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ABSTRACT 

The DOE Working Group for an Assessment of Coal-Gasification Research 
Needs (COGARN - coal gasification advanced research needs) has reviewed and 
evaluated U.S. programs dealing with coal gasification for a variety of 
applications. Cost evaluations and environmental-impact assessments formed 
important components of the deliberations. We have examined in some depth 
each of the following technologies: coal gasification for electricity 
generation in combined-cycle systems, coal gasification for the production 
of synthetic natural gas, coal gasifiers for direct electricity generation 
in fuel cells, and coal gasification for the production of synthesis gas as 
a first step in the manufacture of a wide variety of chemicals and fuels. 
Both catalytic and non-catalytic conversion processes were considered. In 
addition, we have constructed an orderly, long-range research agenda on coal 
science, pyrolysis, and partial combustion in order to support applied 
research and development relating to coal gasification over the long term. 

The COGARN studies were performed in order to provide an independent 
assessment of research needs in fuel utilization that involves coal 
gasification as the dominant or an important component. 
research recommendations of COGARN are summarized in this publication. 

The findings and 
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CHAPTER 1: 
SUMMARY OF RESEARCH RECOMMENDATIONS 

The COGARN s t u d i e s  on coa l  g a s i f i c a t i o n  encompass t h e  use o f  

g a s i f i e r s  f o r  a w ide  v a r i e t y  o f  a p p l i c a t i o n s .  

a l l  d i r e c t  uses o f  t h e  gases produced f rom coa l ,  as w e l l  as convers ions  o f  
p roduc t  gases t o  chemicals and l i q u i d  f u e l s  ( i n d i r e c t  coa l  17quefac t ion) .  

The research  p r i o r i t i e s  summarized i n  t h i s  chap te r  were  a r r i v e d  a t  by COGARN 
members work ing  as a group and t h e r e f o r e  r e p r e s e n t  a consensus on research  

needs. 

i n t e n s i v e  r e v i e w  and s tudy  i n v o l v i n g  s i x  separa te  f u l l - d a y  meet ings a t  

d i f f e r e n t  l o c a t i o n s ,  where d i scuss ions  were h e l d  w i t h  many c o a l - g a s i f i c a t i o n  

exper t s  a f t e r  p r e s e n t a t i o n s  o f  on-going research  by r e s i d e n t  s c i e n t i s t s  and 

engineers.  The f i f t y  e x p e r t s  who p r o v i d e d  v a l u a b l e  i n p u t s  a r e  i d e n t i f i e d  i n  

t h e  c o n t r i b u t o r  l i s t i n g  o f  t h e  Acknowledgments. 

d e l i b e r a t i o n s  was broad, i t  was n o t  encyc loped ic .  

balance and pe rspec t i ve ,  we have s o l i c i t e d  e x t e r n a l  rev iews  t o  t h i s  s tudy  

( c f .  Formal Reviews o f  t h e  COGARN Report) w i t h  t h e  e x p e c t a t i o n  t h a t  t h e  

e x p e r t  rev iewers  would p r o v i d e  independent comments and h i g h l i g h t  i m p o r t a n t  

omissions and p o s s i b l e  b i a s .  

and i t  must a c c o r d i n g l y  be o p t i m i z e d  as a u n i t  o p e r a t i o n  w i t h i n  t h e  c o n t e x t  o f  

t h e  o v e r a l l  system. The p roper  p e r s p e c t i v e  i s  t o t a l  economic r e t u r n .  Coal 

g a s i f i c a t i o n  i s  always performed i n  connect ion  wi th  a downstream process. 

The p r imary  emphasis may be on e l e c t r i c i t y  genera t ion ,  on syngas p r o d u c t i o n  

f o r  p i p e l i n e  a p p l i c a t i o n s ,  o r  on syntheses o f  f u e l s  and chemicals. 

be viewed as a f f e c t i n g  a s i n g l e  u n i t  process (e.g., t h e  g a s i f i e r )  b u t  r a t h e r  

as impac t ing  an i n t e g r a t e d  system t h a t  handles coa l ,  c o n t a i n s  a g a s i f i c a t i o n  

S p e c i f i c a l l y  i n c l u d e d  a r e  

These l i s t e d  research  needs were d e f i n e d  a f t e r  a 12-month p e r i o d  o f  

Whi le  t h e  scope o f  o u r  

I n  o r d e r  t o  p r o v i d e  

The g a s i f i e r  i s  p a r t  o f  a complex process, o f  an i n t e g r a t e d  system, 

N e i t h e r  t h e  g a s i f i c a t i o n  system n o r  a research  recommendation should 



u n i t ,  and can ul t imately produce an a r ray  of products f o r  t he  f u e l ,  
chemical, gas,  and e l e c t r i c i t y  indus t r i e s .  
o r  more appl ica t ions  (e .g . ,  e l e c t r i c i t y  generat ion,  e l e c t r i c i t y  production 
w i t h  cogeneration of steam, production o f  multi-product s l a t e s  .of chemicals 
and fue l s ) .  
appl ica t ions  make coal-gasif icat ion systems unique i n  t he  chemical process 
indus t r i e s  and o f f e r  important oppor tuni t ies  f o r  cooperation i n  research 
between government and a va r i e ty  of important US i ndus t r i e s .  T h i s  type of 
cooperative approach i s  required i n  order t o  assure  a US competitive edge in 
domestic and in te rna t iona l  markets, p a r t i c u l a r l y  s ince  poten t ia l  foreign 
competitors appear t o  view coa l -gas i f ica t ion  systems from t h i s  same broad 
perspective.  

synthesis  and because of the f a c t  t h a t  experienced design engineers wil l  
remain, f o r  some time t o  come, the most important element i n  t he  synthesis  

of a process flowsheet (compare Sec. 2.2), i t  appeared appropriate  t o  ask 
members o f  the 'COGARN Working Group t o  i d e n t i f y  primary a reas  f o r  research 
emphasis i n  order t o  advance the a r t  and science involved i n  t he  
construction of improved coal-gasif icat ion systems. A random compendium of 
a l l  of the  th ree  highest  p r i o r i t y  research t a sks  i d e n t i f i e d  by COGARN 
members i s  summarized i n  the f i r s t  column of Table ES-1 on pages 4A arid 4B. 
T h i s  l i s t  was d i s t r i b u t e d  t o  COGARN members w i t h  a request t o  i den t i fy  the  
t o p  four p r i o r i t y  items. 
( w i t h . t e n  f o r  f i r s t  p r i o r i t y ,  f i v e  f o r  second, two f o r  t h i r d ,  and zero f o r  
four th)  a r e  g i v e n  i n  t h e  l a s t  column of Table ES-1. 

according t o  t h e  f i n a l  weighted p r i o r i t y ,  which was a r r ived  a t  according t o  
the procedure described i n  t h e  preceding paragraph. Thus, the  i n i t i a l  
random ordering of t he  f i r s t  t h ree  choices made by individual COGARN members 
was retained de l ibe ra t e ly  i n  order t o  emphasize the  f a c t  t h a t  i t  i s  
inappropriate  t o  a t tach  special  s ign i f icance  t o  the  l i s t e d  numerical values 
because these numbers were a r r ived  a t  by using the  spec i f ied  a r b i t r a r y  
w e i g h t i n g  of 10, 5, 2 ,  and 0 f o r  t he  f i r s t  four  choices i n  the  f i n a l  l i s t ,  
respect ively.  
have yielded d i f f e r e n t  numbers f o r  t he  f i n a l  weighted p r i o r i t i e s .  

The primary goal may involve one 

The multi-product s l a t e s  and oppor tuni t ies  f o r  mult iple  

In the  absence of a quan t i t a t ive  procedure f o r  optimizing process 

The se l ec t ions  made and t h e i r  weighted preferences 

I t  wi l l  be noted t h a t  t h e  e n t r i e s  in Table ES-1 a r e  n o t  l i s t e d  

Any d i f f e r e n t  weighting of COGARN member p r i o r i t i e s  would 
The 
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initial 33 different top three priority listings made by 11 COGARN members 
dealt with the 18 topical areas listed in Table ES-1, many of which 
represent first-priority choices for two or more COGARN members. 

listed research and development areas have their proponents, which is 
inevitable.in view of the procedure used to obtain this list of entries from 
COGARN members with diverse interests and responsibilities. Selection of 
items (8), (1l)'and (18) for first or second priority reflects the COGARN 
members * predilection for an integrated systems approach in arriving at 
optimized gasification processes, whi 1 e emphasi s on i tems (2) and (10) 
indicates preoccupation with environmental controls that have become a major 
cost item in synfuels technologies, in general, and in coal gasification, in 
parti cul ar. 

support. 
funded, there is little hope for innovation based on new scientific information. 
If item (2) goes unfunded, near-term systems cost reductions may be in 
jeopardy; special opportunities for savings are associated with items (l), 

(5), and (9). 
success with item (13 ) ,  while optimal process synthesis itself depends on 
advances of the type specified in connection with topics (3) and (4). 

follows: 

Examination of the data listed in Table ES-1 shows that all of the 

All of the items listed in Table ES-1 are important and merit 
If such topics as (6), (7), (12), and (14)-(17) are not adequately 

High load factors and low operating costs may result from 

We may summarize the COGARN Working Group R&D recommendations as 

(i) Each of the topics (1) to (18) represents a vital research 
area in the advancement and improvement of cost-effective coal-gasification 
systems. 

(ii) Priority assignments reflect the background and problem areas 
faced by individual investigators and cannot be made in an absolute sense 
and in a manner acceptable to a diverse group such as the COGARN members. 

are to proceed from the laboratory to commercial operation in an orderly 
fashion and in an advantageous manner in international competition. 

promise of significant advances through innovative new approaches or (b )  
bring significant cost savings through incremental improvements in component 

(iii) We recognize the overriding importance of item (11) if we 

(iv) R&D efforts merit support provided they (a) offer the 



operation that benefit overall systems performance through reductions in 
capital, operation and maintenance costs. There are no entries in Table 
ES-1 that do not meet one of these two requirements. 

approach of component optimization by summarizing briefly the salient 
recommendations derived from the more detailed studies in Chapters 3 to 13. 
It should be recalled that this Summary of Research Recommendations and 
Chapter 2 represent assessments by the COGARN Working Group as a whole, 
while Chapters 3 to 14 contain the views of individual identified authors. 

In the Overview o f  Chapter 2, we return to the more traditional 
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Table ES-1. Summary of the three  h i g h e s t  p r i o r i t y  research and 
development recommendations f o r  long-range emphasis 
i d e n t i f i e d  by individual COGARN members. 

P r i o r i t y  Research and Development Areas Weighted 
P r i o r i t y  

Continue fundamental research aimed a t  improved un- 4.0 
derstanding of  t he  behavior of coa ls  i n  g a s i f i e r s .  
T h i s  work should include a search f o r  gas i f i ca t ion  
c a t a l y s t s  and feed-preparati,on methods t h a t  improve 
g a s i f i e r  performance and may reduce costs while i n -  

’ 

creasing operating l i f e ;  t he  se lec t ion  and improve- 
ment of methods of coal feed f o r  fixed-bed g a s i f i e r s  
require  speci a1 a t t e n t i  on. 

(2 )  Develop hot-gas clean-up techniques ( f o r  NH,, alka- 7.7 
1 i s ,  heavy metal s)  and especial  l y  h o t  sul fur-removal 
systems and in-bed su l fu r  capture (including in-bed 
use of z inc f e r r i t e ,  lime/limestone/dolomite) and h o t  
f i  1 t e r s .  

( 3 )  Ident i  f y  preferred g a s i f i e r  configurat ions and per- 4.2 
form needed mater ia ls  research t o  handle high-S and 

. high-C1 coa ls  i n  I G C C  systems producing e l e c t r i c i t y  
and other  products. 

(4)  Develop and charac te r ize  s l u r r y  reac tors  t o  produce 2.9 
methanol and higher a lcohols  f o r  f u e l s ,  together  
w i t h  e l e c t r i c i t y ,  from synthesis  gas. 

(5) Develop mass-production techniques f o r  oxygen from 6.0 
a i r  separation a t  acceptable pur i ty  f o r  gas i f i ca t ion  
(-95%) in order t o  reduce oxygen-production cos t s .  

(6)  Develop and t e s t  diagnost ic  techniques f o r  improved 6.9 
measurements of (a )  inflows of s o l i d s  and l i qu ids  
and (b) local reac tor  conditions i n  g a s i f i e r s  and 
aux i l i a ry  systems t o  def ine r a t e s  and mechanisms of 
foul ing and t o  improve scale-up procedures of sol id-  
feed reac tors .  

(7)  Obtain expanded data  f o r  e q u i l i b r i a  and k ine t i c s  3 . 4  
involving su l fu r  compounds i n  a l t e r n a t e  clean-up 
systems (including su l fu r  redox reac t ions  i n  l i q u i d  
aqueous and other  solvents . )  

(8) Evaluate the in tegra ted  performance c h a r a c t e r i s t i c s  4 .3  
of  advanced (pressurized)  gas i f i ca t ion  technologies 



Priority Research and Development Areas Weighted 
Priority 

in combination with alternate downstream processing 
for both oxygen- and air-blown systems. 

gasifiers. 
(9) Improve and validate scale-up procedures for coal 1.9 

(10) Develop a greatly expanded environmental data base 
for emissions, fates, and associated health hazards 
of trace constituents emanating (in gaseous, 1 iquid, 
and solid wastes) from coal-gasification systems. 

6.9 

(11) Determine limiting capacities of individual equip- 
ment (gasifiers, etc.) in demonstration coal gasi- 
fication facilities, such as Cool Water, Great 
Plains, etc., in order to obtain a needed data base 
for optimum design of future plants. 

(12) Develop chemical and physical understanding of coal- 4.6 
conversion phenomena and their relations to (a) char 
formation, (b) ash formation, (c) condensable pro- 
ducts chemistry, and (d) catalytic effects. 

6.3 

(13) Develop comprehensive (numerical) models for gasi- 3.8 
fiers based on our best scientific knowledge of chem- 
ical and physical phenomena and validate and improve 
these models by performing appropriate laboratory and 
field measurements. 

(14) Characterize the properties of gasification residues, 4.9 
including chemical analyses, leachability, and dis- 
posal methods. 

(15) Define new and better syntheses (especially o f  etha- 
no1 from syngas) and determine the suitability of C1 
to Cg alcohols as fuels for transportation systems, 
with proper regard for costs, octane enhancement, 
toxicity, emissions, and distribution. 

(16) Perform needed R&D to define opportunities for di- 
rect use of low H4to CO ratios in chemical syntheses. 

(17) Support needed research for total upgrading of 1.6 
Fischer-Tropsch products. 

(18) Investigate the applicability of knowledge-based ex- 
pert systems, arti f i ci a1 i ntel 1 i gence and advanced 
computational methods to the design of improved sys- 
tems involving integrated coal-gasi f i cati on pl ants. 

2.2 

3.0 

3.6 

46 



CHAPTER 2 
OVERVIEW OF COAL-GASIFICATION R&D NEEDS 

2.1. Introduction 

Estimates of US coal resources and reserves indicate ready avail- 
6 ability at current ( M  933x10 

tion rates for several centuries, although prices in constant dollars are 
expected to rise from depressed 1985 levels of about $20/ton fob utilization 
representing about 78% of total US generating capacity. 

Based on application of 1978 technology, world-wide coal reserves 
corresponded to about 3 . 0 4 ~ 1 0 ~ ~  bbl of oil equivalent, with the US share of 
28% of the total exceeding that of Europe (20%), the USSR (17%), China 
(16%), and other countries. Coals are characterized according to a variety 
of measures, with coal rank (roughly related to carbon content and heat of 
combustion) being a preferred measure in Western countries. 

residential applications. 
study.' 
use and has therefore enjoyed the widest market penetration, the direct uti- 
lization of coals for electricity generation is being challenged by in- 
tegrated coal -gasi f icati on combi ned cycl e (IGCC) systems with gasification 
before combustion. When specified environmental standards must be met, IGCC 
systems may be competitive with or superior to direct coal use with required 
environmental control measures.* 

The successful technologies that have been developed for coal gas- 
ification have opened up alternative markets that include not only gasifiers 
for IGCC systems but also gasifiers combined with fuel cells, gasification 

tons in 1985) and anticipated future produc- 

The direct utilization of coals currently dominates industrial and 
This field has been examined in an antecedent 

While direct utilization of coal has represented the lowest cost 

* The Glossary should be consulted for definitions of abbreviations. 



to produce methane as a substitute for natural gas, and gasification for 
the production of syngas followed by syntheses of chemicals and fuels. 
The processes, science and technologies involved in these coal-utilization 
schemes are reviewed and evaluated in this study. 
meant to be encyclopedic and the discussion of selected topics, as well as 
the omission of others, represents neither more nor less than the opportunity 
for COGARN review and study o f  an important, albeit limited, subset of a 
vast data and information base. 

The compilation is not 

We have structured this report by beginning with accounts of gasi- 
fication for electricity generation, SNG production, syntheses of fuels and 
chemicals, and fuel-cell applications. Next, we comment on gasification 
catalysts, coal feed, beneficiation, and solids processing. We conclude 
with potential applications o f  advanced diagnostics to coal gasifiers and 
the scientific underpinnings of the entire field, namely, coal conversion 
and coal properties as determinants in the design and development of coal- 
gasification systems. The concluding chapter deals with costing of coal- 
gasification systems as an example of our estimating capabilities for 
synfuel s production. 

tions may stress developments of unit processes or unit-process components, 
the thesis of this study remains the necessity to view coal-gasifiers as 
components of integrated systems and improvements in unit-process perfor- 
mance as elements in integrated systems performance. The true measure of 
system-component improvement remains the improvement of system economics. 

While our discussions of coal-gasification systems and applica- 

Reference for Section 2.1 

1. "Coal Combustion and Applications," a report prepared by the DOE Coal 
Combustion and Applications Working Group, Energy 2, 361-418 (1984); see 
also Progr. Energy Combust. Sci. - 10, 87-144 (1984). 

2.2. Process Synthesis 

In accord with the primary approach to gasification identified in 
the Executive Summary, we place very great importance on viewing gasifiers 
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as components of integrated systems. The ultimate goal of a coal-conversion 
process is to produce a final product: power, chemical, fuels or any combi- 
nation of these. Coal-conversion processes have in the past been discussed 
in terms of a sequence of unit operations, with attention focused on techni- 
cal probl ems encountered in specific unit processes. 
flects undue emphasis on specific unit operations that appear .. in existing 
flowsheets, rather than on process sythesis with primary identified goals. 
Experienced design engineers will. remain, for some time to come, the most 
important element in the synthesis of a process flow sheet. 

beginnings of applications of artificial intelligence (AI) methods in the 

Thi s procedure.. re- 

We note the growing use of computer-based design aids and even the 

process synthesis of complex systems. 
uses in synthesis and design in the process industries will become increas- 
ingly. important during the next two decades. 
include coal-conversion processes, in general, and coal-gasification sys- 
tems, in particular, Within the category of complex process systems for 
which powerful new tools will be needed in order to assure an orderly ap- 
proach to systems optimization. 

One of the primary goals of research on process synthesis is to 
establish methodologies for determining optimal pathways from raw materials 
to final products. 
play of heuristics, more formalized AI, and designer experience. 
gasification development has generally emphasized optimization of obvious 
pathways through a process, rather than exploration of dramatic new routes 
to the final product. 

rest on the development of process flowsheets that eliminate some of the 

Proponents of AI believe that its 

It is clearly desirable to 

The current status of such techniques involves an inter- 
Coal- 

Long-term advances in coal-gasification processes will undoubtedly 

currently-employed technology, i.e., .some of the normal unit operations. 
Clearly, the most advanced techniques of process synthesis should be uti- 
lized in the development of novel flowsheets. The present state of the art 
in the discipline of process synthesis is unlikely to bring about major ad- 
vances in ways of thinking about coal-gasification processes. However, pro- 
cess synthesis is a dynamic field of research and can be expected to move 
quickly. 
process industries, while the latter have been providing technical 

Coal gasification contains features that are uncommon in other 
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motivation f o r  ongoing research. 
a pa r t i cu la r ly  cogent example of technological d i f fe rences .  The often 
u n i q u e  fea tures  of t h e  coal-gasif icat ion system may require  emphases i n  
process-synthesis research t h a t  would n o t  be driven by o ther  process- 
industry needs. I t  i s  therefore  appropriate  t h a t  some f inanc ia l  s u p p o r t  
be d i rec ted  towards research i n  t he  area of process synthesis  from those 
in te res ted  i n  the development of optimal coal-gasif icat ion flowsheets 
i n  order t o  ensure t h a t  new methodologies wi l l  be applied promptly and 
properly t o  coal-gasif icat ion systems. 

The nature of  gas-cleanup requirements i s  

2.3. Gas i f ie rs  f o r  E l e c t r i c i t y  Generation 

Coal g a s i f i e r s  a r e  eas i ly  incorporated i n t o  an in tegra ted  g a s i f i e r  
combined-cycle (IGCC) system producing e l e c t r i c i t y .  From a u t i 1  i t y  perspec- 

t i v e ,  th is  system has many advantages over t r a d i t i o n a l  e l ec t r i c i ty -g t  'nera- 
t i o n  systems: 
r e l a t i v e l y  high energy-conversion e f f ic iency  and, i n  some cases ,  a lower 
net  e l e c t r i c i t y  cos t .  

power. The  successful operation of this p lan t  has ra i sed  the  level of con- 
fidence w i t h i n  t he  u t i l i t y  industry t o  the p o i n t  where several  large IGCC 
systems a r e  being considered o r  planned. U t i l i t i e s  can expand o r  replace 
obsolete  equipment by f i r s t  i n s t a l l i n g  turb ines  (with o r  without combined 
cycles)  f i r e d  by NG and, a t  an appropriate t ime, i n s t a l l i n g  coal-gasif i -  
cat ion u n i t s .  This route avoids a fu l l - s ca l e  commitment t o  both tech- 
nology and capi ta l  investment and may therefore  be a preferred s t ra tegy  f o r  
u t i l i t i e s  facing uncertain r a t e s  of re turn and capaci ty  requirements. 

Key research recommendations f o r  improving entrained-flow gasi-  
f i e r s  of the  type used a t  Cool Water r e l a t e  t o  the  control of fouling and 
slagging and of corrosion and f a t igue ,  high-temperature su l fu r  removal, gas- 
i f i e r s  f o r  low-rank coa ls ,  and low-cost gas separat ions and a i r  enrichment. 
These a r e  de t a i l ed  i n  Sec. 3.4 The U-GAS system represents  one of a number 
of a l t e r n a t e  gas i f ica t ion  schemes and i s  discussed i n  Sec. 3.3-3 .  

t i v e  r a the r  than exhaustive and does not represent  a value judgement o f  

low pol lu tan t  emissions, modular instal lment  capab i l i t y ,  

Cool Water i s  a demonstration p lan t  producing over 100 MWe of 

O u r  se lect ion of g a s i f i e r s  f o r  d e t a i l e d  descr ipt ion i s  i l l u s t r a -  



preferred technologies for IGCC applications. 

2.4. Gasification for Syngas Production 

The research and development needs associated with the long-range 
objectives of the gas industry in coal gasification cover a broad spectrum 
of activities, ranging from engineering studies to basic research. These 
needs include operational and economic data on large, integrated coal- 
gasification plants, expanded engineering data bases, and the development of 
fundamentally-oriented information on the rate-controlling steps in the 
various process elements. 
gasification related to the production of high-Btu syngas or SNG, many of 
the process steps are generic and will be useful in a variety of coal- 
gasification applications. 
no1 ogy data base and fundamental research. 

Engineering development requires: (i) large-scale operational and 
performance data on integrated coal-gasification plants such as the Cool 
Water integrated coal-gasification combined-cycle power-generation plant and 
the Great Plains coal-to-SNG plant; (ii) expanded engineering data bases for 
oxygen-blown, ash-agglomerating fluidized-bed gasifiers to optimize designs 
for specific processes or applications (high-pressure operations, fines col- 
1 ecti on and recycl e, coal types, i n-bed desul f urizati on) ; (i i i ) scal e-up 
data for emerging technologies such as the direct methanation concept and the 
CNG advanced acid-gas removal concept; (iv) integrated performance evalua- 
tions of advanced gasification technologies such as the BGC/Lurgi slagging 
gasifier and the ash-agglomerating, fluidized-bed process with advanced 
downstream processing concepts such as direct methanation and CNG acid-gas 
removal processes; (v) development and validation of scale-up models with 
particular emphasis on coal gasifiers; (vi) exploratory studies to develop 
initial data bases for new or advanced process concepts for gasification and 
downstream processing; (vii) improved, high-temperature heat recovery sys- 
tems; (viii) expanded environmental data bases for advanced technologies in 
the areas of trace-constituent production, fate, control, and disposal o r  
treatment. 

While the gas industry needs are focused on coal 

Needs relate to engineering development, a tech- 



The technology data base requires: (i) development of metal 
al'loys for high-temperature heat-recovery applications; (ii) development of 
improved ceramics for high-temperature applications (i.e., particulate fil- 
ters, valves); (iii) expanded data bases on the erosion-corrosion behavior 
and resistance of metals and ceramics in coal-gasification environments; 
(iv) long-term corrosion data (for > 10,000 hr) in coal-gasification envi- 
ronments, i.e., in the presence of alkali metals, sulfidation, and chlorine 
compounds; (v) vapor-1 iquid equil ibrium data at elevated pressu%es and tem- 
peratures for selected multicomponent systems involoving synthesis gas, 
steam, heavy oils (tars), light aromatics, phenolics, fatty acids, CH4, H2S, 
CS2, COS, mercaptans, NH3, HC1, HCN, AsH3, SeHZ, Hg, Zn, Pb, Cd; (vi) 
transport data (thermal conductivities, viscosities, diffusivities) for tars 
and slurries, especially in mixtures of solids with oils, tars and water; 
(vii) thermodynamic data (free energies of formation, heats of formation, 
entropies, specific heats) fo'r a1 1 important constituents; (vii) vapor- 
liquid equilibrium data in sour-water strippers for Hz0/NH3/COZ/HzS systems 
a t  0 to 100 psig and 70 to 400OF; (ix) improved correlations for predicting 
mass-transfer coefficients and other engineering design parameters i n  multi- 
component systems. 

chemical processes associated with and controlling the fragmentatiordgasifi- 
cation of coal; (ii) improved models for predicting vapor-liquid equtlibria 
in mu1 ticomponent systems. 

Basic research needs include: (i) improved understanding of the 

2.5. Gasification for Syntheses of  Fuels and Chemicals 

2.5-1. Overview 

Chemicals constitute only about 7% of production from fossil 
fuels. However, manufacturing and marketing of high-value chemicals has a 
major impact on the US economy and our balance of trade. 
traditional to separate the fuels (utility, transportation and indust.ria1) 
and chemical businesses, the production of synthesis gas (SG) is common to 
both the fuels and chemicals industries. 

Although it. is 



The distinction between fuels and many chemicals has become 
blurred for the following reasons: 
also be a potential source of SG for the production of chemicals and fuels. 
(ii) Any plant for the synthesis of chemicals from SG is a potential source 
of clean utility, transportation or industrial fuels. (iii) SASOL converts 
SG to more than 3 x 10 TPY of motor fuels but also produces more than 0.65 
x 10 TPY of chemicals such as ethylene, ammonia, and polymers in the 
product slate. (iv) The Mobil methanol-to-gasol ine (MTG) process has been 
commercialized in New Zealand with conversion of off-shore NG to over 4000 
TPD of methanol, which is then converted to 14,500.BPD of high octane gaso- 
line. Methanol may be used as a peaking or transportation fuel. In the MTO 
pro-cess , Mobi 1 has converted methanol to C2-C4 ol ef i ns (chemical s,  

monomers) at high yields (56-81%) using a 100 BPD semi-works plant in the 
FRG, which was previously used for the fluidized MTG process. 
converting olefins from the MTO and FT processes into gasoline and diesel 
fuel with over 95wt% selectivity. All of the Mobil processes involve use of 
the shape-selective zeolite catalyst ZSM-5. In New Zealand, the MTG process 
has been used to obtain high yields of durene, which is unwanted in gasoline 
but is an excellent source of the valuable monomer pyromellitic anhydride. 
Gasoline made via the MTG process contains about 38wt% of BTX (benzene, 
toluene and xylenes); these compounds are petrochemical feedstocks and can 
be made in about 60wt% yield via ZSM-5 for use as chemicals. 
primary source of H2, which is a fuel and is also used in making chemicals 
(ammonia, nylon) or fuels (hydrocracking, upgrading of heavy oils, 
hydrogenation of materials for fuels or for chemicals, potential use in di- 
rect liquefaction of coal, etc.). (vi) CO is an excellent fuel and is also 
used in carbonylation reactions to make chemicals [acetic acid, phosgene, 
methyl acetate (also a fuel), ethanol (a desirable fuel), etc.]. . (vii) A 
medium-BTU gas mixture of CO and H2 is an excellent clean fuel, that may be 
pipelined for over 100 miles. (viii) Tennessee Eastman makes methanol (a 
fuel, chemical) and acetic anhydride (a chemical). Surplus SG,is available 
as an industrial or utility fuel via an IGCC plant. 
Plains makes methane (a  fuel) and methanol. 

(i) Any utility plant based on SG will 
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Mobil is also 

(v) SG is the 

(ix) Northern Great 
(x) The Ube (Japan) Texaco gas- 



i f i e r  i s  used t o  make ammonia (a  chemical); an IGCC plant  i s  being consi- 
dered f o r  u t i l i t y  use. 
t o  make C1-C5 a lcohols  from SG. 
f o r  fuel  use. 
SG. Ethanol has usually been c l a s s i f i e d  as  a chemical b u t  has a l so  been 
used a s  an addi t ive  i n  t ranspor ta t ion  f u e l s  (gasohol). The 1986 General Mo- 

tors manual honors ca r  guarantees w i t h  designated methanol and ethanol addi- 
t i v e s  t o  gasoline.  

the  f l e x i b l e  use o f  clean energy sources ( i . e . ,  IGCCs) a s  a t  Cool Water and 
Dow. 
changeably. 
production wi l l  spawn p lan ts  f o r  manufacturing t ransportat ion f u e l s  arid 
chemicals. S imi la r ly ,  chemical p lan ts  using SG wi l l  spawn p lan ts  f o r  power 
production. 

( i )  f u e l s  and 
chemicals made d i r e c t l y  (Table 2.5-l) ,  ( i i )  f u e l s  made via  methanol by indi-  
r e c t  syntheses (Table 2.5-2), and ( i i i )  a long l i s t  of products from the 
react ion of  SG o r  CO w i t h  another chemical, some of which a re  l i s t e d  .in 
Table 2.5-3. 

( x i )  Japan and France have a 7000 BPD p lan t  i n  Japan 
EN1 ( I t a l y )  produces C1-C5 alcohols from SG 

( x i i )  Research i s  needed t o  synthesize ethanol d i r e c t l y  from 

The fu tu re  prosperi ty  of the u t i l i t y  industry may well depend on 

The  p lan t  may use NG, petroleum o r  coal-gasif icat ion products i n t e r -  
As i n  t he  petroleum industry,  t he  use of SG f o r  e l e c t r i c i t y  

The  three main pathways f o r  SG u t i l i z a t i o n  a re :  

Table 2.5-1. Principal f u e l s  and chemicals made d i r e c t l y  from SG. 

ammonia, methanol, hydrogen, carbon monoxide, gasol ine,  
d iese l  f u e l ,  methane, isobutane, ethylene,  C1-C5 alcohols ,  
e thanol ,  ethylene glycol ,  C2-C4 o l e f i n s  

Table 2.5-2. Principal f u e l s  and chemicals made via  
methanol ( i nd i r ec t  synthesi  s) . 

formaldehyde, a c e t i c  ac id ,  gasol ine,  d iese l  f u e l ,  methyl formate, 
methyl a c e t a t e ,  acetaldehyde, a c e t i c  anhydride, vinyl acetat,e, 
ethylene,  propyl ene, ethanol,  C1-C5 a1 coho1 s ,  propionic ac id ,  
benzene, t o 1  uene (BTX) , xylenes, ethyl ace t a t e ,  a methyl a t i  rig agent 
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Tab le  2.5-3. Some p roduc ts  f rom t h e  r e a c t i o n  o f  SG o r  CO 
w i th  a chemical n o t  d e r i v e d  f rom SG. 

methanol + isobutane H+ methyl  t e r t - b u t y l - e t h e r  

o l e f i n s  + H2 + CO 

o l e f i n s  + CO + H2 

CO,( C0)S aldehydes and a l c o h o l s  

H+ h i g h l y  branched a c i d s  

c h l o r i n e  + CO _____) COC12 (phosgene) 

methanol + H C 1  - c h l  oromethanes 

methanol + xNH3 - methyl  amines 

methanol - s i n g l e  c e l l  p r o t e i n  

* s t y  r e ne t o l u e n e  + methanol zeo l  i t e  

methyl  p r o p i o n a t e  + HCHO bases ~ me thy l  me thac ry la te  

n i t robenzene + methanol + CO - isocyana tes  (- urethanes) 

t e r e p h t h a l i c  a c i d  + methanol - dimethy l  t e r e p h t h a l a t e  

2.5-2. Research Recommendations 

The use o f  SG f o r  f u e l s  and chemica ls  i s  t h e  wave o f  t h e  f u t u r e .  

