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EFFECTS OF INJECTION GAS COMPOSITION 
ON MODIFIED TN SITU SHALE RETORT F.CONOMICS 

by 

J. W. Barnes 

ABSTRACT 

The effects of inject ion gas compos it ion on the perforl1'ance 
and economics of a Modified In situ oil shale r'etort have been 
examined. The injection of air could produce eil at a sllghtl) 
lower pr ice than s team-ai r inject ion. Retort systems us i ng steam­
oxygen or carbon dioxide-oxygen are economically unattractive. A 
sys tem using water and air could be economical if water addition 
can be controlled. APPl' oX imate ly one-quarter of ttl ~ energy is 
produced as a retort off-gas that has a very low heating value. 

1. EXECUTIVE SUMMARY 

TABLE ! 

EFFECTS OF INJECTION GAS COMPOSITION 
ON SHALE OIL PRODUCTION COSTS The effects of injection gas composition on 

the performance and economics of an oil shale plant 

using the modified In situ (MIS) process for pro­

duction of shale oil have been examined. The 

resu lts of this study are shown in Table I. 

Ilet ')il Recovery Cost 
(% of Fi !ocher Assayl...i.!L.@ 

All cos ~ s are in January 19BO dollars. Costs 

include th ose fa~ 11ities required to (1) upgrade 

the raw shale oil to a quality su itable for pipe­

line transport, (2) treat plant waste and effluent 

streams, and (3) provide utilities and plant sup­

port services. Oil yields are given as a percentage 

of Fischer As say oil in the MIS retort recovered 

after an allowance for internal plant consumption 

to meet p,'ocess energy requirements. Yields (and 

costs : are based on laboratory experimental data; 

full-scale field experiments have produr.ed much 

lower oil yi elC~ 
The following conclusions can be drawn from 

this study. 
• The simplest sys tems are the mo~t economical 

systems. Injection of air produces oil at a 
lower price than any steam-air system . How­

ever, steam injection may be required for sys­

tem control in commercial operation. Oxygen 

enr ichment of injec tion gas or carbon dioxide 

Case 

Steam-air Injection 
Air only 82 
25/75 St.eam/Air B7 
501~J Steam/Air 93 
75/25 Steam/Air 70 

water-Air Injection 
29171 w",ter/Air 87 

Steam-Oxygen Injection 
10/90 Oxygen/Steam 81 
14/86 Oxygen/Steam 77 
18/82 Oxygen/ ' tea", 75 

Carbon Dioxide-Oxygen Injection 
10/90 Oxygen/Carbon Dioxide B1 
14/86 Oxygen/Carbon Dioxide 83 
1B/B2 Oxygen/Carbon Dioxide 82 

18.40 
19.00 
20.40 
30.30 

17.50 

26.30 
26.80 
27.00 

30.40 
30.~0 
31.20 

recovery for reinjection are both much more 

expensi \- than the air-only systen . 

• The injec t ion of liquid water i nto the ref.ort 

will i~prove both oil production economiCS and 

off- gas quality slightly in comparison with .he 

ai r-only c,se . However, control of water di s­
tribution to prevent local reaction quenching 

in the retort may present a major problem in 

commercial operation. 
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11. INTRODUCTION The MIS proc.:!ss for extracti') 0) oil from 

sh~les offers long-term potential for becOO1inq the 

lTo..;t economical neafls for production of petroleum. 

Pr~cesses for retorting oil shale above ground 

have been demonstrated at the scale of about 

1000 tpd throughput. C()I1I1Ierc ~ al-scale r~torts 
(10

000 
tpd) may be economicallY competitive ~ith 

conver.~io nal petroleum as a source of refinery 

feed at present market pr ices. The I'll S process 

offers the potential for producing oil at a lower 

cost because of a reduction in shale handling and 

surface equipment requirements . However, the 

atll ity to adequately control a MIS : etort and 

obtain satisfactory oil recovery has not been 

demonstrated and ~ . ill requireS considerable 

engineering research. 
There arE: many parameters that are important 

to the oper at ion of a MIS retort , such as rubble 

size, size distribution, and retorting rate. 

