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The analyses were c a r r i e d  ou t  by gas chromatographic techniques. 
determinations were done fo r  C,-C a l i p h a t i c s  and aromatics. Since the  
samples were taken a t  the  end of t h e  runs the r e s u l t s  represented average 
y i e l d s  and d i d  no t  reveal changes dur ing  the experiment. 

Prel iminary work revealed t h a t  the  o i l  shale feed ra tes  had an e f f e c t  on 
the  y ie lds .  Y ie lds  increased w i t h  decreasing feedrates u n t i l  they 
s t a b i l i z e d  a t  around 0.1 gsec-1. 
the  temperature changes dur ing pyro lys is ;  a t  h igher  feed ra tes  temperature 
drops were 15-20% wh i le  w i t h  0.1 gsec-1 they d i d  no t  exceed 2-3%. 
Apparently heat t rans fe r  ra tes  opt imized on ly  a t  low feed rates.  
h igher feed ra tes  the p a r t i c l e s  formed agglomerates which resu l ted  i n  l e s s  
favorable heat t r a n s f e r  condi t ions;  
unsteady.) 

Separate 

This phenomenon was a lso  r e f l e c t e d  i n  

( A t  

t he re fo re  the y i e l d s  were a1 so 

Resul ts 

Yields o f  py ro l ys i s  products were i nves t i ga ted  as func t ions  o f  temper- 
ature, residence time and c a r r i e r  gas. I n  order t o  est imate the proper 
range f o r  the residence time, heat t r a n s f e r  ca l cu la t i ons  were c a r r i e d  ou t  
f o r  a ser ies o f  p a r t i c l e  s izes assuming spher ica l  shapes. The ca lcu la -  
t i ons  showed t h a t  the expected residence times were l ess  than 2 sec f o r  
p a r t i c l e s  between diameters o f  5x10-5 a'nd 2.5xlO-'+ m. 

Our experimental s t ra tegy  consisted o f  a two-level f a c t o r i a l  and a 
quadrat ic model. 
The y i e l d s  o f  the  major p y r o l y s i s  products a t  the proper combinations o f  
t he  fac to r  l e v e l s  are shown i n  Table 3. 

We a lso  i d e n t i f i e d  o ther  products (propane, C5 a l i pha t i cs ,  toluene, xylene, 
etc.)  bu t  d i d  no t  determine amounts quan t i t a t i ve l y .  
r e s u l t s  f o r  the  two- level  f a c t o r i a l  design (Exp 1-8 i n  Table 3) revealed 
t h a t  t h i s  model was inadequate. This prompted us t o  augment i t  t o  a f u l l  
quadrat ic design (Exp 9-14 i n  Table 31, which had the  fo l l ow ing  general 
form: 

The fac to rs  and t h e i r  l e v e l s  are depicted i n  Table 2. 

Inspec t ing  the  

The prec is ion  o f  the data are r e f l e c t e d  by experiment 15, 16 and 17 which 
were rep l i ca te  runs. 
each product except propylene. 
p l o t t e d  as func t ion  o f  temperature (x,) and residence time (x ) a t  three 
l e v e l s  o f  the c a r r i e r  gas (x, = lOO%N,, 50/50% N,/CO,, 100% C6,). 

These cross sect ions o f  the experimental space provided a v isua l  repre- 
senta t ion  o f  the y i e l d  d i s t r i b u t i o n  and showed the  h ighes t  y i e l d  regions. 

For ethylene the maximum y i e l d s  (60.3-64.5 l bs / ton  shale) were computed t o  
be between 850-980°C w i t h  l ess  than 0.8 sec residence time a t  100% 

The r e l a t i v e  e r r o r s  were less  than 10 percent f o r  
The r e s u l t i n g  equations were computer 
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n i t rogen (Figure 3 ) .  
confirmed the y i e l d s  a t  60.6 and 62.4 l bs / ton  shale. 
maximum region dec l ined f o r  the  two other  l e v e l s  of the c a r r i e r  gas by 
about 8 percent per l e v e l .  
t ewera tu res  and longer residence times i n  accord w i t h  experience t h a t  
ethylene i s  consumed under such cond i t ions .  

For methane the h ighes t  y i e l d  reg ion  (52.3-55.4 l bs / ton  shale) was between 
880-1070°C w i th  more than 0.9 sec residence t ime and a t  100% n i t rogen 
leve l .  The y i e l d s  decreased by only about 3 percent per  l e v e l  f o r  t he  
other l e v e l s  o f  the  c a r r i e r  gas. 
temperatures and shor t  residence times. 

