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In t roduct ion  
I 

Flash Hydropyrolysis (FHP) is a s h o r t  res idence  time (1 t o  10 s e c )  gas phase non- 
c a t a l y t i c  coal hydrogenation process i n  which coa l  i s  converted d i r e c t l y  t o  l i q u i d  and 
gaseous hydrocarbon products .  Pulverized coa l  i s  contacted wi th  hydrogen a t  e leva ted  
pressure  and hea ted  a t  average r a t e s  of 20,000 t o  30 ,OOO°C/sec causing thermally-induced 
f r a c t u r e s  i n  t h e  po lycyc l i c  s t r u c t u r e  of t he  coa l  molecule. The f r e e  r a d i c a l s  formed 
r ead i ly  add on hydrogen thus  inc reas ing  t h e  hydrogen t o  carbon r a t i o  of 0.8 i n  t he  feed  
coa l  to approximately 1 t o  4 depending upon whether l i q u i d  o r  gaseous hydrocarbons are 
formed. The products  a r e  then r a p i d l y  quenched t o  te rmina te  t h e  r eac t ion  and .to prevent 
any decomposition o r  recombination. The purpose of t h i s  work i s  t o  provide da t a  on 
the  process chemistry of t h e  r e a c t i o n  by studying the  l i q u i d  and gaseous products formed 
as they vary  wi th  such ope ra t ing  parameters a s  temperature,  p ressure ,  and residence t i m e .  
These r e s u l t s  are a l s o  appl ied  t o  a k i n e t i c  model and an economic eva lua t ion  of a l a r g e  
s c a l e  in t eg ra t ed  c o a l  convers ion  process ing  p l a n t .  Experiments using c a t a l y s t s  and 
much lower  hea t ing  r a t e s  were conducted by Hitsche et a 1  (1) i n  the l a t e  1950's.  Small- 
s c a l e  non-ca ta ly t ic ,  d i r e c t  hydrogenation experiments were conducted by Graff et  a1 (2) 
as f u r t h e r  background informat ion  f o r  the work repor ted  here.  

Experimental Equipment and Procedure 

A schematic of the  experimental  equipment is shown i n  F igure  1 and a de t a i l ed  
desc r ip t ion  is repor t ed  elsewhere.(3,4) The system u t i l i z e s  a 1-in.  I . D .  en t ra ined  
down-flow tubular  r e a c t o r  w i th  coa l  fed  by g rav i ty  from above. Preheated hydrogen en- 
ters j u s t  above t h e  8 f t  heated r e a c t i o n  zone and a 3 f t  cooling s e c t i o n  and char t r a p  
a r e  below. The products  formed i n  the  r eac to r  a r e  kept in t he  gas phase a t  approximately 
25OOC and r eac to r  p r e s s u r e  u n t i l  reaching the two l i q u i d  product condensers,  one water 
cooled and the o t h e r  cooled by a r e f r i g e r a n t .  The gaseous products and excess hydrogen 
a r e  then reduced t o  atmospheric pressure  and passed through a p o s i t i v e  displacement 
i n t e g r a t i n g  gas meter be fo re  being vented. The maximum opera t ing  condi t ions  of the 
system (4000 p s i  and 800°C or 2500 p s i  and 900OC) a r e  l imi ted  by the 10,000 h r  rupture  
l i f e  of t h e  Xnconel 617 r e a c t o r .  Problems unre la ted  t o  the  mechanics of the system, 
mainly r e a c t o r  plugging a t  h igh  hydrogen p res su res ,  even when us ing  non-caking coal ,  
has l imi t ed  most experiments t o  a maximum of 2500 p s i .  

A t  t h e  beginning of each experiment,  the coa l  feeder  is charged wi th  approximately 
t h r e e  pounds of c o a l  ground t o  minus 100 mesh (< 15011). 
of about two hour du ra t ion  and c o a l  and hydrogen a r e  f ed  a t  approximately 1 l b / h r  each. 
Product samples a r e  taken every 8 minutes from one of fou r  sample t aps  loca ted  every 
2 f t  along the l eng th  of t h e  r e a c t o r .  An on-line programmable gas chromatograph i s  
used fo r  de te rmina t ion  of CO, C02, CH4, 
The heavier  l i q u i d  hydrocarbon products @$) a r e  co l l ec t ed  and measured a t  t h e  end 
of t h e  experiment. 