Inject ion gas compos it ion haS an effect , .:' total 

resource recovery, "il yield, gas yield, an<! ~:. : 
quality. These factors, in turn, affect the energy 

efficiency of a shale oil complex and the require­

merts for surf ace processing and support systems. 

The study evaluates the effect c
f 

variations in 

injection gas com;>os ition on shale oil production 

econ->mic!' · The economiCS of ~~~ retorting, in combination 

with several alternatiVt methods f'lr processing 

mined shale removed to the surface, was evo.'u~tPd 
in a previOUS study.l That study showed that 

MIS retort gas yield and quality have a major 

effect on total system economics. Th iS study 

foc~ses specificallY on operation of the MI~ retort 

anu the effects of variable injection gas composi­

tion on the economiCS of 3 MIS retort system. 

FUEL G.S 

_ -------.. SU
L

•
UIO 

SHIIL[ OIL 

."I..-ON'" 

MOllS : 1. Qxygen plant n. required "Ith "ate
r
-
alr 

or stu ..... 

air Systems . 
2. Steam not reqUired \~h "aur-al r or carbon dlOxlde-

Oxygen system. 
3. CarLon dioxide recyc . required only "Ith carbon 

dioxide-Oxygen System. 

Process flow sheet shale oil productiOn 
Fig. 1. 

(air or OXygen) to maintain combustion and a 

moderator (steam or carbon dioxide) to control the 

reaction, and (4) collection of oil and fuel gas
e

! 

that are drivel' from the shale by the retorting 

The MIS retorting operation is assumed to reaction. 

process 100 000 tpd of oil shale with an oil c<.'n­

tent of 24 o~ 1/ ton bY Fischer Assay. The r.:torts 

are assumed to be at a depth of 1500 ft and are 

constructe j using room-and-l:Jill ar o,i ning tech­

nique~. APprox ' ~atelY 0.4 lb vf oi1 shale is mined 

and brought to the surface for each pound of oi 1 

shale retorted in the MIS retort. The mi ned shale 

would probablY be rE:torted by one of several sur­

face relorting processes. However, for this study, 

we have assumed that no further processing is 

Ill. PROCESS DESCRIPTION 

~ The MIS Retort Syst~ 
Figure 1 illustrates the MIS retort system 

develop.:!d for use with this st.udy. The MIS process 

involves (1) mining a fraction of oil -rich shale 

(l0-30 lolume per cent) from an underground shale 

bed to create voids, (2) rubblization of the 

remaining oil_bearing shale to create passages for 

subsequent flo'll of gas and oil. (3) ignition of 
the rubbl1zed shale with injection of an oXldizer 

required of mi~ ed shale t. ~nsferred to the surface, 

and no allow ~nce ras been made for further handling 

or disposal of t~e mined shale. 
The MIS retort development costs and produc-

t ion parameters were obtained from Ref. 2, and 

have been esc a 1 :lied to January 1980 dollars. 

capi tal inves tment costs include all necessary 

mining equipment and operations for initial devel­

opment of the mine and retorts. The development 

2 
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costs for subsequent retorts, includin9 rubbliza­
tion and removal of sh~le, are included in the 
operating costs. These costs are shown with each 

proce~s case, and are held constant for all cases 

studied. 
B. Product Treatment and Upgrading 

The crude oil products of the MI S retort i ng 

process and off- gas condensates must be treated to 
separate the shale oil hydrocarbons and water. 
The jewatered, crude shale oil product of this 
plant has a high pour point and is not suitab e 

for ' ipeline transport. The minimum upgrading 

plant would contain equipment to vacuum-fract ionate 
the raw shale oil and dewax the heavy residuum. 
The vacuum fractionation split at 800·F true boil­
ing point would produce an overh~ad of acceptable 
pour point for pip!!li ne transport. The heavy 
residuum is dewaxed to lower the pour point and is 
blended with the fract ionator overhead to yie 1 d a 
pipelinable product. The high-wax extract is used 
as power plant fuel. 

