the mnount of oxygen to the direction of optimal value. 
Doting the step change, CO/H2 concentrations increases while C02 
conncenlration divps, but file gasi_fier pressure and tennperature are 
controlled within the set values. 

~ e r s  for IGCC applications require relatively stable gas con- 
centration with constant product gas flow whenever possible. The 
quality of the produced coal-gas can be represented by the cold gas 
efficiency whose values are shown for the Indonesian Baidmi coal 
in Fig. 2 as above 80% at file opthnal 02/coal ,~io. Also, cagoon 
conversion ~alues are around 100% Due to the measuring fluaua- 
tions, m~lly in produced gas ~aomt, cmbon conv~xsion sotnainres 
shows above 100% All in all, file optimal 02/as-fed coal weight 
ratio that is the most important operatiug cctltrol va/able is around 
0.7-0.75 (0.75-0.81 in Ofmafcoal weight ratio) for the Baiduti coal. 
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Fig. 2. l~]leas of oxygeWeoal weight ratio for the conversion ~f- 
l idendes and the product gas composition. 

Here, as-fed indicates file status of coal powder just before the in- 
jection into the gasifier after the drying and pulvenizing steps. Frotn 
the similar dry-feeding 6 ton/day-scale coal gasifier of Shell Oil 
Co., maximmn thenmal effidency was obtained at file 0.90 02hnaf 
coal weight iatio for the Texas lignite coal [Nager, 1984] which is 
highen" than the value fi'otn this study. This difference might be at- 
tfibutable to the two points: the lowen" moimae content of the feed 
just before injecting into the gafifier (3% for the Baidmi coal in this 
study, 12% fot'the Texas lignite) and lowen'heat loss fi'onl the reac- 
tor surface (about 3% in the reactor based upon the heat input by 
coal for this study aid 6-7% in the Shell reactor for Texas lignite). 
These two factors would have the effect of reducing the required 
oxygen consumption fot'the same degree of reaction conversion. 

The test yields above 80% cold gas efficiency at the optimal Off 
coal ratio conditions. Cold gas ratio is defined as the pottion of the 
recovered enengy value through the product gas that is mainly CO 
and I-I2 over the calot'ilqC value of used coal amount. This means 
that more than 80~ of calot-i.fic value in coal has been converted 
as a useful chennical energy that is maintained regardless of the fol- 
lowhlg gas cooling steps. This is a significant advantage cotnpared 
to the combustion process in that energy value of the product gas 
mainly ofC02 will decrease with any following cooling step. Most 
sour gas cleanup processes that ave currently available involve cool- 
hag steps associated with solvents. 

Moreoven, wkh increasiug Offcoal ,~io C02 concentration gets 
higher rathen" faster than file decreasing trend of  I-I2 and CO concenl- 
ttafiotas. Also, wifll increasing 02 anount fot'the sanre coal weight, 
the cold gas efficiency is decreasing fasten- than the decreasiug rate 

of c~boti conven'sion. Since corboti conven'sion involves tile con- 
ven~iotl into C02 that is not included in file calculation of cold gas 
efficiency and increased oxygen mnotmt will just enthance the pro- 
duction of COs fi~om CO, file carbon cotwersicn will rennain rela- 
tively at the sanre value rega'dless of  02/coal ratio aiter the optimal 
point. 

Table 1 demonm~es file carbon conversion values of above 98~ 
lot" each gasifier test that was obtained by measuring the remaining 
weight at diffenera discharge potts fi'otn file gafifier system after 
each run. This cabon conversiotl result that wm obtained by actual 
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Table 1. Mass balance by actual measurement after each gasifier run with Baiduri coal 