'the y i e lds  and d i s t r i b u t i o n  of products a s  a func t ion  of gas and coa l  p a r t i c l e  r e s i -  
dence time. There is  a l s o  another  sample t o p  loca ted  down stream of t h e  product con- 
denser  which provides  informat ion  a s  t o  t h e i r  e f f i c i e n c y .  

The experiments a re  genera l ly  

BTX (benzene, to luene ,  xy lene)  and H20. 

The use  of t he  r e a c t o r  sample t aps  provide information on both 
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Experimental Resul t s  

Product Yields and D i s t r i b u t i o n  

The process chemistry of two coa l s  are p resen t ly  be ing  s tud ied ,  a North Dakota 
l i g n i t e  and a New Mexico sub-bituminous. The u l t ima te  ana lyses  of t hese  c o a l s  a r e  
given i n  Table 1. 
completed, more experimental  d a t a  is  a v a i l a b l e  us ing  t h e  l i g n i t e .  F igure  2 shows a 
summary of t h e  BTX y i e l d s  from the  l i g n i t e  a t  hydrogen p res su res  of 500 to 2000 p s i  
and r eac to r  temperatures of 7000 t o  8OOOC. 
because of t h e i r  g rea t  number (% 50). The y i e l d  is expressed a s  f r a c t i o n  of carbon 
i n  feed  c o a l  converted t o  t h e  hydrocarbon product.  
observed between 775O and 8OOOC except a t  t h e  h ighes t  p re s su re  (2500 p s i )  s tud ied  i n  
d e t a i l  where the  y i e l d  w a s  approximately cons t an t  a t  9% a t  temperatures between 725O 
and 775OC. A s i g n i f i c a n t  i n c r e s e  i n  y i e ld  is seen a s  t h e  p re s su re  i s  increased  from 
500 t o  1000 ps i .  LiXe y i e l d  inc reases  from 4.5 t o  7%.  Fur the r  i n c r e a s e s  i n  p re s su re  
above 1000 p s i  show less s i g n i f i c a n t  i nc reases  i n  y i e l d ,  t h e  inc rease  maximum y i e l d  
going from 7 t o  9% as t h e  p re s su re  i s  increased  t o  2000 p s i .  As t h e  p re s su re  i s  
f u r t h e r  increased  t o  2500 p s i ,  no apprec i ab le  inc rease  i n  y i e l d  above 9% i s  observed; 
on ly  a reduct ion  i n  temperature a t  which t h e  maximum occurs .  Although a t  2500 p s i  
t he  maximum y i e l d  w a s  e s s e n t i a l l y  cons tan t  over a broad range  o f  tempera tures ,  t he  
c o a l  res idence  t i m e  a t  which t h i s  maximum was observed decreased from a maximum of 
approximately 9 sec  a t  725OC t o  a minimum of 2 sec a t  85OoC as shown i n  F igure  3. 
res idence  t i m e s  g r e a t e r  than  requi red  t o  produce t h e  maximum y i e l d ,  s i g n i f i c a n t  de- 
composition of t he  BTX w a s  observed. For example, i n  F igure  4 ,  t he  r e s u l t s  of an 
experiment conducted a t  2500 p s i  and 825OC, t h e  BTX i s  seen  t o  dec rease  from the  
maximum observed of 8% a t  2.5 s ec  t o  approximately 0 a t  9.5 sec .  

Since t h e  d e t a i l e d  s tudy  of t h e  sub-bituminous c o a l  is n o t  ye t  

