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ECONOMICS OF GASOLINE PRODUCTION FROM UNDERGROUND COAL
GASIFICATION VIA MOBIL-M PROCESS

‘M. S. Edwards, W. C. Ulrich, and R. Salmon

ABSTRACT

A conceptual process design and cost estimate is presented for

:u‘Eaci]ify‘producing approximately .100 m3/h (15,000 barrels per

day) of M-gasoline via methanol from synthesis gas generated by

- gasification of coal in situ. The design was based on experimental

data obtained at the Laramie Energy Technology Center on the linked

vertical well in situ coal gasification process. In-place coal

consumption is 756 Mg/h (20,000 tons/day), based on a subbituminous-

Hlyoming coal. The capital investment was estimated to be $535
willion in first Quarter 1978 dollars. M-gasoline-product price
was calculated as a function of debt/equity ‘ratio, annual -earning

rates on debt and equity, in-place coal cost, and plant factor

(onstream efficiency). Using a debt/equity ratio of 70/30, an ~r

interest rate on debt of 9%, an after-tax earning rate on equity of -

15%, an in-place coal cost of $5.50/Mg: ($5/ton), an LPG (propgne)

_ by-product credit of $3.80/GJ ($4/106 Btu), and a plant factor of

J0%, the product price of M~gasoline (including mixed butane LPG)
ig about $240/m3 ($0.90/gal) at the'plant gate. Calculated overall

thermal'efficienéy for the facility was 22%, based on in—?lace coal.

[




Introduction

A promising method of utilizing coal which is currently inaccessible
or uneconomical to mine is the "in situ" (underground) coal gasification

process. Department of Energy (DOE) funded experiments with air injection

gasifying Wyoming subbituminous coal underground have demonstrated
technical feasibility on a small scale: These tests have beén performed by
Laramie Energy Technology Center and Lawrence Livermore Laboratory (LLL). .If
the injection of oxygen rather than air to gasify the coal underground
~proyes successful on a continuous basis, a highe%-Btu gas céﬂ be produced
.because large amounts of nitrogen diluent would not be_presenf; Previous
oxygen injectibﬁ field tests iﬂ'the Soviet Union and Poland and the successful
injection of oxygen for 2 days during a recent, longer air injection experiment
by LLL lend support to this concept. The highef—Btu gas available from oxygen
injection can be treated and processed to yield high grade fuels or chemicals.

- O0ak Ridge National Laboratory (ORNL) has completed severai evaluations
of the potential for producing valuable end products from conceptual commercial

"in situ" ventures.'!’?

This work was done for the Division of Systems Engineering
of DOE/Fossil Energy. Today, I wiil be discussing ou;-most recent evaluation,
the production of gasoline from an in situ derived synthesis gas via the

Mobil Methanol—to;Gasoline procéss.2 This evaiuation presumes tﬁe successful

development of large-scale underground coal gasification with steam/oxygen.

injection.
Linked Vertical Well Process

There are several ways or modes in which the linked vertical well (LVW)

process can be operated for large-scale field development and gas production.
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These.different operational ﬁodes arise primarily from variations in the well
sequencing patterns used. and the direction in which the coal seam is gasified
relative to the direction of injection.gas and product gas flow. The system
assumed here is: termed the direct-flow or. forward system in the Russian
literature® because the direction of gasification of the coal seam is the same .
as the direction in which the injection gas and product gas gravel. The well
éequencing pattern that develops ié such thét each boreholé is used
suCéessively for linking, production, and injection.

In practice, a number of parallel lines of wells can be operated simultaneously
to exploit 1arge areas of coal seams. Such an arrangement is shown in Fig. 1.

The LVW process described is-the one suggested by researchers at the Laramie
Fnergy Technology Ccnter (LETC) Lu be used for‘developﬁent of the field areas of
the conceptual plant design evaluated in this report. It should be pointed
out that large-scale operation of this systeﬁ has not yet been demonstfated
at LETC,; although it was uéed by the Russiaﬁs at the Podmoskovnayé and
'Shatskaya underground coal gasification stations. In.the LETC operations to
date, reverse combustion linking has been followed by air ‘injection for forward
gasification through the same well used for the lihking air injection.

The reasons for choosing this procedure are: (1) it starts with a well
ééquencing pattern which is maintained througﬁ the life of the field, and

(2) it simplifies’the initial installation and subsequent moving of well

header piping systems.
Synthesis Gas Production

The design basis for the linked vertical well in situ coal

gasification process used in this evaluation was developed from information
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Fig. 1. 1In situ coal gasification facility layout.



obtained primarily at the Laramie Energy Technology Center.