By t h e  y e a r  2010, t h i s  c o u n t r y  w i l l  be w e l l  on i t s  way t o  an economy b u i l t  

l a r g e l y  on t h e  use of c l e a n  f l u i d  f u e l s ,  w i th  c o a l  g a s i f i c a t i o n  as a p r i m a r y  

component. The a c i d - r a i n  problem a n d - t r a n s p o r t a t i o n - f u e l  shortages may be 

so l ved  by t h e  use o f  SG. 
d i t i o n a l  research  i s  needed on t h e  s y n t h e s i s  o f  e thano l  f r o m  SG. Present  

s e l e c t i v i t y  t o  e thano l  f rom SG i s  approaching 70%. Ethano l  i s  used as an 

oc tane enhancer (gasohol has 10% of e thano l  i n  gaso l i ne ) ;  i t i s  used n e a t  i n  

B r a z i l .  S ince  t h e  fede ra l  subs idy  f o r  f e r m e n t a t i o n  e thano l  may soon be r e -  

moved, t h e r e  i s  i nc reased  urgency f o r  a b e t t e r  s y n t h e s i s  f rom SG. (ii) The 
d i r e c t  p r o d u c t i o n  of C2-C5 a l c o h o l s  a l s o  s u f f e r s  f rom a l a c k  o f  s e l e c t i v i t y  

and poor  unders tand ing  o f  c o n d i t i o n s  and c a t a l y s t s  needed f o r  syn thes i s .  

The C2-C5 a l c o h o l s  may be used d i r e c t l y  as t r a n s p o r t a t i o n  f u e l s  b u t  a r e  more 

The f o l l o w i n g  a r e  research  requ i rements :  (i) Ad- 



likely to be employed for blending with methanol as an octane enhancer or in 
the production of tertiary ethers (these are excel 1 ent octane enhancers). 
(iii) There is great uncertainty about the use of alcohol fuels, especially 
methanol and C2-C5 alcohols. 
gasoline or the use of neat alcohols are not understood. 
the suitability of alcohols as transportation fuels or additives is needed, 
with emphasis on costs, octane enhancement, automobile compatibility, dis- 
tribution problems, toxicity, and emissions. 
C02 in coal gasification with < l o  ppm o f  H2S are needed. Trillions of SCF 
of C02 are needed in enhanced oil recovery; it is also useful in 
supercritical extraction, refrigeration, carbonation, polymer production, 
etc. (v) C02 is the intermediate in the commercial synthesis of methanol 
using Cu/ZnO/A1203 catalyst. 
synthesis may lead to processes with reduced CO to H2 ratios, with C02 

replacing large amounts of CO. (vi) Studies should be conducted to identify 
major potential cost savings resulting from integration of the gasifier with 
down-stream processing. Thus, oxygen-purity requirements to minimize the 
cost of the overall process should be examined. (vii) Research is needed on 
the direct use of low H2/C0 SG in slurry FT processes. 
are needed in low-temperature, sulfur-tolerant water-gas-shift (WGS) effi- 
ciencies and economies to make either high H2/C0 SG or H2 by minimizing 
excess steam requirements. (ix) FT reactor design, as in the slurry reac- 
tor, should be improved. 
and heterogeneous low-temperature/high-activity methanol synthesis cata- 
lysts. (xi) Work should be continued on the development of SG conversion 
catalysts that tolerate higher feed impurities (e.g. S compounds). (xii) 
Studies should be continued on the direct upgrading of the total vaporous 
FT-reactor effluents through improved catalyst design. (xiii) Improved FT 
catalysts are needed, especially catalysts with higher activity for FT and 
WGS and higher stability in producing lower light HC yields. (xiv) 
Investigations should be performed to obtain improved methods for upgrading 
FT wax via new catalysts and processes. 

Blending characteristics of these fuels in 
Determination of 

(iv) Methods for 4eparating 

Clarification of the role of C02 in methanol 

(viii) Improvements 

(x) Continued exploration is needed on homogeneous 



2.6. G a s i f i e r s  f o r  Fuel s C e l l  s ( FCs) 

An overv iew of c u r r e n t  and deve lop ing  FCs i s  p resented  i n  Sec. 6 .1  

w h i l e  Sec. 6.2 d e a l s  w i t h  s p e c i a l  f e a t u r e s  o f  coa l  g a s i f i e r s  f o r  FC a p p l i c a -  

t i o n s .  

cerned, a r e  t h e  f o l l o w i n g :  

e a s i l y  m e t  and by-products must be p r o p e r l y  e l i m i n a t e d .  

f i g u r a t i o n  i s  modular and can be e r e c t e d  and on-stream w i t h i n  a 3-4 y e a r  

p e r i o d .  

c o m p e t i t i v e  i n  t h e  100-150 MWe range. 

i n g  H2 and CO. An atmospher ic-pressure a i r -b lown  u n i t  i s  acceptab le  b u t  a 

p r e s s u r i z e d  g a s i f i e r  would be p r e f e r a b l e .  

o p e r a t i o n  on a wide range o f  coa ls .  It shou ld  produce H2-Co m i x t u r e s  w i t h  
h i g h  e f f i c i e n c y ,  y i e l d  minimal amounts o f  t a r  and o i l s  i n  t h e  raw-gas con- 

densate, and become commerci a1 l y  ava i  1 ab1 e between t h e  e a r l y  and mid-1990s. 

Since cand ida te  g a s i f i c a t i o n  systems i n c l u d e  u n i t s  such as S h e l l ,  
Texaco, L u r g i ,  KRW, KGN, MHI,  and U-GAS, we recommend t h a t  t h e  r o l e  o f  DOE, 
i f  any, be c o n f i n e d  t o  cos t - sha r ing  w i th  EPRI o f  an a p p r o p r i a t e  u t i l i t y -  

development program. 

c a l l y  f o r  FCs appears t o  be r e q u i r e d .  

The p r i n c i p a l  conc lus ions  reached, i n s o f a r  as t h e  g a s i f i e r  i s  con- 

(i) S i t e - s p e c i f i c  emission requ i rements  can be 

(ii) The p l a n t  con- 

(iii) The coa l -gas i f ie r -FC-sys tem i s  expected t o  be economica l l y  

The c o a l - g a s i f i e r  u n i t  shou ld  be a modular 20-50 MWe u n i t  produc- 

The g a s i f i e r  must be r e l i a b l e  f o r  

No long-range research  t o  develop g a s i f i e r s  s p e c i f i -  

2.7. G a s i f i c a t i o n  C a t a l y s t s  

Sec t i on  7.1-1 c o n t a i n s  b r i e f  summaries o f  examples o f  c u r r e n t  r e -  

search on g a s i f i c a t i o n  c a t a l y s t s  used i n  t h e  r e a c t o r  i t s e l f  f o r  t h e  tempera- 

t u r e  range 800 t o  900OC. 

C a t a l y s i s  a t  much lower  temperatures i s  a l s o  be ing  i n v e s t i g a t e d  
( c f .  ,Sec. 7.1-2) and h o l d s  t h e  promise o f  f a r  g r e a t e r  c o s t  r e d u c t i o n s  f o r  

c a p i t a l  equipment and opera t i ons .  A c u r r e n t l y  pursued research  area  i n -  

vo l ves  c a t a l y s t s  c o n s t r u c t e d  by combining KOH, CsOH, NaOH, o r  LiOH w i th  mix- 

t u r e s  o f  t r a n s i t i o n - m e t a l  oxides. S i g n i f i c a n t  convers ions  have been 

observed i n  t h e  l a b o r a t o r y  on t i m e  sca les  o f  hours a t  temperatures near  



525OC and above. Empirical classification of efficiencies of transition- 
metal oxides has shown, for example, that NiO is the most effective metal 
oxide tested thus far in combination with KOH and that the Combination of 
KOH with NiO is far more effective than either KOH or NiO alone in the 
conversion of graphite according to the overall process 2C + 2KOH 

Montana subbituminous coal. 
initially and then decay with time. 
transition-metal oxides mixed with KOH are under active study. It has been 
found from XPS diagrams that the binding energies for NiO-KOH mixtures do 
not show the same resonances as NiO alone, whereas the KOH resonances are 
not materially changed. Fundamental work directed at finding low-T cata- 
lysts is clearly worth pursuing. 

Section 7.2 deals with the development of the Exxon process for 
catalytic coal gasification (CCG) in the presence of 10 to 20% K. The work 
was carried through successfully to a PDU (1 mt/day) before terminalion. 
Long-term process and equipment performance data are needed on a large pilot 
plant before scale-up to commmercial plant sizes. 
for a variety of coals. Environmentally acceptable performance over a long 
period of time remains to be demonstrated. Required research areas include 
the following: (i) definitions of optimal coal-pretreatment conditions for 
different coals and catalysts; (ii) studies of rates and mechanisms of salt 
leaching from coal ash during counter-current washing for catalyst recovery 
and studies to reduce costs of the recycle system; (iii) identificat.ion of 
lower-cost, environmentally-benign, throw-away catalysts; (iv) ident-ifica- 
tion of catalysts for operation at reduced T. 

+ 2COK + H2. A similar result was observed for gas production from 
For coals, H2-production rates are high 

The mechanisms of catalysi's for 

Also needed are results 

2.8. Gas Cleanup 

Process designs for producing gaseous fuels or synthesis gas from 
the gasification of coal with steam and air/oxygen usually include one o r  
more process units to treat the gas exiting from the primary reactor in 
order to bring the gas to the specifications imposed by its intended use. 
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These process funct ions a re  included i n  the  gas clean-up system. The design 
may c a l l  f o r :  
t i c u l a t e  removal (including removal of t a r s / o i l s ) ;  ( i i i )  composition adjust-  
ment; ( i v )  acid-gas removal (usua l ly  w i t h  su l fu r  recovery). 

and by u s i n g  a wide var ie ty  of spec i f i c  process configurat ions.  

p l e ,  the quench/cooling s tep  i s  of ten combined w i t h  p a r t i c u l a t e  removal i n  a 
d i r e c t  aqueous scrubbing step t h a t  a l so  removes gaseous contaminants such a s  
NH3, chlor ides ,  sulfur-containing gases,  and cyanides. Waste mater ia ls  from 
the  process units may be t r ea t ed  i n  a va r i e ty  of processes o r  disposed of 
d i r e c t l y ,  depending on the  gas i f i ca t ion  r eac to r ,  coal type,  and discharge o r  
waste-handling r e s t r i c t i o n s .  The cap i t a l  investment costs of these  gas- 
cleanup systems general ly  represent  35% t o  more than 40% of t h e  t o t a l  
cap i ta l  cos t  of t he  gas i f i ca t ion  p lan t  (excl usive of t he  end-use processes).  

sented in Chapter 8. 
clusion t h a t  t he  most probable source of s i g n i f i c a n t  economic advances i n  
t he  gas-cleaning area r e s u l t s  from elimination of one o r  more entire process 
u n i t s .  
l i k e l y  t o  allow the  elimination of process u n i t s  o r  the combination and sim- 
p l i f i c a t i o n  of process u n i t s .  The gas-cleanup f u n c t i o n s  most l i k e l y  t o  
y i e ld  bene f i t s  t h r o u g h  elimination of u n i t s  o r  s i g n i f i c a n t  s impl i f ica t ion  i n  
t he  overal l  process a r e  acid-gas removal and su l fu r  recovery. 

The most common commercial ‘design approach t o  acid-gas removal and 
su l fu r  recovery i s  a two- o r  three-s tep process i n  w h i c h  ac id  gases (predom- 
inant ly  C02 and su l fu r  species)  a r e  adsorbed from the process gas and 
subsequently desorbed t o  produce a concentrated acid-gas waste stream. Su l -  
f u r  i s  t h e n  removed from this  waste stream u n t i l  l e v e l s  a r e  reached t h a t  
meet required environmental r e s t r i c t i o n s  p r i o r  t o  gas discharge.  Two ap- 
proaches cur ren t ly  being invest igated have t h e  poten t ia l  t o  e l iminate  a t  
l e a s t  one of these  process s teps:  ( i )  hot-gas cleanup t h r o u g h  the  use of 
so l id  sorbents ,  w i t h  o r  w i t h o u t  g a s i f i e r  in-bed sulfur capture  and ( i i )  
l i qu id  redox technologies t h a t  remove su l fu r  from t h e  gas and convert i t  t o  
elemental su l fu r  i n  the same u n i t .  

( i )  quench cooling (possibly w i t h  heat recovery); ( i i )  par- 

These processing funct ions may be performed i n  various sequences 
For exam- 

A summary of commercial and near commercial technologies i s  pre- 
A review of t h i s  material  leads t o  the important con- 

Therefore, DOE research should emphasize approaches which  a r e  most 



2.8-1. Hot-Gas Cleanup and In-Bed Sulfur Capture 

The use of solid sorbents to remove sulfur from the raw product 
gas formed in coal gasification provides the following process advantages: 
(i) delivery of the gas to the treatment system at temperatures in the 
800-12OO0F range may allow elimination of all or part of the quench/cooling 
processes and reduce or eliminate condensate normally produced during gas 
coo-1 ing, thus significantly reducing wastewater-treatment requi.rements and 
organic condensate handling and disposal, while retaining much of the ther- 
mal energy of the hot product gases, at increased thermal process effi- 
ciency; (ii) very high sulfur-capture efficiencies may result, which are 
relatively independent of the distribution of sulfur among the possible 
gas-phase sulfur species; (iii) sulfur will appear in concentrated solid 
form, which may be disposed of or reacted to regenerate the sorbent and pro- 
duce a concentrated waste stream. 

Research to date has led to identification of six key issues re- 
quiring resolution if hot-gas cleanup with solid sorbents i s  to be economi- 
cally and technically viable. These are: (i) high-temperature particulate 
removal; (ii) reduced sorbent cost; (iii) increased sorbent durabil-ity dur- 
ing multiple regeneration cycles; (iv) improved sorbent capacity; ( 1 1 )  treat- 
ment or disposal of regeneration off-gases; (vi) disposal of spent sorbent. 

Particulates entrained in the raw product gas will degrade the 
sorbent by obscuring its surface or plugging the gas paths through the 
reactor. Removal of particulates at high temperature has been accomplished 
with cyclones. However, the collection efficiency for cyclones is highly 
dependent on the aerodynamic efficiency for particles of different sizes and 
drops off rapidly for very small particles. Other approaches that are in 
the developmental stages involve the use of metal and ceramic filters, 
ceramic-based filters and high-temperature scrubbers. 

since less expensive sorbents may become economically viable, even with 
reduced durability during regeneration. An inexpensive sorbent might be ac- 
ceptable as a nonregenerable sorbent which is disposed of after a single 

Sorbent cost, durability and capacity are obviously closely coupled 

18 



use. The three most extensively characterized sorbent materials are acti- 
vated carbon, calcium oxide (or carbonate) and zinc ferrite. 
bon exhibits limited capacity, must operate at relatively low temperatures 
and has limited durability. 
capacity, but its performance is highly dependent on the process-gas compo- 
sition and it requires relatively long contact times. 
tively expensive but has high sorption capacity; its durability must be 
improved to compensate for its cost. 

uation of alternate sorbent materials, sorbent-preparation techniques and 
sorbent-regeneration conditions may serve to overcome current technology 
limitations. In addition, phase diagrams of the primary compounds involved 
in the adsorption and desorption cycles for candidate sorbents should be ob- 
tained to provide a basis for the selection of optimal adsorption and regen- 
eration conditions and definition of the optimum form of sorbent materials. 

The potential for in-bed sulfur capture through the addition of 
solid reactants to the gasification reactor is closely related to hot-gas 
cleanup using solid sorbents. 
ash. 
inert residue, i.e., they must be classified as nonhazardous under current and 
future RCRA regulations. Sulfur-capture efficiency is directly related to 
the temperature, residence time, and gas-composition profile experienced by 
the sorbent as it passes through the reactor. Thus, the configuration and 
operating conditions of the gasifier are major determining factors in 
sorbent performance. 
ides) and lime have been tested as reagents for in-bed sulfur capture. 
though other alkali oxides are potential candidates, most lead to signifi- 
cant problems with disposal or to high costs. 

Investigations should include the development of reaction data de- 
fining both equilibrium compositions and kinetics as functions of gas compo- 
sition and temperature in order to relate sulfur-capture potential to 
gasifier configuration and operation. 
lime and dolomite. 

Activated car- 

Calcium oxide is inexpensive and has high 

Zinc ferrite is rela- 

r 

Further investigation of the identified sorbents, as well as eval- 

In-bed sorbents must be codisposable with the 
Therefore, candidate materials must be inexpensive and produce an' 

Both dol omi te "(a mixture of magnesi um and calcium ox- 
A l -  

Many of these data are available for 
Development of recovery techniques for reagents that 



have higher su l fu r  capacity but a r e  more expensive would g rea t ly  enhance the  
range of o p t i o n s  t h a t  may become economically viable  f o r  in-bed su l fu r  
capture.  

2.8-2. Liquid Redox Processes 

Absorp t ion  of reduced su l fu r  compounds i n  so lu t ion ,  followed by 
chemical oxidation of t he  su l fu r  t o  elemental su l fu r  i n  the solut ion , pro- 
vides a one-step approach t o  the  removal and recovery of su l fu r  from 
gasif icat ion-process  gases. I f  the  reagents can be oxidized t o  thei ' r  o r i g i -  
nal form, a closed-loop process may be operated. T h i s  approach has the  fo l -  
lowing advantages: 
and recovery; ( i i )  low reagent replacement-costs may r e s u l t ,  depending on 
e f f ic iency  of reagent regeneration; ( i i i )  h i g h  so rp t ion  e f f ic iency  i s  
achieved u s i n g  es tabl ished l iquid/gas contacting technology. 

and recovery involve aqueous solut ions and operate a t  e s s e n t i a l l y  atmo- 
spheric  temperature and pressure.  
t o  minimize the  r a t e s  of s ide  react ions t h a t  produce non-regenerable com- 
pounds. 
these a re  l imited i n  scope, content and d e t a i l .  

f i ca t ion  of t he  following areas  requir ing f u r t h e r  inves t iga t ion  and develop- 
ment: ( i )  absorber blockage; ( i i )  improving the  qua l i t y  of t he  su l fu r  
product; ( i i i )  study of t he  complex redox chemistry of su l fu r  w i t h  possible  
multiple oxidation s t a t e s  f o r  t he  element; ( i v )  low sulfur-adsorption e f f i -  
ciency; (v)  potent ia l  f o r  s ide  react ions t h a t  reduce the  e f f ic iency  of e le-  
mental su l fu r  production and reagent recovery; ( v i )  h i g h  pumping  and reagent 
cos t s ;  ( v i i )  s impl i f ica t ion  of t he  complicated process control t h a t  .is need- 
ed because of t he  occurrence of complex chemical e q u i l i b r i a  and k ine t ics .  
Areas of recommended research include: ( i )  de t a i l ed  invest igat ion o f  su l fu r  
redox chemistry; ( i i )  determination of the  p rec ip i t a t ion  k ine t i c s  of elemen- 
t a l  su l fu r ;  ( i i i )  invest igat ion of su l fu r  react ion and reoxidation chemistry 

( i )  a s ing le  process u n i t  may be used f o r  both removal 

Commercial appl ica t ions  of t he  redox approach t o  su l fu r  removal 

Low temperatures a re  maintained in order 

There a re  repor t s  on the impact of high-pressure operations b u t  

Experience w i t h  several l i qu id  redox processes has led t o  .identi- 
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of candidate redox agents or catalysts, including Va, Fe, Co, quinones, 
etc. ; (iv) investigations of high-temperature and high-pressure operations; 
(v) investigations of alternate solvents for redox reactions of sulfur at 
higher temperatures and pressures than are possible in aqueous solutions. 

2.9. Summary of Research Recommendations on Environmental Issues 

Research recommendations related to the environmental control of 
coal-gasification processes are framed by several general questions 
regarding the methods and cost of meet ng current and future environmental 
control requirements. These are: (i) Are adequate control technologies 
available to meet current environmenta control requirements for surface- 
coal-gasification facilities? Can the performance of such technology be 
predicted reliably to assure compliance with current requirements for air, 
water and solid waste emissions from commmercial gasification processes? 
(ii) What are the anticipated trends in future environmental control re- 
quirements, and how will these affect future gasification technology in var- 
ious applications? 
handle potential future situations? (iii) What are the potentials for 
reducting the costs of environmental controls significantly through new pro- 
cess development and/or the development of improved control technology? 
What research is needed to pursue these opportunities? 

paragraphs. 

Are adequate technology and information available to 

Each of the specified issues is addressed briefly in the following 

2.9.1. Understanding Current Technology 

Much of the environmental research on coal-gasification processes 
conducted over the past decade has been directed at characterizing the chem- 
ical compositions of gaseous, liquid and solid waste streams from various 
types of gasifiers. This procedure has aided the design of technology for 
air-pollution control and waste-water treatment, with the result that cur- 
rent environmental control requirements are generally met, albeit by often 
using empirical design criteria rather than fundamental understanding. 



There a r e ,  however, some notable exceptions, which underscore the  
continuing need f o r  more fundamental research on process f ac to r s  r e l a t ed  t o  
environmental cont ro ls .  Perhaps the  most prominent example i s  the  Great 
Plains  gas i f i ca t ion  f a c i l i t y  i n  Nor th  Dakota, which does n o t  y e t  comply w i t h  
SO2 emission regulat ions because of the inexplicably poor  performance of 
t he  commercial sul fur-removal un i t  (S t r e t fo rd  process).  I t  i s  general ly  
believed t h a t  the  problem i s  re la ted  t o  t r a c e  compounds i n  t he  gas stream, 
which a l t e r  the  chemistry and c a t a l y t i c  processes s ign i f i can t ly ,  a s  compared 
t o  the  l e s s  complex gas mixtures typ ica l ly  t r ea t ed  w i t h  t h i s  process. 
solut ion has as  y e t  been found. 

a t  Cool Water have performed well on both  h i g h -  and low-sulfur coals .  
Selexol f o r  su l fu r  removal i s  followed by.a modified SCOT p lan t  and a Claus 
u n i t  f o r  su l fu r  recovery. Some g a s i f i e r  t r a c e  compounds, which do n o t  pose 
environmental o r  health hazards, a r e  operational nuisances because they 
slowly contaminate the  Selexol and SCOT solvents .  
mal wastewater-treatment f ac i  1 i t i  e s  since the  p lan t  i s 1 ocated i n  an a r i d  
region where natural  evaporation i s  e f f e c t i v e  f o r  disposing of process 
blowdown water. 
a f t e r  some stream rerout ing during s tar t -up.  Most fu ture  commercial p lan ts  
wi l l  n o t  be located i n  an a r i d  climate where natural  evaporation i s  a prac- 
t i c a l  method f o r  process waste-water disposal .  

No 

In cont ras t  t o  Great Plains ,  su l fu r  removal and recovery systems 

Cool Water has only mini- 

T h i s  treatment and process-water system now perform well ,  

Problems w i t h  environmental control-system performance of ten re- 
f l e c t  a lack of understanding of process and chemistry d e t a i l s  r e l a t ing  t o  
environmental control-system design and performance. The following research 
recommendations a re  t h u s  suggested: ( i )  Basic research i s  needed i n  order 
t o  obtain b e t t e r  understanding of process chemistry r e l a t ed  t o  t he  control 
of gaseous pol lu tan ts .  The chemistry of su l fu r  removal from complex gas 
mixtures, including the  e f f e c t s  of t r ace  compounds found i n  coal-gasif i -  
cat ion processes,  a r e  of pa r t i cu la r  concern. ( i i )  Fundamental research 
i s  a l so  needed on gasification-process-water chemistry, pa r t i cu la r ly  *in 
t he  context of waste-water recycle systems which o f fe r  the  potent ia l  f o r  
waste e l iminat ion.  T h i s  research should provide a basic  understanding 



of the reactions of species and the fates of contaminants common to 
coal-gasification process condensates and waste waters. 

2.9-2. Future Environmental Requirements 

During the past two decades, there has been a clear and continuing 
trend toward more stringent environmental control requirements for 
energy-conversion processes of all types. In recent years, environmental 
requirements have become more comprehensive in scope, covering emissions to 
all environmental media (air, water and land). At the same time, the level 
of sophistication with which potential pollutants are identified, measured, 
and regul ated has a1 so increased. Whi 1 e the nature of future environmental 
requirements inevitably remains speculative, several general trends are 
likely to affect coal-gasification processes. 
(i) Control o f  traditional criteria air pollutants (those originally regu- 
lated by the 1970 Clean Air Act are SO2, particulate matter, NOx, 
hydrocarbons and photochemical oxidants) wi 11 conti'nue to be important. 
cent trends in New Source Performance Standards (NSPS), such as those for 
combustion-related pollutants, have tended to become more stringent as 
control-technology capabilities have improved. 
ments, the recent commercialization of technology to reduce emissions of NOx 
greatly may compel further tightening of current NSPS requirements. 
Toxic air pollutants are likely to become more heavily regulated in response 
to concerns over their health and ecological impacts. 
coal-gasification processes, this development could affect emissions of 
heavy (trace) metals and organic compounds emitted in small quantities. 
(iii) Zero discharge of waste-water contaminants can be expected to continue 
to be the prevailing philosophy guiding regulatory requirements at the fed- 
eral, state and local levels. This development could have significant im- 
plications for commercial coal-gasification facilities located in parts of 
the country where traditional methods such as solar evaporation ponds cannot 
be used. (iv) The disposal of solid as well as of liquid wastes will come 
under increasing scrutiny to make certain that waste materials, by-products, 

These include the following: 

Re- 

. 

In terms of future develop- 

(i i) 

In the context of 



and potential leachates are environmentally benign. Criteria defining haz- 
ardous and toxic substances are likely to evolve as new measurement tech- 
niques and research results become available. 

the following: 
metals and other potentially hazardous or toxic emissions to air, water and 
land emanating from coal-gasification process streams, control technologies 
and fugitive sources such as cooling towers. 
also needed in the areas of solid and liquid waste management, particularly 
the utilization of solid residues as by-products (rather than wastes). Bet- 
ter understanding is required of the fates of organic and i-norganic contami- 
nants in the environment (both near-source reactions and long-range 

Research recommendations derived from these observations include 
(i) Sustained research is needed to characterize trace 

(ii) Continued research is 

transport should be explicated). 

2.9-3. Advanced Control Technology 

Environmental control systems c trrentl acco int for a significant 
portion of total coal-gasification process costs. Therefore, high priority 
must be assigned to novel or advanced methods for reducing these costs while 
maintaining environmental qual i ty standards. 

control processes will depend, in part, on the gasifier design and, more 
substantially, on process application. Thus, processes producing gas to be 
used at room temperature invariably produce condensates requiring some de- 
gree of waste-water treatment in addition to gaseous pollutant removal, al- 
though gasifier types such as entrained beds produce i nherently cl eitner 
condensates than others ( e . g . ,  tar-producing fixed-bed gasifiers). 

tential for significant simp1 ification of environmental control systems by 
using hot-gas cleanup. Removal of pollutants at high temperatures, followed 
by combustion of the gaseous products, not only yields improved process ef- 
ficiency but also eliminates several unit operations that are required for 
low-temperature processing (e.g., waste-water treatment). The ongoing DOE 

The ability to eliminate or substantially simplify environmental 

Gasifier applications for electric power generation offer the po- 
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research program on hot-gas cleanup offers an-excellent opportunity for ma- 
jor improvements of this nature. 
are: 
we1 1 -focused, and deservi ng of strong continued support. 
have been identified and are being pursued to develop viable means for par- 
ticulate and sulfur removal at high temperatures using gas treatment and/or 
in-bed removal processes. 
NOx emissions with hot-gas cleanup systems can be control.led to the same 
degree that is achievable with current low-temperature coal-gasification 
systems and combustion-gas treatment devices. 

The associated research recommendations 
( i )  Current DOE research on hot-gas cleanup is important, generally 

Key research needs 

(ii) Additional research is needed to ensure that 

2.10. Coal Beneficiation and Feed Preparation; Solids Processing 

A cost item in the utilization of coal gasifiers is coal cleanup 
to meet applicable environmental regulations. One of the procedures that is 
widely employed for this purpose is pre-combustion cleanup or coal benefi- 
ciation, the purpose of which is to prepare as-mined coal and make it 
suitable for desired end uses. Coal preparation, cleaning and washing are 
required to meet environmental constraints at minimal costs and also to im- 
prove downstream equipment performance. 

tion. 
or combustion equipment. In the same fashion, the size of  the coal fed to 
the two types of processes must be properly selected to fit the peculiar 
needs of the specific gasifier or furnace. 
and size-classification is generally well developed, although a useful re- 
search area has been identified for counter-current, moving-bed gasifiers. 

Beneficiation applied to gasification parallels its use in combus- 
The cost of beneficiation may be balanced by savings in the gasifier 

Technology for size reduction 

2.10-1. Beneficiation 

The process of coal beneficiation includes size reduction, size 
classification, removal of impurities, and drying. Table 2.10-1 contains a 



summary of currently used commercial procedures for physical or mechanical 
coal cleaning . 

The levels of coal cleaning vary from minimal to full at reduced 
yields and energy recovery; simultaneously, sulfur levels may be reduced. 
Costs vary from low to high as the level of cleaning is augmented. 

A number of novel physical beneficiation processes have been or 
are under active development. 
these techniques. Some of the beneficiation processes have reathed develop- 
mental status. 

Coal beneficiation may become competitive with combustion clean-up 
The extent to which 

We refer to Chapter 10 for a description of 

of coal and with post-combustion clean-up of effluents. 
one or more of these techniques is employed in any particular gasification 
process depends on overall costs, includihg estimates for equipment failures 
and plant downtimes. While some preparation, cleaning and washing are used 
almost universally, applications of more sophisticated beneficiation proce- 
dures have generally not been judged to be cost-effective. 

The development and assessment of the practical uti 
coal-beneficiation procedures has been and continues to be of 
est to DOE, especially in connection with direct coal-combust 
gies, and is viewed by the members of COGARN as a lower prior 
coal-gasification technologies than for combustion systems. 

ity of 
direct inter- 
on technolo- 
ty effort for 

Table 2.10-1. Currently used procedures for physical or 
mechanical coal cleaning. 

Process Techniques 

Size reduction Rotary beakers, impact mills, single- 
and double-roll crushers 

Size cl assi f ication Vibrating screens, sieve bends, 
classifying cyclones 

C1 eani ng Magnetic separation, concentrating 
tables, jigs, hydrocyclones, heavy- 
media cyclones, froth fl.otation 

Drying Screens, filters, centrifuges, thermal 
dryers 
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2.10-2. Feed Preparation 

Occasionally, new approaches a re  proposed t o  surface comminution, 
such a s  the  use of chemicals t o  loosen coal p a r t i c l e s  along t h e i r  cleavage 
planes,  new machines f o r  preparing micron-sized coa l ,  e t c .  However, no use- 
fu l  procedure has been found around the  basic  laws r e l a t i n g  t o  energy re- 
quirements f o r  comminution i n  commercial appl icat ion.  Similar ly ,  improved 
c l a s s i f i c a t i o n  equipment continues t o  reach the  market, including screens 
and e l u t r i a t o r s  of various types.  T h i s  development r e s u l t s  from a general 
t rend t o  use ever f i n e r  s i z e  f r a c t i o n s  i n  newer gas i f i ca t ion  and combustion 
equipment. 

There i s , however , one type of g a s i f i e r  , h i  s t o r i c a l l y  the  domi nant 
system, which presents  special  R&D oppor tuni t ies ,  namely, t he  moving-bed re- 
ac to r .  The apparatus requi res  passage of t he  upward-flowing gasifying medi- 
um ( a i r ,  oxygen, steam, and CO,) t h r o u g h  t he  downward-moving bed of coal .  
To assure f r e e  and even flow and good contact  requi res  special  q u a l i t i e s  of 
the  so l id  feed. The ideal  feed would have the following cha rac t e r i s t i c s :  
( i )  a preferred,  coarse s i z e  w h i c h  may range from 1/4" t o  2" o r  more; ( i i )  a 
m i n i m u m  strength, which remains i n  e f f e c t  a s  the lumps move down t h r o u g h  the  
reac tor  and a r e  consumed by the  reac t ion ;  ( i i i )  absence of caking o r  soften- 
i n g  as  t he  temperature increases ,  thereby preventing melting of t h e  s o l i d  
and plugging of t he  reac tor ;  ( i v )  good r e a c t i v i t y  w i t h  steam and C02 a t  
r a t e s  over t he  temperature range encountered i n  t he  g a s i f i e r ;  (v )  ash behav- 
ior (softening/fusion) w h i c h  allows the  reac tor  t o  operate e i t h e r  i n  t h e  dry 
o r  slagging mode, even in the  highest  temperature zone (bottom); ( v i )  i n  
most s i t u a t i o n s ,  preferably no r e l ease  of condensable heavy hydrocarbons o r  
t a r s  as  the temperature i s  elevated.  There a r e ,  unfortunately,  no coa ls  
found in nature which  f u l f i l l  th i s  wishlist. I t  therefore  remains a chal- 
lenge t o  t he  engineer t o  devise a g a s i f i e r  w h i c h  can accommodate the  proper- 
t i e s  of t he  coa ls  which a r e  ava i lab le  i n  p rac t ice .  

as  extremes and span the  range of approaches. 
bl a s t  furnace. 