The cool gaseous product stream of the MIS 
retort i~ cleaned to remove h:'drogen sulfide in 
the gas lJurification plant anti produce elemental 
sulfur (a marketable by-product). The purif 'ied 
gas stream is used as fuel in the power plant. 
All aqueous effluents from the complex are pro­
cessed to remove dis sol ved hydrocarbons, hydrogen 
sulfide, and ilmmonia. The hydrocarbons and acid 
gases are returned to the gas purificati on plant. 
Ammonia is ste~n-strippcd from the deacidified 

bottoms, concentrated, and marketed. 
C. Plant Utilities and Sprvices 

The shale oil complex wi ll have its own 
internal steam generation and power plant, cooling 

water system, and water sup~ly system. The power 
plant will con ta in gas - turbine-dri ven generator 
sets and steam boilers that, will be fired by low­
Btu gas from the MIS retort and shale oil frac­
t ionator res iduum. Turbi nc exhaust heat recovery 
boilers wil' also be included. If the total amount 
of gas from the MIS retort exceeds the requirements 
of this plant, the excess will bp marketed at th~ 

pI. 'It boundary. 

D. Injection Gas Supply 
Injection gas wi 11 be suppl ied from systems 

within the plant as required to meet injection gas 
needs . Where air is used as the ox idizer, large 

air compressor systems will provide air for injec­
tion to the MIS retort . The air will be compressed 
and blended with steam before i~jection. All cases 
studied assume a pressure of 50 pslg at the injec­
tion gas source. Where oxygen is used as the oxi­
dizer, a cryogenic air separation plant is included 

as part of the complex. 
Moderator gas, which is requir~d to control 

the reaction, may be steam or car~on dioxide. 

Steam will be provided as incremental capacity 
from the complex's power plan~. Carbon dioxide 
will Le extr~ -ted from the MIS retort, product gas. 
A 'uger gas treatment plant will be required for 
the carbon diox ide cases. However, the fuel gas 
from these cases will have a higher heating value 

as a result of the carbon dioxide removal. 

IV. CASE STUDIES 

A. Data Sources 
Data from field tests have shown poor yields 

of gas and oi 1. 3,4 Gas qua 1 ity has been of such 

low heating value that its use as a fuel is ques­

tionable. These poor results are primarily a 
result of the inability to provide a uniform rubble 
size throughout the retort. ~ urther exper imenta­
t ion and study are requ i red to deve 1 op adequa te 
contro 1 techn i ques and demons trate cOlTlT1erc i a 1 
feasibil ity. 

Laboratory tests in pilot retorts of several 
tons ' capac i ty have produced data that are both 

more extensive than ' he large-scale fleld tests 
and more reproducible. These data are more repre · 
sentative of conditions that must be obtained for 
commercial operation, and shoulct also approximate 

cond it ions to be expected in the fie 1 d if further 
research and development effort~ are s~~cessful. 

For these re~sons, we have used the data from com­
puter mode Is developed by Lawrence L iver"lOre 
National L~boratory (LLNL).5,6 These models 

accurately predicted the results of tests con­
ducted in the LLNL 6-ton pilot retort. 
B. Design Calculations 

Process flow sheets were developed for each 
of the basic injection gas systems. Material 

balances we(e developed for variations in e~ch 

system to search out optimum compositions. The 

pla" capacities were defined for each unit in a 
total MIS shale oil complex. estimates of capital 

3 
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a d operclting cos ts were then prepared for each 

system and the variations, in each ca~e using the 

methods ana sources discussed in Ref . 1. Capital 

and operating cost Sllll1'l1ar ieS for the individual 

casps are presented in the discussions that follow. 