To date, LETC has conducted four LVW field tésts (Hanna I through 1IV),
all with air injection. However, for generating a synthegis gas capable of
being converted to methanol it is preferable to inject oxygen, and possibly
steam, to gasify the coal. To date, very little work involving steam-oxygen
injection for in situ coal gasification has been done in'the United States.
.The Bureau of Mines conducted steam—okygen‘injection experiments at Gorgas,
Alabama in 1947 and 1952.% These data.were not usable in our evaluation for
the following reasons: the experiments were conducted in a thin (1 m)
bituminous coal seam; oxygen injection runs were‘of short duration (e.g., 3
to 36 hours); product gas eihibited cyclic fluctuations in heating value;
and inadequate experimental details precluded extrapolation of results. In
November'l977, Lawrence Livermore Laboratory performed a successful.
two—da& steam-oxygen injection eXperimenf éé part of a longer LVW air injeétion
field test (Hoe Creek 2). Experimental déta from this test were not
available in time for use in this evaluation. - Sﬁeam—oxygen gasification
techniques have been extensively fieldAtested.in the Sovief Union aﬁd in o«
Poland. Little information is available in the literature on the actual
operation of these fests, however; usually only product gas quality is giveﬁ.?
‘Because of the lack of experimental data for the steaﬁ—okygen injection
process, the basis for operatiné conditions and yields for this mode of
gasification was a, linear permeation mathematical ﬁodel of forward gasification
which was developed at LETC.®"® This model of the LVW process predicts gas
compositions and heating values, gas production rates, temperatures, and thermal

efficiencies.
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The design basis parameters derived from the mathematical model and from
experimental results of the Hanna II, Phase II field tests are shown in
Table 1. Table 2 shows the composition of the raw gas produced with air
injection (Haﬁﬁa II, Phase II test data’ and steam-oxygen injection
(mathemétical model prediction).

~Based on Hanna II, Phase II results, LETC concluded that no underground
gas leakage 6ccurred. However, Russian experience indicates 8—1Q% gas
Therefore we assumed

ldss and LLL estimated 10-307% leakage in Hoe Creek 2.

a 10% raw gas loss due to leakage for this evaluation.

Field Development and In Situ Coal Gasification (Plant 1)

Operation of the facility at maximum design throughput of 120 m3/n

(18,000 BPD) of M-gasoline and LPG requires that 60 producing wells be on line.

These 60 producing wells are arranged in six parallel trains of 10 wells each.

Each train also requires 10 injection wells and 10 linking wells, so that a - train
consists of a total of 30 wells. The arrangement of trains in the field

development area was shown in Fig. 1. The field development area is large

enough,to support six parallel trains for 20 years.

Initial production starts with only one train of wells in operation.
The remaining five trains are brought on-line at intervals of roughly two

weeks. A weéll has a producing lifetime of about 73 days. As each row of

. wells is exhausted, the train is moved to the next adjacent row. For a given

train, these moves occur at 12-week intervals. Since there are six trains,

s ader




Table " 1.

LVW steam-oxygen gasification

Process design parameters

Type of coal

Sean thickness

Depth of seam .

Well pattern and spacing

Gasification reaction zone
advance rate

Process sweep efficiency
Process thermal efficiency
Overall process efficiency

Steam/oxygen iujection
gas composition

Steam + oxygen injection
rate requirement

Steam-oxygen injection
gas temperature

Steam-oxygen injection’
gas pressure

Dry raw gas produced/
steam + oxygen injected

“Single well production rate

Raw gas wellhead'temperature;

RaﬁAgas wellhead pressure

Lioking air injection rate

Subbituminous (Hanna
No. 1 seam)

9 m (30 ft)
90 m (300 ft)

Square; 46x46 m (150x150 ft)
0.6 m/d (2 ft/day)

807

80%

647

60/40 mole %

A ' 30.66 mol/kg maf coal (23,270 scf/ton)
440 K (340°F)
0.62 MPa (75 psig)
. ' -‘a
1.73 mol/mol

?210 mol/s (15 MMscfd)
610 K (640°F)
0.47 MTa:(SA peig)
130,000 mol/m of link (33,000 scf/ft)

Linking air injection pressure .23 kPa/m of depth (1 psi/ft)

Reverse combustion linking rate : 1.5 m/d (5 ft/day)

a
Assumes 107 loss of raw gas due to underground leakage.

B



Teble 2. 'Raw gas compositicns (vol %)

Injection gas

Constituent Air[a Steam/oxygenh

i, 115.27 ' 27.24
Folo - 13.58 23.59
co, 8.69 14.54
cH, 4.24 5.16
N, 42.00 0.62
o, 0.00
Ar 0.51
IS 0.06 0.10
,cz+ 0.50 0.85
H,0 15.00 27.63
0il 0.15 0.27

| Total  100.00 £ 100.00

'HAV, kJ/mol 143 (162 g&% ) 230 (261 gﬁ%)‘:

Mol..wt.‘

'23.84

26.58

: ?Hanna II, Phase II field experiment.

' ]bMéthematical model prediction.

