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ABSTRACT 

This report summarizes the results of work conducted on Predevel- 
opment Research for the Exxon Catalytic Coal Gasification Process. The 
eighteen-month effort (July I976-December 1977) was a coordinated program 
which included operation of a continuous fluidized-bed gasifier, parallel 
bench-scale research, and engineering studies leading to the preparation of a 
commercial-scale plant study design and economics for producing SNG from 
I l l ino is  coal. 

V, 



Table 

1.2-I  

1.3-1 

1.5-1 

1.6-I 

2.1-I 

2.1-2 

3.1-I 

3.1-2 

3.1-3 

3.1-4 

3.1-5 

3.1-6 

3.2-1 

3.2-2 

3.2-3 

3.2-4 

3.2-5 

LIST OF TABLES 

FBG Operating Summary . . . . . . . . . . . . . . . . . . . . .  

Summary of FBG Material Balance Data for December, 1976, 
Through August, 1977 . . . . . . . . . . . . . . . . . . . . . .  

Recovery of Potassium Catalyst by Digestion with Ca(OH)2 . . . 

Fluid Bed Gasif ier Scrubber Water Analyses . . . . . . . . . .  

Material Balances for CGU Continuous Yield Periods . . . . . .  

Material Balances for CGU Captive Bed Yield Periods . . . . . .  

Principal Sources of Potassium and Sodium Salts . . . . . . . .  

Alternative Processes for Production of Potassium 
Carbonate . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Catalyst Manufacture Cash Flow Studies - Economic Summary . . 

Enge1-Precht Process Screening Evaluation - Breakdown 
of Relative Product Catalyst Cost . . . . . . . . . . . . . . .  

Catalyst Recovery Cash Flow Studies - Economic Summary . . . .  

Screening Study of Catalyst Recovery Using Ca(OH)2 
Digestion - Breakdown of Incremental Costs With Respect 
to Water Wash Only . . . . . . . . . . . . . . . . . . . . . .  

Incentive for Secondary Gasification - Summary of Process 
Basis and Heat and Material Balance . . . . . . . . . . . . . .  

Incentive for Secondary Gasification - Invest~nt  Breakdown 

Incentive for Secondary Gasification - Summary of 
Relative Gas Costs . . . . . . . . . . . . . . . . . . . . . .  

Impacts of Catalyt ic Gasifier Operating Conditions - 
Summary of Cases and Economics . . . . . . . . . . . . . . . .  

Impact of Catalyt ic Gasifier Operating Conditions on 
Gasifier Volume Requirement . . . . . . . . . . . . . . . . . .  

Page 

8 

13 

27 

29 

36 

37 

90 

91 

94 

97 

I00 

105 

108 

I I0 

Iii 

115 

117 

vi 



Table 

4.1-I 

4.2-I 

4.3-I 

4.6-I 

4.7-I 

4.8-1 

4.9-I 

4.9.2 

4.9-3 

A-I 

Catalytic Coal Gasification Commercial Plant Study Design - 
Depth of Engineering Detail . . . . . . . . . . . . . . . . . .  

Catalytic Coal Gasification Commercial Plant Study Design - 
Project Basis . . . . . . . . . . . . . . . . . . . . . . . . .  

Catalytic Coal Gasification Commerclal Plant Study Design - 
Key Process Bases for Onsites Sections . . . . . . . . . .  

Catalytic Coal Gasification Commerclal Plant Study Design - 
U t i l i t i e s  Requirements . . . . . . . . . . . . . . . . . . .  

Catalytic Coal Gasification Commerclal Plant Study Design - 
Offsite Fac i l i t ies  Summary . . . . . . . . . . . . . . . . . . .  

Catalytic Coal Gasification Commerclal Plant Study Design - 
Investment for Pioneer Plant . . . . . . . . . . . . . . . . . .  

Catalytic Coal Gasification Commercial Plant Study Design - 
Economic Basis for SNG Cost . . . . . . . . . . . . . . . . . .  

Catalytic Coal Gasification Commerclal Plant Study Design - 
Cost of SNG from Pioneer Plant with 100% Equity Financing . . 