Product cos~s were calculated using a simpli­

fied formula for di~counted cash flow calcula­

tions .
7 

A conservative appro~ch was used to 

determine the necessary in puts for the calcula­

tions . The life of the plant was assumed to be 

20 yr, with a 16-yr period for depreciation by the 

sum-of-year digit~ method. The capital structure 

assumEd was 100 per cent equity financing, and the 

requ i red return on equity was set at 12 per cent . 

A 48 per cent federal income tax rate was assumed. 

~o in'/estment tax credit was allowed, no carry­

forward scheme for tax losses was used, and nega­

tive income tax was not allowed. These factors 

decrease the cash flow significilntly and increase 
the final product price. 

The results for the systems evaluated are on 

a cons is tent bas i s with regard to nput data for 

the calculations. The numerical results are con­

sider ed most signific ant in a relative sense. The 

absolute numerical result is questionable because 

of the conservat.ive approach uscd for calculating 

unit costs , the conceptual nature of the process 

design, and the unit - capacity capital - costing 
IT'ethods . 

C. Steam-Air Inject ion 

Results for ti,e steam-air injection case are 

plotted ln Fig. 2. The price of product oil 

increases slowly as the steam fraction increases 

to 55 per cent steam. At higher steam-air ratios, 

production costs climb rapidly because a fraction 

of the oil produced must be consumed to produce 

injection steam, r esulting in lower net oil 
producti on. 

This Dlot would indicate that injection of 

air without steam addition is more etonomic i! '1 than 

steam- ai r inject ion in any comt, inat ion. However, 

the ab ility to con trol a cor.mercial -5c ale operation 

without the use of steam to control retort opera­

tion has not been proven. The air-only case also 

produces a fuel gas of l('wer heating value than 

that obtained in the steam-air cases. As the 

higher heating value tuel gas can be burned more 

eas ily and effic iently, a premium should be placed 
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')n the hig' ler value product, especially if sold 
off-s ite. 

The data presented in Fig. 2 assume an equa 1 

value for all excess fuel gas produced of S2.oo 

per million Btu ana exact no cost penalti es for 

burn i ng lower' Btu fuel gas ;n the power plant. 

Furthermore, as field tes ts and large-scale retort 

test s have yielded ver.Y low-quality gas ( typ ically 

20-40 Btu/stf with air only and 40-70 Btu/scf with 

s team i njection), s t eam addition may be necessary 

if this gas is used as pl an t f uel . 

Capital and operating cos ts for the three 

steam-air cases and air-only case are sUlTlnarized 

i:1 Tabl e II. Capaciti es of the ~nd ividual plants 

making up a shale oi 1 production complex are also 

presented to allow comparl son. The cost sUll1'l1ary 

indicates that in situ retort uevelopment and 

operation are the major contributors to the cost 

of 01 1 production. At high steam-air ratios, the 

cost of the power plant (requ ired for steam pro­

duction) also becomes si gnifi car. t. 

Table III summarizes both gross and net energy 

production rates for the four cases evaluated. 

Oil produ ction costs are ~resented for alternatives 

in which excess fuel gas is valued at $12.00 per 

barrel ~q u i val p. nt fuel oi 1 and S24.00 per ' barrel 

equivalent fuel oil . A third case is al so pre­

sen ted in which the fuel gas is assumed to hav e no 

value (as internal fue l or as a marke table prod­

uct) and al l plan t energy requirements are met I:>y 

diversion of a portion of t he sha le oil produced. 



