———

The analyses were carried out by gas chromatographic techniques. Separate
determinations were done for CI-C% aliphatics and aromatics. Since the

samples were taken at the end of the runs the results represented average
yields and did not reveal changes during the experiment.

Preliminary work revealed that the oil shale feed rates had an effect on
the yields. Yields increased with decreasing feedrates until they
stabilized at around 0.1 gsec-l. This phenomenon was also reflected in
the temperature changes during pyrolysis; at higher feed rates temperature
drops were 15-20% while with 0.1 gsec! they did not exceed 2-3%.
Apparently heat transfer rates optimized only at low feed rates. (At
higher feed rates the particles formed agglomerates which resulted in less
favorable heat transfer conditions; therefore the yields were also
unsteady.) R

Results

Yields of pyrolysis products were investigated as functions of temper-
ature, residence time and carrier gas. In order to estimate the proper
range for the residence time, heat transfer calculations were carried out
for a series of particle sizes assuming spherical shapes. The calcula-
tions showed that the expected residence times were less than 2 sec for
particles between diameters of 5x10-3 and 2.5x10-* m.

Our experimental strategy consisted of a two-level factorial and a
quadratic model. The factors and their levels are depicted in Table 2.
The yields of the major pyrolysis products at the proper combinations of
the factor levels are shown in Table 3.

We also identified other products (propane, C. aliphatics, toluene, xylene,
etc.) but did not determine amounts quantitatively. Inspecting the

results for the two-level factorial design (Exp 1-8 in Table 3) revealed
that this model was inadequate. This prompted us to augment it to a full
quadratic design (Exp 9-14 in Table 3), which had the following general
form:

yield = ag + ajxy + agxy + azxy + agx)xp + agxyxz + agxoxg + a7x12 +
aaxzz + agx32 '

The precision of the data are reflected by experiment 15, 16 and 17 which
were replicate runs. The relative errors were less than 10 percent for
each product except propylene. The resulting equations were computer
plotted as function of temperature (x,) and residence time (x,) at three
levels of the carrier gas (x; = 100%N,, 50/50% N,/C0,, 100% 662).

These cross sections of the experimental space provided a visual repre-
sentation of the yield distribution and showed the highest yield regions.

For ethylene the maximum yields (60.3-64.5 1bs/ton shale) were computed to
be between 850-980°C with less than 0.8 sec residence time at 100%
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nitrogen (Figure 3). We carried out two experiments in this region and
confirmed the yields at 60.6 and 62.4 1bs/ton shale. Yields in the
maximum region declined for the two other levels of the carrier gas by
about 8 percent per level. The lowest yields were indicated at high
temperatures and longer residence times in accord with experience that
ethylene 1s consumed under such conditions.

For methane the highest yield region (52.3-55.4 1bs/ton shale) was between
880-1070°C with more than 0.9 sec residence time and at 100% nitrogen
level. The yields decreased by only about 3 percent per level for the
other levels of the carrier gas. The yields decreased toward lower
temperatures and short residence times.

Ethane yields were highest (6.8-7.4 1bs/ton shale) at low temperatures
(<720°C) and longer residence times (>1.2 sec). Ethane showed no change
with respect to carrier gas. The lowest yield region was indicated at
higher temperatures and longer residence times.

Maximum acetylene yields (7.8-8.5 1bs/ton shale) were computed for high
temperatures (>1000°C) and short residence times (<0.6 sec). The yields-
similarly to those of ethane - were not sensitive to the carrier gas. The
yields changed 1inearly with temperature and residence time reaching
minimum values at low temperatures and -long residence times.

For propylene the highest yield region (27.0-28.7 1bs/ton shale) was at
low temperatures (<720°C) and short residence times (<0.3 sec) at 100%
nitrogen level. The yields declined only slightly for the other levels of
the carrier gas (about 3% per level). The yields decreased with
increasing temperature and residence time.