Catalytic Coal Gasification Commercial Plant Study Design - 
Cost of SNG from Pioneer Plant with 70% Debt/30% Equity 
Financing . . . . . . . . . . . . . . . . . . . . . .  - - - • • 

Constraints Used in Reconciling FBG Operations Data . . . . . .  

123 

126 

127 

141 

143 

146 

148 

150 

151 

155 

v i i  



Figure_ 

0.1-I 

1.1-I 

1.1-2 

1.1-3 

1.3-I 

1.4-I 

1.4-2 

] .4-3 

2.1-1 

2.1-2 

2.1-3 

2.1-4 

2.2-1 

2.2-2 

2.2-3 

2.2-4 

2.2-5 

2.2-6 

2.2-7 

LIST OF FIGURES 

Exxon Catalytic Coal Gasification Process . . . . . . . . . . .  xi 

Original Fluid Bed Gasifier (FBG) Flow Plan . . . . . . . . . .  2 

Revised Fluid Bed Gasifier (FBG) Flow Plan . . . . . . . . . .  3 

FBG On-Line Data Acquisition . . . . . . . . . . . . . . . . .  5 

Comparison of FBG Data with Reactor Model Predictions . . . . .  21 

Catalyst Recovery Operations; Period I - Operation With 
Lime and Unblanketed Char . . . . . . . . . . . . . . . . . . .  23 

Catalyst Recovery Operations; Period 2 - Operation With 
Lime and Blanketed Char . . . . . . . . . . . . . . . . . . . .  24 

Catalyst Recovery Operations; Period 3 - Operation Without 
Lime and Blanketed Char . . . . . . . . . . . . . . . . . . . .  25 

Continuous Gasification Unit (CGU) Flow Plan . . . . . . . . .  32 

CGU F i l te r  Vessel Flange End . . . . . . . . . . . . . . . . .  34 

Comparison of CGU and Previous Fixed Bed Data - Extent of 
Steam-Carbon Reaction Vs. Residence Time . . . . . . . . . . .  38 

Comparison of CGU and Previous Fixed Bed Data - Approach 
to Equilibrium vs. Residence Time . . . . . . . . . . . . . . .  40 

Schematic Diagram of Bench Scale Fixed Bed Gasification 
Unit . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41 

Extent of Carbon-Steam Reaction as a Function of Residence 
Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  44 

Simplified Model for Fixed Bed Reactor in Potassium 
Catalyzed Steam Gasification . . . . . . . . . . . . . . . . .  45 

Comparison of Experimental and Predicted Holding Time, e~ 
to Attain a Given Conversion for Model "B" . . . . . . . . . .  49 

Comparison of Fixed Bed Data With Mode] Prediction for 
Steam Feed . . . . . . . . . . . . . . . . . . . . . . . . . .  52 

Comparison of Fixed Bed Data With Model Prediction for 
Steam/Syngas Feed . . . . . . . . . . . . . . . . . . . . . . .  55 

Gasification Rates in Fixed Bed Tests . . . . . . . . . . . . .  56 

viii 



7j ure 

2.2-8 

2.2-9 

2.2-10 

2.2-11 

2.2-12 

2.2-13 

2.3-1 

2.3-2 

2.3-3 

2.3-4 

2.3-5 

2.4-I 

2.4-2 

2.4-3 

3.1-1 

3.1-2 

3.2-1 

4.4-1 

~,.5-1 

Fixed Bed Gasification Runs . . . . . . . . . . . . . . . .  

Catalyst Recovery in 20 Wt% Mixed Catalyst System . . . . . . .  

Catalyst Recovery in 15 Wt% Mixed Catalyst System . . . . . . .  

Catalyst Recovery in lO Wt% Mixed Catalyst System . . . . . . .  

Catalytic Gasification of I l l i no i s  Coal . . . . . . . . . . . .  

Catalytic Gasification of Wyodak Coal . . . . . . . . . . . . .  

Potassium Recovery by Cross-Current Water Washing at 
Low Water/Char Ratios . . . . . . . . . . . . . . . . . . . . .  

Effect of Air Exposure on Potassium Recovery by Water 
Washing . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Potassium Recovery by Cross-Current Water Washing at 
High Water/Char Ratio . . . . . . . . . . . . . . . . . . . . .  