TABLE II 
CAPITAL AND OPERATING COSTS 

STEAM-AI R INJECTION 

Ca~ita 1 Cos t ! Air 2~/75 Steam/Air 50/50 Steam/Air 75/25 Steam/Air 

Plant Ca~acity 106$ Capacity 106, Capacitl 106, Ca~a,,!:.I 106S 

In s itu retort 100 000 tpd 300.0 100 000 tpd 300.1) 100 000 tpd 300.0 100 000 tpd 300 .0 

Gas cooling \ 895 r~scfd 101 . 1 1 658 Mscfd 12.4 1 339 Mscfd 10.0 1 063 Mscfd 7.9 

Gas purificat ion 1 895 Mscfd 45.5 1 658 Mscfd 39.8 1 339 Mscfd 32 .1 1 063 Mscfd 25 .5 

Oil dewater i ng 1.06 f'i 1b/h 7.0 1.79 M 1b/h 11.8 2.83 M 1b/h 18 .7 5.10 M lb/h 33 . 7 

Oi 1 trea tment 47 00 bpd 19.1 51 025 bpd 20.7 53 380 bpd 21.6 52 595 bpd 21.3 

Waste water 845 gpm 3.6 2 190 gpm 6.7 4 212 gpm 15.3 8 786 gpll1 31.8 

Power plant 1 420 MBH 27 .2 2 535 MBH 48.6 3 955 MBH 75.9 7 315 H8H 140.4 

Cool i ng water 140 I'()O gpm 8.7 149 000 gpm 9. 2 161 000 gDm 9.9 210 000 gpm 13.0 

Wa cer su pp 1y 2 655 gpm 9.2 3 085 gpm 10.7 3 330 gpm 11 .5 4 570 gpm 15.8 

Gas C'1lllpression 1 387 Mscfd 12.5 1 196 Mscfd 10.0 911 Mscfd 8.2 696 Mscfd 6.3 

Su pport fac ili ties 10.5% 46.9 49.4 52.8 62.5 

Tota l Direct Capital 493.8 520.1 556.0 658.2 

Otr.er Capital 21.5% 106 .2 111.8 119.5 141.5 

Total Cap i tal ~OO.O 631.9 6i5.5 799.7 

Annual Cos ts 

Raw materials 3.3 3.3 3.3 3.3 

Mine labor i68.7 168 . 7 168.7 168.7 

Process labor 15.0 15.8 16.9 20.0 

Supp1 ies 3.9 4.1 4.4 ~ 

Total Operating 190.9 191.9 193.3 197.2 

Bi-product Credit 59.1 35.1 7.5 -.l..:.Q 

Net Operating 131.8 156.8 185.8 196.2 

L 



TABLE I II 
ENERGY PRODUCTION SUMMARY 
STEAM-AIR INJECTION CASES 

25/75 SO/50 75/25 
Steam/ Steam/ Ste~'T1/ 

Air Air Air Air 

Oil product ion, bpd 
Gross 47 100 51 000 53 400 52 600 
Net 1\6 700 50 600 53 000 39 800 

Fuel gas prot'uct i on 
Gross, bpd·.efo 20 400 18 800 17 500 16 900 
Net, bpd-efo 14 700 8 700 1 600 0 
Btu/scf 65 68 78 95 

011 cost , S/bb1 
Fue 1 gas at 18.40 19.00 20.40 30.30 

S2 .oo/MBH 
Fue 1 gas at 14.60 16.90 20.00 30.30 

S4.00/MBH 

No fue 1 gas use 
Net oil 41 000 40 500 37 100 22 600 

production, bpd 
Oil cost, S/bb1 25 .30 26.90 29.70 53.50 

This table illustrates the effect of retort 

off-gas use on shale oil economi cs. Approximately 
one-third of the total energy produced is a low-Btu 
gas. This gas must be used and must be of a qual­
ity t hat will allow its use if t he in situ retort­
ing process Is to real :ze its mlximu'Tl potential. 