Coal fed 
Gasifier pressure, (dry-basis) Slag Cyclone 1 Cyclone 2 Scrubber Carbon 

kg/cm ~ conversion, % 
Amount C% Amount C% Amount C% Amount C% Amount C% 

12 418 kg 69.7 6.2 kg 0.21 4.54 kg 23.19 1.82 kg 25.19 4.79 kg 36.50 98.9 
15 231 68.4 6.0 0.14 3.12 20.62 0.77 24.56 0.94 36.26 99.3 
17 377 65.8 12.0 0.02 2.12 19.91 1.33 11.34 0.65 28.78 99.7 
25 564 69.9 11.0 0.31 0.23 11.15 0.49 28.23 0.04 34.34 99.9 

weight measurements before and after the each experhnent will be 
more accurate than the indirect measurement through the prcduct 
gas amount and the gas composition. In the table, the amount of 
coal fed means the total accurn~ted coal use for each experiment. 
In addition, any possibility of settling the char m the process pipes 
was checked to include the amount of any unburned carbon, but 
gasification of Baiduri coal does not produce remaining unb~a-ned 
carbon m the piping system. A certain amount of slag will remain 
inside to coat the gasifier wall. However, slags on the gasifier inner 
wall were confirmed that they do not contain more than 0.2-0.4% 
carbon content, which in ~ ' n  represents it~significant unburned car- 
bon of less than 0.01% in total carbon com~ersion at the worst case. 
This mner-walI slag coating is the reason behind the fact that the 
produced slag amount from each expeziment falls short of calcu- 
lated slag amount from the information of ash content in feed coal 
when comparing the measured slag amount discharged through the 
slag port. When the gasifier operates continuously, the coated slag 
amount inside the gasifier would remain relatively constant. 

Results in Table 1 show that remaining unburned carbon in slag 
samples is in general less than 0.3% while blown-ont frees fionl 
the gasifier contain 10-40% carbon although these amo:r~ts are small. 
Note that 0.3% ~-~bumed carbon contained in slags is far Iowea than 
the remaining carbon in ash from the combustion processes where 
uz:bumed carbon is frequently more than 5%. The high unburned 
carbon in the corabustion ash causes problems in recycling ash for 
other applications along with heavy metal leaching problems. 

The gasifier system consists of the gasifie:; two cyclones to cap- 
~-e Iazge-sized particles and tile follo~x&lg water scrabber to retain 
tile smaller size frees. Particle size analysis data are shown in Fig. 3. 
Please note that size distribution profile areas in the Fig. 3 differ 
with the actual captured amount since each profile area was scaled 
to 100% Ra~v coal contains tt~-ee humps in the fig~-e at the major 
one at 50 microns range and the smaller humps at 10, 0.4 microns. 
CapO_tred particles m the first cyclone exhibit a similar distribution 
pattern as the raw coal. Howevei; h-ore the second cyclone tile dis- 
trib~on pattem is significantly different such that particles in the 
10 micron range are captured more and even more freer particles 
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Fig. 3. Pm~dcle size distribution data for the sample h'om each out- 
let point of the gasifier system that was run at the 15 k g /  
cm 2, 1,450-1,500 ~ condition with Baiduri coal. 

go till the water scrubber with additional hump aound 300 inicrorLs 
that appears probably due to particle adhesion around the molten 
slag particles. Even tt~ough tile slag tap that is located at the bot, 
tom of the gasitier, small amounts of char particles are entrained 
downward so that tile agglomerated bigger sizes of particles were 
analyzed. 

Table 2 illustrates the morgamc compositions of ash after the com- 
bustion with air in an oven at 650 ~ and the slags from the high 
pressure gasifier runs. Acidic components like SiO2 and Al203 are 
more concentrated in slag, whereas SO3 all evaporates during tile 
gasification process yielditg no more SO3 in slags. Also, some of 
basic components like lVlgO, Na20, K20 appear to evaporate in the 
high tempera~-e gasification process of above 1,400 ~ compared 
to tile ash that was produced at 650 ~ combustion. 