Ethane y i e l d s  were h ighes t  (6.8-7.4 l bs / ton  shale) a t  low temperatures 
(<72OoC) and longer  residence t imes (>1.2 sec). 
w i t h  respect t o  c a r r i e r  gas. The lowest y i e l d  region was ind i ca ted  a t  
h igher temperatures and longer  residence times. 

Maximum acetylene y i e l d s  (7.8-8.5 lbs / ton  shale) were computed f o r  h igh  
temperatures (>lOOO°C) and sho r t  residence times (<0.6 sec). The y i e l d s -  
s i m i l a r l y  t o  those o f  ethane - were no t  sens i t i ve  t o  the c a r r i e r  gas. 
y i e l d s  changed 1 i n e a r l y  with temperature and residence time reaching 
minimum values a t  l o w  temperatures and -long residence times. 

For  propylene the  h ighes t  y i e l d  reg ion  (27.0-28.7 l bs / ton  shale) was a t  
low temperatures (<72OoC) and sho r t  residence times (<0.3 sec) a t  100% 
n i t rogen leve l .  The y i e l d s  dec l ined on ly  s l i g h t l y  f o r  the o ther  l e v e l s  o f  
t he  c a r r i e r  gas (about 3% per l e v e l ) .  The y i e l d s  decreased w i t h  
inc reas ing  temperature and residence time. 

C, products showed a s i m i l a r  d i s t r i b u t i o n  p a t t e r n  t o  t h a t  o f  propylene. 
Maximum y i e l d s  (38.2-40.6 l bs / ton  shale) were i nd i ca ted  a t  lower 
temperatures (<720°C) and shor t  residence times (<0.3 sec). 

Benzene displayed a bimodal p l o t  w i th  maximum y i e l d s  above 900°C and a t  
both shor t  (- 0.2 sec) and long  (- 1.5 sec) residence times. 
y i e l d s  (19.4-20.4 l bs / ton  shale) were computed f o r  the  50/50 mix ture  o f  
n i t rogen and carbon-dioxide and the  y i e l d s  decl ined by about 30 percent 
f o r  the two o ther  l eve l s  o f  the c a r r i e r  gas. 

Table 4 shows the  conversion o f  kerogen t o  ethylene, t o t a l  hydrocarbons 
and the conversion of carbonates. The h ighes t  conversion t o  ethylene was 
17 percent and t o  hydrocarbons 42 percent (Exp. 4). Based on the  H/C 
r a t i o  of the feedstock (Table I ) ,  t h e o r e t i c a l l y  84 percent o f  i t  could be 
converted t o  ethylene. The h ighes t  measured y i e l d  corresponded t o  20 
percent o f  t h i s  l i m i t .  

To determine the ex ten t  o f  carbonate decomposition i s  important because i n  
one-step py ro l ys i s  raw o i l  shale i s  processed and carbonate ( c a l c i t e ,  
dolomite etc.) decompositions represent a heat s ink which can adversely 
inf luence the  economics o f  the process. 

We c a r r i e d  out two experiments i n  t h i s  region and 
Yields i n  the  

The lowest y i e l d s  were i nd i ca ted  a t  h igh  

The y i e l d s  decreased toward lower 

Ethane showed no change 

The 

The h ighes t  
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Carbonate decompositions seemed t o  depend on a l l  th ree  fac to rs  and var ied  
from 2.3% (Exp. 9) t o  74.2% (Exp. 3 ) .  
runs where carbon d iox ide  was the  c a r r i e r  gas (Exp. 5,6,7 8 and 14) less  
decomposition took place than i n  runs c a r r i e d  out w i t h  n i t rogen (Exp. 
1,2,3,4 and 13.) This can be explained by the  excess concentrat ion o f  
carbon dioxide which s h i f t e d  the carbonate decomposition e q u i l i b r i a  back 
toward the reactants. 
conservat ively t h a t  a l l  carbonate was decomposed. 

The data a lso  show t h a t  i n  those 

I n  the  accompanying economic ana lys is  we assumed 

Economics 

The experimental r e s u l t s  provided the  i n p u t  f o r  an economic eva lua t ion  
focusing on ethylene as the  main product. 
and the breakdown o f  the  economics are shown i n  Table 5 and Table 6. I n  
the  process we envisage t o  apply Occidental 's  patented py ro l ys i s  system 
(13). 