There a re  two models o f  moving-bed g a s i f i e r s  which may be viewed 
First, t he re  i s  the modern 

Here , t he  feed-preparati  on s tep ( the  coke oven) v i r t u a l  ly  



dominates the system, but the gasifier feed (coke) complies with every one 
of the listed needs except for reactivity, which is not important in 
slagging reactors because of the high temperatures involved (>2,7OO0F). 
a result, the gasifier, which is the blast furnace, has been developed up to 
55ft in diameter with 5-6,000 ton/day of coke-gasification capacity and sta- 
ble, uninterrupted operation over 2-3 years. 
close to this performance. But the cost of feed preparation involved (the 
coking of coal) is prohibitively high. 

The second model is the modern, high-pressure Lurgi gasifier, 15 
to 16ft in diameter, which can accommodate unbeneficiated coal down to 1/4" 
size. The units have up to 1,000 ton/day capacity, depending on reactivity, 
and high ash-fusion temperatures. The same reactor will accept coals with a 
wide range of caking properties when using agitation in the critical temper- 
ature zone (600-1,2OO0F). By operating in a slagging mode, the range of 
coals is greatly extended to cover even strongly caking (greater than 25,000 
Gieseler-degree) coals and coals with low ash-softening points. 

All moving beds have the requirement that most of the feed must be 
of lump size and coarse. Since modern mining equipment tends increasingly 
to produce coal with less than 1/4" size, this requirement calls for feed 
preparation t o  increase size, such as pelletizing, briquetting, extrusion; 
these are relatively costly steps, although they are well developed and in 
wide commercial use. 

As 

No other reactor comes even 

The preceding statements suggest an area for R&D, which is best 
summarized as feed preparation for moving-bed gasifiers. 
systems have moved into the foreground as gasification regains the position 
it once had. Of particular interest here is work which deals specifically 
with the use of lime to control caking properties and reduce the evolution 
of tar while simultaneously increasing reactivity. 
ready made, more fundamental research on coal properties and surface behav- 
ior may lead to further advances. 
unique among gasifiers and makes these thermally most efficient, with tre- 
mendous gasification potential, as has been shown for the blast furnace. 
Effective system utilization requires a substantial advance in the 

These gasification 

In spite of progress al- 

The counter-currency of moving beds is 
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feed-preparation area: R&D on this subject could have a major pay-off. 

2.10-3. Gasification as a Solids-Processing Technology 

Gasification of coal is, by definition, a solids processing opera- 
tion. This operation requires intimate and efficient contact of solids with 
gas over a substantial pressure range and also involves major input of ener- 
gy to the reactor at high temperatures. 

handling and converting (processing) solids. Physical and mechanical diffi- 
culties rather than process chemistry may be the determinant factors in gas- 
ifier performance. This is a significant observation regarding gasification 
and it is appropriate that the DOE R&D program reflects the special problems 
of solids processing. 

help the engineer to design better reactors, which will function smoothly 
and reliably. The needed measurements will assist the operator in monitor- 
ing solids behavior on-line and within the gasifiers. 

It is important to recognize the unique problems associated with 

Applications of new or improved diagnostics are needed that will 

2.11 Applications of Advanced Diagnostics to Coal-Gasification Systems 

Two primary discoveries and developments have occurred during 
about the last 20 years that may be expected, in time, to change chemical 
process technologies, in general, and coal-gasification technologies, in 
particular, from applications of intuition-based art to quantitative sci- 
ence. 
advanced diagnostic techniques. 
coal-gasification systems is summarized in Chapter 11. 
merical gasifier modeling is discussed in Chapter 12; it should be noted 
that this type of quantitative description almost always forms an integral 
component of current industrial development programs. The pacing items in 
obtaining improved numerical modeling relate to data inputs and verification 
of model assumptions. 

These advances relate to (a) computers and numerical analyses and (b) 
The current status of diagnostics for 

The subject of nu- 

Modern diagnostic techniques play a key role in this 



program. 
Quantitative measurements for coal-gasification systems are re- 

quired to improve our understanding of fundamental processes. Continuous 
monitoring of system operations is needed for on-line utility plants and 
other chemical process units utilizing coal gasifiers. Advanced diagnostics 
offer significant promise, including high spatial and temporal resolution 
and also the opportunity to probe highly-turbulent, multiphase flows. These 
techniques are non-intrusive and generally costly and chal lengi'ng t o  apply. 
In fact, it is likely that successful field adaptation of any of the ad- 
vanced techniques will require close long-term cooperation between instru- 
ment developers and system engi neers deal i ng with such complex process 
technologies as coal gasifiers. 

Existing advanced techniques have been shown to be useful for the 
measurement of essentially any desired parameter in combustion systems. In 
Chapter 11, Hardesty and Ottesen begin their overview on diagnostics by 
identifying the primary flow regimes in gasifiers and then describing these 
by identifying characteristics such as well-mixed gaseous regions, regions 
with minimal concentrations of particles, heavy particle loadings, strong 
gradients , highly turbulent f 1 ows , mu1 ti phase f 1 ows , etc. 
presents special challenges for applications o f  diagnostics that support 
quantitative modeling and monitoring. 

and temporal resolution and are likely to find wide field applications are 
the following: measurements of velocity components, temperatures, particu- 
late loadings, atomization rates, species concentrations, rates of deposit 
build-up on walls and protruding surfaces, and others that are of special 
interest because they may influence successful operation or determine gasi- 
fier life. 

Each region 

Among the advanced techniques that yield data with high spatial 

Effective applications of sophisticated diagnostics to 
coal-processing units have been notably slow to materialize. 
reasons for this slow progress: 
critical questions can be resolved by using advanced techniques and, even if 
the problems have been properly identified, they may be reluctant to utilize 

There are two 
developers generally do not know what 
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costly procedures that have previously been employed successfully only by 
researchers working on idealized systems in clean laboratories. 

This issue could be profitably addressed by DOE, which has been 
funding the development of laser-diagnostic techniques for combustion appli- 
cations for some years. 
vanced diagnostics in laboratory systems of modest size. 
user task group should be created, i.e., a group of well-trained people 
should devote their skills to instrumenting industrial plants and demon- 
strating incisive required measurements on these practical systems. 

The view is often expressed that commercial instruments will be 
developed when they are needed. 
present case is that users do not know what they need until they realize the 
very great value of improved diagnostics in process control and modelling. 
It is in this area that a DOE-sponsored program on technology transfer is 
most likely to be useful. 

What is required are first increased use of ad- 
Subsequently, a 

The fallacy with this argument in the 

2.12 Fundamentals of Coal Conversion and Relation to Coal Properties 

In order to develop reliable coal-conversion technology, it is im- 
portant to have knowledge of the conversion behavior of coal and the rela- 
tionship of conversion behavior to some measurable set of coal properties. 
Required are answers to such questions as the effects on gasifier perfor- 
mance of normal variations in organic and mineral properties of a coal from 
a single mine, of variations in coal particle size, and of switching coals. 
Unscheduled shutdowns of coal plants are often caused by unexpected and un- 
controlled behavior of the coal. 
pollution-control strategies such as the injection of sorbents? Can 
slagging and fouling behavior be predicted from the coal mineral distribu- 
tion and the process conditions? 
exiting the gasifier be predicted and controlled? 

The design of new processes or scaling up is improved by the 
availability of good predictive capability. 
cess for producing condensable products by mild gasification involving 

What will be the effect of instituting 

Can the concentration of tars and fines 

For example, to design a pro- 



incomplete reaction, knowledge of the product slate from devolatilization 
(condensables, char and gas species) and of the secondary reactions of the 
condensables is needed. 
conversion behavior should be the development of accurate predictive 
capabi 1 i ti es to put gasi f i cation techno1 ogy on a sound engi neeri ng founda- 
tion. The steps toward achieving this goal are: (i) development of chemi- 
cal and physical understanding of coal-conversion phenomena and their 
relation to coal properties; (ii) reduction of data and mechani'sms to the 
form of engineering correlations and submodel s; (iii) development of compre- 
hensive computer-simulation codes for gasification processes incorporating 
the submodel s. 

The objective of work on fundamentals of coal- 

Fundamentals of coal conversion involve coal characterization, 
gasification steps relating to the organic structure of coal, processes re- 
lating to the inorganic mineral matter, and the status and needs of computer 
modeling of gasifiers for monitoring, control and scale-up. Recommendations 
for research in these areas are listed in the following paragraphs. 

2.12-1. Coal Characterization 

While there are 'a number of standard characterization procedures 
for coal, they often do not provide information appropriate to advanced pro- 
cesses. Methods are needed to provide parameters from which coal behavior 
in gasification can be accurately predicted. 
promise to provide needed information on functional groups. The remaining 
problems are calibration, e.g., what percentages of carbons are seen and 
what are applicable absorption coefficients? Repeated parallel experiments 
on identical coal samples would help to resolve these issues. (ii) \/alida- 
tion is needed of methods for measuring coal viscosity at high heating rates 
and high temperatures. These measurements should be related to swelling and 
agglomeration phenomena observed under gasifier operating conditions. (iii) 
Standard pyrolysis tests need to be defined to provide extensive devolati- 
lization data that are applicable to high heating rates at high tem- 
peratures. 

(i) NMR and FTIR techn-iques 

(iv) Work is required to define a reactivity test and methodol- 
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ogy t o  r e l a t e  the  t e s t  r e s u l t s  t o  r e a c t i v i t y  under g a s i f i e r  operating 
condi t ions.  (v)  Work i s  required t o  def ine mineral charac te r iza t ion  
procedures and methodology t o  r e l a t e  t he  t e s t  r e s u l t s  t o  ash behavior under 
g a s i f i e r  operating conditions.  

2.12-2. Fundamental Processes i n  Gasif icat ion and Pa r t i a l  Gasif icat ion 

For gas i f i ca t ion ,  t he  objec t ive  i s  t o  gasify coa ls  of d i f f e r e n t  
rank in the  sho r t e s t  time a t  t he  lowest sever i ty  condi t ions,  w i t h  small 
amounts of t a r s  o r  f i n e s  ex i t i ng  from the  reac tor .  For mild gas i f i ca t ion  
t o  produce co-products, t he  object ive i s  h i g h  y i e l d s  of qua l i t y  products. 
These f a c t o r s  a re  control led by heat t r a n s f e r ,  pyrolysis  r a t e s ,  devolat-i- 
l i z a t i o n  processes,  gas i f i ca t ion  of char ,  and secondary reac t ions  of 
condensables and gases.  

There i s  a lack of da ta  on the  fundamental parameters involved i n  
heat t r a n s f e r  (hea t  capac i t i e s ,  emis s iv i t i e s ,  heats  of reac t ion ,  e f f e c t s  o f  

v o l a t i l e  evolution on convective heat t r ans fe r ) .  
employing the  measured parameters should be val idated under typ ica l  gas i f i -  
cat ion conditions by employing well instrumented laboratory-scale experi- 
ments, which allow coa l -par t ic le  temperature measurements. 

k ine t i c  r a t e s  i n  pyrolysis .  I n  these  experiments, coa l -par t ic le  tempera- 
tures should be d i r e c t l y  measured o r  accurately determined by i n d i r e c t  
means. A t  h i g h  heating r a t e s  above 10,OOO°C/sec, a t t en t ion  m u s t  be 
given t o  temperature gradients  w i t h i n  the p a r t i c l e .  Experiments should be 
analyzed by u s i n g  an agreed-upon standard model so t h a t  r e s u l t s  can be d i -  
r e c t l y  compared. T h i s  model should p r o v i d e  r a t e  expressions which  a r e  inde- 
pendent of heating r a t e  o r  experimental geometry. The use of a small set  of  
standard coal samples by several inves t iga tors  should be encouraged. 

Work should proceed towards f inding an acceptable standard model 
t o  descr ibe the  devo la t i l i za t ion  process. Experimental and theore t ica l  work 
i s  espec ia l ly  needed on su l fu r  evolut ion,  t a r  formation and char v i scos i ty  
( i  ncl udi ng depolymerization , mass t r anspor t  , and cross1 i n k i n g  processes),  

Research needs f o r  these  areas  follow. 

Heat-transfer ca l cu la t ions  

Accurate determinations a r e  needed o f  the important chemical- 



and on the  formation of chars (swelling, pore s t ruc tu re  and r e a c t i v i t y ) .  

f a c t o r s  ( i  . e . ,  functional-group composition, minerals) which influence i n -  
t r i n s i c  r e a c t i v i t y  and how the  observed r e a c t i v i t y  i s  affected by physical 
f a c t o r s  (pore s t ruc tu re ) .  For c a t a l y t i c  gas i f i ca t ion ,  the  dispers ion of 
c a t a l y s t  i n  the  char i s  an important i s sue ,  along w i t h  i n t e rac t ions  of added 
c a t a l y s t s  w i t h  minerals already present i n  the  char.  T h e  e l u t r i a t i o n  of 
highly unreactive carbon i n  t he  form of f i n e s  from g a s i f i e r s  i s  a problem 
w h i c h  could benef i t  from a more fundamental understanding of gas i f ica t ion  
reac t ions .  

There i s  a need t o  develop a b e t t e r  understanding of the  chemical 

There i s  a need f o r  k ine t i c  data  and models of product evolution 
f o r  t he  'gas-phase cracking of t a r s  from a range of coa ls .  There i s  a l s o  a 
need f o r  information on t he  k ine t i c s  of s o o t  formation from t a r .  In addi- 
t i o n ,  we require  information on mechanisms and k ine t i c s  of secondary 
repolymerization react ions of t a r s  which occur on surfaces  ins ide  and out-  
s ide  of t he  parent coal p a r t i c l e .  T h i s  information i s  needed i n  order t o  
understand the y i e l d s  and qua l i ty  of co-products generated i n  mild 
gas i f i ca t ion .  

mineral transformations in coals .  
Both mechanisms and r a t e s  should be determined f o r  important 

2.12-3. Transformation of Coal Mineral Matter 

When the  mineral cons t i tuents  of coal a r e  heated, they undergo 
thermal decomposition t h a t  i s  usually associated with w e i g h t  loss. 
these  reac t ions ,  t h e  mineral components of t he  ash ( the  major ones of which 
a re  compounds of s i l i c o n ,  aluminum, i r o n ,  and calcium) may form new 
eutectics w i t h  lower melting p o i n t s  and these  new melts can mix with and 
d isso lve  i n  o ther  molten mineral compounds. The prac t ica l  s ignif icance of 
t he  behavior of the ash i n  gas i f i ca t ion  processes r e l a t e s  t o  (a)  the  desired 
t rouble-free removal of ash o r  s lag from the process and (b) ash deposit ion 
on heat-exchange surfaces  downstream of the  g a s i f i e r  by semi-molten ash par- 
t i c l e s  ca r r i ed  over by the  product-gas stream. 

During 
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The specific requirements for information on ash behavior vary 
with the particular.conditions of the gasification process, e.g., in 
fluidized-bed gasifiers, a controlled amount of ash agglomeration may be fa- 
vored but semi-molten ash particles can cause significant problems in pro- 
cess cyclones, with the recycling of carried-over, partially-gasified char 
particles into the fluidized bed. In slagging gasifiers, on the other hand, 
slag viscosity-temperature relationships must be known to ensure liquid-slag 
removal over a range of operating conditions. 
directly with a gas-turbine plant, the condensation of vapor phase alkali 
species in the gas turbine may cause corrosion. 

characterization. In recent years, new analytical methods have become 
available, which are capable of yielding much more detailed and useful char- 
acterizations, including the types, amounts, size distributions, and struc- 
tures of inorganic matter in coal. Theoretical and experimental studies are 
in progress under the sponsorship of DOE PETC, DOE METC, and EPRI to improve 
our understanding of the transformation of coal mineral matter under combus- 
tion conditions (high temperature oxidizing atmosphere) but little or no re- 
search effort is devoted to studies which pertain to conditions typical of 
those occurring in the various types of gasifiers. 

agglomeration, slagging, and partial vaporization be carried out under re- 
ducing conditions and in the temperature range typical of gasification pro- 
cesses. Furthermore, a data base on ash behavior should be created for the 
most important American coal types in gasification processes. 

When the gasifier is coupled 

Traditionally, ash chemistry was used for coal mineral-matter 

It is recommended that fundamental studies of ash sintering, 

2.12-4. Mathematical Modeling of Gasification Processes 

Development of coal-reaction process models should continue and 
should focus on entrained, fixed and fluidized beds in a coordinated manner. 
Work on gasification and combustion should be closely coordinated, since a 
given model generally has areas of applicability in both systems. Increased 
near-term emphasis should be given to model evaluation and application. 



On-going development and improvement of submodels, particularly those relat- 
ed to coal and residue properties, should be continued. Basic work should 
be pursued in such areas as turbulence-flame interactions and multi-phase 
f 1 ows. 

Support should be provided for selected, well instrumented and 
flexible laboratory-scale experiments that can be employed to validate se- 
lected aspects o f  the comprehensive codes. 
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CHAPTER 3: 
GAS I FI CAT ION FOR ELECTRI c ITY GENERATION* 

3.1. Integrated Coal-Gasification Combined Cycles (IGCC) 

3.1-1. Introduction 

Because of the huge US coal reserves (estimated to last at least 
200-300 years), the preferred use of the cheapest available energy source, 
the stalemate faced by the nuclear industry, and the uncertainty of future 
natural gas (NG) prices, it is likely that coal will continue to be the 
major fuel for electric utilities in the future. 

Integrated coal-gasification combined cycle (IGCC) systems offer 
many advantages over conventional pulverized-coal combustors. These 
advantages include higher energy-conversion efficiency, reduced pollutant 
emissions, lower financial risks associated with staged capacity additions, 
and the relatively small modular unit size used, as well as the ability to 
accept a variety of feedstocks. 

An IGCC power plant involves the coupling of a coal-gasification 
system producing a clean fuel gas to combustion andsteam-turbines that 
generate electric power. A schematic diagram of a unit of this type is 
illhstrated in Fig. 3.1-1. To illustrate the important features of an IGCC, 
the Cool Water Coal Gasification Program (CWCGP), which is an actually 
operating IGCC plant, will be described in Sec. 3.2. 

* 
Sections 3.1 and 3.2 were written by S . B .  Albert, S.S. Penner and D.F. 
Weisenhahn; Sec. 3.3-3 by P.B. Tarman, and the remaining subsections of 
Sec 3.3, as well as Sec. 3.4 by S.S. Penner and D.F. Wiesenhahn with the 
advice and inputs from correpondents identified in the subsections. 



3.1.2. IGCC System Status** 

Development of a number of advanced coal-gasification syst,ems has 
been progressing at a rapid pace (compare Table 3.1-1). 
regarding conventional fuels (NG and oil), environmental regulations that 
represent increasingly tight standards, and uncertainties regarding nuclear 
power deployment in a number of countries have spurred commercial 
developments of coal-gasification systems for diverse applications such as 
(a) electricity generation, (b) fertilizer, hydrogen and organic chemicals 
production, and (c) generation of hot water for district heating, etc. 

gasifier used in which coal is contacted and reacted with an oxidant (air or 
oxygen) to produce the desired fuel gas. 
the fuel gas is low-Btu gas; if the system is blown with oxygen, the fuel 
gas is medium-Btu gas. 
fluidized beds, and entrained flows. 

in coal, is fed by a pressurized lockhopper system to the top of a shaft. 
Reactant gaseous oxygen (or air) and steam enter the bottom of the vessel. 
As coal descends, it is devolatilized; then, pyrolysis reactions occur and 
finally carbon is gasified. The raw product gas contains tars and oils, 
which need to be condensed and removed. The ash may be withdrawn as a dry 
solid or as molten slag. In some moving-bed versions, tars, oils, and coal 
fines are recycled to extinction. 

In fluidized-bed reactors, coal is ground to produce a fluid-bed 
grind (ca 8 mesh or less). 
through a perforated deck or grind at the bottom of a vessel. 
of the reactants is high enough to suspend the coal particulates but not 
blow them out of the vessel. 
result of the mixing that occurs. 
oils can be avoided but fines carryover and ash slagging limit conversion of 
some coals to 80-90% of the carbon. 
the carbon-containing ash may be processed in an additional vessel or the 
unconverted carbon can be recycled to the gasifier. 

Uncertainty 

Coal -gasi ficati on systems may be classified accordi ng to the type of 

if the system is blown with air, 

Three types of contacting devices are moving beds, 

In moving beds, a descending bed of coal, usually of 1/8 t o  1 inch 

The oxidant gas (and some steam) are introduced 
The flow rate 

A uniform temperature is obtained as the 
Depending on the temperature, tars and 

In order to overcome this limitation, 

** 
This section is reproduced from Ref. 1. 
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In entrained-flow systems, a relatively fine grind of coal (ca 75% 
through 200 mesh) is fed either as a dry solid or as a water and coal 

I -  

6 '  mixture to a short-residence time reactor. 
achieved by means of a nozzle arrangement. 
temperatures used in entrained systems (2000 to 3000°F), no tars or oils are 
produced. 

Contacting with the oxidant is 
At the high velocities and 

Carbon burn-out i s  nearly complete and the product gas is 
essentially a mixture of CO and H i .  

under development for the last decade. 
supported by EPRI :  (i) Texaco technology represents an entrained system that 
features a coal-water slurry feeding the pressurized, oxygen-blown gasifier. 
It is the farthest advanced in that three commercial or demonstration plants 
are in operation. 
Japan. 
chemicals and hot water for district heating. 
announced for China and Sweden. 
under construction at 250/400 TPD 

\ 

In the US and abroad, advanced coal-gasification technologies have been 
Several technologies have been 

, 

Two o f  these plants are located in the US and one in 
A plant in the FRG will start up in late 1986 to produce organic 

Projects have also been 
(ii) The Shell coal-gasification unit is 
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Fig. 3.1-1. Schematic drawing showing a generic IGCC system. ! 
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Table 3.1-1. Status of selected coal-gasification technologies. 

Manufacturer Operating Plants 

Texaco 

Shell 

Dow 

~~ 

600 TPD at Westfield, Scotland I BGC/Lurgi 

Cool Water: 
Ube: 4 x 500 TPD; Tennessee Eastman: 
2 x 900 TPD; Ruhrchemie: 1 x 600 TPD 

2 x 1000 TPD; 117 me; 

250 TPD pilot plant in TX 

160 MWe IGCC at Plaquemine, LA; 
1 x 2,500 TPD gasifiers 

I 

Allis-Chalmers I 600 TPD at Wood River 

KRW 35 TPD at Waltz Mills; 500 TPD in 
China (1989 start-up) 

I 

IGT 40 TPD at Chicago; 200 TPD proposed 
for France 

pi lo t -p lan t  sca le  a t  t h e i r  research cen te r  i n  Deer Park, Texas, and i s  
expected t o  lead t o  commercial designs i n  the  l a t e  1980s. The Shell  process 
f e a t u r e s  a dry-feed, en t ra ined  g a s i f i e r  system t h a t  opera tes  a t  e levated 
temperature and pressure.  Current s tud ie s  w i t h  US e l e c t r i c i t y  companies a r e  
def in ing  commercial oppor tuni t ies .  ( i i i )  The British Gas Corporation and 
Lurgi GmbH have j o i n t l y  developed a slagging, moving-bed g a s i f i e r  system. A 
commercial g a s i f i e r  prototype (600 TPD) wi l l  be s t a r t e d  up a t  Westf ie ld ,  
Scot land,  i n  e a r l y  1986. 
coa l -gas i f ica t ion  system f o r  a 200-MWe I G C C  power p lan t  based on t h e  
BGC/Lurgi technology. ( i v )  An air-blown, ro t a ry ,  ported k i l n  ( s i m i l a r  t o  a 
moving-bed device) i s  under development by A l l i s  Chalmers Corporation. A 
600 TPD prototype i s  loca ted  a t  an I l l i n o i s  Power Co. power s t a t i o n .  (v)  
The Dow Chemical Company i s  i n s t a l l i n g  a 160-MWe IGCC p l an t  i n  Loui:;iana 
t h a t  w i l l  produce e l e c t r i c i t y  and synthes is  gas f o r  i ndus t r i a l  chemicals. 
De ta i l s  of the system a r e  p ropr i e t a ry ,  but  i t  f e a t u r e s  a coal-water--slurry-fed 

Virginia  Power i s  considering i n s t a l l a t i o n  of a 

40 



entrained gasifier. 
Fuels Corporation have been obtained for the project. 

incl'uding the Kel logg-Rust-Westinghouse gasifier and the Institute of Gas 
Technology U-GAS system. 
f 1 uid-bed systems. 

Price supports of $620 million from the Synthetic 

Other gasification-systems technologies have been evolving, 

These are representative of ash-agglomerating 
Advanced f 1 uid-bed systems are a1 so bei ng devel oped i n 

at elevated 
Rhei ni sche 
to produce 

- . . ~  _ _ _  _ ,  

temperature and pressure is being 
Braunkohle. The Winkler system w 
industrial chemicals and electric 

Other projects that are 

Japan. A Winkler demonstration fluid-bed system operating 
started up in the FRG by 
11 handle 700 TPD of coa 
power. 
at the pilot-plant stage of development 

include a 50 TPD pressurized pilot plant by GKT-Krupp. 
Elektrizitatswerke Westfalen (VEW) has started up a 250 TPD prqssurized 
pilot plant that partially converts coal (60% conversion) t o  low-Btu gas for 
power generation. Lurgi has gasified lignite in an atmospheric-pressure, 
circulating fluid bed in their 15 TPD pilot plant in Frankfurt, FRG. 

development of a molten-iron gasification system. 
under construction in Sweden by Sumitomo-KHD; in this unit, sulfur is 
captured in the slag. 

Development of advanced combustion turbines is also proceeding 
rapidly. The efficiency of combined-cycle equipment is increasing because 
of the ability to operate at higher firing temperatures. 
cations, firing temperatures of 2,000°F are conventionally used and higher 
temperatures of,2,300°F may be expected before 1990. 
areas of reheat, materials, and advanced cooling methods promise additional 
improvements in efficiency in the 1990s. 

The Vereinigte 

In Japan, several pilot-plant programs are also underway, including 
A 250 TPD pilot plant is 

In utility appli- 

Developments in the 

Table 3. 1-2. Future goals for 500-600 MWe IGCC plants; reproduced from Ref. 3. 
Comparisons refer to conventional coal-fired plants as  baseline. 

About 10% higher efficiency, i.  e . ,  heat rates of 9000-9100 Btu/kWh, 
corresponding to  37.5 - 37.9% efficiency. 

water treatment and formation of non-hazardous, useful by-products. 
Lower pollutant emissions, 33% less water consumption, reduced waete- 

A 15% reduction in levelized electricity costs. 

More rapid and cheaper construction of smaller modular units. 
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3.1-3. Advantages of IGCCs 

High efficiencies are obtained in combined-cycle operation because 
efficient combustion turbines are combined with steam turbines. 
turbine converts high temperature ( m  23OOOF) heat efficiently while the 
steam turbine utilizes low-temperature heat efficiently in the form of steam 
(- 105OOF). 
system. 

'The gas 

Figure 3.1-1 shows a schematic drawing of  a generic IGCC 

Low 'pol 1 utant-emi ssion 1 eve1 s result from the combustion of a clean 
fuel. 
systems tested in other industries. Combined-cycle systems yield very low 
emissions when NG is burned. Water consumption of IGCC systems ir; also 
substantially lower (- 33%) than for pulverized-coal combustors. Thus, 
coal-gasification systems are environmentally superior to other alternate 
coal-utlization technologies and will meet rigorous environmental standards 
for S and NOx, as well as particulates. 

lower capital and lower operating costs,' resulting in lower net electricity 
costs to consumers. Compared to conventional or combined-cycle systems 
burning NG, the econonic benefits based on current costs (ca $2/million Btu) 
are not so clear.' 
preferred fuel for power generation. 

Pollutants are removed before combustion by using gas-purification 

Compared to conventional coal-combustion plants, IGCCs have both 

When NG prices are very low, as at present, it is the 

Because of its modular design, an IGCC system may be phased in at 
different stages of plant construction, as is illustrated in Fig. 3.1-2. 
Each stage has a short construction time. The use of small capacity 
additions eliminates the need for large, high-risk capital investments. 
This aspect of IGCC units is especially attractive to utilities with 
uncertain future demand requirements. 
gasifier) may be delayed until fuel prices make this addition economically 
attractive. 

A properly designed IGCC system will have the flexibility of ac- 
cepting many different types of feedstocks, including such low-rank coals as 

lignites, as well as petroleum coke. Additionally, gasification systems may 
be configured to produce other industrial chemical products, which adds a 
desi rabl e degree of f 1 exi bi 1 i ty. 

The last step (addition of the 
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Natur  a1 

N a t u r a l  

Phase 1 

120 M w  ........ - - - --+ N a t u r a l  g a s  or oil 

Wate r  Ne t  power 

Phase 2 

Natu ra l  g a s  o r  oil 

Phase 3 

350 MW - - - +  
Net  power 

230 MW - - - - - - -  - - - F  I 

Fturbinet:l .............. ............ ........... ............ 
............ .......... ..: 

Phase 4 

Fig.  3 . 1 - 2 .  Four i n s t a l l a t i o n  s tages  o f  a phase-in IGCC system; reproduced 
from Ref. 2 .  The e x i s t i n g  capacity is designated P'Jd and 
newly i n s t a l l e d  capacity by -1 



3.1-4. F u t u r e  U t i l i za t ion  of I G C C s  

Table 3.1-2 i s  a summary of future goa ls  f o r  500-600 MW, IGCC 
p l an t s .  Research needs r e l a t e  e spec ia l ly  t o  s tud ie s  designed t o  reduce 
capi ta l  and operating cos t s .  

IGCC may well represent a super ior  choice.  
IGCC use i s  i t s  cos t  when compared w i t h  the  use of NG and petroleum a t  
cu r ren t ly  low p r i ces  i n  conventjonal e l e c t r i c i t y  generation u n i t s .  
research t o  reduce system c o s t s  i s  recommended. 

Among exi sti ng coal techno1 ogi es f o r  el ectri c i t y  generat i  on , the  
The  most se r ious  l imi t a t ion  f o r  

Continuing 
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3.2. The Cool Water I G C C  

3.2-1. General Features 

The Cool Water Coal Gas i f ica t ion  Program (CWCGP) u t i l i z e s  a 100 MWe 
IGCC p lan t  located i n  Daggett, CA. I t  has a coal capaci ty  of 1000 TPD and 
i s  located adjacent  t o  a 600 MWe NG-fired p l an t  of the Southern Cal i forn ia  
Edison Co. Construction was s t a r t e d  on December 15, 1981, and f i r s t  
e l e c t r i c i t y  production occurred on May 20,  1984. The CWCGP was completed 
ahead of schedule and below budget.' 
m i  11 ion. 

The  t o t a l  cap i t a l  cos t  was $263 

There a r e  six p a r t i c i p a n t s ,  each cont r ibu t ing  a m i n i m u m  of $25 
mil l ion:  Texaco Inc. ($45 mi l l i on ) ,  Southern Cal i forn ia  Edison Co. ($25 
mi l l ion ,  EPRI ($69 mi l l i on ) ,  Bechtel ($30 mi l l i on ) ,  General E l e c t r i c  Co. 
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($30 mi l l ion) ,  and t h e  Japanese Cool Water Program Partnership ($30 
mi l l ion) .  
Energy Research Corp.  and the  S o h i o  Alternate  Energy Dev. Co.; t he re  was 
a l so  a $24 mill ion loan. 

Additional $5 mil l ion contr ibut ions came from t h e  Empire S t a t e  

3.2-2. Process Description 

The CWCGP i s  shown schematically in F i g .  3.2-1. More d e t a i l e d  

Coal i s  b rough t  by r a i l  c a r s ,  s tored i n  two la rge  storage s i los  @, 

The s lu r ry  i s  reacted w i t h  O2 i n  t h e  g a s i f i e r @ .  

diagrams can be found i n  Ref. 2.  

and t ransfer red  t o  be ground and s l u r r i e d  0. 
i s  normally used. 
i s  supplied from an over-the-fence p lan t  @. 
(compare Sec. 3.3-1). 
t he  h o t  gases a re  co l lec ted  i n  a heat exchanger and h i g h  pressure steam 
( w  100 atm) i s  r a i sed .  

g a s i f i e r  a r e  separated @ . 
and s lurrying processes 0. 
l ined  l a n d f i l l s .  Recently, however, t he  EPA and the  S t a t e  o f  Cal i forn ia  
Health Department have determined t h a t  th i s  s l ag  i s  non-hazardous. 
of markets fo r  concrete o r  asphal t  appl ica t ions  a r e  being undertaken. 
product gases a r e  scrubbed t o  remove p a r t i c u l a t e s  (3) and a r e  then t rans-  
f e r r ed  t o  the  syngas cooler @ and the  su l fu r  removal u n i t  @. Sulfur- 
compounds (H2S and COS) a r e  sen t  t o  t he  su l fu r  recovery u n i t  @, where t h e  
su l fu r  i s  converted t o  elemental form and sold ( cu r ren t ly  a t  $100/ton). 
Sul fur  removal i s  accomplished by the  Selexol process;  su l fu r  recovery from 
H2S and COS i s  implemented by using the  Claus system. 
the  Claus u n i t  a r e  cleaned by the SCOT process. 