Fig. 4 shows the shape and size of the slag obtained from the 17 
kg/cm2 gasifiea- run Slags fi-onl other pressure conditions Ixeduced 
a similar shape and size as in Fig. 4. Biggest slag size is about 1.5 
cm, and mostly they are few millimeter sizes with a st~mp edge that 

Table 2. Inorganic compositions of combustion ash and gasification slags after gasifier runs with Baiduri coal 

~ . . _ Q ~ p o n e n t  
Sample ~ SiO2 A1203 TiO2 Fe203 CaO MgO MnO Na20 K20 SO3 

Ash 30.3 16.8 0.68 10.04 20.7 5.02 0.12 3.73 1.07 11.54 
Slag (15 kg/cm 2) 37.23 24.48 0.78 9.4 20.04 4.34 0.12 2.91 0.7 n.d. 
Slag (17 kg/cm 2) 36.79 24.37 0.72 9.93 19.78 4.5 0.1 3.23 0.58 n.d. 

n. d.: not detected 
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;,,~.~,M ~ '75 > 

Fig. 4. Slag shape and size obtained from file 17 k ~ c m  ~ run using Baidm'i coal. Left : slag picture (unit : cm), Right : Inner picture of the 
slag by SEM (multiplication : 75). 
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Fig. 5. XRD results of combustion ash and gasification slag for Baiduri coal  

is a typical feature of thermal shock when the molten slag flows 
and is quenched in water. Inner struc~tre of the sIag that is magni- 
fied by SEIvl appears to be s~ruc~-ally concrete tl~-ough intert~&l- 
tng molten inorganic materials. While other subbiturninous Ameri- 
can Usibelli coal and several bi~ninous coaIs illustrate large num- 
ber of small vesicular holes inside the slag Inner surface [Yun et 
al., 1998], the Baiduri slag just exhibits well melted smooth inner 
surface. This difference ks probably a~-ibutable to the ch'aactezistic 
difference of mineral matters under high temperature during the 
gasification process. 

In Fig. 5, inner slructLtre of slag can be compared with that of 
ash let~ after open-air combustion in the fftmace oven. Clearly, ash 
exhibits the signatures of crystalline inner structure by sharp peaks 
in the XRD pattern, while the slag shows a rather amorphous shnac- 
tare that has more or less smooth XRD patterr~ Thus, hea W metals 
and mineral componei~ would be difficult to leach out from the 
amorphously intertwined molecular smlcmre of slag. In compari- 
son, ash of crystalIme s~ucture coi~tait~s rather independently mLxed 
heavy metals and mineral components that can easily disintegrate 
even by water. 

Slags that were formed after melting under high temperature gas- 
ification temperature and solidification by coolmg appear to bind 
the hem~y metal c~aponents into the slag s~ucture during the pro- 
cess. As shown in Fig. 5 for the slag XRD profile, heax 5, metal com- 
ponei~s appear to be intertwined with melted mineral matter com- 
ponents, so that fine inner structure of slag is amorphous. Heax5, metal 
components of Cr, Ni, Co, Ivln, Ga, Cu, Sr, Ba, Zr, V concentrate 
in slags, whereas Hg appears to evaporate so that Hg concentration 
in slag is lower than the raw coal. Evaporated Hg has to be cap- 
tured in the following gas cleanup processes that are mainly em- 
ployed to remove H2S and NI-I 3 produced by gasificatiorL In the 
gasificahon process, H2S and NH3 are produced instead of exhal- 
ing polluting S Q  and N Q  by combustion. Large portion of Cr in 
slag seems to originate in part Kom the refractory component of 
Cr203 contained in the refractory about 52% that is added for the 
higher te~apera~-e service in the reducing envffornnent. Even with 
possible Cr detachment from the refractory wall under high tem- 
perature gasification reactions via reactions with slags, the refiac- 
tory itself has not presented any sh-ucaxraI problems at least during 
the one year test period, maybe by the protection of slag layer around 
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Table 3. Comparison of heavy metal contents in the raw Baiduri coal, combustion ash, slag from the gasifie~; and in the extracted water 
from slag 

Extracted water Extracted water 
Slag Slag Korea's Heavy metaI Raw Ash from slag from slag 

component, ppm coal wastewater standard 
15 kg/cm 2, 1450-1500 ~ 17 kg/cm 2, 1450-1500 ~ 

Cr 30.13 447.95 7760 0.081 8840 0.031 0.5 

Zn 49.44 792 49.87 0.032 12.82 0.05 5.0 
Cd 0.151 0.187 0.94 <0.005 <0.005 <0.005 0.1 