The experimental  po in t s  were n o t  inc luded  

Maximum y i e l d s  were gene ra l ly  

A t  

Since p re sen t ly  t h e  minimum res idence  t h a t  can be measured is approximately 2 s e c ,  
i t  i s  poss ib l e  t h a t  s l i g h t l y  h igher  BTX may exist a t  s h o r t e r  r e s idence  t i m e .  This looks 
t o  b e  the  case when cons ider ing  t h e  i n i t i a l  s t e e p  g rad ien t  of t h e  BTX curve  i n  F igure  4. 
The l i q u i d  hydrocarbon products  of molecular weight g r e a t e r  than  xylene  cannot be  
measured wi th  the  on-line gas  chromatograph because they tend  t o  condense i n  the  sample 
l i n e s .  For t h i s  reason ,  they are no t  inc luded  i n  t h e  c o r r e l a t i o n s  given i n  F igure  4 
which e x h i b i t  t he  e f f e c t  of res idence  t i m e  on the  product d i s t r i b u t i o n .  These l i q u i d s  
are co l l ec t ed  i n  t h e  condenser t r a p s  and measured and analyzed v i a  gas chromatography 
a t  t h e  end of each experiment. Generally,  t hese  heav ie r  l i q u i d s  have been found t o  be 
exc lus ive ly  polynuclear aromatic hydrocarbons (PNA), approximately 40% of which i s  
naphthalene.  A t y p i c a l  composition of t h i s  l i q u i d  is g iven  i n  Table 2 .  Only on very  
rare occasions has any phenols been found and then only  i n  t r a c e  amounts. The maximum 
y i e l d  of t hese  heavier  l i q u i d s  i s  gene ra l ly  of t h e  same orde r  as t h a t  of t h e  BTX though 
obtained a t  a lower temperature.  For example, i n  F igure  5 which shows t h e  t o t a l  y i e l d  
of l i q u i d  hydrocarbon products from l i g n i t e  a t  a hydrogen p res su re  of 2,000 p s i ,  t h e  
l i q u i d s  of > C g  are seen t o  maximize a t  approximately 9% y i e l d  at  a temperature of 75OoC 
whi le  the  BTX maximum of approximately 10% occurs a t  8OO0C. These heav ie r  li u i d s  are 
a l s o  seen t o  decompose very r a p i d l y  a s  t h e  temperature i s  increased  above 750 C t o  t h e  
ex ten t  t h a t  a t  85OoC only  approximately 0.5% y i e l d  remains.  Since t h e  y i e l d  of BTX 
wi th  temperature i s  shown t o  b e  much more uniform than t h e  heavier  l i q u i d s  wi th in  t h e  
temperature range shown, t h e  t o t a l  y i e l d  of l i q u i d s  i s  seen  t o  peak a t  18% and occurs  
a t  t h e  same temperature a t  which t h e  heav ie r  l i q u i d s  peak ( 7 5 0 ' 0 .  

a 

Although t h e  y i e l d s  obta ined  from sub-bituminous c o a l  is st i l l  be ing  inves t iga t ed ,  
a s i g n i f i c a n t  amount of in format ion  has  been accumulated. 
of BTX is shown t o  b e  as h igh  as approximately 15% a t  2000 t o  2500 p s i  and decreases  
only t o  approximately 1 2 %  as t h e  pressure  i s  reduced t o  1000 p s i .  
at which t h e  maximum y i e l d s  a r e  obta ined  decrease  wi th  increased  p res su re ,  going from 
825OC a t  1000 p s i  t o  775OC a t  2500 ps i .  
formed (CH 

In F igu re  6 ,  t h e  maximum yie ld  

Also,  t h e  temperatures 

When these  y i e l d s  p l u s  t h e  gaseous hydrocarbons 
+ C 2 H 6 )  are compared t o  t h e  same products  from lignite as shown i n  F igure  7 ,  

4 
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a cons tan t  incrementa l  y i e l d  of approximately 5% f o r  both t h e  BTX and gaseous hydro- 
carbons is ohserved f o r  t h e  sub-bituminous coa l .  This  r e s u l t s  i n  an  o v e r a l l  10% 
inc rease  i n  y i e l d  of hydrocarbon products f o r  the  sub-bituminous c o a l  compared t o  t h e  
l i g n i t e .  
no t  completely inves t iga t ed ,  appears t o  be much lower than t h a t  ob ta ined  from l i g n i t e ,  
ranging  from 4.5 to  1.5% o r  less. 
however, t h e  t o t a l  l i q u i d  y i e l d  is on the  average equal  t o  o r  g r e a t e r  than t h a t  from 
l igni te .  