A 60/40% coal-water s l u r r y  
Oxygen 

A Texaco g a s i f i e r  i s  used 
I f  t he  g a s i f i e r  operates  i n  t h e  heat-recovery mode, 

Slag i s  removed w i t h  a lockhopper system 0; ash and water from the  
Some sol i d s  a re  recycled back t o  t h e  grinding 
Sol id  s lag i s  present ly  s tored  i n  spec ia l ly-  

Studies  
The 

Waste acid-gases from 

The clean syngas i s  sa tura ted  @ t o  control NOx emissions p r i o r  

The combustion-turbine exhaust gases a r e  sen t  t o  the Heat 
t o  combustion and power generation i n  t he  General E l e c t r i c  combustion 
turb ine  0. 
Recovery Steam Generator HRSG 
HRSG, heat from t h e  h o t  combustion gases i s  used t o  make steam. 
i s  combined w i t h  t he  steam made by cooling o f  t h e  syngas @ ( i f  appl icable)  
and i s  then passed through the  steam turb ine  @ . 

@ , and vented t o  the atmosphere. In t h e  
T h i s  steam 

A t  Cool Water, the 
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combustion turbine generates 65 MWe and t h e  steam turb ine  55 MWe f o r  a t o t a l  
capaci ty  of 120MWe. 

adjacent  Southern Cal i fornia  Edison p lan t .  

processing 0. 
ponds. 

Boiler feedwater @ f o r  t he  steam turb ine  i s  supplied from the  
Well water @ i s  used f o r  s lag 

Waste-water i s  t r ea t ed  @ and sent  t o  on-si te  evaporation 

3.2-’3. Performance Results 

Some of the  design goals and ac tua l ly  achieved performances a r e  

Three representa t ive  coa ls  have been gas i f ied  so f a r .  
met a l l  of t he  design goals.  
t h e  coa ls  t h a t  have been t e s t ed .  I l l i n o i s  No. 6 and the  Pit tsburgh No. 8 
coals  with su l fu r  contents  of 3.1 and 2.9wt%, respec t ive ly ,  have been 
handled. Plans c a l l  f o r  t he  t e s t i n g  o f  addi t ional  coa ls ,  ‘ including an 
Australian coal .  

Because of t he  h i g h  carbon-conversion e f f ic iency ,  t he  carbon 

l i s t e d  i n  Table 3.2.-1. 
The p lan t  has 

The performance of t he  CWCGP i s  very good f o r  

recycling system i l l u s t r a t e d  i n  F i g .  3.2-1 has not been used. 
wear i n  the  g a s i f i e r  has exceeded expectat ions.  Minor problems encountered 
were wear and plugging of the  slag-handling system, d i f f i c u l t y  i n  keeping 
the  lockhopper valves operating smoothly, and f i n e  s lag  p a r t i c l e s  remaining 
in the  gas-scrubbing system:’ 
minor modifications -in--p-lant operation or-  desi-gn 

emission l eve l s  were always well below requirements, even w i t h  high-sulfur 
Eastern coa ls .  
s t r i c t e s t  f o r  any coal-burning power p lan t  i n  the US. 

recovery and d i r e c t  quenching (compare Sec. 3.3-1). Capacity f ac to r s  
have met t a r g e t s  expected f o r  t he  f i r s t  2 years  of operation and have been 
general ly  equal t o  o r  superior  t o  ta rge ted  goals.  
multi-purpose IGCC wi l l  have a capaci ty  f a c t o r  g rea t e r  than 80%. 

Refractory 

All of these problems were resolved by making 

Pollutant-emission r e s u l t s  a r e  given i n  Table 3.2-2. Actual 

The environmental requirements l i s t e d  i n  Table 3.2-2 a r e  the 

B o t h  modes of g a s i f i e r  operation have been u t i l i z e d :  g a s i f i e r  heat 

I t  i s  expected t h a t  a 
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Table 3.2-1. Des ign  and ac tua l  pe r fo rmance  f o r  the CWCGP; r ep roduced  

I l l inois  No. 6 
(3.0% S) 

0. 13 

co 0.07 

P a r t i c u l a t e s  0 .01 

NoX 

P i t t s b u r g h  No. 8 
(2. 9% s) 

0.16 

0.13 

co 0.07 

so2 
NoX 

f r o m  Ref .  4. 

P e r f o r m a n c e  Parameter t 
Des ign  Ac tua l  P e r f o r m a n c e  

Coal type SUFCO SUFCO 
Il l inois  
No. 6 

3.1 

12,800 

1000 

885 

120 

30 

64 

96.6 

88.5 

1.1 

12 ,000  

28.4 

P i t t sbu rgh  
No. 8 

0.48 

12,300 

1000 

96 2 

114 

4.6 

60 

98.3 

90.3 

1.0 

11 ,500  

29.7 

0 .4  

12.300 

1000 

908 

116 

3.8 

60  

98.3 

91.5 

2.6 

11 ,300  

30. 2 

2. 9 

13 ,700  

1000 

97 9 

125 

27 

62 

99.1 

91.6 

t: 

11;600 

29.4 

Sulfur  content  (wt%) 

HHV (Btu/lb) 

Coal-feed rate (TPD)  

Oxygen consumption (TPD)  

G r o s s  power product ion (MW,) 

Byproduct  sulfur  produced (TPD)  

Coal /water  slurry concen t r a t ion  (wt% so l ids )  

Carbon conve r s ion  (%) 

Gas i f i e r / syngas  cooler  eff ic iency (%) 

Gasif ier  r e f r a c t o r y  l i fe  (yr) 

Overa l l  heat rate (Btu/kWh) 

Eff ic iency (70) 

'Design parameters b a s e d  o n  SUFCO coal. 

0 

t: Data not y e t  available.  

'The heat rates w e r e  not  op t imized  and  are expected to be reduced  by  - 2,500 Btu/kWh in  fu ture  
plants. 

Tab le  3. 2- 2. Allowed pollutant leve ls  and  ac tua l  CW CGP pollutant 
e m i s s i o n s  m e a s u r e d  at the  HRSG. All  uni ts  a r e  l b s /  
l o 6  Btu; from Ref. 4. 

1985 
E PA 
T e s t  

Permit & 
Regula t ion  

Limits 
(a) 

Po l lu t an t  
P r e l i m i n a r y  

T e s t  
R e s u l t s  

F e d e r a l  
NS PS 

(b 1 

Coal  
Type  

0.033 1 0.13 

0.018 

0.07 

0.24 (c) 

0.6 

NS (e)  

0.6 (d) 

0.6 

NS 

0.03 

SUFCO (0.5% S) 

I 0.07 1 0.004 

I soz I 0 . 1 6 -  7 0.076 

0.094 

0.004 

0.009 

0.086 

0.09 

0.004 

0.6 (d) 

0.6 

NS 

(a)  E m i s s i o n  r e q u i r e m e n t s  for the HRSG S tack  f r o m  l imit ing permit and r egu la to ry  e m i s s i o n  

(b) New Source  P e r f o r m a n c e  S tanda rds  for  a coal-f i red power burn ing  equivalent c o a l  a s  

(c) 0.8 lb /10  B t u  uncontrol led e m i s s i o n s  X 0.30 for  control led emis s ions .  

(d) E m i s s i o n s  control led t o  0.6 lb /10  

(e) NS: No s t anda rd .  

criteria . 
CWCGP. 

6 

6 
Btu. 
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3.3. Selected Gas i f i e r s  f o r  I G C C  Plants  

The following coa l -gas i f ica t ion  systems represent  important 
developments in gas i f i ca t ion  technology. The systems a r e  designed t o  handle 
a wide va r i e ty  of coa ls  and t o  be useful i n  both combined-cycle gas i f i ca t ion  
systems f o r  e l e c t r i c i t y  generation o r  f o r  t he  production of pipl ine-qual i ty  
SNG. 

* 
3.3-1. The Texaco Coal-Gasification Process (TCGP) 

3.3-1A. Introduction 

The Texaco Coal Gasif icat ion Process (TCGP) has t h e  following de- 
s i g n  fea tures :  
entrained flow, slagging r eac to r ;  (c) a i r -or  02-blown gas i f i ca t ion ;  (d) h i g h  
operating temperatures; ( e )  f l e x i b l e  feeds of f u e l s  and o u t p u t  products; ( f )  
system coupling f o r  cogeneration ( i . e . ,  u s i n g  t he  excess heat produced i n  
the  g a s i f i e r  t o  generate e l e c t r i c i t y )  . 

( a )  a pressurized react ion vesse l ;  (b) a downward loading, 

The development schedule f o r  t h e  TCGP i s  summarized i n  Table 3.3-1 

3.3-1B. Process Description 

Two configurat ions of the TCGP a r e  shown i n  F ig .  3.3-1, depict ing 
two d i f f e r e n t  gas-cooling methods. The TCGP i s  designed t o  operate  a t  

* The rad ian t  sect ion i s  necessary t o  cool t he  gases below the s t ick ing  
temperature of the s lag  before enter ing the  convective cooler .  



pressures  between 20 and 80 atm and a t  temperatures between 1200 and 1 5 O O O C .  

Owner 

Texaco. Inc 

Texaco. Inc 

Texaco, Inc 

RAG/RCH 

Dow 
Chemica l  

TVA 

Tennessee .  
E a s t m a n  

Southern  
Calif. 
Edison  Co. 
etc. (Cool 
Wate r )  

Ube 

SAR 

(mol ten 
Typical 
mixed w 
s l u r r y  , 
stream; 

Table 3.3-1. Development of the TCGl 

Type 
of P lan t  

pilot 

pilot 

pilot 

demon- 
s t r a t i o n  

demon- 
s t r a t i o n  

demon- 
s t r a t i o n  

com-  
m e r  c i a l  

com-  
m e r  c i a l  

com-  
m e r  c i a l  

com-  
m e r  c ia l  

Lo cat ion 

Zalifor nia 

California 

Zalifor nia 

W. Germany 

Louisiana 

Alabama 

Tennessee  

California 

Japan  

W. German)  

Coal 
Capacity, 

T P D  

15 

15 

15 

165 

400 

190 

900 

1,000 

1 ,650  

8 00 

Start- 
UP 

1973 

1978 

1981 

1978 

1979 

1982 

1983 

1984 

1984 

1986 

taken  f r o m  Ref. 1. 

Gas Cooling 

d i r e c t  quench (d.q.)  

d.q./heat r e c o v e r y  

d. q. 

hea t  r e c o v e r y  

d. q. 

d. q. 

heat  r e c o v e r y  or  
d.q. 

d.q. 

d .q . /heat  r ecove ry  

P roduc t  

- 

oxo-chemica ls  

syn thes i s  gas  
f o r  e l e c t r i c  
power 

ammonia  

a c e t i c  
anhydr ide  

syn thes i s  gas  
fo r  e l e c t r i c  
power 

ammonia  

OXO- chemica l /  

2 

The coal i s  wet-ground @ and s l u r r i e d  w i t h  o i l  o r  water 0. 
The s l u r r y  i s  

I f  
coal- l iquefact ion residues a re  used, t hese  s t eps  a r e  omitted. 

s l u r r y  feeds have between 60 and 70wt% of s o l i d s .  
t h  O2 o r  a i r  i n  the gasif ier-burner  0. 
steam o r  another temperature moderator i s  added t o  t he  burner 
water serves t h i s  purpose f o r  water s l u r r i e s .  

For gas i f i ca t ion  of an o i l  

By properly ad jus t ing  
the 02/s lurry r a t i o ,  temperatures a r e  maintained above ash-f luid 
temperatures.  

Af te r  leaving the  g a s i f i e r  (burner) ,  the gases a re  cooled @, 
e i t h e r  by d i r e c t  contac t  w i t h  quenching water [ F i g .  3 .3- l (a)]  o r  tty passing 
through a r ad ia t ive  cooler  
In the  l a t t e r  case,  hea t  i s  recovered from these  gases (and from the  
g a s i f i e r )  i n  the form of high-pressure steam, which can be used t o  generate 
e l e c t r i c  power. 

* 
and t h e n  a convective cooler  [Fig. 3.3-l(b)]. 

The former method i s  prefer red  when the output  i s  NH3 o r  
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Coal Grinding and Gasification and (a 1 
Oxidant Slurry Preparation Gas Scrubbing 

Part icula le-Free 
b 

Synthesis Gas 

I 
I 

I 

I 
I 
I 
I 
I 
I 
I 
I Coarse 
I Slag to 

Disposal 

8 

4 

Separator 

Purge Water 

Fine Slag and Char 
To Disposal 

CI a r i f  ier 

Coal Grinding and Gasification and (b 1 
Oxidant Slurry Preparation Gas Cooling Gas Scrubbing 

I 

Mill 
Cod Feed 

I High- 

Steam 
I 
I 

-------- 
I - - - - - - - - - - - - -  -b Pressure 

Oil "Ier '7 Coal Grinding 

I I $ 
I I Slurry 

Tank 
(Optional) @ 

Recycle 

Fig. 3.3-1. The process diagram for  the TCGP is shown f o r  two gas-cooling uodes: 
(a)  d i r e c t  quench and (b) waste-heat recovery; reproduced, with minor 
modification, from R e f .  1. 
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H 2 ,  since the  required s h i f t  r eac to r  i s  e a s i l y  in tegra ted  i n  t he  quench 
mode; a l so ,  heat  t r a n s f e r  from the gases t o  the quenching water produces 
steam, which  i s  used downstream t o  increase t h e  H2 y i e l d .  

Af te r  cooling, t he  gases e n t e r  a water scrubber 0, where char  
and fly-ash a r e  removed from the product gas.  If necessary,  the product 
gases  a l s o  undergo s u l f u r  cleanup (not  shown) u s i n g  commercially ava i l ab le  
technology. 
recycled t o  the p a r t i c u l a t e  scrubber 0, t h u s  forming a closed loop. Some 
of t he  recycled water i s  purged t o  prevent sca l ing  and t o  control  the level  
of dissolved so l id s .  A small amount of make-up water i s  needed. Most of 
the  ash from the  g a s i f i e r  @ i s  removed a s  a quenched s l ag  through a 
water-sealed depressurizing lockhopper system @ and i s  then sent t o  the 
s lag-col lect ion sump a. 
the  c l a r i f i e r  @ f o r  recycle  o r  disposal  while the coarse s l ag  from the 
separa tor  i s  removed. 

The scrubbing water i s  sent t o  the c l a r i f i e r  @ and i s  then 

Fines from the  s l ag  separa tor  @ a r e  pumped t o  

The product gases  leaving t h e  p a r t i c u l a t e  scrubber 0 contain H 2 ,  
C O ,  COP,  HZO, and t r a c e s  of Ar, N 2 ,  C H 4 ,  H2S, and COS. 
two sulfur po l lu t an t s  present depend on the s u l f u r  contents  of the  feed 
fue l s  . There i s  no de tec t ab le  amount of NOx formed,' and i t  i s  s t a t e d  t h a t  

no SOx i s  produced.' Generally,  very low po l lu t an t  l e v e l s  r e s u l t  from t h e  
TCGP i n  both the  gaseous and wastewater streams. 
po l lu tan t  l eve l s  i s  given i n  Ref. 2. 
performance i s  a t t r i b u t e d  t o  t h e  h i g h  react ion temperatures' and the 
highly-reducing environment used i n  t he  process.  

p lan ts  (compare Table 3.3-1). 
t r i c i t y  generat ion,  and synthes is  gas  (CO and H2) f o r  t he  production of 
methanol o r  o ther  oxo-products. 

the  TCGP. According t o  Texaco, any carbonaceous material  t h a t  may be formed 
in to  a pumpable, concentrated s l u r r y  can be gas i f i ed .  
types of coa l s ,  cokes and l iquefac t ion  res idues  t h a t  have been gas i f i ed  i n  

the  Texaco p i l o t  p l an t s  i s  given i n  Table 3.3-2. 

The amounts of t h e  

2 

A d e t a i l e d  ana lys i s  of a l l  
The observed exce l l en t  gasif . ier  

1 

A number of d i f f e r e n t  products have been prepared i n  commercial 
These include H Z y  NH3' fuel  gas f o r  e lec-  

Many d i f f e r e n t  types of f u e l s  have been successfu l ly  gas i f i ed  i n  

A summary o f  the 

Free-swelling ind ices  
ranging between 0 and 8 have been handled a t  the  RAG/RCH p lan t  i n  FRG. '  In 
Ref. 3, t h e  conversion of petroleum coke t o  synthes is  gas i n  d 30 1PD p lan t  
i n  Ube City, Japan, i s  descr ibed i n  d e t a i l .  
since 1982. 

T h i s  p lan t  has been operat ing 
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Table 3.3-2. Examples of feedstocks gasified in the Texaco 
Montebello plants. 

Coals: anthracites, semi-anthracites, bituminous and sub- 
bituminous coals, and lignites. 

Petroleum cokes: fluid, delayed, calcined, fluid from tar- 
sands bitumens. 

Coal liquefaction residues: formed from solvent refined coal 
(SRC I and 11), H-coal, and in the Exxon donor 
solvent (EDS) process. 

Others: Lurgi tar/oil. 

* 
3.3-2. The Shell Coal-Gasification Process (SCGP) 

3.3-2A. Introduction 

The past and current development schedules of the SCGP are 
summarized in Table 3.3-3. The SCGP is described as a "highly efficient 

Table 3.3-3. Milestones in the SCGP development. 

Date 

1972 

1976 (start-up) 

1978 (start-up) 

1987 

Scale of Operation 

development initiation 

6 TPD pilot plant 

150 TPD experimental unit 

SCGP-1 (-1/5 of compercial 
size): 250 TPD of high- 
S bituminous coal, -400 
TPD of wet, high-ash 
lignites 

Location 

Amsterdam, Holland 

Harburg, FRG 

near Houston, TX 

* This is a brief summary of technical material provided by Heitz and 
It has been reviewed and approved for accuracy by M. Nager Nager.4 

(Shell Oil Company) to whom we are greatly indebted for advice and 
assistance. 



process w i t h  demonstrated feed-stock f l e x i b l i t y  from l i g n i t e s  t o  coke.It4 The 
SCGP-1 demonstration u n i t  i s  expected t o  be completed during the  four th  

I t  i s  being developed by several Shell Oil units, in col laborat ion 
w i t h  EPRI and Lummus Crest  (a Combustion Engineering subsidiary) .  
i n i t i a l  appl icat ion of t h i s  technology i s  expected t o  be t o  e l e c t r i c  power 
generation. 

An evaluation of t he  6 TPD SCGP i n  Amsterdam i s  g i v e n  i n  Ref. 5. 
Two coa ls  were t e s t ed :  
information on the  SCGP, including an economic assessment of an IGCC system 
u t i l i z i n g  the  Shell  g a s i f i e r ,  may be found i n  Ref. 6. 

qua r t e r  of 1986, w i t h  p lan t  s ta r t -up  scheduled f o r  t he  f i r s t  half  of 1987. 4 

The 

I l l i n o i s  No. 5 and a Texas l i g n i t e .  Further 

3.3-2B. Process Description 

The process diagram f o r  t he  6 TPD process-development un i t  i s  

reproduced i n  F ig .  3.3-2 from Ref. 5. Pulverized coal i s  sieved over a 
v ibra t ing  screen w i t h  1 mm openings t o  remove t h e  coarse mater ia l s .  
then pressurized i n  a lockhopper system @ and i s  pneumatical l y  t ransported 
from t h e  feed vessel @ t o  t he  reac tor  0, which cons i s t s  of two 
opposi te ly-f i red burners. 

ash and produce a l i qu id  s lag .  
l i qu id  s lag  leaves the  reac tor  t h r o u g h  the  s lag tap  and f a l l s  i n t o  a water 
bath 4 . 

The reac tor  product gas and f l y  s lag (which i s  comprised mostly of 
res idual  carbon and p a r t i a l l y  molten ash) i s  quenched @ w i t h  recycled 
product gas t o  about 350OC. Primary separation of f l y  s lag from product gas 
occurs i n  a cyclone @. Further separation i s  accomplished i n  the  venturi  
scrubber 0, the  separator  vessel @, and the  packed-bed scrubber (3. The 
product gas i s  now f r e e  of so l id s  (<l  mg of solids/Nm ). Some of t h i s  gas 
leaves the  plant  a s  high-pressure product gas @) , while some i s  recycled 
t o  t he  q'uench sect ion @. 
sec t ion ,  i t  passes t h r o u g h  a condenser @ , separator  vessel @ , 
recycle-gas compressor 0, and buffer  vessel @ . 

I t  i s  

Temperatures in  t h e  reac tor  a r e  s u f f i c i e n t l y  high t o  melt the  coal 
A dense, non-leachable s lag  i s  formed as  the 

3 

Before t h i s  recycle gas reaches the  quench 
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Boiler feed-water @ enters the system through the separator @ 
and the packed-bed scrubber @ . 
section @ is also admitted to the packed-bed scrubber. The water is 
final ly passed through the sour-water stripper @ , where low-pressure 
gas @) and steam @ are produced. 

from the 6-TPD pilot plant, with improvements derived from results of 
continuing research at the Shell Research Laboratory in Amsterdam and the 
150 TPD Harburg plant. 

to the gasifier. 
product gas essentially free of nitrogen is desired. Typical gas concen- 
trations are given in Table 3.3-4 and indicate that N2 comprises around 
14 or 15% of the product gas. In larger-scale systems, a denser flow of 
solids can be handled, thus reducing the carrier-gas flow-rate. These 
product gases have high CO and H2 but low C02 and CH4 concentrations. This 
desirable feature is attributed to the dry feed and high temperature in the 
Shell gasifier. The gas composition on a dry, nitrogen-free basis expected 
from the SCGP-1 is given in Table 3.3-5 for comparison. Trace components 
for both processes are similar and compounds such as naphtha, phenols, tars, 
and other HCs do not survive the gasifier. 

improved stream factors and careful component optimization. 

2500 TPD or more will be shop-fabricated and transportable by rail in the 
US. 
information for commercial designs. Key components for evaluation include 
the feed system, gasifier, and syngas cooling system. Environmental data 
will be obtained for feedstocks designated by the participants, with the 
acid-gas removal system designed to meet applicable strict environmental 
control legislation. A gas-treating slip-stream unit will be operated to 
test cleanup options. 

installed. 

Water from the recycl e-gas clean-up 

4 The 250 TPD SCGP-1 has been described as substantially different 

In the pilot plant, nitrogen is typically employed to tramsport coal 
However, recycle product gas may also be used when a 

Other design improvements are aimed at potential economies of scale, 

According to Heitz and Nager,' it is expected that units processing 

The SCGP-1 will be used to confirm equipment life and to provide needed 

Computerized data-acquisition and handling systems are being 

For further details and information on project management and 
4 related topics, we refer to Heitz and Nager. 
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Table 3.3-4. Representative product-gas compositions (in ~01%) 
obtained at the SCGP in Amsterdam;  f r o m  Ref. 5. 

C om p o ne nt 

H2 

c02 

CH4 

2s 

H2° 

co 

N2 t 

Coal Type 

Illinois No. 5 Texas Lignite 

26.78 

52.24 

5.14 

0.02 

0.77 

14.98 

7.38 

26.49 

52.43 

6.61 

0.13 

0. 27 

14.01 

9.35 

Vol% on a dry-gas  bas i s .  
t 

Table  3.3-5. Typical  t r ea t ed  product-gas composition anticipated 
for  the SCGP-1; reproduced  f r o m  Ref. 4. 

Component 

HZ 

c02 

H2s 

co 

cos 
HCN 

"3 
H C1 

HF 

CH4 

H2° 
Ar  

% by volume (N2-free) 

-< 

< 
< 
< 
< 
< 
< 

30 

69 

09-1 

0.01 

0.01 

0.001 

0.001 

0.001 

0.001 

0.03 

0. .6 

0.2 
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3.3-3. The U-GAS Process * 

3.3-3A. Introduction 

The Institute of Gas Technology (IGT) has developed the U-GAS 
process to produce gas from coal in an efficient economic, and environ- 
mentally acceptable manner. The product gas from the process may be 
used to produce low-Btu gas, medium-Btu gas, and substitute NG for use as 
fuels, or chemical products such as ammonia, methanol, hydrogen, and 
oxo-chemicals, or electricity generated by a combined cycle or a fuel cell. 
The three main goals for developing a new gasification process have been 
economical handling of large volumes of gas throughput, high carbon 
conversion o f  coal to gas witho.ut producing tar or oil by-products, and 
minimum damage to the environment. 

a period of 8 years and has utilized skills and expertise evolving from 
earlier coal-gasification projects at IGT that date back to 1950. 
process has been extensively tested in a pilot plant to establish process 
feasibility and provide a large data base for scale-up and design of the 
first commercial plant. The U-GAS process is considered to be one of the 
more flexible, efficient, and economical coal-gasification technologies 
developed in the US during the last decade. 
currently available for licensing from GDC, Inc., a wholly owned subsidiary 
of IGT. 

The U-GAS process has been developed in a multiphase program over 

The 

The U-GAS technology is 

3.3-3B. Process Description 

The U-GAS process accomplishes four important functions in a 
single-stage, fluidized-bed gasifier (Fig. 3.3-3): it decakes coal, 
devolatilizes coal, gasifies coal, and agglomerates and separates ash from 

* Prepared by P.B. Tarman, Vice President, Research and Development, 
IGT, 3424 South State St., Chicago, IL 60616. 
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char. In 
the process, coal (1/4 inch x 0) is dried only to the extent required for 
handling purposes. 
1 ockhopper system. 
oxygen (air can be substituted for oxygen) at a temperature of 1750 to 
2000°F. 
controlled to maintain nonslagging conditions for ash. 
pressure of the process depends on the ultimate use of product gas and may 
vary between 50 and 350 psi. 

Other characteristics of the process are shown in Table 3.3-6. 

It is pneumatically injected into the gasifier through a 
Wi thi n the f 1 uidi zed bed, coal reacts with steam and 

The temperature of the bed depends on the type of coal feed and is 
The operating 

The pressure must be optimized for a 

Classifier 
or air 

Ash - -  
agglomerates 

4- Water 

- 1  *- - tl( Ash agglomerates 
b slurry 

Fig.  3 . 3 - 3 .  Schematic diagram o f  the U-GAS f lu idized-bed g a s i f i e r .  
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Table  3 . 3 - 6 .  U-GAS process  c h a r a c t e r i s t i c s .  

High conve r s ion  o f  c o a l  t o  gas  u s i n g  an  a sh -agg lomera t ing  techniclue;  

c a p a b i l i t y  t o  g a s i f y  a l l  ranks  o f  c o a l ;  

a b i l i t y  t o  a c c e p t  f i n e s  i n  t h e  c o a l  f e e d ;  

s imple  d e s i g n ,  s a f e  and r e l i a b l e  o p e r a t i o n ;  

ea sy  t o  c o n t r o l ,  a b i l i t y  t o  w i t h s t a n d  u p s e t s ;  

p roduc t  .gas v i r t u a l l y  f r e e  of t a r  and 0-ils;  

no envi ronmenta l  problems;  

o p e r a t i o n  a t  lower  t empera tu re  than  a r e  used w i t h  s l a g g i n g  g a s i f i e r s ;  

l a r g e  turndown c a p a b i l i t y ;  

l a r g e  u n i t  c a p a c i t y .  

particular system; for production of an industrial fuel, a minimum pressure 
of 80 to 100 psi is desirable. At the specified conditions, coal is 
gasified rapidly, producing a mixture of H2, CO and COZY and small amounts 
of CH4. 

nearly all of the sulfur present in coal is converted to H2S. 

eously with coal gasification, the ash is agglomerated into spherical 
particles and separated from the bed. 
gas enters the gasifier through a sloping grid. The remaining gas flows 
upward at high velocity through the ash-agglomerating device and forms a 

relatively hot zone within the fluidized bed. High-ash-content particles 
agglomerate under these conditions and grow into larger and heavier 
particles. Agglomerates grow in size until they can be selectively 
separated and discharged from the bed into water-filled ash hoppers, from 
which they are withdrawn as a slurry. In this manner, the fluidized bed 
achieves the same low level of carbon losses in the discharge ash that is 
generally associated with ash-slagging gasifiers. 

external cyclones. 
and fines from the second cyclone are returned to the ash-agglomerating 
zone, where they are gasified and the ash is agglomerated with bed ash. 
raw product gas is virtually free of tar and oils, thus simplifying the 
ensuing heat recovery and purification steps. 

Because reducing conditions are always maintained in the bed, 
Simultan- 

A portion of the fluidizing 

Coal fines elutriated from the fluidized bed are collected in two 
Fines from the first cyclone are returned to the bed, 

The 
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3.3-3C. Pilot-Plant Description 

Most of the U-GAS process development work has been accomplished 
on a pilot plant put into operation in 1974. 
pilot-plant development is given in Table 3.3-7. 
has been funded by the US DOE and the American Gas Association. The pilot 
plant is located at IGT's test facilities in southwest Chicago. It consists 
of a gasifier and all required peripheral equipment with utilities and other 
support services. 
structure that is about 100 ft. high. 

A chronological listing of 
The development program 

Most of the equipment is contained in an enclosed 

The pilot plant consists o f  a drying and screening system, feed- 
storage silos, a lockhopper system for feeding coal at rates up to 3000.1b/hr., 
a refractory-lined fluidized-bed reactor with a special agglomerate with- 

Table 3.3-7. Test history of the U-GAS pilot plant. 

Date(s) 

1974 
1974 - 1975 

1975 
1977 
1977 
1977 
1978 

1978-1982 

1980 
1981 

1983 

1984 

Number 
of Tests 

9 
53 
13 
4 
7 
6 

8 
25 

3 
3 

2 

1 

Function 

Equipment shakedown 
Process- feasibility studies 
Testing of highly-reactive small-size feed 
Shakedown of the modified pllot plant 
Testing of highly-reactive feedstock 
First bituminous coal tests 
Testing of unwashed high-ash feedstock 
Demonstration/conunercial plant 

Testing of highly-caking feedstock 
Coal-verification test with different 

feedstocks for different clients 
Coal-verification tests with ROM French 

coal 
Coal-verification tests with ROM Utah Coal 

(air and enriched-air gasification) 

design data 



drawal system i n  i t s  base, a p r o d u c t  gas quench system, a c y c l o n e  system f o r  

removal and r e c y c l e  o f  e l u t r i a t e d  f i n e s ,  a product-gas scrubber ,  a product -  

gas i n c i n e r a t o r ,  and a lockhopper  ash-removal system. The p i l o t  p l a n t  f l o w  

diagram i s  shown i n  F i g  3.3-4. The g a s i f i e r  i s  a m i l d - s t e e l ,  r e f r a c t o r y -  

l i n e  vessel  w i t h  an i n s i d e  d iameter  o f  3 f t  and a h e i g h t  o f  about  30 ft. 
The p i l o t  p l a n t  i s  t h o r o u g h l y  ins t rumented t o  p r o v i d e  necessary o p e r a t i n g  

i n f o r m a t i o n  and d a t a  f o r  t h e  c a l c u l a t i o n  o f  accura te  mass and energy 

balances. A computer system f o r  automat ic  d a t a  a c q u i s i t i o n  p r o v i d e s  

o n - l i n e  process f l o w s ,  balances, c r i t i c a l  v a r i a b l e  t r e n d  p l o t s ,  and 

o p e r a t i n g  d a t a  summaries a t  r e g u l a r  i n t e r v a l s .  

s p e c i a l  sampl ing systems f o r  complete c h a r a c t e r i z a t i o n  o f  t h e  raw p r o d u c t  

gas, w a t e r  e f f l u e n t s ,  and coa l  f i n e s  necessary f o r  g a s - p u r i , f i c a t i o n  and 

wa s t e w a t  e r  sy stems. 

The p i l o t  p l a n t  c o n t a i n s  

3.3-3D. Process Development 

Over t h e  l a s t  7 years ,  IGT has conducted an ex tens ive ,  

m u l t i d i s c i p l i n a r y  program t o  develop i m p o r t a n t  aspects  o f  t h e  U-GAS 
techno logy  and t o  o b t a i n  i n f o r m a t i o n  f o r  t h e  des ign  o f  a commercial p l a n t .  

The program has i n c l u d e d  t h e  f o l l o w i n g  steps: 

(i). Opera t ions  o f  t h e  U-GAS p i l o t  p l a n t  t o  demonstrate process 

f e a s i b i l i t y ,  i n c l u d i n g  ash agg lomera t ion  and f i n e s  r e c y c l e .  The p i l o t  p l a n t  

has a l s o  y i e l d e d  d a t a  on t h e  process,  mechanical and o p e r a t i o n a l  des ign o f  a 

commercial p l a n t .  A d e t a i l e d  mechanical  des ign  o f  t h e  g a s i f i e r  has been 

on-going w h i l e  t h e  p i l o t  p l a n t  has been o p e r a t i o n a l .  T h i s  procedure has 

been o f  g r e a t  b e n e f i t  i n  i d e n t i f y i n g  d e s i g n  d a t a  gaps t h a t  c o u l d  be ob ta ined 

f rom t h e  o p e r a t i n g  p i l o t  p l a n t .  

concerns i n  s c a l i n g  up f rom a p i l o t  p l a n t  t o  commercial s c a l e  a r e  centered  

around t h e  g r i d  and v e n t u r i  r e g i o n  o f  t h e  g a s i f i e r .  A s e m i - c i r c u l a r  

c o l d - f l o w  model and a p r e s s u r i z e d  c o l d - f l o w  model have been operated t o  

understand t h e  hydrodynamics o f  t h e  g r i d / v e n t u r i  r e g i o n ,  determine t h e  

mechanical  c o n f i g u r a t i o n  o f  t h e  scaled-up g r i d - v e n t u r i ,  and s e l e c t  t h e  

dimensions o f  t h e  v e n t u r i  t o  d i s c h a r g e  t h e  necessary q u a n t i t y  o f  ash 

agglomerates.  