C, products showed a similar distribution pattern to that of propylene.
Maximum yields (38.2-40.6 1bs/ton shale) were indicated at lower
temperatures (<720°C) and short residence times (<0.3 sec).

Benzene displayed a bimodal plot with maximum yields above 900°C and at
both short (~ 0.2 sec) and long (~ 1.5 sec) residence times. The highest
yields (19.4-20.4 Tbs/ton shale) were computed for the 50/50 mixture of
nitrogen and carbon-dioxide and the yields declined by about 30 percent
for the two other levels of the carrier gas.

Table 4 shows the conversion of kerogen to ethylene, total hydrocarbons
and the conversion of carbonates. The highest conversion to ethylene was
17 percent and to hydrocarbons 42 percent (Exp. 4). Based on the H/C
ratio of the feedstock (Table 1), theoretically 84 percent of it could be
converted to ethylene. The highest measured yield corresponded to 20
percent of this 1imit.

To determine the extent of carbonate decomposition is important because in
one-step pyrolysis raw 0il1 shale is processed and carbonate (calcite,
dolomite etc.) decompositions represent a heat sink which can adversely
influence the economics of the process.
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Carbonate decompositions seemed to depend on all three factors and varied
from 2.3% (Exp. 9) to 74.2% (Exp. 3). The data also show that in those
runs where carbon dioxide was the carrier gas (Exp. 5,6,7 8 and 14} less
decomposition took place than in runs carried out with nitrogen (Exp.
1,2,3,4 and 13.) This can be explained by the excess concentration of
carbon dioxide which shifted the carbonate decomposition equilibria back
toward the reactants. In the accompanying economic analysis we assumed
conservatively that all carbonate was decomposed.

Economics

The experimental results provided the input for an economic evaluation
focusing on ethylene as the main product. The basis for the cost estimate
and the breakdown of the economics are shown in Table 5 and Table 6. In
%?g)process we envisage to apply Occidental's patented pyrolysis system

The total capital investment was estimated to be $737 MM for the plant
producing 871 MM 1bs ethylene/year. The byproduct credits were projected
for mid 1982 from present market prices.

In the evaluation mined shale was considered at zero cost. The reason was
that we assumed that the process will be associated with Occidental's
modified in situ retorting technology requiring that 20-25% of the oil
shale has to be mined out.

In our analysis we assumed 29¢/1b ethylene price and this gave 20% DCF-
ROI. With 25¢/ib ethylene price the DCF-ROI is 18%, still an attractive
value.

As a final comment, we realize that a more realistic economic evaluation
should consist of a comparative analysis including two-step pyrolysis,
aboveground retorting, and direct utiifzation of oil shale in energy pro-
duction {such as fluidized bed combustion).

Conclusions

Short residence time pyrolysis of finely ground oil shale produces low
molecular weight aliphatics and aromatics. An experimental design study
successfully determined the optimum yield regions for several pyrolysis
products as function of temperature (700-1100°C), residence time (0.2-1.5
sec) and two carrier gases {nitrogen and carbon dioxide). The economics
of a plant based on one-step pyrolysis was also evaluated and suggested
attractive profitability.
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Table 1

ORGANIC CONTENT OF THE FEEDSTOCK (wt %)

Carbon 13.03
Hydrogen 1.82
Sulfur 0.23
Nitrogen 0.58
H/C (atomic) 1.68
Kerogen (excluding oxygen) 15.7

Fischer Assay 28 gallon/ton

Table 2
FACTORS AND LEVELS ESTABLISHED FOR THE EXPERIMENTAL MODELS

Factors Levels
Low High
Temperature (x, ) 700 1100 (°C)
Residence Time (x,) 0.2 1.5 (sec)
Carrier Gas (x5) N, co,
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Table 3
RERCTION CONDITIONS AND PRODUCT YIELDS

Yields {1bs/ton)

CHg

Carrier

Time

Res{dence
(sec)

Temp.