The y i e l d  of heav ie r  l i q u i d  products  (L C9) from t h e  sub-bituminous, although 

When t h i s  i s  added t o  t h e  maximum y i e l d s  of BTX, 

A t  temperatures of 85OoC and g r e a t e r ,  the l i q u i d  hydrocarbons a r e  seen  to  decompose 
almost e n t i r e l y  t o  produce gaseous hydrocarbons, p r i n c i p a l l y  methane and ethane. This 
p lus  the a d d i t i o n a l  gaseous products formed d i r e c t l y  from t h e  c o a l  r e s u l t  i n  maximum gase- 
ous y i e lds  ( C H  + C 2 H 6 )  shown i n  F igure  8. The format ion  of these  products appear t o  be 
a d i r e c t  func t ion  of t h e  hydrogen p res su re ,  i nc reas ing  a t  t h e  r a t e  of 18% conversion f o r  
each 500 psi i nc rease  i n  p re s su re .  
c o a l  feed r a t i o  of approximately 1 l b / l b  and a t  c o a l  res idence  t i m e s  between 2.4 and 
7 seconds. It was found t h a t  a t  s h o r t e r  r e s idence  times t h e  r eac t ion  has  no t  reached 
completion and a t  l onge r  r e s idence  t i m e s ,  decomposition of t h e  methane reduced t o t a l  
y i e l d s .  Also,  s i n c e  h ighe r  temperatures a c c e l e r a t e  t h e  decomposition, t h e  competing 
r eac t ions  of format ion  and decomposition a t  2000 t o  2500 p s i  r e s u l t  i n  t he  maximum 
y i e l d  occurr ing  a t  t empera tures  lower than t h e  maximum s tud ied  (900OC). 
ver s ion  of 88% to  CH4 and C2H6 was obta ined  a t  875OC and 2500 p s i  pressure .  

4 

These y i e l d s  w e r e  a l l  produced a t  a hydrogen t o  

A t o t a l  con- 

When t h e  hydrogen t o  c o a l  feed r a t i o  i s  reduced by approximately 4 t o  a r a t i o  of 
0 . 2 5 ,  some reduc t ion  in gaseous products is  observed (Figure 9 ) .  Some o r  a l l  of t h i s  
reduct ion  could  be a t t r i b u t e d  t o  a r educ t ion  i n  hydrogen p a r t i a l  p re s su re  caused by 
h ighe r  concen t r a t ions  of product i n  t h e  process  stream. 

The s tudy  of t h e  New Mexico sub-bituminous c o a l  i s  s t i l l  i n  progress .  The in- 
formation t o  da t e  i n d i c a t e s  i t  behaves s i m i l a r l y  t o  l i g n i t e  i n  g a s i f i c a t i o n  except 
t h a t  g rea t e r  y i e l d s  are ob ta ined  a t  lower p re s su re ,  as shown i n  F igure  10. 
t h e  l i g n i t e  y i e l d s  approximately 35% gaseous products  and the sub-bituminous 55%, an  
almost 60% i n c r e a s e  over  t h e  l i g n i t e .  
t o  produce maximum gaseous products  were approximately the same. 

A t  1000 p s i  

The temperatures and r e s idence  t i m e s  necessary 

Sulfur and Nitrogen 

To da te ,  most of t he  d e t a i l e d  de te rmina t ions  of s u l f u r  d i s t r i b u t i o n s  i n  the  
products and e f f l u e n t s  have been made on experiments us ing  l i g n i t e .  The d i s t r i b u t i o n  
of t h e  s u l f u r  among t h e  v a r i o u s  forms i n  l i g n i t e  i s  g iven  i n  Table 3 and a summary of 
t h e  d i s p o s i t i o n  of t h i s  s u l f u r  a f t e r  hydropyro lys is  i s  g iven  i n  Table 4 .  
t hese  t ab le s ,  i t  should  be  noted  t h a t  i n  most experiments g r e a t e r  than 50% of the  
s u l f u r  i n  t h e  feed l i g n i t e  is re t a ined  i n  t h e  spen t  char.  Approximately 64% of the  
s u l f u r  i n  t h e  lignite is in t h e  organic  form whi le  90% of t h e  s u l f u r  i n  t h e  char was 
found to  be  i n  the o rgan ic  form. A l s o ,  t h e  l i q u i d  hydrocarbon products  contained 
much less than  the 0.3% s u l f u r  considered t o  be t h e  maximum a l lowable  f o r  f u r t h e r  
hydro t rea t ing .  The s u l f u r  d i sso lved  i n  t h e  water produced is  probably l imi t ed  by 
the  s o l u b i l i t y  of H2S which i s  approximately 0.66 w t %  a t  t h e  temperatures (%O°C) a t  
which the water i s  c o l l e c t e d .  