(ii). Scale-up s t u d i e s  on l a r g e ,  c o l d - f l o w  model. The b a s i c  

An X-ray c i n e s t u d y  has been conducted t o  examine v i s u a l l y  
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solids circulation, jet penetration, and bubble dynamics in the grid/venturi 
zones of different mechanical configurations. Numerical simulation and 
engineering calculations have been carried out to compare the thermal and 
hydrodynamic similarities between the pilot and commercial plants and to 
select appropriate design parameters. 

(iii). Ash chemistry studies and bench-scale experiments. 
Extensive ash-chemistry studies have been conducted to understand and 
develop mechanistic models of ash agglomeration and ash adhesion. 
Bench-scale experiments have been carried out to determine the main 
operating variables affecting the formation of ash agglomerates. 
Steam-oxygen gasification and high-pressure fluidization knowledge and 
skills have been developed in various other coal-gasification projects at 
IGT dating back to 1950. A computer model of the U-GAS gasification system 
has also been developed to predict the performance of the gasifier at 
different operating conditions and with different coals. 

(iv). Environmental characterization of the process. During the 
pilot-plant operation, extensive sampling and analysis have been conducted 
to obtain information for complete environmental characterization of the 
process. The raw product-gas samples have been collected in a specially 
developed sampling train to trap all impurities present in the gas. 
analyses have yielded the needed data for design of the downstream 
gas-purification equipment. 
scrubber system has been analyzed for information on design of wastewater- 
treatment facilities. All solid streams entering and leaving the gasifier 
have been analyzed for trace metals to obtain a material balance and 
determine the fate of trace metals present in the coal feed. 
merates and other solid discharges have undergone leaching tests to assess 
compliance with regulations. No environmental problem has been encoun- 
tered in the design of the commercial plant, as evidenced by approval of 
the Environmental Impact Statement by all US, state, and local regulatory 
agencies. 

technology, the process is ready for commercialization. 
evaluations by several large engineering and petroleum companies support 
this conclusion. 

These 

The water-discharge stream for the verituri- 

Ash agglo- 

Based on successful development of all aspects of the U-GAS 

Independent 



3.3-3E. - Pilot-Plant Operations 

The U-GAS pilot plant has been the primary unit in which the 
process development has been conducted. A total of 10,000 hrs of operating 
time has been logged in the pilot plant, during which period over 120 tests 
have been conducted with about 3500 tons of various coals. Several test 
runs have lasted over 2 weeks, thereby providing long, steady-state 
operating periods with excellent mass and energy-balance closures. 

program starting in 1974. 
mechanical and process problems were encountered. One by one, solutions 
were found for each of these. 
important aspects of the process (raw coal feed, stable ash agglomeration, 
and fines recycle) were both routinely and repeatedly achieved in several 
tests. A detailed description of the pilot-plant development is given in 
IGT reports. In phase I, process feasibility was demonstrated using 
metallurgical coke and char as feed. For phase 11, the pilot plant was 
modified t o  feed coals, and trial tests were made with subbituminous and 
bituminous coals. During phase 111, process feasibility was proved using 
high-sulfur-content, caking bituminous coal as feed and data were developed 
for scale-up and design of a commercial plant. In phase IVY environmental 
data were collected and the reactor dynamic response was investigated. 

The pilot-plant development has been carried out in a multiphased 
As is typical in pilot-plant developments, both 

By the end of the development program, all 

The major achievements in the pilot plant have been as follows: 

(ii) The application of the technique of ash agglomeration and 
(i) Process feasibility has been verified in a series of tests of extended 
duration. 
fines recycle has been perfected, and an overall coal-utilization efficiency 
of over 98% has been achieved. (iii) The process has been shown to have a 
wide operating window, thus providing flexibility to gasify a wide variety 
of feedstocks. (iv) The tests have produced a strong data base for scale-up 
and design of the first commercial plant. (v) Data related to environmental 
aspects of the process, particularly raw gas and wastewater characteristics, 
have been obtained. These data show that there are virtually no tars or 
oils produced in the process. (vi) Commercially available refractories and 
metallurgical products have performed quite satisfactorily in the gasifier. 
Mechanical information has been obtained for designing gasifier internals, 
critical hardware, valves, cyclones, etc., which are important for reliable 
operation. 
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3.3-3F. Feedstocks 

A wide variety of feedstocks have been used in the pilot plant to 
determine process sensitivity to variables such as ash content, ash 
properties, particle size, reactivity, free swelling index, and volatile 
matter. Eigh.t types of different coals and three types of chars have been 
tested in the pilot plant (cf. Table 3.3-8). The feedstocks for testing 
have been selected to cover a wide range of important coal properties that 
could have significant effects on gasification and ash agglomeration. The 
range of feedstock properties is shown in Table 3.3-9. 

All feedstocks except chars are 1/4 inch x 0 in size and are fed 
to the gasifier without any removal of fines. The coals are also directly 
fed into the gasifier fluidized bed without any pretreatment, regardless of 
their caking tendencies (free swelling index). Also, for western Kentucky 
coals, both washed and unwashed coals have been successfully tested to 
determine the effects of the large quantity of clay and shale that is 
present in unwashed underground-mined coals. 

Lignites have not been.tested in the pilot plant because of 
funding limitations, but the Wyoming subbituminous coal has reactivity, 
moisture, and volatile matter content very similar to lignites. Therefore, 
lignites should not pose any problems in the U-GAS process. Specifically, 
ash properties are more significant in the U-GAS process than coal reac- 
tivity, and the range o f  coals tested in the pilot plant covers almost 
all lignite-ash compositions. 

3.3-3G. Utah Bituminous Coal Test 

A test was carried out with Utah bituminous coal in the U-GAS 
pilot plant. 
process to produce low-Btu gas and to provide data for the design of a 
commercial plant. 
set-points. 

test objectives. (i) to prove the feasibility o f  

producing low-Btu gas by gasifying the coal with air and steam, (ii) to 
maximize coal-conversion efficiency, (iii) to gasify coal with enriched air, 

ANR was interested in evaluating the performance of the U-GAS 

The test called for 7 days of operation at 5 different 

The test was successful in achieving all of ANR's predetermined 
These objectives were 
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Table 3.3-8. U-GAS gasifier feedstocks. 

Property 

Western Kentucky No. 9 bituminous coal 
(both washed and unwashed) 

Western Kentucky No. 11 bituminous coal 
Illinois No. 6 bituminous coal 
Pittsburgh No. 8 bituminous coal 
Australian bituminous coal 
Polish bituminous coal 

Value 

French bituminous (unwashed) coal 
Utah bituminous (unwashed) coal 
Montana subbituminous coal 
Wyoming subbituminous coal 
Metallurgical coke 
Western Kentucky coal char 
Illinois No. 6 coal char 

Table 3.3-9. Range of U-GAS gasifier feedstock properties. 

Moisture, % 

Volatile Matter, % 

Ash, % 

Sulfur, % 

Free Swelling Index 
Ash-Softening Temperature, OF 

"C 

Gross Heating Value, Btu/lb 

W/kg 

t 1 to 32 
3 to 431 
6 to 351 
0.5 to 4.61 
0 to 8 
1980 to 2490 
1080 to 1370 
7,580 to 12, 650f 
17,631 to 29,424 

+As received; !dry basis. 

. .  
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( i v )  t o  i n v e s t i g a t e  g a s i f i e r  turndown, (v)  t o  t e s t  gas d e s u l f u r i z a t i o n  u s i n g  

l imestone,  ( v i )  t o  eva lua te  a h igh- temperature coa l -dus t  f i l t e r ,  ( v i i )  t o  
t e s t  combustion c h a r a c t e r i s t i c s  o f  t h e  low-Btu p roduc t  gas, and ( v i i i )  t o  

o b t a i n  d a t a  f o r  t h e  des ign  o f  a commercial p l a n t .  

The p i l o t  p l a n t  was opera ted  f o r  6 days d u r i n g  wh ich  t i m e  58 t o n s  

o f  Utah  c o a l  were g a s i f i e d .  Steady-state,  ash-balanced o p e r a t i o n s  were 
ma in ta ined  f o r  6 d i f f e r e n t  s e t - p o i n t  o p e r a t i n g  c o n d i t i o n s .  

v e r s i o n  e f f i c i e n c y  was 93 t o  99% d u r i n g  t h e  v a r i o u s  s e t - p o i n t s  o f  o p e r a t i n g  

c o n d i t i o n s .  
j e c t i v e s  were completed. 

one o f  t h e  se t -po in ts  i s  shown i n  F i g .  3.3-5. 

(34% oxygen) and steam. 

f rom 75 t o  171 Btu/SCF. The h e a t i n g  v a l u e  o f  t h e  low-Btu gas was lower  than  

i s  expected i n  a commercial p l a n t  because o f  (i) h i g h  heat  l osses  r e l a t i v e  

t o  t h e  r e a c t o r  coa l  f e e d  c a p a c i t y  and (ii) excess ive  c o o l i n g  o f  r e c y c l e d  

f i n e s  i n  t h e  p r imary  wa te r - j acke ted  cyc lone.  

turndown was demonstrated by reduc ing  t h e  gas-produc t ion  r a t e  by h a l f .  

a b i  1 i t y  of banking t h e  g a s i f i e r  was demonstrated a1 so d u r i n g  some inechani c a l  

f a i l u r e s  encountered d u r i n g  t h e  t e s t .  For  example, t h e  coa l - feed system was 

shu t  down f o r  a lmost  10 hours  t o  r e p a i r  t h e  v a r i a b l e  speed f e e d  mechanism. 

Dur ing  t h i s  pe r iod ,  t h e  g a s i f i e r  was ma in ta ined  i n  a h o t ,  standby p o s i t i o n  

and r e s t a r t e d  w i t h o u t  any problems a f t e r  r e p a i r s  were completed. 

t y p i c a l  p l a n t  upsets ,  t h e  g a s i f i e r  was made t o  respond i n  a c o n t r o l l e d  and 

l o g i c a l  f ash ion ,  w i t h o u t  ma jor  i n t e r r u p t i o n s  i n  gas p roduc t i on .  

The t e s t  demonstrated t o t a l  f i n e s  r e c y c l e ,  which i s  necessary t o  

ach ieve  h i g h  coa l -convers ion  e f f i c i e n c y .  

were r e c y c l e d  d u r i n g  a l l  s i x  s e t - p o i n t s  and t h e  f i n e s  f rom t h e  secondary 

cyc lone  were r e c y c l e d  d u r i n g  f i v e  o f  t h e  s i x  se t -po in ts .  

r e c y c l e  was achieved under smooth and c o n t r o l l e d  c o n d i t i o n s  and was shown t o  

be e a s i l y  i n i t i a t e d  and c o n t r o l l e d .  Any i n t e r m i t t e n t  i n t e r r u p t i o n s  i n  t h e  
r e c y c l e  o f  t h e  secondary f i n e s  d i d  n o t  cause o p e r a t i n g  upsets  o r  r e d u c t i o n  

i n  gas p roduc t i on .  

The coal-con- 

The t e s t  was v o l u n t a r i l y  t e r m i n a t e d  when a l l  o f  t h e  t e s t  ob- 

A summary o f  t h e  p i l o t  p l a n t  t e s t  r e s u l t s  f rom 

G a s i f i c a t i o n  was c a r r i e d  o u t  w i t h  a i r  and steam and e n r i c h e d  a i r  
The h e a t i n g  v a l u e  o f  t h e  low-Btu gas was v a r i e d  

Dur ing  one o f  t h e  s e t  p o i n t s ,  t h e  c a p a b i l i t y  o f  t h e  g a s i f i e r  f o r  

The 

Dur ing  

The f i n e s  f rom t h e  p r imary  cyc lone 

Secondary f i n e s  
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As part of the overall program, three special tests were conducted 
that were aimed at improving the performance and economics of commercial 
low-Btu gas plants. In one of these, limestone was injected into the 
fluidized bed along with coal to test the capture of sulfur compounds 
generated during coal gasification. 
adverse effects in the gasifier, ash discharge, or fines recycle. Data 
indicated that a large portion of the spent limestone exited the gasifier as 
CaS04 rather than Cas. 
its stability in an atmospheric environment. The degree of sulfur reduction 
in the product gas could not be precisely determined because of the 
difficulty in measuring relatively low concentrations of sulfur compounds 
(the coal contained only 0.6 wt% of sulfur). 

The addition of limestone did not have 

The former is the preferred by-product because of 

Coal 1343 lb 

C" 1141 lb 
Ash 141 lb 

Moisture 61 1b 

Fines 24 lb 

C" 17 lb 
Ash 7 lb 

Steam & air 

Ash 175 lb 

C* 29 lb 
Ash 146 lb 

Fig. 3 . 3 - 5 .  Results of  the t e s t  conducted with Utah coal in the 
U-GAS p i l o t  plant; coal conversion - 96 .0%;  C* repre- 
sents  MAF-coal. 



In another special test, we evaluated the high-temperature 
coal-fines filter. 
gas at high temperatures (lOOOo to 1500°F), then product gas could be 
utilized directly, thus simplifying the commercial plant design and 
improving efficiency and economics. 
installed in .the pilot plant on a slipstream after the primary cyclone. 
filter.operated during the test in a completely automatic mode throughout 
the six-day test and removed all of the dust from the hot product gas. 
There was no blinding of the filter medium or any continuous increase in 
pressure drop or cycle time of the filter system. 
in the filtered gas was conducted using a photometric particle counter. 
results of the measure at one of the set points is shown in Fig. 3..3-6. 

resulting from operations at three of the set-points were evaluated in a 
specially-installed burner and furnace. 
gases from all set-points. 
the combustion tests; in addition, both thermal and fuel NOx formations were 
determined. 

If coal fines could be removed from the low-Btu product 

A hot ceramic candle filter was 
The 

The measurement of dust 
The 

The combustion characteristics of the low-Btu product gas 

Stable combustion was achieved with 
The SO2 and NOx emissions were measured during 

A complete environmental characterization of the low-Btu product 
gas was made by using a specially designed sampling loop. 
indicate that the gas does not contain any significant quantity of tar and 
oils and both the gas-purification and waste-water treatments in a IJ-GAS 

plant could be handled by conventional technologies. 

3.3-3H. Pilot-Plant Tests with a French Coal 

These results 

A French Merlebach coal was successfully gasif ,?d in the IJ-G S 
pilot plant during tests conducted for CdF. 
first test provided useful information on operational characteristics of the 
coal. The second test yielded a long steady-state operating period in which 
all of CdF's test objectives were achieved. These objectives were: (i) 
demonstration of the operability of the U-GAS process with high-ash French 
coal, (ii) maximization of coal-conversion efficiency, (iii) production of  
good-quality product gas, and (iv) data for the design o f  a demonstration 
plant. 

Two tests were conducted: The 
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In the  second t e s t ,  t h e  p l an t  was operated continuously f o r  92 

Ash-agglomerating and ash-balance operat ions were maintained 

These involved ( i )  t es t ing  

A 

hrs, when 48 tons  o f  coal were gas i f i ed  during 60 hrs of s teady-state  
operat ion.  
during th ree  d i f f e r e n t  operat ing condi t ions.  
w i t h o u t  recycle  of f i n e s  from t h e  secondary cyclone, ( i i )  t e s t i n g  w i t h  t o t a l  
recycle  of f i n e s ,  and ( i i i )  t e s t i n g  w i t h  a lower steam-to-coal r a t i o .  
coal-conversion e f f i c i ency  higher than 95% was continuously maintained 
during t h e  l a s t  two t e s t s .  

25.0 

20.0 

15.0 

I 

1 1 I I I 1 
0 20 40 60 80 100 120 0 

Time, min 

Fig. 3 . 3 - 6 .  Dust loading i n  the f i l ter  exit gas for one of the 
s e t  points .  



The gasifier was used to handle coals with ash contents from 20 to 
35 wt%. In addition, because the coal was unwashed, it contained a large 
quantity of shale, which was also handled by the gasifier without any 
detrimental operational effects. Once steady-state operation was achieved 
and ash agglomeration established, 96% of the ash discharged was withdrawn 
through the bottom venturi; the remaining 4% of ash was withdrawn through 
the overhead along with the fines. 
bed, despite the uneven ash-feed rate to the gasifier. 

No ash buildup occurred in the fluidized 

The quality of -the product gas in the U-GAS process is strongly 
influenced by the characteristics of the feed coal. Despite the combination 
of a high ash and a low volatile matter content with the Merlebach coal, the 
U-GAS pilot plant yielded a good-quality product gas with an HHV of about 2 
Btu/SCF (8600 kj/m3). 
compared to its coal-feed capacity. 
recycled fines occurs both in the primary water-jacketed cyclone and the 
first-stage quench. Our estimate is that a commercial gasifier with 
appropriately designed cyclones and experiencing lower heat loss per unit 
volume of product gas will produce a gas with a heating value from 250 to 
270 Btu/SCF (10,000 to 10,800 kj/m3). 
Merlebach coal test, it was demonstrated that the heating value of the 
product gas could be significantly improved by appropriate optimization of 
operating parameters. When generating synthesis gas from coal to produce 
chemicals, a more critical number than gas-heating value is the combined 
yield of H2 and CO; any CH4 in the product gas is considered to be 
by-product. 

SCF/lb (1 -25  m3/kg) of MAF coal. 

process the ability for a total recycle of fines that is necessary to 

The pilot plant has relatively high heat losses 
In addition, excessive cooling of the 

During the last set-point in the 

In the U-GAS pilot-plant test, the yield of H2+C0 was up to 20 

During the test (see Fig. 3.3-7), we demonstrated with the U-GAS 

achieve high coal-conversion efficiency. 
were recycled during the latter two set points only. 
recycle was shown to be easily initiated and controlled. 
demonstrated that occasional minor interruptions in the recycle of the 
secondary fines did not reduce gas production or cause operating upsets. 
fact, the automatic oxygen/temperature controller employed by the U-GAS 

process promptly responded to these interruptions and maintained the 
gasifier under stable operating conditions. 

The fines from the primary cyclone 
Secondary fines 

The testing also 

In 

Recycle of fines was maintained 
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f o r  more than 34 h r s  and c o n c l u s i v e l y  demonstrated t h a t  t h e  f i n e s  c o u l d  be 

g a s i f i e d  t o  e x t i n c t i o n  w h i l e  t h e  r e s u l t a n t  f i n e  ash was agglomerated and 

d ischarged a long w i t h  t h e  bed ash t h r o u g h  t h e  v e n t u r i ,  w i t h o u t  b u i l d u p  o f  

f i n e s  or ash i n  t h e  g a s i f i e r  system. 

The p i l o t - p l a n t  t e s t  showed t h a t  t h e  ash f rom t h e  Merlebach coa l  

c o u l d  be r e a d i l y  agglomerated i n  t h e  U-GAS process. T h i s  was demonstrated 

by c l a s s i f i c a t i o n  and w i thdrawal  o f  o n l y  h i g h  ash-content m a t e r i a l  th rough 

t h e  v e n t u r i .  

3.3-4. Other  G a s i f i e r s  

A comprehensive r e v i e w  of s e l e c t e d  g a s i f i c a t i o n  systems and 
6 a s s o c i a t e d  c o a l s  has been prepared f o r  E P R I  by S y n t h e t i c  Fue ls  Associates.  

We r e f e r  t o  t h i s  s tudy  and r e f e r e n c e s  c i t e d  t h e r e i n  f o r  d e s c r i p t i o n s  o f  t h e  

L u r g i  Dry Ash, BGC/Lurgi, Ki lnGas, and o t h e r  g a s i f i e r s .  D e s c r i p t i o n s  o f  a 
number o f  c u r r e n t l y  

Chapter 4. 

Coa l  13921b 
C"' 

943 lb  
Ash 4221b 

Mois ture  27 l b  

a. 

a c t i v e  g a s i f i c a t i o n  t e c h n o l o g i e s  w i l l  be found i n  

,-b F i n e s  33  lb 

C"' 17 l b  
Ash 16 l b  

U-GAS 
1850 "F 
30 p s i  

Y 
Ash 407 lb  

C' 27 lb  
Ash 380 lb  

..- 

4- Steam & oxygen 

F i g .  3.3-7. R e s u l t s  of  the tes t  conducted with French c o a l  i n  the 
U-GAS p i l o t  p l a n t ;  c o a l  conve r s ion  - 95.3%; C* r e p r e -  
sents MAF-coal. 
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* 
3.4 Research Recommendations f o r  Improving Gas i f i e r s  

Primary motivations f o r  supporting research a r e  the  needs f o r  cos t  
reduction and opera t ing- l i fe  extensions of g a s i f i e r s .  

There a re  two important i d e n t i f i e d  research a reas ,  the p u r s u i t  of 
w h i c h  may lead t o  improved performance i n  t h e  SCGP and TCGP. 
reduction o r  e l iminat ion of fouling' and el iminat ion of f a i l u r e  caused by 
high-temperature corrosion f a t igue .  

These a r e  

2 

3.4-1. 

According t o  the authors  of Ref. 1 ,  research on slagging i s  expected 
t o  lead t o  improved methods f o r  pred ic t ing  foul ing i n  p rac t i ca l  systems. A t  

* We a r e  indepted f o r  helpful comments t o  M .  Nager and W. Schlinger i n  
t h e  preparation of t h i s  sec t ion .  
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present ,  t h e  methods used a r e  l a r g e l y  e m p i r i c a l  and based on s t a t i c  models, 

which do n o t  correspond t o  a c t u a l l y  e x i s t i n g  c o n d i t i o n s  i n  combustors o r  

g a s i f i e r s  where many d i f f e r e n t  s i z e s  o f  p u l v e r i z e d  c o a l s  a r e  u t i l i z e d .  

improved ASME procedure i s  r e q u i r e d  t o  d e f i n e  s l a g g i n g  c o n d i t i o n s  f o r  c o a l s  

s ince  t h e  ash- fus ion temperature has been shown t o  be an inadequate measure 

f o r  s lagg ing .  The au thors  o f  Ref. 1 suggest t h e  use o f  bench-scale e x p e r i -  

ments, w i t h  s p e c i a l  emphasis on i n n o v a t i v e  approaches. 

Research should i n c l u d e  t h e  f o l l o w i n g  t y p e s  o f  s t u d i e s .  

P r e d i c t i o n s  of t h e  s l a g  v i s c o s i t y ,  e s p e c i a l l y  under g a s i f i e r  c o n d i t i o n s .  

S lag  v i s c o s i t y  i s  o f  c r i t i c a l  importance i n  a s s u r i n g  t h a t  t h e  s l a g  i s  

removed c o n t i n u o u s l y  f rom t h e  g a s i f i c a t i o n  chamber. 

compl ica ted  by t h e  f a c t  t h a t  s l a g s  appear i n  homogeneous and mul t i -phase 

systems. (ii) Phase diagrams i n c o r p o r a t i n g  new and e x i s t i n g  e m p i r i c a l  data,  

e s p e c i a l l y  f o r  b i n a r y ,  t e r n a r y  and h igher -order  m i x t u r e s .  To use t h e  

r e s u l t s  p r o p e r l y ,  t h e  e q u i l i b r i u m  behav io r  o f  ash must be determined. 

approach w i l l  a l s o  l e a d  t o  improved understanding o f  wa l l -and tube-depos i t  

fo rmat ions .  (iii) Many modern dynamic exper iments a r e  per formed w i t h  l a r g e  

v a r i a t i o n s  i n  c o n d i t i o n s .  Data f rom d i f f e r e n t  exper iments may be d i f f i c u l t  

t o  compare. A p p l i c a t i o n s  t o  p r a c t i c a l  systems p r e s e n t  even g r e a t e r  

cha l lenges .  

s i m u l a t i o n s  o f  a c t u a l  combustion c o n d i t i o n s ,  s t a n d a r d i z a t i o n  o f  exper imenta l  

t e s t  procedures would be d e s i r a b l e .  

techn iques  i s  recommended t o  v e r i f y  o r  improve fundamental unders tand ing  o f  

g a s i f i c a t i o n  r a t e s  and mechanisms and t h e  b e s t  a v a i l a b l e  model ing 

procedures.  

of t h e i r  r e l a t i v e l y  low c o s t s  and s i m p l i c i t y .  I f  p o s s i b l e ,  s t a t i c  

exper iments should be dev ised t h a t  p r o v i d e  u s e f u l  i n f o r m a t i o n  on f o u l i n g  and 

sl agg i  ng . 

An 

(i) 

T h i s  problem i s  

T h i s  

Since exper iments may be performed t h a t  r e p r e s e n t  reasonable 

( i v )  The use o f  improved d i a g n o s t i c  

(v)  S t a t i c  exper iments on bulk samples a r e  a t t r a c t i v e  because 

3.4-2. Cor ros ion  and F a t i g u e  

Three research  areas a r e  suggested i n  Ref. 2: (i) Measurements o f  

h igh-temperature,  c o r r o s i o n - f a t i g u e  d a t a  f o r  a l l o y s  o f  commercial i n t e r e s t  

under a c c u r a t e l y  c o n t r o l l e d  and w e l l - d e f i n e d  c o n d i t i o n s .  (ii) I n f o r m a t i o n  

on t h e  k i n e t i c s  and mechanisms o f  c o r r o s i o n - f a t i g u e  damage f o r m a t i o n .  

An augmented model i n c o r p o r a t i n g  t h e  r e s u l t s  o b t a i n e d  under (i) and (ii) 

i n t o  des ign  c a l c u l a t i o n s .  There has been s p e c i a l  emphasis on t h e  r e d u c i n g  

(iii) 
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conditions found in coal gasifiers, but other environments could be usefully 
employed to obtain data over wider ranges of conditions. 
temperature ranges lie2 between 350 and 7OO0C, while pressures fall in the 
20-60 atm range. 

(50 to 5000 cycles) to identify the influence of cycling on failure rates. 

Interesting 

New studies should be performed on the effects of cyclic loadings 

3.4-3. High-Temperature Sulfur Removal 

Application of a high-temperature sulfur-removal process will 
significantly improve the efficiency of an IGCC system and a DOE-supported 
program in this area is therefore recommended. 

3.4-4. Gasifiers for Low-Rank Coals 

Gasifiers for IGCC (cf. Sec. 3.3) have been extended to low-rank 
coals. 
Texaco gasifier using C0,-lignite slurries as gasifier feed. 

EPRI has made a preliminary evaluation of this proposal for the 
The Shell, 

icable to low 
L 

Dow and other gasifiers have also been demonstrated as app 
rank coals. 

3.4-5. Low-Cost Gas Separation and Air Enrichment 

The Shell and Texaco gasifiers, as well as other gasifications 
I 

systems, will benefit from lower costs if improved gas-separations with 
air-enrichment systems are developed. 
Chapter 13. 

This important topic is addressed in 
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CHAPTER 4: 
COAL GASIFICATION FOR SNG PRODUCTION* 

4.1. Introduction 

4.1-1. The Great Plains Coal Gasification Plant (GPCGP) 

In the early 1970s, when "Project Independence'' was being defined 
by the Federal Government and serious concerns were being raised about the 
natural gas (NG) reserves and long-term supply of NG, there wer,e more than 
100 major projects under consideration that involved the production of sub- 
stitute natural gas (SNG) from coal. These projects generally involved 
plants that would produce the equivalent of 250 million standard cubic feet 
of gas per day (SCF/d) with a heating value of 950-1000 Btu/SCF. 
these plants were on a schedule that would have placed them on-stream in the 
mid- to late-1980s. However, the world energy picture changed dramatically 
and the requirement for producing pipeline-quality gas from coal moved 
further into the future. Now, SNG from coal is being considered as a 
potential pipeline-quality gas supply option for the post-2000 time frame. 

As a result of changes in the energy market, only the GPCGP was 
constructed. This plant is located in Beulah, North Dakota, and was 
developed through the combined efforts of a consortium of natural gas 
companies and the Federal Government. Start-up operations began in 1984, 
with a nominal output of 125 million SCF/d (at a 90% stream factor) of 
pipeline-quality gas. 
and its operation is based on dry-bottom Lurgi gasification technology 
together with commercially available methanation, gas conditioning and 
clean-up technology. 

Some of 

This plant uses North Dakota lignite as the feedstock 

*This chapter has been written by Kermit E. Woodcock and Vernon L. Hill of 
GRI . 
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To date, the GPCGP is clearly a technical success.' It was 
constructed within cost, completed on schedule and has involved only minimal 
problems during its initial period of operation. 
produce 137.5 x 10 SCF/d, but has operated consistently at levels exceeding 
the original design capacity. In March 1986, the plant production was as 
follows: hi.ghest daily rate = 154.7 x 10 SCF (112.5% of design), hlghest 
weekly rate = 1.0463 10 
x lo9 SCF (106.4% of design). 

In the current economic climate resulting from low world 0-i1 

prices, the GPCGP is not economically competitive with other gas-supply 
options. However, the experience gained through the construction and 
operation of this plant is providing the gasification community with a bench 
mark of the real costs of SNG based on cdmmercially available technology. 
In addition, it is helping to identify where process improvements car] be 
effected through engineering changes or process selection and where 
supporting research and development efforts could have an impact. 

The plant was designed to 
6 

6 
9 SCF (109% of design), highest monthly rate := 4.536 

4.1-2. General Thermodynamic Considerations 

The atomic ratio of H to C in coals is less than one. As it 

result, in order to convert coal to pipeline-quality gas efficiently at an 
H/C ratio of 4 ,  it i s  necessary to prov de a source of H2. 
accomplished by the addition of steam. The overall reaction scheme for 
producing pipeline-quality gas from coa , with water as source of the 
necessary hydrogen, represented by 

This is usually 

coal + H20 -CH4 + C02. (4.1-1) 

In most gasification processes, however, this overall reaction is not, 
realized in a single step but is accomplished through a series of steps to 
provide reaction environments for which conversions proceed at accept,able 
rates. These steps are the unit operations of coal-gasification plants. As 

reaction temperatures are raised to higher values (where gasification reac- 
tions proceed at adequate rates), the stability of CH4 (methane) is reduced 
and, at the higher temperatures such as those associated with entrained-flow 



g a s i f i e r s  ( i  . e . ,  125O-137O0C) , there  i s  no methane production i n  the  

g a s i f i e r .  Typical off-gas compositions from fixed-bed, fluidized-bed and 
entrained-flow g a s i f i e r s  a r e  presented i n  Table 4.1-1, which show the  
ranges of methane production t h a t  can be expected. 
an indicat ion of t he  addi t ional  conversion t o  methane t h a t  must be 
accompl i shed i n  order t o  approach the  overal l  react ion scheme represented by 
E q .  (4.1-1). 

As t he  react ion temperature i s  r a i sed ,  the react ions t h a t  dominate 

These data  a l so  provide 

the  gas i f i ca t ion  process include 

coal - CH4 + char + t a r s ,  o i l s ,  (4.1-2) 

char + H20 4 CO + HZy (4.1-3) 

char + O2 + CO + H2, (4.1-4) 

r .  

,. ' 

CO + H20 + C02 + H2, (4.1-5) 

+ H20 --I CO + 3H22 (4.1-6) CH4 

ZCH4 + O2 L CO + 4H2, (4.1-7) 

2co * co2 + c. (4.1-8) 

In addi t ion t o  t he  pr incipal  reac t ions ,  w h i c h  control t h e  concentration of 
the  major products of gas i f i ca t ion ,  t he re  occur a l so  a s e r i e s  of reac t ions  
involving t r a c e  cons t i t uen t s  in the coa l s ,  such as t he  nitrogen, su l fu r  and 
mineral mat ter ,  which r e s u l t  i n  the  formation of addi t ional  gaseous species  
(H2S, NH3, COS, mercaptans, su l f ides ,  e t c . ) .  
gaseous species  depends on the  g a s i f i e r  condi t ions and coal type and m u s t  
a l so  be d e a l t  with a s  p a r t  of a coal-to-SNG process. 

reac t ions  represented by Eqs. (4.1-2) t h r o u g h  (4.1-8) and when SNG i s  t h e  
desired end product, addi t ional  processing s t eps  a re  required t o  convert t he  
CO and He produced i n  t he  g a s i f i e r  t o  methane. 
accomplish this  conversion a r e  ( a )  t he  water gas s h i f t  react ion (WGSR) of 

The nature of these  addi t ional  

When the  gas i f i ca t ion  process i s  cont ro l led  by the  types o f  

The pr incipal  reac t ions  t o  
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Eq. (4.1-5), which p rov ides  t h e  d e s i r e d  i n i t i a l  H2/C0 r a t i o  and (b) a 

methanat ion r e a c t i o n  which may proceed accord ing  t o  t h e  f o l l o w i n g  s teps:  

Tab le  4.1-1. C o m m e r c i a l  and developmental  gasification p rocesses ,  oxygen- 
blown r e a c t a n t  consumption and gas  production. 

Parameter 

2. 