;
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a move takes place every two weeks. Shortly after the sixth train is brought.
on stream, the first train is shut down. During the ensuing 14 days, the
field equipment and piping used by the first train are diéconnected, moved,
and reconnected to: the next row of wells, and production from this train is
resuﬁed. Each of the six trains féllows this same cyclic pattern of relocation.
Therefore, at any one time, only five of'tﬁe six trains are-normally
operating while the sixth train is being moved. Thus, the main plant normally
receives raw gas from only five of the six trains of field wells. Howevef,
it is necessary to design the facility to be capable of handling the entire
six train output, equivalent to the production of 120 m®/h gasoline and
LPG, because there will be brief periods when® all six trains of wells are
expected to.be producing. This maximum production_rafe is the
maximum design rate for the facility. To provide a conservative estimate of
the potential of M-gasoline from in situ coal gasification, the base case
‘economics are predicated on a five train production rate, equivalent to 100 m3/h
gasoline and ﬂPG; this is the normal rate expected when- the facility:is
opérating.
To investigate the savings resulﬁing from mére effective field operation
(longer well life, shorter well moving time, quicker weli startup, etc.),
_fﬁe product price is a;so presénted assuminé tha£ an average-prodﬁction rate
of  110 m®/h gasoline and LPG:is'achieved, representiﬁg an average of 5.5
trains producing, It .is likely that this rate could be achieved through
improvement of field procedures.

Alternatively, a seventh train of wells could be added to the field

development area, ensuring that the maximum design rate could be
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consistently maintained when the facility operates. Product price for this

alternative is also given.
LN

Block Flow Diagram

The block flow diagram for the M-gasoline facility is shown in Fig. 2.

Raw gas from the wells is transferred to plant 3 where it is cooled and scrubbed.

Part of the scrubbed gas from plant 3 is sent to fuel gas treating (plant 9) to

provide energy to operate the facility.
The remaining process gas from plant 3 is compréssed in plant 4 and fed to

CO shift reactors (plant 5) te adjust- the H,/CO ratio for the methanol

" synthesis reaction. For methanol production, the desired ratio of H; to CO

is 2.17. Therefore, 32% of the CO in the feed gas musf be reacted with steam
to .produce additional hydrogen (and CO;). Sulfur-resistant cobalt molybdate
cataiysts have sufficient activity at high-temperature shift conditions to
permit 32% conversion of CO in a single stége. The advanéage of ﬁéing
such catalysts is that H;S does not have to be removed prior to éhifting..
After shifting, and prior to methanol synthesis, the shifted gas requires -
treatment to remove essentially all H,S and most CO,. A number of processes
are available for removing these acid gases.
Direct use of.the Stretford process, whicﬁ absorbs 'and reduces H;S to -
sulfur in an aqueous solution of sodium carbonate énd various adaitives
(vanadate salts, organic acids,/etc.), was precluded by the very high CO,

partial pressure.9 However, the Stretford process is applicable to the

treatment of regenerated acid gases (at much lower CO, partial pressure)

evolved from other acid gas removal processes. This Function was included
in the fuel gas treating circuit in_blant 9 by adding a parallel absorber

to that required to remove H,S from the fuel gas.
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A preliminary assessment indicated that two acid gas removal processes
would be suitable: The Benfieldvprocess (licensed by the Benfield Cofporation),'
and the Selexol# Solvent process (licensed by Allied Chemical Corporation).
However, the Benfield process requires‘considerablyvmore reboiler steam, a
characteristic of all chemical absorption systems. The Selexol process
relies on physical absdrption, which‘iﬁ'enhanced a£ the high oﬁerating pressure,
and regenerates much of the dissolved gas by simple pressure reduction. For
the purposes of this study the Selexol process aﬁpeared more ;uitable.

The resulting sweet gas is converted to methanol in plant 7. Methanol:

~ synthesis proceeds by the reaction of hydrogen and carbon oxides over a

catalyst according to the following stoichiometry:
CO + 2H, ¥ CH30H
€O, -+ 3H, ¥ CH30H + H20

Present reactors can operate at 5-10 MPa (750-1500 psig) and below 535K (500°F).
The feed gas must, however, be essentially sulfur-free to prevent rapid
deactivation of the copper catalyst. |

Since the introduction of low pressure methanol synthesis in 1966, three
commercial processes ‘have received attention. Between 1968 and Novembgr 1977, the
Iﬁperial Chemical Industries process has accounted for about 87% 6f grdered

and/or installed low pressure world methanol plant capacity.!® The Lurgi process

A\

accounts for 10.5%, and Mitsubishi Gas Chemical Corpération is responsible

for the remaining 2.57.

. .
Selexol ‘is registered trademark of the Allied Chemical Corporation.