O. Water-Air Injection 
A case can be made for the injection of water 

directly instead of steam, if w.\ter distribution 
and retort operations can be adequately controlled. 
This approach may recover a greater fraction of 
the residual sensible heat left in the retort, 
allows in situ ge neration of steam, and signifi­
cant 1y reduces tne steam plan t size and the fue 1 

requiremen t for that steam plant. 
The re5u1ts for the water-ai~ case are shown 

in ~ig. 3 with the previously discussed steam- air 
cases . For the one ca~e calculated, the cost of 
oil produced ., lower than that for the air-only 
case, and the quality of the fuel gas is improved. 
The inj~ction of water into an in situ retor t 

appears economically attractive. However, proper 
control and distribution of water will be essential 
to efficient operation. The problems that can 
arise from uncontrolled water ad1ition have been 
demonstrated during in situ coal gasification 

tests. 
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Fig . 3. ShalE' oil cost for water-air injection. 

Table IV presents a summary of capi tal and 

operating costs for the water i njection 

Compari son with Table II ill ustrates the 

TABLE IV 
CAPITAL AND OPERATING C03TS 

WATER-AIR INJECTION CASE 

Capital Costs 
Plant 

In s~ tu retort 
Gas coo1il1g 
Gas purificat ion 
Oil dewatering 
Oil treatment 
Waste wat ~r 
Power plant 
Cooling water 
Water supply 
Support facilities 10.5 % 

Total Direct Capital 
Other Capital 21.5 % 

Total Capital 

Annual Costs 

Raw materials 
Mine labor 
Process labor 
~u.Pp , ies 

Total Operating 
By- product Credit 

Net Operating 

Capac ity 

100 000 tpd 
1 610 Mscfd 
1 610 Mscfe 
1.91 M 1b/h 

49 850 bpd 
2 587 gpm 
1 455 MBH 

149 000 gpm 
96C gpm 

case. 
reduced 

106S 

300,0 
12.0 
38.6 
13.0 
20.2 
9.4 

27.8 
9.2 
3.3 

45 .5 

479.0 
103.0 

582.0 

3.3 
168.7 
14.6 
3.8 

190.4 
54.9 

D5.5 
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capital requiret,1ent when compared with a system 
injecting the equivalent amount of water as S~eom. 

Tab Ie V presents gross and net energy produc­
tion rates for the water injection case. Compari­
son with Table III illustrates that, although gross 
oil and fuel gas production are roughly ~quiv~lent 
for similar water- steam inputs, net production of 
fuel gas is improved for the water injection case. 
E. Steam-Oxygen Injection 

An obvious route for improvins fuel gas qual - . 
ity to assure its usability is to injet:t oxygen 
rather than air into the retort. Figure 4 presents 
the results for several steam-oxygen injection 

cases. 
These resul ts are not in full agreement with 

those shown in Figs. 1 and 2 because the computer 
orogram used to calculate yield data for the 
steam.air and water-air cases was revised and 
improved before the steam-oxygen calculations were 
made.* Steam-oxygen injection is not economically 
competitive with the steam-cdr- injection base cases 
presented in Fig. 2. However, in the case where 
fuel ga~ from the steam-air system 1s not usable, 
as might happen wi th poor gas quality, the steam­
oxygen alternative might be beneficial. 

TABLE V 
ENERGY PRODUCTION SUMMARY 
WATER-AIR INJECTION CASE 

Oil production, bpd 
Gross 
Net 

Fuel gas production 
Gross, bpd-efo 
Net, bpd-efo 
Btu/scf 

Oil cos t, S/blll 
Fuel gas at ~2.00/ MBH 
Fuel gas at !4.00/ MBH 

4g 900 
49 500 

19 500 
13 700 

73 

17.50 
14.20 

*Computat ions for the steam- .ir and water-air cases 
were for 20 per cent void volume in the retort. 
Computat ions or the s team-oxygen and carbon 
dioxide-oxygen cases assumed a 30 per cent void 
volume. On the basis of new, as yet un publ ished, 
data obtained from LU,~, using the revised compu­
tational methods and a 30 per cent retort void 
volume, trl' shale oil product pr tce wOllld be 
incre~sed by approximately PO.50 per barrel for 
the steam-a r and water- air systems. 

Table VI summarizes capital and oper~ting 

costs for the four cases presented in Fig. 4. 
This table shows that the oxygen plant addition 
results in a large capital cost increase. 