Entrained-flow Gasifiers Fluidized-bed Moving-bed Gasifiers Gasifier 
Lurgi BGC slagging Kopper s - 
dry- ash  Lurgi Winkler HYGAS Totzek 

(commercial) (pilot pbnta) (commercial) (pilot planta) (commercial 
~ 

Gas exit T, "C 580 440 700 340 

P, ps i  430 290 14.7 1000 

Gas analysis, 
vo 1% 

29.7 2.5 20.0 24.7 

co la. 9 60.6 34.0 24.0 

39.1 27.8 41.0 30.5 

11.3 7.6 3.0 19.4 

Other s 1.0 1.5 2.0 1.4 

c02 

HZ 

cH4 

H2/CO volume I 2.1 I 0.46 1 1.21 I 1.27 
ratio 

Product utilization 
Equivalent SNG, 
nM3/lOOO kg of 
coal 

Equivalent CH4, 
nM3/1000 kg of 
coal 

d 

1884 

529 

1939 

517 

15 96 

413 

1850 

I 
I 5 42 

1290 

14.7 

7.1 

58.7 

32. a - 
1.4 

0.56 

1845 

462 

Texaco 
(pilot planta) 

1290 

580 

10.6 

51.6 

35.1 

0.1 

2.6 

0.68 

1988 

470 

aPilot plants are of various sizes: BGC/Lurgi, 1200 kg/h; HYGAS, 2500 kg/h; Texaco, 6500 kg/h. 

bThis value includes nitrogen and various impurities (H2S, COS, NH3, etc. 1. 
'The SNG is assumed to be  equal to the sum of the concentrations of H2, CO, and 3 X CH4 . 
dTlie methane potential is assumed to be equal to the methane (CH ) concentration plus (1/4) of the (H2+ CO) 

4 concentration. 

These r e a c t  

methanat ion 

CO + 3H2 

2CO + 2H2 

ons depend on t h e  overa 

c a t a l y s t  used. 

- CH4 + H20, (4.1-9) - CH4 + C02, (4.1-10) - CH4 + 2H20, (4.1-11) 

1 i n i t i a l  gas compos i t ion  and t h e  



Workers a t  Exxon,  t h r o u g h  the  use of a l k a l i  metal o r  a lka l ine-  
ear th  s a l t s  a s  gas i f i ca t ion  c a t a l y s t s  and an innovative concept, were ab le  
t o  provide a reac t ion  environment i n  the  g a s i f i e r  such t h a t  a l l  of t he  
methane was formed i n  the  g a s i f i e r  i t s e l f  and addi t ional  methanation s t eps  
were n o t  required (compare Sec. 7 . 2 ) .  However, the  methane was s t i l l  only 
one cons t i t uen t  of a multi-component gas mixture, and separat ion and gas 
clean-up s teps  were required t o  develop a f i n a l  product stream of 
pipel ine-qual i ty  gas. 

4.1-3. General Flow Sheets 

Because of the  heterogeneity of coa l ,  t he  presence o f  heteroatoms 
and in t e rac t ions  of chemical k ine t i c s  and thermodynamics, t he  production of 
pipel ine-qual i ty  gas from coal requi res  in tegra t ion  of many process s t eps ,  
regard less  of t he  type of g a s i f i e r  employed. Typical block diagrams showing 
the number and sequence of major process s t eps  needed f o r  processes i n  which 

Crushing 

Sizing 

Drying 

Coal 
Feeding 

t- 

71 Conversion I Shift 

cos 
Heat - Hydrolysis Recovery 

Quench - 
Recycle Scrubbing H S  + 

Removal 

Recycle Gas COa -P Gasification $  ̂ Compression Removal - E CO, 
i 

4 'I Methanation 

Drying 
Y 

Removal Compression * SNG 

Sour Water 
Skipping 

Ash 

Recovery Gas 

Ammonia 

Fig. 4 . 1 - 1 .  Coal-to-SNG in the Kellogg-Rust-Westinghouse (KRW) gasification process. 
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1 I I Recovery 
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Gasification 

Y Recovery IJ pT-1 Removal 
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Waste Heat * Recovery 

Raw Gas 
Scrubbing r 
Sour Water 

Ash 

'Required for caking coals. 

Removal 

Removal 

Process Gas 

Methane H Recovery 

Drying 

t co, 

Sulfur 

k Ammonia 

Fig. 4.1-2. Coal-to-SNG in the k o n  gasification process. 

methanation is required downstream of the gasifier and where all methane 
formation i s  achieved in the gasifier, as in the KRW and Exxon catalytic 
processes, are shown in Figs. 4.1-1 and 4.1-2; the Exxon process i:j 
described in detail in Sec. 7.2. 

These diagrams emphasize the importance of effective process 
integration and indicate that there are many opportunities where pi-ocess 
improvements, achieved through continued research and development, can have 
a positive impact on process configurations, capital costs, operating costs 
and, ultimately, the end-product cost o f  pipeline-quality gas. 
process elements contribute to the final end-product cost of SNG from coal, 
the gasifier, methanation process and clean-up systems represent major 
determinants in other process requirements and overall process integration. 

While all 
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4.2. Advanced Gasification Technology for SNG 

The development of gasification technology to convert coal to SNG 
has been the subject for extensive research, developments and demonstration 
programs for at least three decades. 
20 conversion progresses were in vari'ous stages of development, and other 
approaches were being evaluated in Europe. 
exploratory projects, bench-scale studies, evaluations at the 
engineering-test unit (ETU) and process-development unit (PDU) scales, 
pilot-plant studies, and detailed design studies for demonstration plants 
and possible commerical operations. 
being evaluated include the following: 
Bi-Gas (Bi tumi nous Coal Research, Inc. ) C02-Acceptor (Conoco Coal 
Development Co.) Synthane (U.S.  Bureau of Mines), HYGAS (Institute of Gas 
Technology), COGAS (FMC Corporation), High Mass Flux (Bell Aerospace), 
F1 ash Hydropyrolysi s (Rockwell International ) , Exxon Catalytic (Exxon 
Research and Engineering), Winkler (Rheinsiche Braunkohl enwerke AGR), U-GAS 
(Institute of Gas Technology), KRW Ash-Agglomerating (Westinghouse/KRW 
Energy), Hydrane (U.S. Bureau of Mines), Slagging-Fixed-Bed (British Gas 
Corporation/Lurgi GmbH), Fluid-bed Hydrogasification (Rheinische 
Braunkohlenwerke AGR), Ruhr-100 (RuhrgadLurgi GmbH). 

commercially available technology with respect to process efficiency, 
feedstock utilization and flexibility or to reduce the potential for 
unfavorable environmental interactions with the recognition that improved 
technology would translate into lower end-product gas costs. 
program progressed and data became available for use in comparative economic 
evaluations, work was discontinued on most of these approaches when it was 
shown that sufficient economic incentives could not be identified to justify 
continued R&D expenditures. 
and the supporting economic studies, development work is still proceeding on 
the ash-agglomerating, fluid-bed technology (U-GAS, KRW Ash 

In the US in the mid-l970s, over 

These efforts encompassed 

Process concepts that have been or are 
Lurgi dry-botton (Lurg4 GmbH), 

Each of these processes was conceived in an effort to improve the 

As the R&D 

Today, as a result of the available data bases 

Agglomerating-process), the British Gas/Lurgi slagging gasifier, and the 
Rheinbraun direct, fluid-bed hydrogasification process for SNG production 
because of the unique characteristics of the available cost resource base 
and the advanced stage of the R&D program. 
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Other than the  fluid-bed hydrogasification technology, continued 
g a s i f e r  development work i s  being j u s t i f i e d  pr imari ly  because of process 
f l e x i b i l i t y  and the  poten t ia l  f o r  appl ica t ions  i n  a r eas  o ther  than SNG 
production ( e .g . ,  IGCC f o r  e l e c t r i c  power generat ion) .  

can be appl ied t o  coal-to-SNG processes,  i s  given i n  the  following 
subsect ions,  except f o r  the U-GAS process w h i c h  i s  described i n  d e t a i l  i n  
Section 3.3-3. 

A b r i e f  summary of t he  technologies s t i l l  under development, which 

4.2-1. BGC/Lurgi S1 aggi ng Gasi f i e r  

The BGC/Lurgi slagging g a s i f i e r  i s  a fixed-bed g a s i f i e r  
(Fig.  4.2-1) and cons i s t s  of a ve r t i ca l  cy l ind r i ca l  r eac to r  i n t o  which coal 
i s  in j ec t ed  through a lockhopper and a ro t a t ing  coal d i s t r i b u t o r .  The coal 
moves slowly down the  r eac to r  i n  contact  w i t h  gases passing countercurrent ly  
through t h e  bed. A mixture of steam and oxygen i s  in j ec t ed  a t  the bottom of 
the bed through nozzles ( tuyeres) .  The base o f  t he  coal bed i s  ca l l ed  the  
raceway and i s  the loca t ion  where h i g h  temperatures cause the  ash t o  melt ,  
y i e ld ing  a f l u i d  s l ag  which d ra ins  from the hearth through a 
central ly-placed s l ag  t ap .  
water t o  form a g l a s s  f r i t  and i s  subsequently removed v ia  a s lag  lock- 
hopper. 

T h e  s l ag  i s  quenched i n  a chamber f i l l e d  w i t h  

The predominant react ion i n  t he  raceway i s  combustion o f  
devo la t i l i zed  coa l ,  y i e ld ing  a product stream of hot gases t h a t  contain 
steam and carbon oxides.  As t h i s  gas moves u p  through the f ixed  bed, carbon 
i s  rap id ly  gas i f i ed  by steam and carbon dioxide.  Since these  reac t ions  a r e  
highly endothermic, the temperature drops rap id ly ,  e f f e c t i v e l y  l imi t ing  the  
very h i g h  temperature s l ag  l i be ra t ion  zone t o  a small a r ea .  The small s lag  
l i b e r a t i o n  zone i s  benef ic ia l  i n  reducing the heat  t r a n s f e r  t o  the  coal 
r e s u l t i n g  i n  progressively lower temperatures,  eventual ly  reducing reac t ion  
r a t e s  t o  the  point  where gas i f i ca t ion  reac t ions  e f f e c t i v e l y  s top.  
t h i s  zone, rapid heating of t he  fresh coal r e s u l t s  only i n  drying and 

devo la t i l i za t ion  reac t ions .  These reac t ions  y i e l d  t a r s  and o i l s ,  
s i g n i f i c a n t  amounts of methane, su l fu r  compounds, steam, and o ther  minor 
products ,  which a r e  c a r r i e d  out  of t he  g a s i f i e r  by the  product gas. The 
BGC/Lurgi  slagging g a s i f i e r  o f f e r s  po ten t ia l  advantages over t h e  clry-bottom 

Above 
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Lurgi technology since it can accommodate caking coals more effectively, 
utilizes coal fines, and has lower oxygen and steam requirements. 

4.2-2. KRW (Kel logg-Rust-Westinghouse) Ash-Agglomerating, 
Fluidized Bed Gasifier 

The KRW (Kel logg-Rust-Westinghouse) process is a fluid-gasifier 
(Fig. 4.2-2) in which coal and recycled fines are reacted with steam and 
oxygen to form a synthesis gas consisting mainly of CO, COP, H 2 ,  C H 4 ,  and 
steam. The process development unit (PDU) gasifier is a vertical, 
refractory-lined vessel operable up to 230 psig and 1000°C and consisting of  
four sections: the freeboard, gasifier bed, combustion zone, and char-ash 
separator. 

Feed Coal 

1 
Coal Lock 
Hopper 

Quench - 
SteamlOxygen 

f--- Feed 

Circulating - 
Quench 
Water 

Fig. 4.2-1. The BGC/Lurgi slagging gasifier. 
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Raw coal , ground t o  3/16"xO" (and dr ied  t o  5% surface moisture 
when necessary), i s  fed pneumatically t o  the g a s i f i e r  t h r o u g h  a lockhopper 
system, along w i t h  t he  char f i n e s  from cyclones downstream of the  
g a s i f i e r .  Feeding i s  accomplished by means of s t a r  wheel feeders  and 
recycle  gas. The coal and char a re  fed t o  t he  g a s i f i e r  along i t s  center 
l i n e  and combusted i n  a stream of oxidant (oxygen o r  a i r )  fed t h r o u g h  a 
coaxial  feed tube. When oxygen i s  employed, steam i s  used together  with 
t h e  oxidant as  t he  gasifying medium. 

There a r e  several other  key flows i n t o  the  g a s i f i e r ,  a s  shown in 
F i g .  4.2-2. A flow of steam i s  provided by annular flow around the  nozzle 
t i p  t o  prevent carbon deposit ion a t  t he  base of t he  j e t .  
gas o r  steam i s  in jec ted  r ad ia l ly  a t  a locat ion near t he  middle sect ion of 
t h e  in jec t ion  nozzle. T h i s  flow mildly f l u i d i z e s  and cools t he  ash f o r  
withdrawal; t he  sharp temperature gradient  a t  t he  char/ash in t e r f ace  i s  
u t i l i z e d  t o  control withdrawa'l r a t e .  
sparger r i n g  a t  t he  base of the  ash bed t o  a id  i n  ash withdrawal. 

carbon oxides and residual steam a s  the  product gas. The carbon i n  t he  char 
i s  consumed by combustion and gas i f i ca t ion  a s  the  bed of char c i r c u l a t e s  
t h r o u g h  the  j e t .  The temperature near the  bottom of t he  bed i s  maintained 
h i g h  enough t o  ensure t h a t  t he  ash-rich p a r t i c l e s  r e su l t i ng  from reac t ions  
sof ten ,  agglomerate and def lu id ize .  The agglomerates migrate t o  t he  annulus 
around the  feed tube and a re  continuously removed by a ro ta ry  feeder t o  
lockhoppers. 
isothermal condition u p  t o  l , O O O ° C .  The lower portion of t he  annulus 
operates  a t  about 26OOC. Carbon conversion i s  typ ica l ly  90-95% on an 
overal l  bas i s ,  while the  ash i s  concentrated t o  85% in the  agglomerates. 

The raw product gas containing no t a r s  o r  o i l s  passes from the  

Additional recycle 

Recycle gas i s  a l so  in jec ted  t h r o u g h  a 

The coa l ,  char and steam react ions in the  g a s i f i e r  form hydrogen, 

The major p o r t i o n  of the  g a s i f i e r  operates i n  an e s s e n t i a l l y  

g a s i f i e r  t o  two refractory- l ined cyclones i n  s e r i e s ,  where the  char 
p a r t i c l e s  are  removed. 
inser ted  in to  a recycle gas stream and re in jec ted  i n t o  the  g a s i f i e r ,  e i t h e r  
with the  coal feed o r  separately i n t o  t he  lower section of t he  bed. The 
product gas i s  then quenched, cooled and scrubbed of any remaining f i n e s  
(usua l ly  1%) before fu r the r  processing and recycl ing.  
PDU sca le  have demonstrated t h a t  high conversion e f f i c i e n c i e s  can be achieved 

The f i n e s  co l lec ted  i n  the  cyclones a r e  cooled, 

Experiments a t  t he  
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w i t h  a wide var ie ty  of feedstocks,  including both caking and non-caking 
coa l s ,  and t h a t  coal f i n e s  can be e f f e c t i v e l y  consumed i n  t he  g a s i f i e r .  

4 Raw Fuel Gas Product and Fines 

Freeboard 

Auxiliary - 
c -  Steam 

Steam ---+ 

Recycle Gas-----+ 

Oxygen 

Ash Agglomerates 

Coal and Transport Gas 

Fig. 4.2-2. Functional schematic of the Westinghouse gasifier, 

4.2-3. Rheinbraun AG, Hydrogasification 

2 Rheinbraun AG has been proceeding w i t h  t h e  development and 
evaluation of a process t o  produce SNG t h r o u g h  the d i r e c t  react ion 
o f  hydrogen and coal via  t he  overal l  react ion 

coal i- H2 - CH4 + char.  (4.2-1) 



The o v e r a l l  process under c o n s i d e r a t i o n  w i l l  u t i l i z e  two f l u i d - b e d  r e a c t o r s .  

I n  t h e  upper bed, hydrogen i s  used as t h e  f l u i d i z i n g  agent f o r  t h e  p r i m a r y  

c o a l  feeds tock .  The r e s u l t i n g  p r o d u c t  gas i s  a m i x t u r e  o f  C H 4 ,  H 2 ,  CO, and 

C O P ,  a long w i t h  H2S and N H 3 ,  t h a t  must subsequent ly undergo clean-up, 

s e p a r a t i o n  and upgrading s teps t o  achieve t h e  f i n a l  SNG p r o d u c t  stream. 

r e s i d u a l  hydrogen f r a c t i o n  o f  t h e  stream i s  separated c r y o g e n i c a l l y  and 

r e c y c l e d  t o  t h e  r e a c t o r .  

The 

A schematic diagram o f  t h e  p i l o t  p l a n t  used t o  develop d a t a  f o r  

t h e  h y d r o g a s i f i c a t i o n  r e a c t o r  i s  shown i n  F ig .  4.2-3. 

o p e r a t i n g  d a t a  f rom t h e  h y d r o g a s i f i c a t i o n  p i l o t  p l a n t  f o r  t h e  r e l a t i v e l y  

r e a c t i v e  Rhenish brown coa l  and a l s o  f o r  West German a n t h r a c i t e .  

Table 4.2-1 presents  

Pneumatic 
Conveying Drier 

Hopper 

- 
Gasometer --- -0- 

Methane (SNG) 

Fig. 4.2-3. Pilot plant for hydrogasification of coal (Rheinbraun AG); 
gasification pressure: up to 1750 psi; coal throughput: up 
to 9 . 6  dried tonslhr; gasification temperature: up to 950°C; 
gas production: u p  to 7800 rn3 (i. N. )CHq/hr. 
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Table  4.2-1. Operat ing data  of the semi- technica l  pilot plant for  hydrogasif icat ion 
of coa l  at Rhe inbraun  AG. 

-~ 

Par a m e  t e r  

Coal  throughput,  rnaf 

Spec ia l  coal  throughput, maf 

Methane content of crude  gas  

Degree  of C-gasif icat ion 

Operat ing t e m p e r a t u r e  

0 per a t ing p r  e s sur  e 

Solids r e s idence  t ime  

Plan t  i n  opera t ion  
with coa l  throughput 

197 6 - 1982 

Rhen i sh  Brown Coal 

1782 tons 

max.  700 lb/hr 

UP to 48 ~0170 

up to 82% 

800- 1000 "C 

800-1375 p s i  

9-80 m i n  

26987 h r  
12253 h r  

A nthr  a cite 
~- 

13.6 tons  

max. 350 l b / h r  

up to 25 v0170 

up to  47% 

940-960 "c  

1150-1250 psi 

28-38 m i n  

The hydrogen required for hydrogasification is produced in the 
lower fluid-bed. Residual char from the hydrogasification stage is reacted 
with steam and oxygen to generate SNG that can be shifted to provide the 
necessary concentrations of hydrogen. The basis for the char gasifier is 
the high-temperature Winkler process, a pressurized, fluid-bed gasifier that 
is also being developed by Rheinbraun. 
extension of earlier, atmospheric pressure, fluid-bed gasifier technology 

The high-temperature Winkler is an 

and is designed to provide for higher temperature and higher pressure 
operation. 
increase carbon utilization. 
throughput. 

The high-temperature Winkler technology has been demonstrated in a 
nominal 45 TPD pilot plant at pressures t o  approximately 130 psi and 
temperatures t o  approximately l l O O ° C .  All types of coal have been processed 
and it has been demonstrated that the addition of limestone to the fluid-bed 
can significantly reduce the H2S content of the raw gas. 

The higher temperature lowers the make of liquid byproduct and 
Higher pressures increase the gasifier 



4.2-4. Catalytic Coal Gasification 
Exxon Research and Development has conducted an engineering 

development program through the PDU stage (l-ton/day) to evaluate the 
potential for using coal gasification catalysts and a unique process flow 
sheet to produce SNG from coal in a fluid-bed reactor, without the use of an 
oxygen plant or a separate methanation step. The catalyst, together with 
the process concept, led to the direct formation o f  methane in the gasifier 
according to the overall reaction 

coal + H20 - CH4 + C02. (4.2-2) 

This technology, which is specifically focused on the production of SNG from 
coal is discussed in Sec. 7.2. 

4.3. Catalytic Methanation 

Catalytic methanation has been studied extensively since 1902, 
when Sabatier and Senderens published their classical paper on Ni 
 catalyst^.^ Many catalysts were subsequently tried. By 1925, man.y 
eyfective metal catalysts had been identified.4 An excel lent descr 
commercial processes is given in Ref. 5. Although this subject i s  

considered in Chapter 7, we shall discuss it here from a somewhat ci 

perspective because of its potential importance for SNG production. 

. -  , -  

J 
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4.3-1. Chemistry and Thermodynamics 

Catalytic methanation involves the exothermic formation of CH4, 
usually starting with a mixture of H2 and COY although methanation can also 
be achieved with mixtures of H2 and C02. 
gasifiers, with the lower temperature gasifiers producing relatively more 
CH4. 
reactor. 
deposition. 
feed gas: 
temperature rise. 

Methane is formed in many coal 

Thus, some amount of CH4 may be present in the feed gas to the catalytic 
Steam is usually present or is added t o  the feed to avoid carbon 
The heat release depends on the amount of CO present in the 

for each 1% of COY an adiabatic reaction will experience a 6OoC 



4Y5 The per t inent  reac t ions  a r e  1 

2 CH4 + H20, 
-?- 

( 4.3-1) 

2H2 + 2CO A - CH4 + COZY (4.3-2) 

2co A T- c + cozy (4.3-4) 

(4.3-5) a CO + H20 ? C02 + H2. 

I f  methanation begins with a mixture of H2 and CO and nickel-based 
c a t a l y s t s  a re  used, t he  desired H2/C0 r a t i o  of t he  feed gas i s  3:l [ react ion 
(4.3-l)]. When c a t a l y s t s  such a s  GRI's su l fur - to le ran t ,  d i r e c t  methanation 

3-2) c a t a l y s t  a re  used, t he  desired i n i t i a l  H2/C0 r a t i o  i s  1 and Eq. (4 
forms the  bas i s  f o r  t he  methanation react ion.  

Other methane-producing processes include t h e  hydrocrack ng o f  
higher hydrocarbons, t yp i f i ed  by 

C2H6 + H2 - 2CH4. (4.3-6) 

Values of A HoR and A GoR f o r  reac t ions  (4.3-1) t h r o u g h  (4.3-5) 
a re  given i n  Table 4.3-1 f o r  temperatures between 27 and 727OC. 
show t h a t  a l l  reac t ions  a re  exothermic, with a l l  but t he  s h i f t  react ion 
(4.3-5) being s t rongly exothervic.  
Table 4.3-1 show t h a t  lower temperatures favor methane production; t h u s ,  
there  must be e f f e c t i v e  heat-removal methods. A t  temperatures below - 425OC, the  methane y i e l d  i s  n o t  notably a f fec ted  by pressure.  

Carbon deposi t ion,  which leads t o  c a t a l y s t  fou l ing ,  can be 

These data  

Furthermore , t he  free-energy Val ues i n  

encountered under ce r t a in  operation condi t ions.  
dependent on i n i t i a l  gas composition, c a t a l y s t  p roper t ies ,  temperature, and 
pressure.  
shown t h a t  H2/C0 r a t i o s  a s  low a s  0.1 can be processed w i t h o u t  carbon 
deposi t ion.  

These condi t ions a r e  highly 

Experience w i t h  su l fur - to le ran t ,  d i r e c t  methanation c a t a l y s t s  has 

W i t h  c a t a l y s t s  t h a t  accomplish methanation t h r o u g h  t h e  overal l  



reac t ion  represented by E q .  (4.3-1) and f o r  which  feed gas H2/C0 r a t i o s  of 3 
a r e  des i red ,  carbon deposi t ion occurs more r ead i ly  and much l a r g e r  regions 
o f  temperature and H2/C0 r a t i o s  must be avoided, a s  i s  shown i n  F i g .  4.3-1. 

4.3-2. Cata lys t s  

In order  of a c t i v i t y ,  t h e  most important metal c a t a l y s t s  a r e  
Nickel i s  the  most commonly used c a t a l y s t  i n  Ru > N i  > Co > Fe > M o . ~  

commercial processes because of i t s  r e l a t i v e l y  low cos t .  Despite the ex- 
c e l l e n t  c a t a l y t i c  performance of R u ,  i t s  h i g h  cos t  has precluded i t s  wide- 
spread use. The a c t i v i t y  o f  N i  i s  genera l ly  second t o  t h a t  of R u ,  but i t  

i s  f a r  cheaper and has the re fo re  become t h e  most-used c a t a l y s t  i n  commercial 
methanation processes.  4 y  

c a t a l y s t s  a re  rap id ly  poisoned by S-containing compounds and i t  i s  necessary 
t o  reduce the  concentration of s u l f u r  species  i n  t he  i n l e t  gas t o  l e s s  than 
0.5 ppm i n  order  t o  maintain adequate c a t a l y s t  a c t i v i t y  f o r  long per iods of 
time. The  su l fur - to le ran t  methanation c a t a l y s t s  cu r ren t ly  under development 
do n o t  have a s imi l a r  requirement f o r  low concentrat ions of s u l f u r  spec ies  
i n  the feed streams and t h u s  a f fo rd  the opportunity t o  make major changes i n  
the  process  elements and the i r  i n t eg ra t ion  i n  downstream processing t r a i n s .  

The c a t a l y s t  base used and the  composition of t he  Ni-based a l l o y  
a r e  important.  
f ind  mater ia l s  t h a t  y i e l d  o p t i m u m  performance i n  terms of h i g h  
CO-conversion, low C depos i t ion ,  h i g h  methane s e l e c t i v e l y ,  and y i e l d .  Other 
desi  rabl e proper t ies  a r e  1 ong ,  stab1 e c a t a l y s t  1 i f e ,  abi 1 i t y  t o  accept  
feeds w i t h  low H2/C0 r a t i o s ,  and high space v e l o c i t i e s  over a range o f  
temperatures and/or pressures. 
c a t a l y s t s  i s  given i n  Table 5 of Ref. 4. 

c a t a l y s t .  6 y 7  
depos i t ion ,  

Nearly a1 1 commerci a1 l y  avai 1 ab1 e methanati on 

Inves t iga to r s  developing Ni-based c a t a l y s t s  have t r i e d  t o  

A summary o f  the many d i f f e r e n t  Ni--based 

Cobalt has a l s o  been found t o  be quite ac t ive  a s  a methanation 
However, compared t o  N i ,  Co s u f f e r s  more severe carbon 
requires h i g h e r  temperatures f o r  s imi l a r  CO conversions,  7 

Iron-catalyzed methanation has been described i n  two papers. 8,9 

and i s  less methane-selective. 6Y7 

The long-term e f fec t iveness  of t h i s  c a t a l y s t  was l imited by C deposi t ion.  
Because Fe has very poor  methane s e l e c t i v i t y ,  even a t  high H2/C0  
i s  considered t o  be more s u i t a b l e  for  Fischer-Tropsch syntheses than f o r  

i t  
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(4.3-1) (4.3-2) (4.3-3) (4.3-4) (4.3-5) 

-59. I36 

-60.070 

-60.815 

-61.376 

-61.780 

-62. 047 

-62.203 

-62.261 

_ _  
-39.460 

-40.650 

-41.77 9 

-42.792 

-43.680 

-44.449 

-45.105 

-45.653 

4.3-1. Heats  of r eac t ion  and f r e e  ene rg ie s  of r e a c t i o n  for  r eac t ions  (4.3-1) 
through (4.3-5); r ep roduced  f r o m  Ref.  4. 

Tab1 

I 

Temperature, 
OC 

-41,227 

-41.434 

-41.. 499 

-41.460 

-41.350 

-41.190 

-40.996 

-40.729 

-9.838 

-9.710 

-9.518 

-9. 292 

-9.050 

-8.7 99 

-8.549 

-8.304 

27 

127 

221 

3 27 

4 27 

5 27 

6 27 

7 27 

-49. 298 

-50.360 

-51. 297 

-52.084 

-52.730 

-53.248 

-53.654 

-53.957 

k, kcal/mole F r e e  Energy of Reaction, A 

27 

1 27 

2 27 

321 

4 27 

5 27 

621 

7 27 

-33.904 

-28.610 

- 23.06 2 

-17.338 

-11.493 

-5.567 

to.  594 

4.6.444 

-40.731 

-34.451 

-27. 956 

-21.329 

-14.620 

-7.865 

-1.079 

t5.715 

-6.821 

-5.841 

-4.894 

-3.991 

-3.127 

-2.298 

- 1.500 

-0.729 

-28.621 

-24.385 

-20.111 

-15.836 

-11.574 

-7.332 

-3.108 

t1.090 

-21.077 

-22.769 

-18.168 

-13.347 

-8.366 

-3. 269 

t1.921 

t7. 173 

Fig. 4.3-1. The effects  of synthes is  gas  r a t i o  and p r e s s u r e  on c a r b o n  deposit ion.  
Carbon deposi t ion m a y  occur  for conditions below the curves .  

r 

Carbon Deposition May Occur in Area Beneath Curve t 1 

" 

500 600 700 800 900 1000 1100 1200 1300 1400 

Temperature, O K  
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methanation catalysis. 
Fischer-Tropsch products when 1:l synthesis gas was used. 

temperatures for methanation.1oy11 
catalysts is their high resistance to sulfur poisoning. 

methanation." 
and Re have the advantage of being highly methane-selective. 

Typical yields consisted of 20% methane and 80% 

Molybdenum and W have only moderate activity and require high 

8 

The motivation 'for examining these 
10,12 

Noble metals have also been studied for applications in catalytic 
Their activities are generally quite low, but Pd, Rh, Os, 

4.3-3. Commercial Processes 

Methanation systems are used commercially to remove small amounts 
of CO and C02 because these oxides are catalyst-poisons for many chemical 
manufacturing systems. An example of a commercial system for which ,this 
removal is necessary is found in ammonia plants where the methanation 
systems serve as gas purifiers. 
concentrations to the ammonia synthesis reactors are usually less than 
1%. 

As a result, input CO and C02 

5 

When scaling up this technology to the methanation systems 
required in a coal-gasification plant producing SNG, consideration must be 
given to a number of potential problem areas. The SNG systems will be much 
larger and will be required to handle input gases with much higher CO 
concentrations. Because of the high heat release associated with high CO 
input-gas concentrations, adequate heat removal must be incorporated into 
the reactor design. Sulfur poisoning, catalyst deactivation by high 
temperature sintering of  Ni catalysts or by C deposition must also be 
addressed. 

Nickel-based catalysts are currently used in the fixed-bed 
methanators at the GPCGP. The feed gases are preprocessed by acid-gas 

e s s  than removal-systems to reduce the sulfur content to acceptable levels ( 
1 ppm) before they enter the methanation units. 

The status of recent advanced methanation technology deve 
activities is summarized in the following sections. 

4.3-4. Direct Methanation 
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Since 1978, GRI has funded the development of the direct 
methanation process because of the potential for improving the coal-to-SNG 
economics. l3 Process development has i ncl uded catalyst development , 
catalyst evaluation, evaluation of materials of construction, and 
preliminary assessment of process economics. 
process based on a catalyst that methanates equimolar concentrations of H2 
and CO, producing C02 rather than steam as a product via the reaction 

Direct methanation is a 

2H2 + 2CO ? CH4 + C02. (4.3-7) A 

Accordingly, the process has no requirement for steam, either to shift the 
gas to an H2/C0 ratio of 3 or to prevent caking, as is required for Ni-based 
catalysts. Sulfur removal is not required prior to methanation since the 
catalyst is not poisoned by any sulfur compounds present in coal-derived 
gas. As a result, the process can be used to treat the raw, quenched gas 
from a coal gasifier with little or no pretreatment. 
use of the acid-gas removal-system to treat a reduced volume of the acid-gas 
stream to remove H2S and C02. 
bring the gas to US pipeline standards. 

To date, more than 800 catalyst formulations have been tested, 
resulting in several compositions that have promise for application in the 
direct methanation process. Carbon formations have not been observed, even 
with H2/C0 ratios as low as 0.1 in a dry gas stream. 

from 260 to 65OoC, pressures from atmospheric to 1000 psig, feed gas H2/C0 
molar ratios from 3 to less than 0.4, steam concentrations from 0 to 
15 mol%, and in the presence of up to 1 mol% of sulfur. 
was not detected under any of these conditions. 
2 mol% C6H6, 0.05 mol% C6H50H, and 0.3 mol% HN3 also did not poison o r  foul 
the catalyst. 
yield a single-pass conversion of almost 25% of 22 ppm H2S-containing NG at 
87OOC. 

This procedure allows 

Polishing methanation may be required to 

G R I  catalysts promote the methanation reaction at temperatures 

Carbon formation 
HC additions of up to 

Limited reforming tests have indicated that the catalysts can 

Catalyst samples have been exposed to a Lurgi-type raw gas for 
2300 hr (Fig. 4.3-2) under controlled conditions with maintenance of activity, 
as well as for 10,000 hr under a variety of test conditions. 
tests, a minimum of a l-yr catalyst life has been projected for commercial 
application. 