The principal USA licensees of the ICI process are Davy Powergas,
Pullman-Kellogg, and Foster Wheeler.Energy Corporations. Da;y Powergas
was contracted to perform an engineering study‘for ORNL of a conceptual low
pressure ICI methanol plant. Under tefms of the contract, Davy Powergas
provided the plant material balance, utility balance, c;pital costs, and
operating charges. Because the ICI.prdcess is préprietary, no internal details
of the process were disclosed. |

Crude methanol is trénsfe;red to M-gasoline synthesis (plant 8) where'-it
is converted-to gasoline and by-product LPG. Mobil Researcﬂ and Development
Corporation (under a Department of Energy contract) has beenldeveloping
technology for the conversion Qf‘methanol to highly branched hydrocarbons -
suitable for use as gasqline. The technology.is referred to as the M-Gasoline
'process,_én abbreviation of methanol-to-gasoline. Similarly, the end product

of this ﬁrocess is generally termed M-gasoline. The reaction can be simply

represented as:
xCH3;CH -~ (CHz)x + H.0 . - ¢y

Mobil 0il has beep producing zeolites as cracking catalysts for the past
20.years. One of these was discovered to catalyze the reaction in Eq. (1).
In contrast to the zeolite (named faujasite) used as a petroleum-cracking
catalyst, which has channels about 1 nm in diameter, the new zeolite has
éhannels about 0.5 nm in diameter and is very selective for linear paraffins.
Using this catalyst, Mobil was able to convert methanol to products in the

gasoline range. Because this conversion is highly exothermic the conversion is

done in two steps to aid in heat removal. First, methanol is dehydrated to
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dimethyl gﬁher in a DME reactor.  Then the dimethyl ether is further dehydrated
to olefins that in turn are converted to aromatics and paraffins in the
M-gasoline reactor.

Mobil supplied ORNL with basic M-Gasoline process design information that
was déveloped under their DOE contract. The information included an overall
material balance, flowsheet, approximate equipment sizing, and HF alkylation
unit duties»and utility requir.eménts.1~1 ORNL modified the flowsheet, equipment
specifications, and material balance to reflect the differences in the crude
methanol fed to the M—Gasoiine plant. The resulting proceés design was then
developed in sufficient detéil to permit reasonable utility and cost estimates
to be made. For example, the M-gasoline product cooling train was carefully
reviewed and mndified to cnoure coiulidence in its operability.

Treated fuel gas and purge gases from plants 7 and 8‘are burned in
the steam boilers in plant 13 to provide steam for injection in the field, -
generation of electricity, and other uses-such as steam—turbine.driven gas..
COmpressors.

Air separation in plant 10 provides dxygen for injection in the field-
plus inert gas (N2) for blanketing stdrage tanks and other uses.

0il removed in plant 3 reports to oil treating (plant 11). After
. treating, it is used tq suppleﬁent fuel gas éupplied to plant~l3; Water
treatment in plant 12 is glso included in the facility.l Heré raw water is

prepared for use in the facility and waste water is treated for reuse.

General Facility Requirements
Products
M~-gasoline is produced as a blend of all the stabilized gasoline, all the
alkylate, and a small amount (30%) of the mixed butanes made in the facility.

The blend, 93.4 wt % stabilized gasoliné, 3.4 wt 7 alkylate, and 3.2 wt %
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mixed butanes, has research, motor, and average octane numbers of 92.9,

2 A durene content of 4.8 wt % is expected

82.9, and 87.9, respectively.1
in the product. It is assumed that the M-gasoline product is sent by pipeline
to refinery and/or distribution centers, suitable for sale or additional
blenaing.

The'reméining 70% of mixed butanes produced is suitable for marketing
~.as butane LPG. The butane LPG is mostly*isobutane (74.5 vol %) and normal
butane (25.1 vol %) with a trace of isopentane and pentene. The
high isobutane content sho#ld permit sale as a potential alkylation feedstock
as well as a commercial butane fuel. Transportation by rail and/or truck
tanker is assumed.

Tlhie prupane LPG released trom the HF alkylation unit is also assuméd to
be shipped by rail and/or truck tanker. The product composition (97;8 vol 7
propane, 1.6 vol % isobutane, and only 0.6 vol % ethane) meets current
commercial requirements for propane LPG. |

Sulfur can be shipped by tank car in.liquid form. Provision is made for

storing it in solid form if market demand is weak. Sulfur, produced by the

Stretford process, is expected to be of high purity (99.5 wt %).

Installed spares

Installed spare pumps and motors are provided, generally to the extent
of at least 50%. Davy Powergas, Inc. indicated that $1.5 million was required for
assuring adequate equipment sparing in the methanol synthesis plgnt (plant- 7).
This was added to the Davy Powergas caﬁital cost estimate.

There are no instalied spares for other types of equipment; however,
overcapacity is provided in critical-.areas. Spare rotors are provided for

centrifugal compressors.
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Utility systems

Thé major utility systems for the facility include steam, electriéity,
fuel gas,‘fuel 0il, and cooling water.Other systems are provided for boiler
feed water, steam condensate,‘and process water. Utilities genefation and
consumption are summarized in Table 3 at maximum désign caéacity.

Fresh water (réw water) is assumed- to be purchaséd. All other utilities
required by the facility are generated on site.

Large centrifugal process gas compressors are turbine driven using steam
produced in éfeam boilers in plant 13.: During startups when'fuel gas will
ﬁot be available, o0il will be used to raise the required steam.