Pb 3.344 68.65 2.841 <0.005 1.14 <0.005 1.0 

Ni 10.35 166.25 151.05 0.018 153 0.019 
Co 2.151 37.86 31.1 <0.005 39.15 <0.005 

Mn 50.95 907.5 895.5 0.008 834.4 0.0097 10 

Ga 8.17 125.45 104.4 0.009 90.68 0.01 
Cu 25.24 456 231.55 <0.005 246.16 0.014 3.0 

Sr 121 2548 2455.5 0.091 2353.2 0.059 

Ba 160.7 2895.5 2638 0.2085 2911.2 0.292 

Zr <0.005 99.6 3401 <0.005 2416 0.016 

Hg 2.081 0.25 0.333 <0.005 0.7 <0.005 0.005 
As 4.602 37.36 7.065 <0.005 <0.005 <0.005 0.5 

Se 0.178 4.091 2.965 <0.005 1.26 <0.005 

Sb 0.142 2.621 0.159 <0.005 2.4 <0.005 
V 9.955 158.3 195.5 <0.005 150.36 <0.005 

Sn 2.501 33.15 3.468 <0.005 <0.005 <0.005 

the inner gasifier wall. More detailed alalysis on the mechanism 
of  Cr migration is under study and will be reported later. 

In Korea, heavy metal components like Cr, Zn, Cd, Pb, Ivln, Cu, 
Hg, As are regazlated as pollutants in the leached watei: According 
to the leaching test on the produced slags, these heavy metal com- 
ponents were detected far below the environmental regulation val- 
ues as illustrated in Table 3. Concentrated heavy metals in slags can- 
not break away fi-om the intemvmmg molec~ilar s~c ta re  by mild 
solvent like water Thereby, coal slag can be safely utilized as a con- 
s~uction mateiial or filler for road and proved not to cause a ly  se- 
condary polkaion in groun&vater Usually, coal flyash fi-om a boiler 
causes a seconclary pollution by leaching of heavy metals. 

CONCLUSIONS 

Indonesian Baiduri coal of subbitc~inotts rank was selected as 
one of the most suitable coals for IGCC applications among the 
tested eight coals of bituminous and subbituminous raaks in the 3 
ton/day-size pilot gasification plant The coal showed efficiencies 
that are above 98% in carbon conversion and atx)ve 80% in cold 
gas efficiency. Product gas exhibits concentrations of about 60% 
CO, 30% hydi-ogen, and 6-9 C Q  in a nitrogen-free basis that are 
comlz~able concentrations with reported values fi-om 0.6-6 ton/clay 
coal gasifiers. Optimal oxygen/coal weight ratio, which is the most 
important control variable in the gasifier operation, was found to 
be in the range of 0.7-0.75, which is also in good agreement with 
reported values in entrained-bed coal gasifiers of 0.6-6 ton/day size. 

Entrained fines from the gasifier contains 10-40% remaining car- 
bon, altho~tgh the amount was small to influence the total carbon 
convei~ion. Obtained slag shows a size of less than 1.5 cm with 
mostly sbmp edges that ks a typical feaVme of water-quenched slag. 
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Furthem~ore, slags contain less than 0.3% unburned carboia, which 
is far lower than the ash fiom the combustion processes where un- 
bta-ned carbon is fi-equently more than 5%. Acidic inorganic com- 
poneiats like SiO2 and AI203 are concei:aated in slag compared to 
the combustion ash, while all of SO3 component and most of Hg 
seem to evaporate cktfing the gasification process. Inner strface of 
Baid~i slag that shows relatively smooth melting behavior looks 
q~tite different with inner surfaces of other slags fi-om different coals 
where a sigilature of vesiculation is dominant Slag s l ruc~e  was 
atlalyzed by XRD in which ano@lous characteiistics were obvi- 
o~ts in the gasification slags compared to the crystalIme slrucmre 
shown in combustion ash, Slags were conf~med not to produce any 
secondary water leaching l~-oblems and thus can be utilized safely 
as road fillei~ 
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