Effect of Limewater Washing on Potassium Recovery . . . . . . .  

Effect of Contact Time on Potassium Recovery with Low 
Water/Char Ratio . . . . . . . . . . . . . . . . . . . . . . .  

Bench Scale Tubing Bomb Reactor . . . . . . . . . . . .  

Effect of Slurry Concentration on Potassium Recovery . . . . .  

Simulation of Digestion with Downstream Solution 
Compositions . . . . . . . . . . . . . . . . . . . . . . . . .  

Catalytic Coal Gasification Catalyst Recovery System - 
"Water Wash Only" Case . . . . . . . . . . . . . . . . . . . .  

Catalytic Coal Gasification Catalyst Recovery System - 
"Ca(OH) 2 Digestion with Water Wash" Case . . . . . . . . . .  

Exxon Catalytic Coal Gasification Process with Secondary 
Gasification . . . . . . . . . . . . . . . . . . . .  . . . . .  

Catalytic Coal Gasification Commercial Plant Study Design - 
Schematic Flow Plan and Overall Material Balance . . . . . . .  

Coordination Flow Plan - Catalytic Coal Gasification 
Commercial Plant Study Design - Onsite Faci l i t ies . . . . . . .  

Page 

58 

59 

60 

61 

63 

64 

67 

69 

70 

72 

74 

77 

79 

80 

102 

103 

107 

133 

134 

ix 



INTRODUCTION AND SUMMARY 

This report covers the Predevelopment Program activit ies for the 
Exxon Catalytic Coal Gasification Process. The focus of the program was on 
the production of substitute natural gas (SNG) from bituminous coal. This 
work was performed by the Exxon Research and Engineering Company (ER&E) and 
supported by the United States Department of Energy under Contract No. 
E(4g-18)-236g. The Predevelopment Program extended from July I, 1976, through 
December 31, 1977. 

The technical program during this predevelopment phase supports 
the transition to larger scale, more integrated testing in a development 
phase program. This section of the report f i r s t  reviews the process de- 
scription and results obtained prior to the predevelopment program. The 
objectives and results of the predevelopment program i tse l f  are then 
summarized. 

Process Description 

The Exxon Catalytic Coal Gasification Process combines the use of 
alkali metal salts as a gasification catalyst with a novel processing sequence 
which maximizes the benefits which can be derived from use of such a catalyst. 
The principal benefits from using an alkali metal gasification catalyst are 
that i t  increases the rate of steam gasification, reduces agglomeration of 
caking coals, and promotes the achievement of gas compositions closely 
approaching gas phase methanation equilibrium. 

The process combines a relat ively low gasifier temperature of about 
1300°F with separation of synthesis gas (CO + H2) from the product methane 
and recycle of the synthesis gas to the gasifier. Thus the only net products 
from gasification are CH4, C02, and small quantities of H2S and NH 3. The 
resulting overall gasification reaction can be represented as follows: 

Coal + H20 ~ CH 4 + CO 2 

Since this reaction is essentially thermoneutral, major heat input to the 
gasifier is not required. 

A simplified f|ow plan for the Exxon Catalytic Coal Gasification 
Process is shown in Figure 0 . ] - | .  Crushed coal is impregnated with catalyst, 
dried and fed via a ]ockhopper system to a fluidized bed gasifier which 
operates at about 1300°F and 500 psia. The coal is gasified with steam mixed 
with recycled synthesis gas, and the major gasifier product components are 
CH 4, CO 2, recycled CO and H2, and unconverted steam. The catalyst reduces 
agglomeration of caking coals and no significant tars or oils are produced. 
Following heat recovery and water scrubbing, the product gas is treated in a 
series of separation steps including acid gas scrubbing to remove CO 2 and 
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FIGURE 0.1-1 
EXXON CATALYTIC COAL GASIFICATION PROCESS 
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H2S, and cryogenic fractionation to separate product methane from synthesis 
gas (H 2 and CO). The synthesis gas is combined with feed steam, preheated 
to approximately 250"F above the gasification temperature, and recycled to the 
gasifier. Although there is no net heat required for the gasification reac- 
tion, some heat input is required to heat up the feed coal, vaporize residual 
water, and provide for gasifier heat losses. 