(°c)

co

Ha

Calx_ CeMe

Calg

CHy Ty  CoMg

Exp.

62699512‘17716200

Bnmnwuunnwmzwnuuu

76912321665247304
RO o 5324‘555

0499309012503‘157

70346150‘2‘072322
ot ot ettt Ot O ot ot ot

7699539388463‘7‘2
3‘13611‘52 956“‘

NA=OVNAMUVRDMOWT O™

3
97761485812534132
- -

200‘6996671750719

.
WO Wt Tl

36742536639726816

30865 1637491556
WOMMENTNT WL WN

27589748139010292
- 590052 N mmeemae

20288953946120817

29092476342656902
NTOUMANTH T N DN

N NN NN
et O e -

825

wgnegyege
89078”069
-t -t

a

* Average of two experiments

Table 4

CONVERSION OF KEROGEN AND CARBONATES

To Total
Hydrocarbons*
T

Carbonate

Conversion
1

To Ethylene
T

Exp. ¢

7025302‘391492-"5

SEZngagg~gidsd

41014941435453677

AT E RN R T IS

65905221763920204

.
‘5870382722575666
e ettt 4 ot ot ot ol

HNMNMTOORDONRO M S
4 o ot ol -t

**Average of Exp. 15, 16 and 17.

*Hydrocarbons from Table 3.
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Table 5

BASIS FOR PRODUCTION COST ESTIMATION

Start-up: Mid-1982

Plant Capacity: 40,000 tons oi1 shale/day
871 MM 1b ethylene/year

Shale Grade: 28 gallons per ton

Operating time: 7920 hours per year

Project life: 15 years

Construction period = 3 years

Federal Tax = 50%

Tax credit = 10%

Depreciation method = Sum of year digits, 11 years

Construction period = 3 years

Sales Build-up
capacity = 60%

Table 6
ETHYLENE FROM OIL SHALE, PRELIMINARY ECONOMIC DATA

Estimated Fixed Capital Investment $ 737,000

Annual Fixed Costs
Operating Labor (24 shift positions) $
Maintenance (4.5% Fixed Capital) $
Plant Overhead $ 5,472
Local Tax and Insurance (2.5% Fixed Capital) $
Annual Variable Costs
Electricity (5¢ per XwH) $
Mined shale (30.3 1b shale/1b ethylene) ———-
Annual Byproduct Credit

Propylene (64.5 MM 1b, 25¢/1b) -$ 16,125
Fuel Gas (3.9 x108 MM BTU, $5/MM BTU) -$ 19,550
C,. Stream (56.6 MM 1b, 18¢/1b) -$ 10,188
81X (331 M4 1b, 23¢/1b) -$ 76,130
Heavy Fuel 011 (218 MM 1b, 6¢/1b) -$ 13,080
Sales, General and Administrative (2% sale) $ 5,052
Gross Ethylene Revenue (871 MM 1b, 29¢/1b) $ 252,590
Annual Capital Charges $ 300,763

Profitability (Discount Cash Flow-Return on Investment} 20%

3 years, initial fraction of full

= I
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Figure 1

WAYS TO CONVERT OIL SHALE TQ CHEMICALS
1} One-Step Pyrolysis

Ethylene
Shale Separation Propylene etc.
Pyrolysis and [—>8enzene
Grinding Purification Fuel Gas
Liquids
Fuel Gas Spent
Shale
2) Two-Step Pyrolysis
Ethylene
Surface Shale 011 Separation Propylene etc.
— and ——e-Gases
Retorting Cracking Purification Liquids
Spent
Shale
Figure 2
PYROLYSIS APPARATUS
3
4
Zh=
% %
% ]
Gas inlets ”,/ ’,/’
[~ %
Furnace % / 6
Screw feeder % ;‘
-1 £~
Variable speed motor % é
Solid/gas separator 1 4 4
[
Gas collection burette 1
GC sampling port

¥
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YIELD OF ETHYLENE - FOURDZ FEF TON OF SHALE
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