The t o t a l  c a p i t a l  investment was est imated t o  be $737 MM f o r  the  p l a n t  
producing 871 MM l b s  ethylene/year. 
f o r  mid 1982 from present market p r ices .  

I n  the evaluat ion mined shale was considered a t  zero cost. 
t h a t  we assumed t h a t  the  process w i l l  be associated w i t h  Occidental 's  
mod i f ied  i n  s i t u  r e t o r t i n g  technology r e q u i r i n g  t h a t  20-25% of the  o i l  
shale has t o  be mined out. 

I n  our analysis we assumed 296/lb ethylene p r i c e  and t h i s  gave 20% DCF- 
R O I .  W i t h  256/1b ethylene p r i c e  the  DCF-ROI i s  18%, s t i l l  an a t t r a c t i v e  
value. 

As a f i n a l  comment, we r e a l i z e  t h a t  a more r e a l i s t i c  economic eva lua t ion  
should consist  o f  a comparative ana lys is  i nc lud ing  &o-step pyro lys is ,  
aboveground re to r t i ng ,  and d i r e c t  u t i l i z a t i o n  o f  o i l  shale i n  energy pro-  
duc t ion  (such as f l u i d i z e d  bed combustion). 
Conclusions 

Short residence time py ro l ys i s  o f  f i n e l y  ground o i l  shale produces low 
molecular weight a l i p h a t i c s  and aromatics. 
successful ly determined the optimum y i e l d  regions f o r  several p y r o l y s i s  
products as func t ion  o f  temperature (70O-110O0C1, residence time (0.2-1.5 
sec) and two c a r r i e r  gases (n i t rogen  and carbon d iox ide) .  
o f  a p lan t  based on one-step p y r o l y s i s  was a lso  evaluated and suggested 
a t t r a c t i v e  p r o f i t a b i l i t y .  

The bas is  f o r  the  cos t  est imate 

The byproduct c r e d i t s  were pro jec ted  

The reason was 

An experimental design study 

The economics 
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I Table 1 

Factors 

Temperature (x, ) 

C a r r i e r  Gas ( x g )  

Residence Time (x, 

ORGANIC CONTENT OF THE FEEDSTOCK (wt  %) 

Levels 

Low High 

700 1100 ("C) 

0.2 1.5 (sec) 

N2 co2 

\ 

Carbon 

Hydrogen 

S u l f u r  

13.03 

1.82 

0.23 

Nitrogen 0.58 

H/C (atomic)  1 .68 

Kerogen (exc l  udi ng oxygen) 15.7 

F i  scher Assay 28 gal 1 on/ton 

Table 2 

FACTORS AND LEVELS ESTABLISHED FOR THE EXPERIMENTAL MODELS 
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Table 3 

RE~CTIOW CONDITIONS AND PRODUCT YIELDS 

1 
2 
3 
4 
5' 
64 
7 
8 
9 
10 
I1 
12 
13 
14 
I5 
16 
17 

825 
815 
989 
1013 
196 
829 
992 
1015 
699 
910 
1090 
904 
915 
w3 
910 
908 
913 

.2 
1.5 
1.5 
.2 

0.2 
1.5 
1.5 
.2 
.7 
1.5 
.7 
.2 
.7 
.7 
.85 
.85 
.85 

Average o f  ho experiaents 

22.2 
49.0 
50.2 
39.8 
22.8 
34.9 
41.5 
36.3 
13.9 
54.4 
42.6 
26.1 
45.2 
46.0 
49.8 
50.1 
52.7 

1.2 50.3 
.7 53.6 

5.5 30.7 
9.8 58.4 
0.9 36.2 
0.7 45.5 
5.4 28.3 
12.8 41.6 

.I 26.6 
2.3 43.3 
5.9 7.9 
3.0 54.7 
3.1 59.2 
3.0 51.6 
3.2 55.8 
2.9 55.1 
3.2 56.6 

Table 4 

5.2 
6.0 
1.0 
1.4 
4.6 
5.9 
.9 
.6 
5.6 
1.7 
.1 
3.7 
2.5 
2.0 
1.7 
2.1 
1.9 

19.5 23.7 7.0 1.7 8.6 
7.1 4.6 10.4 3.6 17.2 
7.1 1.9 13.9 9.9 110.6 
16.9 3.9 14.9 6.1 71.9 
21.5 26.5 6.3 1.2 15.9 
14.5 11.3 11.0 2.3 14.5 
8.3 1.9 15.9 9.2 112.1 
15.3 4.3 10.0 5.1 121.2 
18.5 25.8 4.1 .6 13.4 
1.8 2.8 22.2 5.6 60.1 
2.9 .4 14.5 13.5 204.7 
15.8 19.6 20.0 2.2 27.7 
3.3 5.3 7.3 4.4 30.1 
4.0 6.1 12.4 1.7 33.6 
1.4 4.7 13.1 5.3 41.2 
3.0 4.4 12.5 5.0 42.0 
2.3 1.2 12.7 5.4 44.0 