Small compressors, air cooiér fans, and-most pumps are electric motor-
driven. Electricity is provided by turbine generators in plant 13 using steam
from the 6.2 MPa (900 psia) steam generator units. Some additional electricity
is géneréted in plants 7 and 10 by power recovery turbines.

Process cooling is provided both by air ‘and cooling tower water. Forced-
draft wet cooling towers are used. Air coolers are equipped with‘fans driven
by electric motors. The use of air cooling was maximized because of the

expense and scarcity of makeup water for the cooling tower circuit.

Thermal efficiency - -
.; The overall thermal efficiency calculated for the M—gasolineAfaéility

evaluated in this study is 22%.' This efficiency was calculated as the heating
- value of the hydrocarbon products (gasoline and LPG) divided by the heating -

" value of the in-place coal. Higher heating Qalues were used. No credit |

was taken for by-product sulfur.in this calculation.

The overall efficiency of 22% includes an assumed efficiency of 64% for the

underground gasification process (see Table 1 in the process discussion).




Table 3. Plant utility balance. (Values rounded to nearest 5 units),

Plant no.

Utility 1 3 4 5. 6 7 "~ 8
Elec. (kW) produced ' . 6,570
‘ consumed - 2,000 2,940 5,425 1,085 24,355 3,675 3,220
Steam (kg/h)
6.2 MPa (900 psia) produced A
‘ consumed 426,665 189,900 141,045 102,810
0.8 MPa (120 psia) produced 49,050
consumed 197,435 770 125
0.3 MPa (50 psia) produced 91,225
consumed 35,510 2,120
Water (m3/h)
Cooling produced
consumed 410 385
Process produced 175 35 200 390 115
consumed : - 15 390
HP BFW - produced 625
consumed 60 625
LP BFW produced
consumed 140
HP Cond. produced .. 425 140 1,345
. consumed 1,240
LP Cond. produced 35 - 5
consumed
Raw produced
consumed
Fuel (GJ/h) »
Gas produced 2,445 130
consumed 10
0il produced 50 1,015
consumed

- 9T -




Table 3. (continued)
Plant no.
Utility 9 10 11 - 12 13 14 Total

Elec. (kW) produced 1,620 ) 61,475 69,665
consumed 2,475 745 105 1,500 7,300 14,840 69,665

Steam (kg/h)
6.2 MPa produced 1,483,990 1,483,990
consumed 389,660 233,910 1,483,990
0.8 MPa produced : 4,080 233,775 286,905
consumed , 198,330
0.3 MPa produced : 91,225
consumed . 1,060 141,110 179,800

water (m*/h)
Cooling produced 36,365 36,365
' consumed : 35,570 . 36,365
* Process produced ~ 20 : 855 1,790
. consumed 20 530 835 1,790
HP BFW produced - 1,545 2,170
consumed 1,485 2,170
LP BFW produced . 380 380
consumed 5 235 380
HP Cond. produced 390 235 - 2,535
: consumed 1,295 2,535
LP Cond. produced 140 180
' consumed, 180 180
Raw produced 0
consumed 770 770

Fuel (GJ/h) .

Gas produced - 1,135 3,710
: consumed 3,700 3,710
0il . produced 1,060 E 2,125
consumed 1,065 1,060 2,125

_.L'[—




This iévméde up-of two components: an assumed sweep efficiency of 80% and

an assumed process thermal efficienéy of 80%. That 1is, it was assumed that

80% of the ‘in-place coal was gasified, and.807% of the thermal content of

the gasified coal was recovered (neglecting gas leakage). In addition, the

loss of 10% of the raw gas caused by leakage is incl&ded‘in the overall

efficienqy. Deletion of these effects permits the‘determination of surface

plant thermal efficiency as 38%. A ' : : ' S
Fig. 3 presents graphically the thermal losées associated with major

steps in the M-gasoline fgcility, referred to:the thermal content of iﬁ-place

coal. Much of the loss of the in-place coal thermal content occurs before

‘the raw gas reaches the production well. The:high thermal loss associatéd

with éleaning the réw gas and converting it to a compressed synthesis gas

results not only from the low delivery pressdre, 0.39.MTa (56 psia), of the réw gas

to the main plant:but also from the inclusion of all utility requiréments for

the facility within this segment. Because of the many purée and fuel streams,

it would be difficult to properly apportion the utilities otherwise.

Cépital investments

Table %4 summarizes the depreciable capital investment requirement for
the M-gasoline facility. The total includes capital investments for various
plant sections, enéineering, construction overhead, confingencies; céﬁtractor's
fees, and special charges (royaities, taxes, etc.).

The capital investmént shown here does not include the cost of the coal
(or land and mineral rights) required for the facilify. Coal is charged as.
-a raw material as part of the operéting‘costs. The cost is‘trgated as a

variable in the economic calculations.
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Table 4. Depreciable capital investment summary
) for 100 m®*/h M-gasoline facility.