I n  comparing 

The n i t rogen  ba lance  shown i n  Table 5 fo l lows  very  c l o s e l y  t h e  same d i s t r i b u t i o n  
a5 t h e  s u l f u r ,  aga in  t h e  l a r g e s t  s i n g l e  po r t ion  remaining i n  the  cha r .  In t h i s  case ,  
t h e  n i t rogen  d i s so lved  i n  t h e  water produced i s  n o t  s o l u b i l i t y  l i m i t e d  s i n c e  it i s  
assumed t o  be  i n  the form of ammonia which can be as high as 47 wtX a t  O°C. 

Reaction Scheme and Kine t i c  Model 

In  o rde r  t o  deve lop  a r eac t ion  scheme and a k i n e t i c  model, t h e  following assumptions 
were made: 
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1) 
2) 
3) Only hydrocarbons and no t  oxides of carbon considered. . 
4) 

5) 
6 )  

The r eac t ion  scheme purposed is as fo l lows:  

Isothermal condi t ions  exist along t h e  l eng th  of t h e  r e a c t o r .  
Chemical r eac t ions  a r e  t h e  r a t e  determining s t e p s .  

Methane and e thane  from decomposition of BTX are small compared t o  t h a t  

Free  carbon formed from decomposition of products  has  n e g l i g i b l e  r e a c t i v i t y .  
Liquids heavier  than  BTX a r e  in t e rmed ia t e  spec ie s .  

produced from coa l .  

K K 
Coal + H~ +.I BTX + H~ 2 C H ~  + C ~ H ~  

Coal + H~ +. C H ~  -+3 C H ~  4 c + H~ 

Coal + H2 +5C2H6 9 C + H2 
Real iz ing  t h i s  scheme t o  be  a f i r s t  approximation o f  t h e  t r u e  r e a c t i o n  mechanism, 

a k i n e t i c  model w a s  developed and t h e  appropr i a t e  ra te  cons tan ts  ca l cu la t ed .  Only those  
r e s u l t s  from experiments us ing  l i g n i t e  and i n  which s u f f i c i e n t  r e s idence  time d a t a  was 
a v a i l a b l e  were used. me r e s u l t s  are shown i n  Table 6 .  As can b e  seen from the  calcu- 
l a t e d  a c t i v a t i o n  energ ies ,  a l l  r eac t ions  a r e  chemical r e a c t i o n  ra te  l i m i t i n g  r a t h e r  
than d i f f u s i o n  l imi t ing  except poss ib ly  f o r  the decomposition of methane ( K 4 ) .  

Economic Evaluation 

K K  

K K  

A summary of t h e  r e s u l t s  from the  more r ecen t  economic eva lua t ion  f o r  u t i l i z a t i o n  
of FHP i n  a n  in t eg ra t ed  c o a l  conversion process  (5) i s  g iven  i n  Table 7 .  The feed  coa l  
w a s  assumed t o  be l i g n i t e  s i n c e  a t  t h e  i n i t i a t i o n  of t h e  s tudy  l i t t l e  exper imenta l  da t a  
w a s  a v a i l a b l e  using sub-bituminous coa l .  
(motor gaso l ine  and l i q u i f i e d  petroleum gas-LPG), p i p e l i n e  gas only, and co-products of 
l i q u i d s  and p ipe l ine  gas.  
day of l i g n i t e ,  producing 47,700 bbl/day of motor gaso l ine  in t h e  l i q u i d  process  o r  
395 MM SCFD of p ipe l ine  gas f o r  t h e  gas process .  The n e t  thermal e f f i c i e n c i e s  which 
inc lude  i n t e r n a l  p l a n t  energy needs were ca l cu la t ed  t o  vary  from 61% f o r  t h e  a l l  gas  
s l a t e  t o  72% f o r  t h e  combined product s l a t e  t o  a low of 50% f o r  t h e  a l l  l i q u i d s  slate. 
The reason  f o r  t he  low e f f i c i e n c y  of t he  a l l  l i q u i d s  s l a t e  i s  t h a t  t he  methane produced 
must be performed wi th  steam t o  produce hydrogen. 
d o l l a r s ,  ranged from a low of $839 m i l l i o n  f o r  t h e  a l l  l i q u i d s  p l a n t  t o  a h igh  of $936 
mi l l i on  f o r  t he  a l l  gases  p l a n t .  
were t h e  product s epa ra t ion  from t h e  r ecyc le  gas and the  production of hydrogen. 
t hese  represented  approximately 50% of t h e  c a p i t a l  investment.  
on ly  amounted t o  approximately 5% of the  investment.  
f u e l  o i l  equiva len t  c o s t  of production f o r  t h e  t h r e e  product slates. 
a t  $32.34/bbl i s  the  a l l  l i q u i d s ,  mostly due t o  t h e  low n e t  thermal e f f i c i e n c y  and the  
most a t t r a c t i v e  o r  cheapest a t  $23/bbl is f o r  t h e  mixed products .  