Tab 1 e V II shows gross and net energy produc­
tion for the fOl'r cases. The oil production 
decreases wi th increasing oxygen content. This 
decrease is offset by an increase in fuel gas 
production so tha'. the o·.erall oil cost does not 

vary much. 
F. Carbon Dioxide- Oxygen In ject ion 

Retort gas cftn also be upgraded by removal of 
carbon dioxide to improve the heating value. The 
gas produLt is of good heating value (400-000 Btul 
scf) and can be consumed in conventional industrial 
boi~ers or turbines. The extracted carbon dioxide 
can a 1 so be used instead of s teCll1 as a react i on 
moderator for the in situ retort. The results for 
several carbon dioxide-steam cases are presented 

in Fig. 5. 
The carbon dioxide- steam systems are not cost 

compet i t ive wi th any of the other opt ions covered 
in this stuay, primarily becaus~ of the high capi­
tal cost of CO2 extraction. Capital and oper­
ating costs for the three cases studied are sum­
marized in Table VII:. To make th is concept 
competitive with other systems studied, a ~re 

cost .. effective means of CO2 recovery is needed. 
It is poss ible t hat a less efficient, more econom­
ical system Is available for CO2 recovery. 
Additional review in .his area is warranted before 

the concept is rejected. 
Table 1)( presents gross and net energy pro­

duction information for carbon dioxide-oxygen 
injection. Int~rnal energy requirements of the 
carbon diox Ide systems are high, so no excess fuel 
gas is produced for ~xternal sale. The systems 
a~ e, however, dpproximately in balance with respect 
to energy needs and fuel gas availability. Only a 
small amount of the shale oil produced need be 
diverted to satisfy the energy balance deficit. 
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TABLE VI 
CAPITAL ANn OPERATING COSTS 

STEAM-OXYGEN INJECTION 

10/90 0Z/Steam 14/86 OZ/Steam 18lB2 OZ/Stp.am 

Capital Costs 

Plant 

In situ retort 

Gas cool ~ ng 

Ga~ purific~tion 

Oil dewate'fillo 
Oi 1 treatment 
Was te water 
Power plant 
Cooling water 
water supply 
Oxygen plant 
Support facilities 10.5% 
Total Direct Capital 
Other Capital 21.5% 

Total Capital 

Annual Costs 

Raw materials 
Mi ne )abOl 
Process labor 
Supplies 
Total Operat i ng 
By- product Cred i t 

Net Operating 

Capacit,l 

100 000 tpd 
732 Mscfd 
732 Mscfd 
3.3 M lb/h 

46 450 bpd 
6 500 gpm 
4 775 MBH 

147 000 gpm 
1 755 gpm 
0.46 M lb/h 

106, 

300 .0 
5.5 

17.6 
l1.8 
18.8 
23.5 
91.6 
9.1 
6.1 

110.4 

~ 
667.9 

.!Q:2. 
811.5 

3.3 
168.1 
20.3 

2:l 
197. 6 

~ 

195.3 
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Fi g. 4. Shale oil cost for ~ team_Oxygen i nj ect ion. 
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Capaclt,l .106S Capacit,l 106! 