COWERSIOIl C6 KEROGEN AltD CARBONATES 

To Ethylene 
Exp.t I 

1 14.6 
2 15.5 
3 8.9 
4 17.0 
5 10.5 
6 13.2 
1 8.2 
8 12.1 
9 7.7 
10 12.6 
11 2.3 
12 15.9 
13 17.2 
14 15.0 
15 16.2 
16 16.0 
17 16.4 

To Total  
Iiydroca rbons' 

I 

37.4 
38.1 
32.0 
42.1 
34.4 
35.9 
31.4 
35.1 
27.4 
37.3 
21.5 
41.4 
36.5 
36.3 
37.6 
37.7 
38.7 

Carbonate 
Conversion 

I 

21.7 
54.0 
74.2 
57.5 
20.3 
19.0 
66.2 
50.4 
2.3 
48.9 
41.1 
30.4 
41.9 
33.2 
46.5- 

1 

'Hydrocarbons fran Table 3. 
-Average of Exp. 15. 16 and 17. 
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Table 5 

BASIS FOR PRODUCTION COST ESTIMATION 

Start-up: 
P lan t  Capacity: 

Shale Grade: 
Operating time: 
P ro jec t  l i f e :  
Construct ion per iod  = 
Federal Tax 
Tax c r e d i t  
Depreciat ion method = 
Construct ion pe r iod  = 
Sales Bui 1 d-up 

- - - 

- 

M i  d-1982 
40,000 tons o i l  shale/day 
871 MM l b  ethylene/year 

28 ga l lons  per t o n  
7920 hours per year  
15 Years 
3 years 
50% 
10% 
Sum o f  year  d i g i t s ,  11 years  
3 years 
3 years, i n i t i a l  f r a c t i o n  o f  f u l l  

capaci ty = 60% 

Tab1 e ' 6 

ETHYLENE FROM OIL SHALE, PRELIMINARY ECONOMIC DATA 

Estimated Fixed Cap i ta l  Investment $ 737,000 M 

Annual Fixed Costs 
Operating Labor (24 s h i f t  pos i t i ons )  $ 5,590 M 
Maintenance (4.5% Fixed Cap i ta l  $ 33,330 M 
P lan t  Overhead S 5,472 M 
Local Tax and Insurance (2.5% Fixed Cap i ta l )  $ 18,425 M 

E l e c t r i c i t y  (5k per KwH) $ 19,031 M 
Annual Var iable Costs 

Annual Byproduct C red i t  
Mined shale (30.3 l b  shale/ lb ethylene) ---- 
Propylene (64.5 MM l b ,  25&/lb) -6 16,125 M 
Fuel Gas (3.9 x106 MM BTU, $5 /W BTU) -6 19,550 M 
C . Stream (56.6 MM l b ,  18&/1b) -$ 10,188 M 
Bhc (331 MM lb ,  23&/ lb)  -$ 76,130 M 
Heavy Fuel O i l  (218 MM lb ,  64 / lb )  -$ 13,080 M 

Sales, General and Admin is t ra t i ve  (2% sa le )  $ 5,052 M, 
Gross Ethylene Revenue (871 MM lb ,  29&/ lb)  $ 252,590 M 
Annual Capi ta l  Charges $ 300,763 M 

P r o f i t a b i l i t y  (Oiscount Cash Flow-Return on Investment) 20% 
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Figure I 

UAIS m CONVERT OIL SHALE TO CHENICALS 

1) One-Step Pyrolysis  

Ethylene 

Benzene 

Uquids 
Grf d i n g  

1 1  
Fuel GdS Spent 

m a l e  

2) Ttm-Step Pyrolysis  

I 

-- Surface 

Retorting 

Spent 
Shale 

Figure 2 

PYROLYSIS APPARATUS 

I Gas I n l e t s  

2 Furnace 

3 Scren feeder 

4 Vdrfdble Speed WCOr 

5 Sol ld lgas  Separator 

6 Gas co l l ec t ion  burette  

6 

7 tc sampling port 

5 17 
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Figure 3 
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