Solid residue from the gasification step contains about ]0% of the 
coal carbon and all of the ash and catalyst. I t  is sent to a catalyst recov- 
ery step in which a large fraction of the catalyst is recovered from the 
residue using a calcium hydroxide digestion followed by countercurrent water 
washing. The recovered catalyst, along with some makeup catalyst, is added to 
fresh coal to complete the catalyst recovery loop. 

Summary of Previous Research Results 

Previous Exxon-sponsored research on catalytic coal gasification was 
performed in bench-scale units which have the capability of operating at 
pressures up to I000 psig as well as in a small pilot-scale Fluid Bed Gasifier 
(FBG) unit with a coal feed capacity of up to 25 Ibs/hr and a maximum operat- 
ing pressure of lO0 psig. This pressure limitation is present because the FBG 
was originally built for thermal gasification work. During 1975, the FBG 
Pilot Plant was operated with K2CO 3 catalyzed I l l ino is  coal for continuous 
periods of up to two weeks. Good quality data were obtained for yield periods 
covering a wide range of operating conditions. For many yield periods, the 
FBG operated with synthesis gas makeup (simulated recycled) such that inlet 
and outlet synthesis gas rates were in approximate balance. 

Close approaches to gas methanation equilibrium were demonstrated 
with K2CO 3 catalyst in both bench-scale units and the FBG pilot plant. 
Bench-scale rate data were obtained for I l l ino is  coal with both K2CO 3 and 
Na2CO3/K2CO 3 catalysts. These d~ta were combined with analytical descriptions 
of f luid bed contacting to deve a first-pass computer model of a f luid bed 
catalytic gasification reactor. 

In the area of catalyst recovery, the effectiveness of water wash 
for recovering about two-thirds of the catalyst was demonstrated. The forms 
of this recovered catalyst were identified and work was initiated on the 
recovery of water-insoluble catalyst. Also during this phase, engineering 
screening studies were carried out for commercial plants to establish preferred 
configurations for process flow and equipment sequencing, and to determine 
investments and operating costs. 

Predevelopment Program Objectives 

The Predevelopment Program work was divided into three major tasks. 
The key research objectives for each task are listed below. 

Task I - Fluid Bed Gasif ier (FBG) Studies With l l l i n o i s  Coal 

Operate with mixed K2CO3/Na2CO 3 catalyst  
Operate with recycled catalyst  
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Task II - Bench-Scale Studies 

• Broaden data base to other coals 
• Test react ivi ty of recovered catalyst 
m Study cr i t ica l  factors in catalyst recovery 
• Operate the small fluidized bed Continuous Gasification Unit 

'(CGU) and fixed-bed units to obtain additional kinetic data 

Task I l l  - Engineerin 9 Research and Development 

Continue engineering screening studies 
Prepare an updated commercial plant study design 

Summary of Predevelopment Program Results 

The bench-scale research activit ies generated several significant 
results: 

(I) A model of the rate controlling reaction kinetics was developed. I t  
describes gasification rate as a function of temperature, catalyst 
loading, and gas composition. Pressure is important only because i t  
influences gas composition. 

(2) Early testing of mixed sodium-potassium catalyst indicated that this 
system would be ineffective fo~ reducing catalyst cost. 

(3) Effort was redirected toward increasing the recovery level of the 
more effective potassium. This led to a preferred chemistry sequence 
capable of recovering more than 90% of the potassium catalyst. 

(4) Exposure of char to air was found to oxidize sulfides to sulfates 
and to inhibit  the effectiveness of the water wash. Calcium diges- 
tion in the presence of CO was observed to convert some of the 
potassium sulfate to potassium formate. 

(5) Potassium sulfide was found to be catalyt ical ly active but less 
effective than the hydroxide and carbonate forms when the gasifying 
medium is pure steam. The carbonate and hydroxide forms are equal 
in effectiveness. 

(6) Wyoming subbituminous coal was found to be kinet ical ly equivalent to 
I l l i no is  bituminous coal in the presence of potassium catalyst. 