Based on these 
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Tab le  4.3-2 l i s t s  t h e  ranges o f  o p e r a t i n g  c o n d i t i o n s  over  which 

t h e  c a t a l y s t  has been t e s t e d .  

o p e r a t i n g  c o n d i t i o n s  downstream of a c o a l - g a s i f i c a t i o n  p l a n t .  

can be opera ted  up t o  66OoC, which i s  i n d i c a t e d  by t h e  upper l i m i t  o f  t h e  

temperature range s tud ied .  

which r e f l e c t  (a) a n t i c i p a t e d  raw gas composi t ions and H2/C0 r a t i o s  f o r  a 

v a r i e t y  o f  c o a l - g a s i f i c a t i o n  processes and (b) gas compos i t ions  an t , i c ipa ted  

a t  t h e  o u t l e t  o f  a number o f  d i rec t -methanat ion  r e a c t o r s  o p e r a t i n g  i n  

s e r i e s .  The c a t a l y s t  has been t e s t e d  f o r  heavy HC and s u l f u r  c o n c e n t r a t i o n s  

i n  t h e  range o f  50 t o  1350 ppm. 

wide range of space v e l o c i t i e s  and feed-gas w a t e r  c o n c e n t r a t i o n s  t o  o b t a i n  a 

range o f  CO convers ions an-d CH4 s e l e c t i v i t i e s .  

c h a r a c t e r i s t i c s  o f  a G R I  d i r e c t - m e t h a n a t i o n  c a t a l y s t ,  under c o n d i t i o n s  

s i m u l a t i n g  t h e  f i r s t  stage of a methanat ion process, a r e  p resented  i n  

F ig .  4.3-3. These d a t a  show t h e  e f f e c t  of  temperature and space v e l o c i t y  on 

CO convers ion  and p r o v i d e  a b a s i s  f o r  deve lop ing  process- f low sheets t h a t  can 

be i n t e g r a t e d  i n t o  conceptual  des igns of coal-to-SNG p l a n t s .  

c a t a l y s t s  f o r  c o n v e r t i n g  CO/H2 m i x t u r e s  t o  methane. l4 They have 

demonstrated t h a t  t h e  c a t a l y s t  can a l s o  be an e f f e c t i v e  s h i f t  c a t a l y s t  and, 

The pressure  range i s  t y p i c a l  o f  a n t i c i p a t e d  

The c a t a l y s t  

The exper iments were conducted u s i n g  ga.ses 

The c a t a l y s t  has a l s o  been opera ted  over  a 

The r e s u l t s  o f  l a b o r a t o r y  exper iments t o  determine t h e  Conversion 

Workers a t  Ha ldor  Topsoe, I n c . ,  have been e v a l u a t i n g  S - t o l e r a n t  

Lurni Feed 

.s 4 I 
co 1 6 . 7 5  

28.35 
39.70  
1 2 . 2 0  
0.47 
0.  28 

29 PPm 
4 PPm 

0 . 5 1  
249 ppm 

1 PPm 
1 eem 
2 P p m  

1.49 
0 .22  

0 200 400 600 800 1000 1200 1400 1600 1800 2000 *m 
Time, hr 

, Fig. 4.3-2. Life-test data of the GRI-C-500 and GRI-C-600 catalysts using a 
dry-bottom Lurgi-type raw gas (450 psig, 6000 SCF/hr-ft3 , 
930 to 980°F. 10 g of -12 to +20 mesh  catalyst). 
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Table 4.3-2. GRI tes t s  on d i rec t  methanation-catalysts. 
~ _ _ ~ ~  

Reactor  conditions: p = 50-1000 p i g ,  outlet T = 400-680°C. 

Types of feed gases  simulated (gasification process/coal  type): 
BGC/IL No. 6,  KRW/Pittsburgh No. 8, KRW/Wyodak, Lurgi /  
North Dakota Lignite, Lurgi/Rosebud, . .  Shell/Wyodak, UCG/Rosebud. 

Feed-gas compositions 

Species 

co 

c02 

II 2 

CH4 

ZH6 

ZH4 

C3H8 

c4H10 

HZS 

N2 

H2O 

cos 

C6H6 
C6H50H 

"3 
Total  S 

HZ/CO ra t io  

Vol% 

4-42 

0-42 

8-44 

6-30 

0-0.7 

0-0.7 

0-0.2 

0-90 ppm 

0.05-3 

0-0. 14 

0.3-1.5 

0-38 

0-2.5 

0-0.06 
0- 1 

100 ppm - 3 

0.6 t o  3 

Space velocity = 500/-25000 SGF/ft3-hr. 

Results:  18-86% CO conversion (defined as percentage of CO i n  the 
feed converted), 21 t o  100% CH4 selectivity (defined as the amount 
of CH4 produced as a percentage of the amount of CO converted). 

under some conditions, leads to the formation of other low molecular weight, 
saturated, HCs in addition to methane. The general physical characteristics 
of the catalysts are shown in Table 4.3-3 and the range of test conditions 
investigated using simulated raw gas i s  shown in Table 4.3-4. 

constructed and operated on a slip-stream from an entrained-flow coal 
gasification PDU being eval uated by Mountain Fuel Resources. The 
entrained-flow gasification experiments involved five different coal 
feedstocks and provided different raw gas feed streams to the methanator. 
The results of these experiments are shown in Fig. 4.3-4 as relative 

In addition to laboratory experiments, a methanation PDU was 
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catalyst activity vs time. 
velocity for 90% conversion based on the rate-1 imiting component (i .e., the 
minor component which is H2 for CO/H2 > 1 and CO for CO/H2 < 1). 
also included from the laboratory experiments carried out with the catalyst 
prior to performing the integra.ted PDU tests. 

levels remaining high throughout the test. 
have no effect the activity of the catalyst and the effects of variations in 
H S concentration were also small. There appeared to be no effect of H2S on 
activity below a 0.07 vol% concentration. 
constant during a 100-hr test with the H2S partial pressure as low as 1 ppm. 

The activity was calculated as the space 

Data are 

A total of 1080 hr of testing was completed with catalyst activity 
The type of coal appeared to 

2 
The catalyst activity remained 

4.3-5. Comflux Process (Fluid-Bed Methanation) 

The Comflux process is an Ni-catalysed, pressurized, fluid-bed 
process to convert CO-rich gasification gases into SNG in a single step. 
This process performs both shift and methanation reactions simultaneously in 
a single reactor with complete CO conversion. 
methanation reaction is available for water-gas shift reaction. Thus, a gas 
with H2/C0 < 3 can be methanated without adding steam. 

A simplified process flow diagram for the Comflux process is shown 
in Fig. 4.3-5. The desulfurized feed gas is preheated by heat exchange with 
the product gas to the reaction-initiation temperature and then fed into the 
reactor. The gas fluidizes the catalyst, and both methanation and water-gas 
shift reactions take place simultaneously in the fluidized bed. The axial 
temperature gradient in the fluidized bed is extremely small, and the 
reactor is operated under high loads almost isothermally. Heated catalyst 
particles are cooled sufficiently fast by mixing with colder particles and 
by contact with integrated heat exchangers so that the high heat of the 
methanation reaction does not cause superheating of the bed. 
gas with less than 0.1 vol% of CO is cooled and process water condensed. 
the feed gas has H2/C0 < 3.0, the C02 formed with the reaction must be 
removed to meet pipeline-quality gas specifications. The resulting product 
gas is SNG with a heating value of 926-1016 BTU/SCF and chemical properties 
identical to NG. 

15 

The water formed in the 

The product 
If 



The Comflux process was evaluated initially in a 1.3 ft. diameter 
ETU and later at the pilot plant scale with a 3.3 ft. diameter reactor and 
SNG production up to 112,000 SCF/hr. 
development programs are summarized in Table 4.3-5. 

Performance data from these 

4.3-6. HI COM 

HICOM methanation is a fixed-bed process and is being developed by 
the British Gas Corporation to accommodate the relatively low H2/CO-ratio 
product-gases produced by gasifiers such as the BGC/Lurgi slagging gasifier, 
KRW (Fluidized bed), U-GAS (Fluidized bed), Shell (entrained-flow), and Texaco 
(entrained-flow) .I6 
the dry-bottom Lurgi gasifier are shown in Table 4.3-6. The gases will also 

Typical off-gas compositions for these gasifiers and 

contain compounds of sulfur (H2S, COS, etc.) at 
sulfur contents of the coals. 

The HICOM process employs a series of 
which involves a fixed bed of catalyst; each is 
simplified process flow diagram of Fig. 4.3-6. 

levels dependent on the 

methanation stages, each of 
connected as shown in the 
The principal method used to 

control the temperature rise in each stage is recycle of cooled, 
equilibrated product gas to dilute the feed gas. 
is minimized by passing it through at least two stages, with fresh gas added 
to each stage (split-stream operation). 
(split-stream operation) also helps control the temperature rise in each 
subsequent reactor and high-grade heat is recovered immediately downstream 
of each reactor. The effect of using split-stream operation in order to 

The amount of recycle gas 

Product gas from upstream stages 

Table 4 . 3 - 3 .  Physical characteristics of the catalyst tested by Haldor Topsol, Inc. 

Name 

Size, L X D 

Density 

Bulk density 

Surface area 

Crushing strength 

SMC 324  

4 . 5  mm X 4 . 5  mm ( 0 . 1 8 "  xO.  1 8 " )  

3  
1 .75  gm/cm (109 Ib/CF) 

1.275 kg/l  ( 8 0  lb/CF) 

100  m /gr 

600 kg/cm2 (8700 lb/in2) 

2 
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Table 4 .3 -4 .  Summary  of d i r ec t  methanation t e s t  conditions 
and r e su l t s ;  concentratione a r e  given i n  mol%. 

P r e s s u r e ,  ps ia  

Volumetr ic  flowrate,  SCF/h r  
~ ~~~~~ 

Inlet conditions (adjueted with H2) 

CO/H2 volume ra t io  

HZ 

co 

Outlet conditions 

H2 

c02 

H2S 

cH4 

C3H8 

N2 

co 

C2H6 

Frac t iona l  conver sions 

co 

HZ 

Range of Test 
Conditions 

90 - 300 

1 - 8  

0.7 - 1.5 

30 - 45 

30 - 45 

10 - 4 0  

1 p p m -  3.5 

0 - 13 
2 - 11 

0 - 15 

2 - 15 

4 0  - 55 

2 ppm - 4 . 5  

16 - 39 

1 - 4  

0.2 - 0.7 

Balance 

70 - 100 

70 - 100 

Typica l  
T e s t  Data 

300 

3 

1.0 

35 

4 0  

15 

0.1 

1 

5 

8 

8 

50 

0.1 

25 

2 . 5  

0 . 5  

Balance 

90 

90 
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0 500 1000 
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HTAS T e s t  
l igni te  coke Utah b i t u m -  Utah b i tum-  com-  

Zr N o r t h  Dakota P e t r o l e u m  ' P r i c e  R i v e r  SUFCO 

inous c o a l  inous coa l  pleted 9 
.", 
5 
Pi 

Fig .  4.3-4. 'Re l a t ive  ca t a lys t  act ivi ty  vs  t ime i n  the methanat ion  PDU at M.ountain 
F u e l  R e s o u r c e s .  

Reactor 

Steam 
Drum Filter Cooler 

Steam *pi 

BFW 

Feed 

Steam 

SNG 

W 

Desulfurization Heat Exchanger 

Preheater Compression 

Fig.  4.3-5. Simplif ied process- f low d i a g r a m  for the Comflux process .  
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Table 4.3-5.  Comflux methanation performance data for a 
semi -  technical test plant. 

3 
A. Operating Conditions: output capacity = 3500 - 12300 f t  /hr, p = 290 - 870 psi ,  

T =  400 - 500°C, Hz/CO volume rat io  = 1.8 - 3, recycle  volume- 

feed rat io  = 0 - 0.5,  gas velocity = 0.16 - 0 . 8 2  f t /sec.  

B. SNG production in  ~01%:  methane = 86  - 96, HZ = 2 - 8, CO = 2 - 6 ;  g r o s s  

heating value = 926 - 1016 BTU/SCF. 

C. Operational Data for the Pi lot  Plant: reac tor  diameter  = 3.28 f t  (internal), 

reac tor  height = 36.0 f t ,  p = 190 - 870 psi, fluidized bed t empera tu re  = 

450 - 550°C, feed gas  = 112,000 - 400,000 SCF/hr ,  H2/C0 volume ra t io  = 

2.0 - 3.0, recycle-gas volume rat io  = O - 0 .3 ,  gas velocity = 0.16 - 
1.0 f t / sec ,  SNG production = 45 ,000  - 112,000 SCF/hr ,  s t eam produc- 

t ion = 1.0 - 5 . 2  t /h r ,  s t eam tempera ture  = 370 - 48OoC, fluidized-bed 

height = 6 . 4  - 12.9 ft,  catalyst  charge = 0 . 8  - 1.6, catalyst-particle 

s ize  distribution = 10 - 400 pm. 
~~ ~~ ~~~ 

Table 4.3-6.  Typical gasifier-product gases  (in mol%) for  a number of 
gasif iers  and corresponding s t eam to dry-gas  ra t ios ,  

Species 

HZ 

co2 

cH4 

N2 

co 

Steam/& y 
gas ra t io  

Lurgi  
Dry-Ash 

40 

17 

32 

10 

1 

1.4 

B GC / Lur gi 
S lagging She 11 

60 65 

3 2 

6 0.1 

1 4 

0.13 1 0.03 

Texaco 

35 

4 3  

20 

0 . 3  

2 

0 . 2 3  

27  

55 

6 

9 

3 

1.0 

reduce the amount of recycle gas needed for control of the temperature rise 
i n  the reactor beds is shown in Fig. 4.3-7. 

steam i n  the feed gas to prevent carbon deposition. 
The HICOM process employs nickel-based catalysts and uses excess 

The process was 
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initially evaluated i n  small-scale laboratory experiments and subsequently 
tested at the semi-commercial scale on a slip stream from the BGC/l..urgi 
slagging gasifier at Westfield, Scotland. 
Westfield, purified gases from the gasifier were successfully processed at a 
nominal rate of approximately 4.5 X 10 6 SCF/day. 

In the integrated tests at 

4.3-7. Liquid Phase Methanation 

H.P. Steam Boiler Coolers in 
Second Final Melhanalor Stagger Make 

First Mettianalor Gas Cooling Gas Cooling 
Saturator Methanator H.P. Stearnboiler Train Train 

1 7 I I I 

Purified 
Synthesis+ 
Gas 

Make Up Cooling 
Water Train 

Purge Liquor 

(a) Typica l  g a s  composi t ions f r o m  a HICOM pilot  test 

CO, - SNG 
and Removal 

Feed to t h e  HICOM 
R e a c t o r ,  m o l %  

P r o d u c t  from the  
HICOM R e a c t o r ,  mol'$ Component 

CO 12.6 1.1 

43.0 53.1 

11 .7  5.5 

31.7 39.3 

1.0 1. I 

c02 

H2 

cH4 

N2 

(b) Range of opera t ing  conditions 

Inlet T 230 - 320°C 

P 25 - 70 b a r  

Maximum T 460 - 640°C 

T o t a l  test time 15,000 h r  

Fig, 4 .3 -6 .  The  HICOM p r o c e s s  d i a g r a m ;  gas composi t ions  (a) and 
r a n g e  of ope ra t ing  condi t iohs (b). 

104 



- 
100 200 300 400 500 

Temperature Rise, OC 

Fig. 4.3-7. Effect of the  t e m p e r a t u r e  r i s e  on the  r e q u i r e d  r e c y c l e  r a t i o  
( =  r e c y c l e  f low/product  flow). 

Workers at Chem System, Inc., have developed a liquid-phase 
methanation system in which a granular Ni-catalyst is immersed in a 
mineral-oil coolant bath, which serves to control the reactor 
temperature. 17,18 Fluidization of the catalyst occurs by circulating the 
oil and fresh SG upward through the reactor. In a large-scale process, heat 
is recovered from the oil and from the hot product gases. 
streams with HdCO < 3 are accommodated by adding steam to the feed, thus 
forcing the shift reaction. 
CO-concentration below 0.1%. 
38OOC and pressures between 300 and 1000 psi. 
been demonstrated, but carbon deposition and catalyst disintegration have 
been problems for some operating regimes. 

Feed 

Multiple reactors are required to obtain a 
Operating temperatures are between 300 and 

Very good CO conversions have 

4.4. Acid Gas Removal 

4.4-1. Commercial Processes 

An essential element of a coal-to-SNG process is the removal of 
gases such as C02, H2S, COS, mercaptans, and organic sulfides from the 
product stream in order to satisfy process constraints (such as catalyst 
poisoning), environmental constraints or product requirements (such as 
heating value and trace-constituent levels). 
existed for the removal of these types of gases from a wide variety of 

Because requirements have 
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process streams that are encountered in the chemical industry, in petroleum 
refining and NG production, a large number of unit processes have been 
developed and can be used in the downstream processing trains of 
coal-gasification plants. 

examined and/or developed for specific applications. 
more than 90 Rectisol units in operation or under construction in various 
parts of the world. The Rectisol technology, which uses methanol as the 
physical solvent, is in use at the SASOL plants and is also employed in the 
downstream processing train the GPCGP. 
hot K2C03 solution for the chemical absorption of COP, H2S and COS, is in 
use or being considered in over 520 applications throughout the world. 

The Selexol process, a physical .absorption process which uses the 
dimethyl ether of polyethylene glycol as the solvent, has been installed at 
approximately 30 commercial and/or pilot-plant facilities. This technology 
is currently being used at the Cool Water IGCC project. 

Table 4.4-1 contains a list of technologies.that have been 
Currently, there are 

The Benfield Process, which uses a 

4.4-2. Advanced Technologies 

Because of the extensive catalog of commercially available 
technologies for acid-gas removal and the large data base that exists on the 
properties of potential sorbents for the gases of interest, there is only a 
limited effort devoted to the development of new processes that could 
improve the economics o f  producing SNG from coal. 

been evaluating an advanced acid-gas removal process specifically for coal 
conversion. This process relies on the unique gas-solid-liquid equilibrium 
phase relationships that exist for CO -H S mixtures. Hydrogen sulfide and 
carbonyl sulfide are soluble in liquid However, when the temperature 
of a C02/H2S solution is reduced to the point where crystallization occurs, 
the solid phase that results is almost 100% C02 and contains essent.ially no 
sulfides. This phase behavior provides an effective means for removing acid 
gases such as COP, H2S and COS from a coal-gasification process stream and 
subsequently increasing the concentration of H2S in a stream where 'it can be 
effectively converted to elemental sulfur. 

GRI, together with DOE and Consolidated Natural Gas (CNG), has 

2 2  
C02. 
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Table 4.4-1. ,Summary of commercial and developmental acid-gas removal processes; 
abbreviations: for the process type, AD =adsorption, AB =absorption, 
CD = cryogenic distillation; for the solvent, C =chemical solvent, P = 
physical solvent; for the clean-up mode, S = selective, NS =non-selective. 

Name of Process 

Activated carbon 

A D P  

Alkazid 

Amisol 

B enfield 

Catacarb 

Chemsweet 

CNC 

Estasolvan 

Flcxsorb SE 

Fluor Econamine 

Fluor Solvent 

Giammarco-Vetrocoke 

MEA 

MDEA 

Molecular sieves 

Purisol 

Rectisol 

Ryan Holmes 

Seaboard 

Selexol 

Sepasolv MPE 

SNPA - DEA 

Str efford 

Sulfiban 

Sulfinol 

Tripotassium phosphate 

Vacuum carbonate 

Zinc oxide 

AD 

AB 

AB 

AB 

AB 

AB 

AD 

AB 

AB 

m 
AB 

AB 

AB 

AB 

AB 

AD 

AB 

A B  

CD 

AB 

AB 

AB 

AB 

AB 

AB 

AB 

AB 

AB 

AD 

Solvent 

C 

C 

C 

CIP 

C 

C 

C 

P 

P 

C 

C 

P 

C 

C 

C 

P 

P 

P 

CD 

C 

P 

P 

C 

C 

C 

CIP 

C 

C 

C 

Mode 

NS 

NS 

S, NS 

S, NS 

NS 

NS 

S 

S 

s, NS 

S 

NS 

NS 

S 

NS 

S, NS 

S 

S, NS 

s, NS 

S 

S 

S, NS 

S, NS 

NS 

S 

NS 

NS 

S 

S 

S 

Major Contaminants 
Removed 



A conceptual flow diagram for the CNG acid-gas removal process is 
shown in Fig. 4.4-1. 
removed in a dehydration system to prevent subsequent icing. 
crude gas is further cooled to its COP dew point (-56OC) by countercurrent 
heat exchange with return clean gas and C02. 
a fraction of the COP in the crude gas stream is condensed together with the 
sulfur compounds. The gas at -55OC is then scrubbed by liquid C02 to remove 
H2S, COS and 0the.r trace impurities. 
thermal since the heat of absorption is dissipated as heat of vaporization 
of a small portion of the liquid COP. 

The liquid COZY together with all of the sulfur compounds, other 
trace contaminants and some co-absorbed light HCs is combined with the 
contaminated liquid C02 that was condensed in precooling the raw gas. The 
light HCs are stripped from this combined liquid COP stream and recycled and 
mixed with the feed gas. Any higher HCs (c4-c6) in the feed gas will remain 
with the condensed COP. 

The contaminated liquid COP stream leaving the light ends 
stripping tower is processed in a direct-contact, triple-point crystallizer 
with vapor compression. 
liquid COP stream near the top of the crystallizer. 
is produced and is continuously withdrawn from the top. 
entering the crystallizer are removed with the H2S-rich stream. The solid 
COP crystals fall to the bottom of the crystallizer, where they are melted 
by direct contact with condensing COP vapor. Pure C02 liquid thus produced 
is split into two streams: 
other is sent back through the process for refrigeration and power rc. 'cove ry 
and is subsequently delivered as a product stream or vented to the 
atmosphere. 

compounds is absorbed at temperatures below the C02 triple point with a 

slurry absorbent. 
an organic solvent and C02 containing suspended particles of solid C02. 
COP is absorbed (condensed), the latent heat released melts the solid COP 
contained in the slurry absorbent. 
melting o f  solid COP enables a small absorbent flow to accommodate the 
considerable heat of condensation and absorption of the C O P  vapor. 

The raw feed gas is cooled and residual water vapor is 
The water-free 

Depending on the C02 dew point, 

This absorption is essentially iso- 

Solid C02 is formed by adiabatic flashing o f  the 
An H2S-rich gas stream 

All cZ-c6 HCs 

one is recycled to the H2S absorber and the 

Carbon dioxide remaining in the gas after removal of sulfur 

The slurry absorbent is a saturated solution of 
As 

The direct refrigeration provided by the 

The 
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co ld ,  pu r i f i ed  gas stream then leaves the acid-gas removal process a f t e r  
heat exchange w i t h  the raw gas stream. 

The C02-rich solvent  leaving the C02 absorber near t he  
t r i p l e -po in t  temperature contains  no s o l i d  C02. 
drum t o  vaporize methane o r  o the r  l i g h t  components. The C02-rich absorbent 
i s  next cooled by external  r e f r ige ra t ion  and then f lashed t o  lower the  
pressure i n  a number of s tages  i n  order  t o  generate  a cold s l u r r y  of l i qu id  

T h i s  stream i s  f lashed i n  a 

so lvent  and s o l i d  C02. Nitrogen s t r ipp ing  of the  solvent  
required t o  produce a very lean solvent .  The regenerated 
i s  r ec i r cu la t ed  t o  t h e  C02 absorber while the C02-flashed 
the  atmosphere a f t e r  recovery of r e f r ige ra t ion  and power. 

4.5. SNG Economics 

The economics assoc ia ted  w i t h  producing natural  

may sometimes be 
s l u r r y  absorbent 
gas i s  vented t o  

gas from coal a r e  
a funct ion of coal type and c o s t ,  the  technologies used i n  the  overal l  
conversion processes,  a s  well as  s i t e - spec i f i c  considerat ions.  F i g u r e  4.5-1 
shows a comparison of ca lcu la ted  end-product gas c o s t s  ( i n  1982 d o l l a r s )  f o r  
an ash-agglomerating, f l u id i zed  bed gas i f i ca t ion  technology and a l s o  f o r  
dry-bottom L u r g i  technology w i t h  both US Western and Eastern coa ls  a s  t he  
feedstock. 
( L C D )  cos t ,  where the leve l ized  price represents  t he  average gas s e l l i n g  
pr ice  required over the l i f e  of t he  p l an t  i n  d o l l a r s  f o r  a given year  t o  
r e a l i z e  a r a t e  of re turn  on equi ty  of 14.5%. 
t h a t  a l l  c o s t s ,  except t h a t  of coa l ,  e sca l a t e  a t  t h e  average r a t e  of 
i n f l a t i o n .  

These r e s u l t s  a r e  presented a s  a leve l ized  constant  d o l l a r  

The LCD price a l s o  requi res  

Figure 4.5-1 shows the r e l a t i v e  d i s t r i b u t i o n  of the major cos t  
elements ( i . e . ,  feedstock, operation and maintenance, and cap i t a l  
investment) f o r  each of the  four  cases  considered. A Western coal was used 
a s  the  feedstock. The cont r ibu t ions  of the major elements t o  the  overal l  
end-product gas c o s t s  a re :  feedstock, 25 t o  29%; operation and maintenance, 
45 t o  49%; c a p i t a l ,  25 t o  26%). 
r e l a t i v e  cont r ibu t ions  a r e  a s  follows: feedstock,  42 t o  50%; operation and 
maintenance, 31 t o  39%; c a p i t a l ,  19 t o  20%. 

W i t h  an Eastern coa l ,  t he  
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9.00 - 

7.00 - 

5.00 - 

3.00 - 

1.00 - 
0 

Os Btu 

I- - LCD 

Western Coal 
(@ S.70IMMBtu Delivered) 

Dry Bottom 
Lurgi 
.--- 

- 
Price 

Eastern Coal 
(@ S1.751MMBtu Delivered) 

Dry Bottom 
Lurgi 

..... ...... ..... 

c - 4 Westinghouse I m I--7 

Westinghouse = 4 Site Specific Factor (SSF) 
Process Development Allowance 

(PDA) 
...... 
...... 

Variable Operation & Maintenance 
(O&M) 

Project Contingency & Working 
Capital 

Known Capital Investment 

-1.00 1 WIO PDA 5.83 4.93 8.86 6.43 
& SSF 
W PDA 6.14 5.64 9.38 7.06 
& SSF 

Fig. 4.5-1. Comparison of LCD costs of SNG for selected gasifiers. All estimates 
are based on a 30-yr plant life, 85% debt financing, beginning operation 
in 1990. Delivered coal prices are assumed to escalate at 2% per year 
in real terms. 
unknown factors related to potential site requirements (SSF) and state 
of technology development (PDA). 

Additional primary capital costs were estimated for b 

Figure 4.5-2 shows a comparison of both the levelized constant 
dollar end-product gas costs and the annual cost of service for coal-to-SNG 
conversion for a process based on dry-bottom Lurgi gasification and 
commercial ly avai 1 ab1 e downstream processes, when using a system based on 
advanced gasification (ash-agglomerating, fluidized bed) and downstream 
processing (direct methanation and an advanced acid-gas clean-up system) 
technologies. Both plants were sized to produce 250 X 10 
pipeline-quality gas using lignite as the feedstock. 

gas cost from approximately $6.20/10 BTU to approximately $4.80/106 BTU on 
a cost-of-service basis. 
year gas cost that is approximately $2.00/10 

for the process based on dry-bottom Lurgi technology. 

6 SCF/day of 

The availability of advanced technologies would reduce the average 

The advanced technology would also lead to a first 

6 

6 BTU less than that estimated 
This reduction in 

i 1 1 1  
! 



average and f i r s t  y e a r  gas c o s t s  w i l l  p e r m i t  coal-to-SNG processes t o  become 

economica l l y  c o m p e t i t i v e  w i t h  o t h e r  energy- and gas-supply o p t i o n s  i n  an 

e a r l i e r  t i m e  frame than would o t h e r w i s e  be t h e  case. 

4.6. Research and Development Needs 

The r e s e a r c h  and development needs a s s o c i a t e d  w i t h  t h e  long-range 

o b j e c t i v e  o f  p roduc ing  SNG f rom c o a l  cover  a spectrum o f  a c t i v i t i e s ,  r a n g i n g  

f rom e n g i n e e r i n g  s t u d i e s  t o  b a s i c  research.  

(i) operat ional /economic d a t a  on l a r g e ,  i n t e g r a t e d  c o a l  g a s i f i c a t i o n  p l a n t s ,  

(ii) expanded e n g i n e e r i n g  d a t a  bases, and (iii) t h e  development o f  more 

fundamenta l l y -o r ien ted  i n f o r m a t i o n  on t h e  r a t e - c o n t r o l l i n g  s teps o f  t h e  

v a r i o u s  process elements.  

g a s i f i c a t i o n  as r e l a t e d  t o  t h e  p r o d u c t i o n  o f  high-BTU SNG, many o f  t h e  needs 

a r e  g e n e r i c  i n  n a t u r e  and w i l l  be u s e f u l  i n  a v a r i e t y  o f  c o a l - g a s i f i c a t i o n  

a p p l i c a t i o n s .  S p e c i f i c  research  needs a r e  l i s t e d  here  f o r  t h r e e  c a t e g o r i e s  
o f  R & D. 

These needs i n c l u d e :  

Whi le  these needs a r e  focused on c o a l  

4.6-1. Eng ineer ing  Development and T e s t i n g  

(i) Large-scale o p e r a t i o n a l  and performance d a t a  a r e  needed on 

I G C C  p l a n t s  such as Cool Water and a l s o  f o r  t h e  GPCGP c o n v e r t i n g  

coal-to-SNG. 

(ii) Expanded e n g i n e e r i n g  d a t a  bases shou ld  be developed f o r  

oxygen-blowny ash-agglomerat ing,  f l u i d i z e d  bed g a s i f i e r s  t o  o p t i m i z e  des igns 

f o r  s p e c i f i c  a p p l i c a t i o n s  (pressure,  f i n e s  c o l l e c t i o n  and r e c y c l e ,  coa l  

types ,  in-bed d e s u l f u r i z a t i o n ) .  

(iii) Scale-up d a t a  f o r  

processes as t h e  d i r e c t  methanat 

removal concept. 

emerging techno lag  

on concept  and t h e  

( i v )  I n t e g r a t e d  performance e v a l u a t i o n s  a 

es a r e  r e q u i r e d  f o r  such 

CNG advanced ac:id-gas 

advanced g a s i f i c a t i o n  
t e c h n o l o g i e s  a r e  needed f o r  t e c h n o l o g i e s  such as t h e  BGC/Lurgi s l a g g i n g  
g a s i f i e r  and t h e  ash-agglomerat ing,  f l u i d i z e d  bed process w i t h  advanced 

downstream process ing,  as w e l l  as f o r  concepts such as t h e  

d i rec t -methanat ion  process and t h e  CNG acid-gas removal system. 

112 



0 -1 1 I I 1 I I I 1 I I I I I I I I I I 1 

1 3 5 7 9 11 13 15 17 19 

Year  of operat ion 

, Fig.  4.5-2. E s t i m a t e d  cos t  of SNG for  dry-bot tom L u r g i  technology and advanced 
gas i f ica t ion  and downs t r eam-process ing  technologies (250 mm SCF/  
day, l ignite);  constant  1985 d o l l a r s  a r e  used. 

(v) 
with particular emphasi s on coal gasifiers. 

(vi) 
data bases for new, advanced process concepts for gasification and 
downstream processing. 

(vi i ) 
(viii) 

Devel opment and val idati on are required of scal e-up model s ,  

Exploratory studies should be carried out to develop initia 

Improved, hi gh-temperature heat recovery systems are needed 
Expanded environmental data bases should be established for 

advanced technologies in the areas of production, fate, control, and 
disposal or treatment of trace constituents. 

4.6-2. Technology Base Data for Design 

(i ) 

(ii) 

The development of metal a1 1 oys for high-temperature, heat 

The development of improved ceramics for high-temperature 
recovery applications should be supported. 

applications (i .e., particulate filters, valves) should be encouraged. 
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(iii) 

(iv) 

Expanded data bases are needed on the erosion-corrosion behavior 

Long-term corrosion data (for more than 10,000 hr) should be 
and resistance of metals and ceramics in coal-gasification environments. 

obtained in coal-gasification environments, with proper consideration of 
alkali metals, sulfidation, and chlorides. 

Vapor-1 i quid equi 1 i bri um data are needed at el evated pressures and 
temperatures for selected multicomponent systems involving synthesis gas, 
steam, heavy oils (tars), light aromatics, phenolics, fatty acids, CH4, HzS, 
CS2, COS, mercaptans, NH3, HCL, HCN, AsH3, SeH2, Hg. 

be measured for tars and slurries (oil/solids, tar/solids, water/solids). 

free energy of formation, heats of formation, entropies, specific heats. 
Sour-water stripper vapor-liquid equilibria should be measured 

for HZ0/NH3/CO2/H2S systems at 0 to 100 psig and 20 to ZOOOF. 

coefficients and other engineering design parameters whenever mulitcomponent 
systems are involved. 

(v) 

(vi) Transport data (thermal conductivity, viscosity, diffusivity) should 

(vii) Thermodynamic data are required, including improved estimates for 

(viii) 

(ix) Improved correlations are needed for predictions of mass-transfer 

4.6-3. Basic Research Needs for Advanced Systems 

(i) Improved understanding is needed of the chemical processes 
associated with and controlling the fragmentation/gasification of coal. 