Total capital investment

Capital investment

$10°

e
Site devélopment 4.397
Field gas treating plant - 16.749
Field piping system 28.278
Raw gas treating plant . 13.705
Gas compression plant “33.604
CO shift plant T 6.887
Selexol plant 22.421
Methanol plant . 55.034
M-gasoline plant 20.908
Stretford plant 5.354
Air sepafation plant - 83.303
0il treating plant 1.302
Water treating plant 6.199
Steam and pbwer plant 35.095
Offsites 60.551
Capitalized drilling costs 2.970
Engineering 6;889
Construction overhead 28.018
. Contingencies- 63.420
Contractor's fee “12.685
Special charges "27;606

534.775

[P
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All costs given here are based on first quarter 1978 prices and are
expressed in first quarter 1978 dollars. No escalation_beyond this time is
included. |

Cost estimates for various parts of the facility were obtained from
several sources. Package plant costs (sulfur control, air separation,

’ }HFAalkylation) wefe obtainéd from the literature. A capital cost estimate

for thé methanol synthesis piant, including dinitial catalyst charge, was
obtained through a contract with Davy Powergas, Inc.'?® The ICARUS C¢$TR
computer program'® was usea to generate costrestimates for the gas

cooling and scrubBing plant, the gas compression and Cd ;hift plants,

.the M-gasoline plant, and other sectioﬁs of the facility not covered elsewhere,
such as oil and water treating, utilities generation, offsite facilities,
tankage, yard piping, electrical substation,.fire protection, etc.

Initial well drilling and preparation work which occurs during the plant
construction period is included in plant capital costs. After the plant is
started up, this cost is included as an operating charge. It was decided to
use $164/m ($50/ft) as>the'estimated tot;l cost per foot for well drilling
including casing. ‘The estimated sensitivity;of4M—gasoline product price to
increasing drilling costs to.$é46/m (875/ft) is discussed in the -economic
analysis.

A contingency allowance wés proQided for the facility at 15% of bare plant
cost. The bare plant cost includes the capital required for the various
plants, engineering, and construction overhéad. The contractor's fee was
assumed to be 3% of the bare plant cost. The special cha;ges include freight,

" state sales tax .(at 3%), and process plant royalties and licensing fees.
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All of the above charges represent depreciable capitaI.costs; In addition,
nondepreciable charges for the facility inclﬁde working capital and initial
catalyst and chemical charges. Wo;king capital was estimated atl$32 million,
representing 6% of total depreciable capital. This allqws for about
one month's funds for raw materials, operating supplies and cheﬁicals,

‘ payroll and payroll burden, and product inventory. Spare parts and other
warehouse stock are also included. Ihe effect on product price of increasing
.Wérking'capital to 97 of total depreciable capital is discussed in the economic
analysis.

The initial catal&sts and chemicals are estimatgd to cost $11.2 million,
Costs for commercial quantities of the M-gasoline synthesis plant catalysts
are not available because they have been manufactured in only limited amounts.
‘Therefore a cost of $11/kg ($5/1b) was assumed for.the base case. The effect
on. product price of M-gasoline caﬁalyst at- $22/kg is also eﬁamined in the -
economic analysis.

The cost fof land rights was not estimated as a capital charge, Instéad;
land and mineral rights were included in the ‘cost of coal as an operating

charge. . This approach is discussed under operating costs.

Operating costs

The operating costs deséribed here do not'include_depreéiation (recovery
of capitai), interesf on debt, return on investmen;,}or taxes. These COéts
are accounted for°internally by the overall economics program, as discussed
in the economic analysis.

Utilities are not included here because tﬁe facility generafes its 6wn
utilities, except for water. Raw water cost was assumed to be $0.26/m?
($1.00/1000 gal) delivered at the plant gate, In the economic analysis;

product price sensitivity to variations in raw water cost are examined.
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To calculété'operating 1abor and,supgrvision.costs, the total operating
manpower requifement of the facility was estimated. The "home office"
componeﬁt of overhead has been omitted from the overall product price calculation.
The product price thus corresponds to a '"plant gate' price for M-gasoline.
Marketing, distribution, and home office'administ:ative costs would have to
be added to arrive at a final sales price, but no attempt was made to calculate
this. |

The cost of coal used by the facility was charged as an operating expense.
The coal cost was varied parametrically from O to $11/Mg. This cost refers
to coal in place, not net coal gasified, and:is assumed to include'all charges
for the coal. This approach waé adoptéd becaﬁse of the pfesent state of
uncertainty in-land and lease right costs, rdéyalties, state severance taxes,
etc. To calculate the coal cost in $/yr, the cost was multiplied by the amount
of coal in place in the field area exploited-in one year.

Field equipment moving expenses are ba;ed on ﬁhe estimate thaf every -
train of wells is moved once per qﬁarter. Every 96 days there is a moving}
cost based on a percéntage of material and labor costs.for the initial

installation. ‘An additional quarterly cost for labor and equipment used in

. moving field systems is also applied.