100 000 tpd 300.0 100 000 tpd 300.0 

815 Mscfd 6.1 829 Mscfd 6.2 

815 Mscfd 19.6 829 Mscfd 19.9 

2.9 M lb/h 19.1 2.6 M lb/h 17 .2 

44 480 bpd IB.O 43 300 bpd 17.5 

6 000 gpm 21.7 5 000 gpm IB.1 

4 215 MBH 80.9 3 700 MBH 71.0 

140 000 gp'" 8.7 130 000 9pm 8.0 

-1 200 gpr. 4.2 1 300 gPf!1 4.5 

0.56 M lb/n 134.4 0.62 M lb(h 148.B 

~ 
64.2 

677 .0 675.4 

ill:2 ~ 

822.6 870.6 

3.3 3.3 

168.7 168.7 

20.6 20.5 

2d 2:l 
197.9 197.8 

~ .1l:.l 

182.3 174 .5 

TABLE VIl 
ENERGY PRO~JCTION SUMMARY 

STEAM-OXY,EN INJECTIO~ CASES 

10(90 14(86 HI/B2 
O~/Steam 02 (Steu"! OZ/ S1;eam 

Oil product ion, bpd 
Gross 46 400 44 500 43 300 

Net 46 100 44 100 42 900 

Fuel gas producti~~ 
Gross , bpd-efo 19 400 20 600 20 500 
Net, bpd -efo 300 3 700 5 700 

Btu/scf 134 128 12B 

Oil cost, ~/bbl 
Fue 1 gas at 26.30 26.80 27.00 

52.00/MeH 
Fuel gas at 26.20 '25.BO 25.40 

$4.00/ t-: BH 
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Fig. 5. Shale oil cost io~ carbon dioxide-oxygen injection. 

Capital Cos ts 

Plant 

In 51 tu retort 
Gas cooll ng 
Ga~ purification 
Oil dewaterin ; 
Oil treatment 
Waste water 
Power plant 
Cooling water 
Water supply 
Oxygen plant 
Support facilities 10.5% 
Total Direct Capital 
Other Capital 21.5% 

Total Capital 

Annual Costs 

Raw lIidterials 
Mine labor 
Process labor 
Supplies 
Total Operating 
By- product Credit 

Net Operating 

TABLE V III 
CAPITAL AND OPERATING COSTS 

CARBON DIOXIDE-OX YGEN INJECTION CASES 

10/90 02/C02 14/86 02/C02 

Capaci~ 106, Capacit~ 106$ 

100 000 tpd 300.0 100 000 tpd 300.0 

1 697 Mscfd 12.6 1 614 Mscfd 12.0 

1 697 Mscfd 224. 0 1 fi14 Mscfd 213.0 

0.91 M lb/h 6.0 0.93 M lb!h 6.1 

48 420 bpd 19.6 48 020 bpd 19.4 

-500 gpm 1.R -550 gpm 2.0 

3 950 MBH 75 .8 3 360 MBH 74.1 

135 000 gpm 8.3 132 000 gpm 8.2 

2 900 gpm 10.0 2 850 gpm 9.9 

0.47 M lb/h ll2.1 0.58 t-l 1,1 h 13U.7 

~ 82.3 

851.1 865.7 

~ _1S!:i 

1 034.1 1 051.8 

3.3 3.3 

1158.7 168.7 

25.9 26.3 

_6...:2 6.8 

204.6 205.1 

.. J..:Q 1.0 

203.6 204.1 

18/82 02/C02 

Capacity 106, 

100 000 tpd 
1 580 Mscfd 
1 58') Mscfd 
0.94 ~~ lb/~ 

47 630 bpd 
- 600 gpm 

3 890 MB~ 
130 000 gpm 

2 640 gpm 
v.73 M lb/h 

300.0 
ll.8 

208.6 
6.2 

19.3 

2. 2 
74.6 
8.0 
9.1 

175.4 
85.6 

9OO.S 
193.7 

1 094 .; 

3.3 
168.7 

27.4 
7.1 

lOG.S 
1.0 

205.5 

9 



TABLE IX 
F.NERGY PRODUCTION SUMMARY 

CARBON DIOXIDE-OXYGEN INJECTION CASES 

10/90 14/86 18/82 
OZ/C02 ~ .Q21fQz. 

Oil production, bpd 
G,,,ss '8 400 48 000 47 GOO 
Net "6 300 47 400 4& 900 

Fue 1 gas product ion 
Gross, bpd-efo 14 000 15 ZOO 15 200 
Net, bpd-efo 0 0 0 
Btu/scf 565 5~" ¥ ,J 530 

Oil cost J/bbl 20.40 30.00 31.20 
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