Improved models are required for predictions of vapor-liquid 
equi 1 i bri a i n mu1 ti -component systems. 

(ii) 
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CHAPTER 5: 
GASIFICATION FOR THE SYNTHESES OF FUELS AND CHEMICALS* 

5.1. Catalytic Conversion of Synthesis Gas to Fuels and Chemicals 

5.1-1. Introduction 

The competition among the various organic-based fuels (chiefly, 
natural gas, petroleum, and coal, with shale oil and biomass representing 
more recent entries) has been waged over the years with strange and 
intriguing use patterns. All but biomass are fossil fuels, omitting the 
possibility of the existence of abiotic methane in the earth's interior. 
A l l  of these fuels may be converted to synthesis gas (SG, syngas), and this 
resource availability is a potent reason for the use of SG in the production 
of fuels or chemicals. SG can be and, in several important applications is, 
a viable source of clean fuels and large-scale chemical manufacture. 
Molecular hydrogen has a myriad of uses and it is very extensively made from 
SG. 

Natural gas (NG) is now the largest source of SG. 
chief constituent of NG is methane (CH4), an unreactive molecule that is a 
clean fuel but requires conversion to SG to yield reactive species. 
Petroleum fractions are the next largest source of SG, and significant 
quantities are being made from coal. 

to SG for commercial use. The manufacture of methanol (MeOH) from 
coal-derived SG was started in Germany in 1923.' 
in in German, the Fischer-Tropsch (FT) process' was first put into 
commercial operation. 

By far the 

It is ironic that coal was the first fossil fuel to be converted 

In the same year and also 

The FT process for the manufacture of fuels and 

* This chapter has been written by W.O. Haag and J.C. Kuo (both of Mobil 
Research and Development Corporation) and I. Wender (University of 
Pittsburgh) . 



chemicals is now being carried out on a large scale in South Africa and is 
still based on coal-derived SG. 

The route to MeOH, which is now made commercially in large plants 
throughout the world, is through SG in all cases, with NG as the chief 
source of the SG. Since NG has been in short supply in Europe, petroleum 
fractions have been used as a source of SG. The near-panic programs pursued 
follow-ing the 1973-1974 oil embargo involved coal as the source of fuels and 
chemicals, including increased gasification of coal to SG. Coal utilization 
in the US and worldwide increased and this increase has been sustained, but 
coal research and development have decreased with the decline in ail and gas 
prices. The instability of oil and gas markets is actually one the the best 
reasons for sustaining R&D and technology for the use of SG (often referred 
to as C-1 chemistry). There are a few sa.lient points, most well-known, that 
apply to the the supply of fuels and chemicals in general and to SG in 
particular: 
petroleum since the largest ail resource exist in politically unstable areas 
far from the US. 

resources and are ubiquitous. (ii) Petroleum, NG and coal will continue to 
compete for world markets for several decades. Flexibility will be a key so 

that a particular application will not depend on the availability of one 
kind of fuel. 
rank. 
based on SG use will grow. 
and chemicals businesses as many traditionalists are prone to do. 
will govern chemicals use, as they have in the petroleum industry. 
are sold by the barrel or by the ton; chemicals are of higher value and are 
sold by the pound. 
more forgiving than direct liquefaction. Variability in coal source, rank, 
mineral matter, etc. is more easily accommodated by gasification processes. 
Indirect liquefaction (via SG) products are relatively easily converted to 
clean gaseous and liquid fuels and chemicals. 
all of the coal is converted to crude SG. The conversion of coal to clean 
SG generally account to 70 - 80% of the capital cost of the plant. 
direct coal liquefaction, the necessary H2 is obtained by gasification o f  

coal or of some heavy coal-liquefaction product. 
costs amount to about 40% of the capital cost of the liquefaction plant. 

(i) The most precarious situation involves the availability of 

In terms of availability, NG and coal constitute large 

As for coal, use should not be tied to a particular mine or 

(iii) It is not possible to separate the fuels 
Since all of these resources are convertible to SG, applications 

Fuels use 
Fuels 

(iv) With regard to coal use, gasification processes are 

(v) In indirect liquefaction, 

In 

In this case, gasification 
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(vi) SG will continue to be the source o f  MeOH, although there is 
significant ongoing research on the direct oxidation of CH4 to MeOH and 
products derived from MeOH, such as formaldehyde. (vii) SG will continue to 
be the world's principal source of H2. Hydrogen has a great many uses, 
including primary application for the manufacture of ammonia (HN3). 
Environmental factors are the eventual determinants in fossil-fuel use. 
Even a large amount of an available resource, if environmentally harmful, 
will lose out sooner or later. For coal gasification, environmental 
constraints are found in gas clean-up and in the nature of gasification 
residues. The latter should be characterized, be non-leachable and, if 
possible, be useful in some way (for roads, driveways, construction, etc.). 
(ix) It is almost inevitable that future power plants will allow the use of 
any clean fluid fuel: NG, oil, SG, MeOH, or even an FT-derived liquid. 
Coal will first be converted to SG, as at Cool Water, and will then be used 
in a type of integrated gasification combined-cycle (IGCC) mode (see Sec. 
3.1 for details). This procedure will result in the proliferation (often 
nearby) of plants that convert the SG to high-quality transportation fuels 
or to chemicals or use the gas as a clean industrial fuel. (x) The modern 
petrochemical industry is based on NG and the by-products of petroleum 
refining. The so-called petrochemical feedstocks are comprised of ethylene, 
propylene, the butenes, benzene, toluene, and the zylenes. All of these and 
liquid fuels can be made from SG and it is therefore possible to envision a 
petroleum-less refinery. (xi) As tetraethyllead disappears from automobile 
gasoline tanks, the demand will grow for oxygenated chemicals with high 
octane ratings. An economical synthesis of such fuel-blending agents or 
additives is needed. An economical synthesis of ethanol from SG would help 
solve this problem. 
crude SG and can be sold as solid sulfur or an NH3, respectively. 
Gasification processes produce C02 in considerable amounts. 
short supply and has growing uses. 
from gasification processes than from flue-gas streams. 
made to remove C02 in a fairly pure state from gasification processes to 
satisfy the growing demand for this chemical. 
Northern Great Plains coal-to-CH4 plant included a pipeline to transport C02 

to oil fields for enhanced o i l  recovery; this would have produced revenues 
of $17 million per year. 

(viii) 

(xii) Sulfur and nitrogen compounds are removed from 

This gas is in 
It is considerably easier to isolate C02 

Efforts should be 

Original plans for the 

Other uses for C02 are in syntheses of urea, 



supercritical extraction, refrigeration, carbonation of beverages, synthesis 
of polymers, etc. 

of fuels and chemicals, to gain some idea of the amount of SG used in the 
world today. 
consumed each year for the following uses (in SCG): 
trillion; Me0 manufacture, -1 trillion; FT products, -800 billion; 
miscellaneous uses (H2 used in processes other than NH3 synthesis, i.e., in 
petroleum ref ning, hydrogenations, for the production of various chemicals, 
carbonylation reactions, etc.), -500 billion; the hydroformylation (OXO) 

reaction (conversion of olefins to aldehydes and alcohols), -150 billion. 
Present, emerging and possible future uses of SG will now be discussed. 

transported economically by pipeline over 100 miles for industrial use or it 
may be used directly as a fuel for the generation of electricity in IGCCs. 

direct conversion of SG to fuels and chemicals (Table 2.5-l), (ii) indirect 
conversion to fuels and chemicals via MeOH or MeOH plus SG, CO or H2 (Table 
2.5-2), and (iii) products obtainable from synthesis gas plus a chemical not 
derived from SG (Table 2.5-3). 

Commercial or near-commercial processes for the production of 
fuels form SG are outlined in Fig. 5.1-1. Commercial, near-commercial and 
potential chemicals from SG are given in Fig. 5.1-2. The first integrated 
US process to produce chemicals for coal-derived SG is shown in Fig. 5.1-3. 

It is of considerable interest, before discussing SG as a source 

About 7.5 trillion standard cubic feet (SCF) of SG are 
synthesis of Nt13, -5 

SG or medium-BTU gas is itself an excellent fuel. It may be 

Other ways for utilizing SG may be summarized as follows: (i) 

5.1-2. Synthesis of Methanol and Higher Oxygenated Compounds 

Over ten million tons per year of MeOH are currently produced. 
There are several reasons why MeOH is an important key to an SG-based fuels 
and chemicals industry. First, MeOH is synthesized with over 99.9% 
selectivity, in sharp contrast to the melange of products, for CH4 t o  waxes, 
obtained in the FT reaction. 
as a feedstock for MeOH approaches 100%. 
pathways to a number of important chemicals, including formaldehyde and the 
widely used two-carbon oxygenated chemicals. 
two-carbon chemicals from MeOH is presently more attractive than their 

Second, the weight retention of SG (2H2/1CO) 
Third, MeOH furnishes selective 

This route t o  fuels arid to the 
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direct synthesis from SG. 
versatile compound, chiefly as a fuel, will be discussed, 

In addition, although many more uses of this 

Gasoline <2liE~- Fis cller - 
Diesel oil 4 Diesel oil  ops cl, ______c Gasoline 

/ Other products 

Turbine Isobutylene / 

fuel (additive) 

Automobile 
fuel (neat) 

Me thane H2 I sos in thes is  Ga 6 oline 
Diesel  oil  
Aromatics (BTX) 

C ommer  cia1 process  e s 
P r o c e s s e s  commerc ia l  in  1984-85 
P r o c e s s e s  possibly for the  next decade 

-.-.-. - - -  
'MTBE i s  a n  octane enliancer (CH~OC(CH I. 3 3  

Fig, 5.1-1. Commercial, near-commercial, and potential  processes for  the production o f  f lu id  
fuels  from synthesis gas. 

there is the exciting discovery that MeOH can be converted to high-octane 
gasoline by Mobil I s MeOH-to-gasol ine (MTG) process using a shape-selective 
zeolite catalyst (HZSM-5). 
high-octane gasoline form MeOH went on-stream in New Zealand in late 1985. 

There are presently two primary processes for the manufacture of 
MeOH from SG, namely, high-pressure and low-pressure processes. 
high-pressure process is 

A plant producing about 14,000 BPD of 

The 

Z nO/C r203 

CO + 2H2 - CH30H , AH298K = -21.68 kcal/mol ; 

25-35 MPa, 
(5.1-1) 

623K 
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F o r m i c  acid 

E tliyle ne Acetic 
.Ammonia for m a t e  glycol anhydride 

Me thy1 

Vinyl 

Methyl acetate  

Ethanol,. Rh Rh E t 
Acetic acid + -  c oxygenates F-T 

/ 
2 

Single-cell 
glycol protein Butenes 

Benzene 
Toluene 

Commerc ia l  
Near commerc ia l  - . - I -  

- -  - Potential (next decade) 

Fig. 5.1-2. Commercial,. near-commercial, and potent ia l  chemicals from synthesis gas. 

gasification LA- b syuthes i s  
Sulfur 

removal  Shift 

I-- 
0 

CIT3COCH3 I I' 

4. CO(Rh) 

0 
II 

-CI-13COH 

Ccllulosc 
acetate 

0 0  

CH3COCCH3 
11 I1 

Fig  .5.1-3. F i r s t  integrated process i n  the US to produce chemicals from coal-derived syngas 
(Tennessee Eastman). 
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the low-pressure process is based on the reaction 

Cu/ZnO/Al 203 

CO + 2H2 * CH30H 
5MPa, 523K 

(5.1-2) 

MeOH can be and has been synthesized by the hydrogenation of C02 
with the same catalysts: 

C02 + 3H2 - CH30H i- H2O , A H 2 g 8 ~  = -11.83 kcal/mol . (5.1-3) 

All of these reactions are exothermic and involve a contraction in volume. 
Highest yields and conversions to MeOH are obtained at elevated pressures 
and low temperatures. 

5.1-2A: History of Methanol Production 

The commercial source of MeOH, prior to introduction of synthetic 
In 1905, Sabatier and 

In the 
processes, was the destructibe distillation of wood. 
Senderens3 suggested that MeOH could be synthesized from CO and H2. 
following years, particularly after the successful high-pressure synthesis 
of NH3, there were a number of patent applications by BASF in Germany and 
Patart in France covering the hydrogenation of CO to oxygenated compounds at 
elevated temperatures and pressures, with catalysts made up of Cry Coy and 
Mn in the metallic form, as oxides, o r  as other compounds. In 1923, BASF 
built the first commercial MeOH synthesis plant and, a few years later, 
started exporting synthetic MeOH to the US at a much lower cost and greater 
purity than that of wood-derived MeOH. 
oxide/chromium oxide catalyst operating at 673K and 20MPa. 

At this stage, realizing the MeOH could be manufactured more 
economically by the catalytic process, Commercial Solvents Corp. and DuPont 
started experimenting with MeOH synthesis and, in 1927, the commercial 
production by the high-pressure process was inaugurated in the US. 

Commercial Solvents process, C02 produced at the company's butanol 
fermentation plant was hydrogenated to MeOH at 30.6 MPa with metal oxide 
catalysts. 

The process used a zinc 

In the 



I n  1927, DuPont opera ted  a p l a n t  a t  B e l l e ,  WV, t h a t  used coa l  as 

t h e  source of t h e  gaseous feedstock.  

tandem i n  t h e  same p l a n t .  
produced f rom coal  o r  coke by t h e  water-gas r e a c t i o n ,  p u r i f i e d  and passed 

over  a MeOH-synthesis c a t a l y s t  and subsequent ly over  a methanat ion c a t a l y s t  

t o  remove CO. 

NH3. 
chromium-copper. 

t h e  l a t e  1940s. A t  t h a t  t i m e  a p l e n t i f u l  supply  o f  NG became a v a i l a b l e  and 

c o a l  was abandoned as a feeds tock .  However, i n  t h e  l o n g  run ,  coa l  promises 
t o  be t h e  p r e f e r r e d  feedstock f o r  t h e  p r o d u c t i o n  o f  MeOH; t h i s  b e l i e f  

p e r s i s t s  i n  s p i t e  o f  c u r r e n t  low o i l  p r i c e s .  

Ammonia and MeOH were manufactured i n  

The raw gas, a m i x t u r e  of C O Y  COP, H2 and N2, was 

The remain ing  gases, N2 and H2, were used i n  t h e  s y n t h e s i s  o f  

Co-product ion o f  MeOH and NH3 c o n t i n u e d  a t  t h e  p l a n t  u n t i l  
The DuPont process used SG and c a t a l y s t s  made o f  zinc-chromium o r  

A t  present ,  a commercial p l a n t  u s i n g  coa l  i s  i n  o p e r a t i o n  i n  South 

A f r i c a .  Here, t h e  SG i s  produced by t h e  Koppers-Totzek e n t r a i n e d - f l o w ,  

atmospher ic-pressure g a s i f i c a t i o n  o f  coa l  and t h e  s y n t h e s i s  i n v o l v e s  use o f  

t h e  I C 1  MeOH process. 

zinc-chromium c a t a l y s t s  i n  Germany i n  1913. T h i s  was a h igh- temperature 

c a t a l y s t  o p e r a t i n g  a t  623-673K because o f  i t s  low c a t a l y t i c  a c t i v i t y .  
c a t a l y s t s  must opera te  a t  h i g h  pressures (25-35 MPa) because o f  low SG 

convers ion  r e s u l t i n g  f rom l e s s  f a v o r a b l e  thermodynamic e q u i l i b r i u m  

l i m i t a t i o n s  a t  h i g h  temperatures.  

copper-zinc-based c a t a l y s t s  b u t  a r e  more t o l e r a n t  towards p o i s o n i n g  by 

compounds c o n t a i n i n g  s u l f u r .  

1966. 

The use of these c a t a l y s t s  was made p o s s i b l e  because more e f f i c i e n t  SG 

p u r i f i c a t i o n  processes had become a v a i l a b l e .  
much more s u s c e p t i b l e  t o  p o i s o n i n g  by s u l f u r  compounds and a r e  e a s i l y  and 

permanent ly d e a c t i v a t e d  a t  h i g h  temperatures.  

r e a c t o r  temperature i s  necessary.  But ,  even w i t h  t h e  most c a r e f u l l y  

prepared c a t a l y s t s ,  smal l  amounts o f  CH4, d i m e t h y l  e t h e r  and traces; o f  

h i g h e r  a l c o h o l s  appear among t h e  produc ts .  

BASF may be c r e d i t e d  w i t h  t h e  d i s c o v e r y  o f  

These 

The c a t a l y s t s  a r e  l e s s  a c t i v e  than t h e  

I C 1  i n t r o d u c e d  t h e  more a c t i v e  copper-z inc based c a t a l y s t s  i n  

These low-temperature c a t a l y s t s  operate a t  523-573K and 5-2!i MPa. 

The copper-z inc c a t a l y s t s  a r e  

Hence, p roper  c o n t r o l  o f  

5.1-2B. Chemistry o f  Methanol Synthes is  

An e a r l y  e x c e l l e n t  r e v i e w  o f  t h e  s y n t h e s i s  o f  MeOH has been 
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published by Natta.' 
thermodynamics, kinetics and catalysis of the high-temperature synthesis of 
MeOH and the use of the copper catalysts now employed in most new MeOH 
plants (the low-pressure process). 

contains some COZY are highly active and, most importantly, very selective. 
Among the many products obtainable from the catalytic reactions of SG, CH4 
is thermodynamically the most favored. Longer chain HCs are the next most 
favored. Even longer chain alcohols are thermodynamically more favored than 
MeOH. MeOH synthesis reactors must operate with narrow temperature ranges 
that are set by too low activity at lower temperatures and a thermodynamic 
limitation at higher temperatures. 
have been studied in detail and reviewed by Strelzoff. 

In this section, we briefly outline the 

The catalysts used in the synthesis of MeOH from SG, which usually 

The effects of temperature and pressure 
5 

It is particularly important to avoid contamination of the 
MeOH-synthesis catalyst by metals that are FT catalysts. 
in catalyst preparation so as to obtain pure MeOH. 
iron, both of which form volatile metal carbonyls [Ni(CO>4 and Fe(COI5 
respectively], must not be allowed to come in contact with the SG under 
reaction conditions. 
to the metal and CO at higher temperatures, possibly in upstream heat 
exchangers, etc. The presence of FT metals in the catalyst or on the 
reactor walls will result in the formation of CH4, as well as of higher HCs 
and higher molecular weight oxygenated products. 
shells are typically lined with copper, although internals may be 
constructed of 18-8 stainless steel. 

Care is required 
Nickel and especially 

The carbonyls form at lower temperatures and decompose 

MeOH-synthesis reactor 

The formation of higher alcohols (ethanol, propanol , etc.) can be 
suppressed by careful exclusion of alkalis from the catalyst. Dimethyl 
ether is formed by a the dehydration of MeOH or by the hydrogenation of CO 
and may form in the presence of A1203. 
catalyst is employed with about 7.5% Al2O3 as stabilizer and promoter, ether 
formation is negligible. 
composition and contain different amounts of other metals such as Cry Al, 
MN, V, Ag, etc. 

laydown, is not significant if the temperature is carefully controlled, 
despite a highly favorable thermodynamic tendency. 

However, if a CuZnO low-pressure 

The copper-zinc catalysts vary in zinc-copper 

The Boudouard reaction, 2CO C + C02, which results in carbon 
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In the  high-pressure process,  t he  react ion r a t e  decrease:; with 
conversion because the  synthesis  of MeOH i s  strongly inh ib i t ed ,  both by 
approach t o  equilibrium and by the  adsorption of MeOH on the  c a t a l y s t .  
gas leaving the  l a s t  react ion vessel wi l l  t yp ica l ly  contain only about 3% of 
MEOH. The unreacted gases a r e  recycled. I n  t he  low-pressure MeOH 
synthes is ,  the  gas leaving the  reac tor  contains  4 t o  6 .5  vol% of MeOH. 

In prac t ice ,  SG made from any source contains some C02. SG made 
by CH4 reforming has a s toichiometr ic  r a t i o  o f  H2 t o  CO t h a t  approaches 3. 
I t  contains some C02, which may a l so  be hydrogenated t o  MeOH. 
added t o  the  SG i n  order t o  convert some of the  excess H2 t o  CO via the  
reverse water-gas s h i f t  (WGS), which i s  favored a t  higher temperature [C02 

the  

Co2 may be 

and H2 + CO + H20]. 

MeOH y i e l d s  by about 23% in the  Lurgi MeOH synthesis .6  

The presence of 6% by volume of C02 i n  t he  SG increases  

In various 
operat ions,  C02 l e v e l s  vary from 2 t o  6% and a re  usually specif ied by the  
various producers. 

As s t a t e d ,  MeOH i s  made i n  numerous p lan ts  with over 99% 
s e l e c t i v i t y  when a mixture of CO,  C02, and H 2  i s  passed over a Cu-%n0-A1203 
c a t a l y s t  a t  elevated pressures  and temperatures between 493 and 573K. 
Surpris ingly f o r  such a widely prac t ice  process, however, there  a re  few 
known f a c t s ,  o ther  than t h a t  the  react ion i s  exothermic. 

synthesis  i s  whether the  alcohol i s  synthesized from CO o r  from CO,,. 

Rozovskii e t  a l . ,  lo u s i n g  14C02, showed t h a t  the  MeOH synthesis  proceeds 
t h r o u g h  C02 r a the r  than t h r o u g h  CO as  follows: 

7-9 

A major question bedeviling the  mechanistic i n t e rp re t a t ion  of MeOH 

L. 

CO + H20 + C02 + H - CH30H + H20 . (5.1-4) 2 
Chinchen e t  a1 .7 a t  IC1 have confirmed these f indings.  
formed from C02 and H 2 ,  possibly t h r o u g h  a surface formate intermediate.  

In any event,  t he  hydrogenation of CO t o  MeOH can be guided by 
c a t a l y s t s  t h a t ,  unlike FT c a t a l y s t s ,  do n o t  d i s soc ia t e  the CO molecule. 
i s  known t h a t  Pd, P t ,  I r ,  and C u  c a t a l y s t s  chemisorb CO assoc ia t ive ly  and 
a l l  a r e  candidates f o r  use i n  the  synthesis  of MeOH from SG. Copper-zinc 
c a t a l y s t s  a r e  present ly  the  c a t a l y s t s  of choice b u t  t he re  i s  ac t ive  research 

MeOH appears t o  be 

I t  

on the  synthesis  of MeOH using Pd (and Pt)  c a t a l y s t s .  11 
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It appears 

c a t a l y s t s  a r e  cu0-cu+ 

l o s e s  i t s  a c t i v i t y  i f  

perhaps H20 o r  O2 may 

i k e l y  t h a t  t h e  a c t i v e  components i n  t h e  copper-based 

species i n  a s o l i d  s o l u t i o n  o f  Zn0.I2 

t h e  SG i s  comple te ly  d e v o i d  o f  C02. The C02 and 

preserve  copper i n  t h e  Cu s t a t e .  I n  t h e i r  absence, 

The c a t a l y s t  

+ 

Cu' i s gradual  l y  reduced t o  meta l  1 i c  copper. 

s i n c e  t h e y  a r e  more s e n s i t i v e  t o  p o i s o n i n g  and s i n t e r  more e a s i l y ,  have 

s h o r t e r  l i f e  spans than t h e  z i n c  oxide/chromium o x i d e  base c a t a l y s t s .  

The copper-based c a t a l y s t s  , 

5.1-2C. K i  n e t i  c s  

The k i n e t i c s  f t h  MeOH synthe es a r e  complex and a r e  a f f e c t e d  by 

a number o f  v a r i a b l e s ,  such as t h e  n a t u r e  o f  t h e  c a t a l y s t ,  t h e  p h y s i c a l  

changes o f  t h e  c a t a l y s t  as t h e  r e a c t i o n  progresses, t h e  compos i t ion  o f  t h e  
gas (which i s  a l s o  c o n s t a n t l y  changing i n  t h e  r e a c t o r ) ,  temperature,  and 

pressure .  

s i n c e  t h e  s y n t h e s i s  r e a c t i o n  proceeds t o  thermodynamic e q u i l i b r i u m  v e r y  

r a p i d l y ,  t h e  k i n e t i c  behav io r  o f  t h e  c a t a l y s t  i s  n o t  so i m p o r t a n t .  

should be no ted  t h a t  a l l  commercial c a t a l y s t s  and hence t h e i r  k i n e t i c  

behav io r  a r e  p r o p r i e t a r y .  

Modern MeOH syntheses use copper-z inc low-pressure c a t a l y s t s  and,. 

It 

5.1-2D. Feedstocks 

The p r i m a r y  raw m a t e r i a l  as t h e  source o f  SG f o r  p roduc ing  MeOH a t  

p r e s e n t  i s  NG, which i n  1980, accounted f o r  70% o f  wor ldwide p r o d u c t i o n .  

Residual  f u e l  o i l ,  naphtha and c o a l  a r e  t h e  o t h e r  feedstocks.  I n  1980, t h e y  

accounted f o r  about  15, 5 and under 2% o f  wor ldwide  produc t ion ,  

r e s p e c t i v e l y .  

above t h e  s t o i c h i o m e t r i c  requ i rement  f o r  MeOH s y n t h e s i s .  

be purged and used as a f u e l  t o  generate steam. 

adding C02 t o  SG, t h e  excess H2 can be conver ted  t o  MeOH. 

of naphtha g i v e s  t h e  r e q u i r e d  r a t i o  o f  H2/C0. 
o i l  produces SG w i th  an H2/C0 r a t i o  o f  1:l; t h i s  r a t i o  must be s h i f t e d  t o  

achieve t h e  r e q u i r e d  gas r a t i o .  Never the less,  t h i s  raw m a t e r i a l  i s  

a t t r a c t i v e ,  s i n c e  t h e  bo t tom o f  t h e  crude o i l  b a r r e l  i s  p r o f i t a b l y  u t i l i z e d .  

I n  t h e  l o n g  run,  more SG f o r  MeOH manufacture w i l l  be made f rom c o a l .  

Steam r e f o r m i n g  o f  NG g i v e s  SG w i t h  a one mole excess o f  H2 

The excess H2 can 

Steam r e f o r m i n g  

As mentioned e a r l i e r ,  by 

P a r t i a l  o x i d a t i o n  o f  r e s i d u a l  
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5.1-2E. Process Technology and Reactors 

The production of MeOH is an established commercial technology. 
Nevertheless, constant improvements are being made in process technology and 
reactor design for better recovery, in lower compression costs, and in 
processing of the raw MeOH. 
these subjects. 

Marschner13 and Satterf i el dI4 have summarized 

5.1-2F. Liquid-Phase Methanol Synthesis 

An MeOH synthesis utilizing a liquid-phase slurry reactor is under 
development. 
LaPorte, Texas, by Air Products and Chemicals, Inc., with the technical 
assistance of Chem. Systems. 
Air Products, Fluor Corp., and EPRI. The construction of a pilot plant 
based on this technology using SG derived from coal is under consideration. 
The SG will probably be made in a Texaco gasifier so that the H2:C0 ratio 
will be low. 

This concept is being tested in a process-development unit at 

The project is jointly funded by the US DOE, 

The liquid-phase reactor for MeOH synthesis, in design as well as 
in operating procedures, is basically similar to that originally proposed by 
Kolbel for FT synthesis. In laboratory-scale experiments, commercial and 
experimental MeOH-synythesis catalysts have been tested at 3.5-7.0 l4Pa i n  
the temperature range 488-523K. Because equilibrium conversion is favored 
by low temperature and the temperature is well-controlled in the slurry 
reactor, high single-pass conversion is possible. About 20% conversion of 
CO to MeOH with a feed gas of balanced composition can be expected. 

The SG used at LaPorte is a synthetic mixture of H2, COY (IO2, and 
CH4, representing gas from conventional or high-temperature coal-gasifiers. 
In the tests conducted so far, the tail gases are not recycled; instead, 
they are used to generate power in gas turbines. 
enrich the exit gases from the reactor with H2 (by adding steam to %he feed 
gas) so that part of the tail gas can be recycled. 

:15 

But it is possible to 

5.1-26. Other Routes for Methanol Synthesis 

The production of MeOH from SG using low-pressure Cu-ZnO-based 
catalysts will remain dominant in the MeOH industry whether NG or coal is 
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the  feedstock. However, there  a re  other  reac t ions  t h a t  produce MeOH. One 
route  i s  th rough  the  synthesis  of methyl formate and i t s  subsequent 
hydrogenation t o  MeOH. The equations f o r  t h i s  two-step synthesis  are:  

NaOCH3 

CH30H + CO - HCOOCH3 , 
HCOOCH3 + 2H2 CU catalysts* 2CH30H , 

(5.1-5) 

(5.1-6) 

CO + 2H2 --+ CH30H . (5.1-7) 

Methyl formate (HCOOCH3) i s  prepared by react ing MeOH and CO i n  t he  presence 
of a homogeneous sodium methoxide c a t a l y s t  a t  353K and 3.0MPa; t h i s  s tep  i s  
followed by the  c a t a l y t i c  hydrogenation o f  methyl formate t o  MeOH a t  45SK 
and 3.0MPa. 
pressure required f o r  hydrogenation of t he  formate t o  MeOH can be lowered 
s ign i f i can t ly .  
mole of s t a r t i n g  MeOH. 

patent ,"  in which the  c a t a l y s t ,  operating temperature and pressure f o r  t h e  
hydrogenation react ion a r e  copper chromite, 373-443K and 2-6 MPa, 
respec t ive ly .  A p i l o t  p lan t  was b u i l t  in Germany i n  1945.18 The method may 
be a t t r a c t i v e ,  s ince lower temperatures and pressures  a r e  used than even i n  
t h e  present low-pressure commercial processes. 
has high y i e l d s  in b o t h  s t eps ,  t h u s  avoiding the  equilibrium cons t r a in t s  i n  
t he  present ly  pract iced MeOH synthesis .  

C2-C5 HCs.  
around 723K t o  l i qu id  and gaseous oxygenated products. 
f o r  t he  process a re  i r o n ,  nickel and copper a s  metals,  a s  oxides, o r  a s  
mixtures of metals and oxides. 
and C1 and C2 aldehydes a r e  produced i n  s i g n i f i c a n t  amounts. 
increasing research i n  t h i s  area.  

Methanol has been synthesized u s i n g  copper-thorium c a t a l y s t s .  IC1 
has developed a synthesis  of MeOH u s i n g  an a l loy  w h i c h  contains  copper w i t h  
a metal other  than radioact ive t h o r i u m .  This a l loy  c a t a l y s t  operates a t  low 
temperatures (-100°C) and therefore  gives h i g h  conversions t o  MeOH. 
Unfortunately, the system i s  sens i t i ve  t o  C02 and the cos t  o f  completely 

Work by Trimm e t  a1 . I6 has shown t h a t  t he  temperature and 

The net  r e s u l t  i s  the  synthesis  of two moles of MeOH per 

A modified version of t h i s  process i s  described i n  a German 

T h i s  route  t o  MeOH from SG 

Another route t o  MeOH involves the  p a r t i a l  oxidation of CH4 and 
These compounds may be c a t a l y t i c a l l y  air-oxidated a t  3.0MPa and 

Sui tab le  c a t a l y s t s  

S e l e c t i v i t y  t o  MeOH i s  very poor; acetone 
There i s  

8 " 

.... :, . 
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removing C02 from the feed gas stream makes this process presently 
unattractive. 

Workers at Brookhaven National Laboratory have discovered a 
low-temperature, low-pressure system, based on the use o f  a homogeneous 
transition metal complex, that yields a selectivity of over 99% of MeOH per 
pass. 
interest. 

Further developments of this and similar systems will be of great 

5.1-2H. Methanol from Coal 

Coal-based MeOH plants will be more costly and complex than NG 
plants because of the additional facilities needed to handle coal and solid 
residues and the required cleanup o f  resultant gases. The cost and 
complexity will also be influenced by the type of coal selected and the 
gasifier used. 
is derived from a second-generation slagging gasifier while the MeOH 
synthesis, at east for the near future, is accomplished by one of the 
low-pressure processes, are: (i) the gas is mainly H2 and CO, with smaller 
amounts of C02, and is virtually free of CH4; (ii) it is at a much higher 
temperature than the MeOF-synthesis temperature; (iii) the SG is compressed 
to 3 to 8MPa, thereby eliminating the cost of compression to the 
MeOH-synthesis pressure; and (iv) it has a low value for the H2/C0 ratio. 

The low level of C02 and CH4 minimizes the buildup of in(- >rts in 
the MeOH-synthesis loop, thus reducing the amount of purge gas. 
can be recovered in high-pressure steam generators and the steam produced 
may be used to run compressors and to generate electricity. 
deficient in H2 and additional units may have to be added to the plant. 
H2/C0 ratio must be adjusted to 2:l or slightly higher by the WGS reaction. 
Since the shift reaction is exothermic, the heat may be recovered t o  

generate additional high-pressure steam. It is probably not economical to 
have more than 15% of C02 in the feed gas. 

The gasifier is a vitally important part of a coal-to-MeOH plant. 
It influences the synthesis pressure and thus the selection of the 
commercial synthesis process. It also determines the extent to which the SG 
must be shifted and the specific plant design to optimize waste heat 
recovery at different stages. In spite of this complexity, a large 
coal-to-MeOH industry may well be a reality one day. 

Some of the features of coal-to-MeOH technology, in which SG 

Excess heat 

But the SG is 
The 

Several conceptual 
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