Conclusions 

Three product slates w e r e  assumed, l iqu ids  only  

The p l a n t  capac i ty  i s  assumed t o  b e  25,000 t o  30,000 tons  pe r  

The c a p i t a l  c o s t s ,  based on 1978 

In a l l  cases, t h e  two most c o s t l y  i t e m s  i n  t h e  p l a n t s  
Combined, 

The f l a s h  hydropyrolyzer 

The most expensive 
The l a s t  e n t r y  i n  Table 8 shows the  

The following conclus ions  can be drawn from t h i s  work s o  f a r .  

-The maximum y i e l d  of BTX observed from the FHP of sub-bituminous coa l  is a t  l e a s t  50% 

-The t o t a l  l i q u i d s  y i e l d s  (BTX + 5 C,) are approximately t h e  same f o r  bo th  coa l s  (%18-20%). 
-Both c o a l s  can be  hydrogas i f ied  t o  methane and e thane  up t o  approximately 85% of the  

-The sub-bituminous coa l  y i e l d s  60% more gaseous hydrocarbons a t  1000 p s i  and 875' t o  

-The gaseous y i e l d s  from both  coa ls  is d i r e c t l y  p ropor t iona l  t o  t h e  hydrogen p res su re  

g r e a t e r  than  t h a t  from l i g n i t e  (10% f o r  l i g n i t e  and 15% f o r  sub-bituminous). 

t o t a l  carbon i n  t h e  f u e l  a t  2500 p s i  and 875O t o  900°C. 

900°C than  t h e  l i g n i t e .  

i n  t h e  range of 500 t o  2500 p s i .  
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-Negligible q u a n t i t i e s  o f  t h e  s u l f u r  o r  n i t rogen  i n  the  coa l  are found i n  t h e  l i q u i d  

-The FHP r e a c t i o n s  are b a s i c a l l y  chemical rate and n o t  d i f f u s i o n  r a t e d  con t ro l l ed .  
-In t h e  commercial a p p l i c a t i o n  of FHP, a mixed product s l a t e  of l i q u i d s  and gases  i s  

hydrocarhon products.  

t he  most economical. 
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Table 1 

ULTIMATE ANALYSIS (WT PCT DRY) O F  LIGNITE 
AND SUB-BITUMINOUS COALS 

North Dakota New Mexico 
L i g n i t e  Sub-Bituminous 

Carbon 
Hydrogen 
Oxygen* 
Nitrogen 
Su l fu r  
Ash 

59.0 
4.0 

25.5 
0.9 
0.6 

10.0 

59.3 
4.2 

16 .8  
1.2 
0.8 

17.7 

*By d i f f e r e n c e .  
Table 2 

TYPICAL COMPOSITION OF OILS AND HEAVIER LIQUID HYDROCARBON PRODUCT (1. Cg) 
FROM THE FLASH HYDROPYROLYSIS OF LIGNITE 

Naphthalene 
Other 2 r i n g  a romat ics  (methyl naphthalene 

f luo rene ,  e t c . )  
Three r i n g  a romat ics  (phenanthrene, e t c . )  
Four r i n g  a romat i c s  (pyrene, e t c . )  
F ive  r i n g  a romat ics  (chrysene, etc.) 
High b o f l i n g  f r a c t i o n  (asphaltenes) 