Ceneral economic assumptions used in preparing the operating cost
estimate for the facility include the foilowing:

» Plant operating lifetime: 20 years

» Construction period (pre-operational period): 3 years “

» All costs are based on first quarter 1978 prices and are expressed

in first quarter 1978 dollars. No escalation beyond this time is
included.
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i-Maintenance is estimated at 4% of aepreciable capital per year.

» Plant factor (operating factor) ié.90Z for the base case.

» Direct labor rate is $8.75/hr.

» Labor burdén is 35% of direct labor.

» Supervision is 15% of labor plus labor burden.

» Qpetating supplies are 307 of direct‘operafing labor.

» Overhead is 135% of direct labor plué supervision.

» Federal income tax rate is 48%.

» No state income tax.

» Local taxes and ‘insurance are 3% of capital per year.
‘Table 5 gives the operéting costs for the facility in two general categories.
The first, proportional expenses, are thoée which vary according to product
throughput, e.g., raw water, chemicals, etc. .The second category includes
expenses such as operating labér, overhead, etc., which are assumed fo remain

constant.

Economic analysis

Product costs were based on the qostibf production per barrel of
M-gasoline and include coal costs, operating costs, recovery of investment,
return on investment, and taxés.

Annual after;tax rate of return on equity was trea£ed as a parameter
using rates of return of 10, 12, 15, and 17%. The annual interest rate on debt
was assumed to be 9%. The base case calculations were done for a'capital.
structure of 70% debt, 30% equity. The effect of various changes‘in base case

- parameters on product price were examined.
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~Table . 5, Operating costs

$10%/year
—
gﬁoportional,Expensesa
Catalysts'and chemicals 5.381
Raw water 1.489
Drilling 3.960°
Field move 6.867
Miscellaneous 1.000

Constant Expcnses

Oper;ting‘labor

Lgbor burden : .
Supervision

Operating supplies

.General, admiﬁ. overhead

Maintenance material and labor

'447657* 19617 !

4.004
1.401
0.811
1.201

6.500

21.400

35.317 -

a o '
Based on 100% onstream factor.
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.The method used for the calculations of product costs was based on the
principle that the income from product sales must be sufficient to recover
invested capital, pay all operating expenses and taxeé, pay the interest on
debt capital, and earn the required rate of return on equity.‘ A computer

15

program ~ was used to perform these calculations. The method used is

mathematically equivalent to the dfscounted cash flow procedure. s
Input data for the base case desgribed above are summarized in Téble 6 .
Depreciation for tax purposes was calculated by the sum of the years':

digits method. A depreciable life of i6 years was assumed, starting at the

end of the construction period.

The product priceé calculated for the base case parameters listed in -
Table 6 are shown in Fig. 4 . 1In this figure, the debt/equity ratio, plant
factor, and tax structure are fixed, and the pfodudt price is piotted as a
function of thé cost of coal, with the annual after-tax rate of retﬁfn on éqdity
as a parameter.

Table 7 g;ves a summary of'the results of the sensitivity analyses for
variatioﬁs in a number of base case parameters. The base case product price
is provided for comparison. Product prices for all cases are shown for coal
cost of $5.50/Mg ($5/ton) and after-tax rate of return on equity of 15%/year.
The parameter changes studied are also indicated in this table. - In
performing the sensitiﬁity analyses, only one pérameter at a tipé was varied.
from its base case value fo dete;mine the effect on product price. For example,
in case 11, the cost of raw water was reduced 50%. With other parameters

remaining at their base case values, it is seen that the product price of M-

gasoline decreased to $239.60/m> from $240.60/m® at a coal cost of $5.50/Mg
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Table 6. Base case parameters for in situ
M-gasoline facility evaluation

Tax losses credited to parent corperation
Investment tax credit =

Debt/equity ratio =

Annual %nterest rate. on.debt: =

Annual rate of return on equity =
Constant operating costs =

Proportional operéting costs =

Mobil-M catalyst =

- Drilling, casing, and lbgging ="

Raw water.

]

Coal cost
Depreciable capital investment =
Working capital =

“Nominal plant capacity =
Construction period =

Plant lifetime =

C§ LPG product price =

C, LPG product price =

Sufur credit

it

Plant factor

10%

'70/30

9%

'10,12,15, and 17% (after tax)
$35.317 x 10%/year

:$21.657 x 10°%/year

$11/kg ($5/1b)

:$164/m ($50/ft)v

$0.26/m’ C$1/1ooo'ga1)
$0-$11/Mg (in place)
'$535 x 10°

.6% of depreciable capifal

.100m®/d M-gasoline and LPG

"3 years

20 years

$3.80/GJ ($4/10° Btu)
M-gasoline price "
$59/Mg ($60/LT)

907% for entire;ZO—yeér lifetime
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'Fig. 4. M-gasoline product price under base case conditions for
varying coal costs and after-tax rates of return on equity (ROE).
5
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'Table 7. Summary of M-gasoline product price sensitivity analyses.