The continuous f lu id bed 9asifier (FBG) was operated to simulate 
al l  commercial gasifier parameters except pressure, i ts effect on recycle gas 
rate, and the resulting effect on reaction kinetics. These parameters which 
were representative of expected commercial conditions include type of coal, 
coal size distribution, catalyst loading, reaction temperature, steam conver- 
sion, carbon conversion, f luidizing velocity, residue composition, bed density, 
and f luidization properties of the gasified solids. Results from FBG opera- 
tions are summarized below: 
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(1) The unit was used to develop f i f t y  material balanced periods. Of 
these, eighteen were selected to represent a variety of process 
variables for detailed work-up. Unit operations were of high 
quality. The service factor during the last six months of operation 
averaged more than 70% of real time, with a one-month maximum of 
96%. 

(2) FBG operations confirmed the ineffectiveness of mixed sodium and 
potassium catalyst. 

(3) Operations using recycled water soluble catalyst reached a recovery 
level of 94% of water soluble potassium (64% of total potassium). 
After approximately ten cycles of operation with recovered catalyst, 
no loss of activity nor any significant build-up of other constituents 
was observed. Pilot scale calcium digestion experiments demonstrated 
recovery of more than 90% of the total potassium from FBG residue. 
Recycle of catalyst at this recovery level wi l l  be a part of the 
development phase. 

The engineerin @ s creenin 9 studies led to the following 
major conclusions: 

(1) The preferred form of makeup catalyst for catalytic gasification is 
potassium hydroxide (KOH) manufactured by electrolysis of potassium 
chloride (KCI). Reserves of KCI in North America are very large 
relative to the amounts needed. Because KOH for catalytic gasifi- 
cation would be produced in relatively large quantities and low 
purities over a long term, the cost could be significantly below the 
current market price. 

C2) With KOH at the current market price, calcium hydroxide digestion to 
recover water insoluble catalysz from spent gasifier solids is 
just i f ied in addition to water washing to recover water soluble 
catalyst. 

(3) The addition of a secondary gasification step to raise carbon 
conversion to 95% from the base level of 90% provides only a marginal 
economic incentive. 

(4) Selective heavy glycol scrubbing for acid gas removal is somewhat 
lower in cost than scrubbing with non-selective hot potassium 
carbonate or selective refrigerated methanol. 

The engineering research and development efforts culminated with the 
preparation of a new Catalytic Coal Gasification Commercial Plant Study 
Design. The process base's for the Study Design were set based on the'results 
of the laboratory and engineering studies carried out during the Predevelopment 
Program. The key findings of the Study Design are: 

( i) The estimated total investment for a pioneer commercial plant 
feeding I l l ino is  No. 6 coal and producing 257 bi l l ion Btu per stream 
day of substitute natural gas (SNG) is 1,640 million dollars (MS). 
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This is for a January, 1978, cost level, at an Eastern I l l i no is  
location. A "process development allowance" and a "project con- 
tingency" are included in this estimate, consistent with sta~dard 
Exxon practices. 

(2) The estimated cost of SNG produced from this piQneer gasification 
plant is $6.40 per mil l ion Btu ($/MBtu). This gas cost is ar 
i n i t i a l  selling price based,'on 100% equity financing, a 15% DCF 
return, and escalation rates of 6% per year for SNG revenues and 5% 
per year for net operating costs. On an alternative financi~g ~ i ~  
of 70% debt/30% equity with 9% interest on debt, the comparable 
i n i t i a l  gas cost is $4.80 per MBtu. 

(3) Several factors could reduce the SNG cost below the Study Design 
range of $4.80-6.40/MBtu. These include larger plant capacities, 
surface-mined coals, increased government financial incentives,, and 
future savings based on the learning experience gained fron( the 
pioneer plant and from further research and development° 

The Study Design economics are believed to be a real ist ic prediction of 'the 
costs (in 1978 dollars) for a pioneer commercial plant. Caution must be used 
when comparing these economics with published estimates for other coal gasi- 
f ication processes. Such estimates can vary widely depending on the process, 
offsites, and economic bases, the investment estimate approach, a~c~ the 
maturity of the technology. I t  is expected that a consistent comparison ~dth 
state-of-the-art gasification technology, which is currently in progress, wi l l  
show a significant incentive for further development of the Catalytic Coal 
Gasification Process. 
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