38.1 

19.5 
11.1 
5.1 
3.1 

23 .1  

Table 3 

SULFUR DISTRIBUTION I N  NORTH DAKOTA LIGNITE 

Su l fu r  Form % i n  L i g n i t e  % of T o t a l  

SO ( so lub le )  0.089 14 .8  
Fe$ ( p y r i t i c )  0.129 21.6 
Organic 0.382 63.6 
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Table 4 

FLASH HYDROPYROLYSIS OF LIGNITE 
Sul fur  Balance 

Sul fur  Conc. i n  L ign i t e  Feed - 0.6% 

Concent ra t ion  i n  
% Dis t r ibu t ion  Product Stream 

i n  product (ut%) 

Contained i n  l i q u i d  HC 
product 1 

Contained i n  char 48-77 
Dissolved i n  water produced 12-22 
Vented t o  atmosphere 15-25* 

0.09 
0.85-1.7 
0.54-0.73 
0.1-0.15 

* 
By d i f f e rence .  

Table  5 

FLASH HYDROPYROLYSIS OF LIGNITE 
Nitrogen Balance 

Nitrogen Conc. in Lign i t e  Feed - 0.9% N 

Concentration i n  
% D i s t r i b u t i o n  Product Stream 

i n  Product (wt  % ) 

Contained i n  l i q u i d  HC product 4 
Contained i n  cha r  30-55 
Dissolved i n  water produced 15-40 
Vented to atmosphere 21-26* 

0.16 
0.6-1.1 
2.7-5.0 
0.19-0.23 

*By d i f f e rence .  

Table 6 

CALCULATED RATE CONSTANTS 
Pressure  (P 1 1500-2500 p s i  

HZ 
Temperature (T) 973-1173OK 

.004 ~ 7 1 7 0 0 f R T  
k2 = 1.33 x 1014 P 

HZ 

HZ 
4 0.07 e-29700/RT 

k3 = 3.93 x 1 0  P 

-0.043 e-15100/RT 
k = 97.5 P 

4 H2 
-44Q00f RT 

k5 = 1.03 x 10' P 

k6 = 3.30 x 1014 P 

e 
HZ 

H2 

1.17 e-85700/RT 
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Table 7 

FLASH HYDROPYROLYSIS OF COAL 

Manufacturing Cost of Product Fue l  

Main F u e l  Product Made Liquids  L iau ids  and Gases Gases 

Reactor Operating Condit ions 

Pressure,  p s i  
Temperature, OC 

Product Values 

P ipe l ine  gas 
Mot or gaso l ine  
LPG 

2500 (170 ATM) 2000 (136 ATM) 2000 (136 ATM) 
750% (1382OF) 75OoC (1382OF) 825OC (1517'F) 

-0- 159 MM SCFD 395 MM SCFD 
47,700 BBfD 47,700 BB/D -0- 
134 tons/D 134 tons/D 134 tons/D 

Operating Cost $ m / y r  $ m f y r  $ MM/yr 

L ign i t e  @ $20/ton 204.4 212.7 
Catalyst  and chemicals  5.5 5.5 
Power @15 mills/kwh 1.1 6.8 
Ash d i sposa l  2.6 2.8 
Ins. Maint. GA (8% of c a p i t a l )  57.2 71.4 
Operating l abor  8.0 8.0 

T o t a l  ope ra t ing  c o s t  278.8 307.2 
Mortgage 10% 93.4 104.8 
Depreciat ion @5% (20 y r s )  
10% ROI and income tax 
To ta l  

41.9 
167.8 

$581.9 

44.6 
178.4 

$635.0 

212.5 
5.0 
8.3 
2.7 

74.9 
8.0 

311.4 
109.9 

44.8 
187.1 
$653.2 

Se l l ing  P r i c e  (To ta l  FOE) $5.13fMM BTTJ $3.83fMM BTU $4.53fMM BTU 
P ipe l ine  gas ,  $/MSCF) $5.13/MM BTU $3.83/MM BTU $4.53/MM BTU 

Fuel  o i l  equ iva len t  (FOE) $32.34/bbl $23.00/bbl $30.17/bbl 
Motor gaso l ine ,  (90 RON) $0.77/ g a l  $0.54/gal -0- 
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