M-gasoline product price

No. Vdariations for sensitivity analyses .. ($/gal) ($/m>)
Base, with coal cost = $5.50/Mg and 15% ROE : 0.91 240.60
2 No parent corporation tax credit - 0.98 258.80
3 No investment tax credit ' - ~ 0.96 253.50
4 100% equity ' : 1.34 353.40
5 30/70 debt/equity ratio S 1.14 300.30
6 10% annual interest rate on debt - : 0.93 245.30
7 8% annual interest rate on debt Ce . . " 0.89 235.90
8 +10% operating‘(constant and proportional) costs 0.94 - 248.00
9  Mobil-M catalyst = $22/kg ($10/1b) - ' 0.92 ° 243.00
10 Drilling, casing and logging = $246/m.($75/ft)  0.92 243.30
11  Raw water = $0.13/m® ($0.50/1000 gal) : 0.91 239.60
12 - +10% capital cost i 0.97 256.20
13 Working capital = 9% of depreciabie caﬁital ©0.92 243.90
14 C;3 LPG product price = $4.74/GJ ($5/10° Btu) 0.90 239.00
15 ¢, LPG product price = $5.69/GJ ($6/10°Btu) - 0.94 247.80
16 No sulfur credit - » i - 0.91 241.30
\17 " Plant factor = 80% for entire 20-year-lifetime 0.99 262.70
18 Plant factor = 75% in first operating year, 0.92 - 243.40
' '90% for remalnlng 19 years o :
19  Increase  to 7 field trains => 120 m®/h 0.81 212.90

20" Increase actual production to 110 m3/h 0.85 224.50
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and an after-tax rate of return on equity of 15%/yr. The various cases

aré‘briefly described as follows:

Case 2:

Case 3:
Case 4
Case 5:
Case 6:
Case 7:
Case 8:
Case 9:

Case 10:

Case 11:

Case 12:
Case 13:
base 14:

Case 15:

It is assumed that there is no parent corporation available
to take advantage of tax losses attributable to the M-gasoline
facility.

No investment tax credit is taken.

1007% equity funding is assumed.

Financing -is assumed to be 30% debt, 707 equity.

The annual interest rate on debt is taken as 10%. ' ?
The annual interest rate on debt is taken as 8Z%.

Proportional and constant operating expenses are increased

by 10% over the Base case.

The assumed cost of catalysts for the Mobil methanol-to-
gasoline conversion reactors ié?increased tp $22/kg ($10/1b).
The cost for drilling, casiﬁg aind logging the field wells A
is increased to $2467m ($75/f¢).

The cost of raw water delivered to the planﬁ gate is réduced:
to $0.13/m® ($0.50 per 1000 gal).

The depreciable capital cost is increased by 10%Z over the
base case.

Working capital ié‘increased by 50%, from 6% to 9% of
depreciable capital. ' |

The value of by-product prépane LPG is ingfeased by $0.95/GJ
to $4.74/GJ. ($5/10° Btu). | |

The value of exported butane LPG is fixed at'$5.79/GJ ($6/106~Btu),

ratﬁer than being priced the same as product gasoline.




Case

Case

Case

Case

Case

16:

17:

18:

19:

20:
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No credit is taken for the sale of by-product sulfur.
An onstream operating efficiency of 80% is assumed for
the entire 20 year plant lifetime.

The onstream efficiency is reduced to 75% for the first year-

.of operation. For the remaining 19-year plant lifetime,

a 90% efficiency is assumed.
A seventh train of field wells is added, permitting operation

of the facility at maximum design capacity, 120 m?/h. (18,000 BPD)

gasoline "and LPG.

Field production is increased to an average of 5.5 trains
operating out of 6 trains. This increases plant production :

to 110 m¥/h (16,500ABPD),gasoline and LPG.

Remaining concerns

Several unresolved questions about "in. situ" coal gasification remain ‘to be

answeredAbefore these large commerciai faciiities can be built. The major *
environmental concerns aré ground subsidence and disruption or contamination
of surfade and :‘subsurface water. La;ge scale. experiments will Be required¢
to determine the extent and nature of these problems and, hopefully, willA
suggest solutions. Water contamination caused by leaching of toxic materials
remaining in the éasified coal seam has received some attention and will
require more to ensure that "in situ" coal gasification is compatible

with the environmental goals of the nation.

A process-related concern is the ability of underground gasification

" to cbnsistently and controllably produce gas at the desired rate and heating

value over the 20 year lifetime of a commercial facility. This is complicated

o brnndl
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by the requirement for mqving the wells used.for air (or oxygen) injection
and gas ﬁroduction every few weeks to access new segments of the coal seam’ as
the’coal gasification continues. DOE experiments have so far been limited to
a sihgle air injection well and single gas producfion well. Experimeﬁts on
multiﬁle wells demonstrating the ability to move from one set of wells to the
next set furthér along the coal seam are needed.

In éummary, "in situ" coal gasification offers the promise of producing
valuable products such as M-gasoline from coal séams wﬁich are not economical
to mine. FUrthér experimentation is required, however, to anéwer the coﬁcerns

remaining for large scale commercial application.
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