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OBJECTIVE:

The objectives of this work are to estimate the cost of production of high quality liquid
transportation fue.s from advanced coal-based indirect liquefaction processes and to determine the
economic impact of coproducirig electric power using the once-through F x..cher-’l'mpsch (OTFT)
conceot.

TECHNICAL APPROACH:

Previous MITRE studies have shown the potential of advanced entrained gasifiers and slurry-
phasc Fischer-Tropsch (F-T) synthesis processes to significantly improve the efficiency and reduce
the costs of indirect liquefaction plants compared to the SASOL technology commercialized in South
Africa.(1+2) The overall economict are very sensitive to the production of light hydrocarbon gases
(methare and ethane), and therefore gasifiers and F-T synthesis conditions that produce {(ass of these
components are economically preferred. Production of large quantities of wax followed by selective
hydrocracking to middle distillste product is a practical method of reducing methane and ethane, and
overcoming the Schultz-Flory selactivity limitations. The present MITRE study is an extension of the
previous studies and represents the most detailed computer model so far developed at MITRE for the
evaluation of indirect uquefarﬂon.

Figure 1 shows the components of dw: MITRE indirect coal hqucfacuon model of the baseline
case for a conceptual commercial plant producing liquid fuels. The baseline plant consists of three
totally integrated sections. The iirst section simulates the preparation of clean synthesis gas using
Shell gasification of coal, the second section simulates the F-T syathesis, and the third section the
upgrading of raw F-T products, including wax, to gasoline and diesel. The model is totally integrated

415




from input coa! to finished products and contains all necessary off-sites for 2 grassroots facility.
Figure 2 shows details of the Shell entrained coal gasification facility and gas cleanup section. Raw
gas exits the gasifier at abont 2700°F and is vooled with recycle gas to be below the ash deformarion
iemperature. High pressure steam is produced in the gasitier waste heat boiler (WHB), and the cooled
gas is scrubbed to remove fly ash. After raw shift and COS hydrol ysis, the gas is treated with a
Selexol system to remove H,S and some €0,. Sulfuris recovered using a Claus process, and the tail
gas is treated with a SCOT unit. The clean gas containing about 1 ppm of sulfur is then polished with
Zn0 to obtain an ultraslean gas with 0.06 ppm: total sulfur to protect the F-T catalyst.

Figure 3 shows details of the slurry phasc F-T reactor including wax separation facilities.
Figure 4 siows the details of the F-T recycle gas loop. The effluent gases from the I*-T reactor that
include light hydrocarbons and unconverned CO and H, are sent to 4 Benfield CO, removal system,
hydrocarbon recovesy unit and hydrogen revovery unii before being autothermally reformed back to
synthesis gas and recycled to the F-T reactor. In this way all hydrocarbon gases are reformed, and the
plart produces only liguid products.

Figure S shows the details of the: raw F-T product upgrading and refining section of the
conceptual plan.. Raw liquid product is fractionased to produce a light stream Cg” for polymerization
and a naphtha (Cg - C, 1) and diesel C12- C,g) sirzam for hydrotreating and reforming. The wax
(C1g™) is selectively hydrocracked 10 produce additional mirdle distillate and naphtha.

Tabie 1 lists the parameters used in the development of the bascline plant. In the syngas
preparation section, 30,000 TPD of moisture-free Ilinois #6 coa) are gasified in Shell gasifiers. Data
on the gasifier performance obtaine. from Shell were used to verify the results of the MITRE
gasification modeL(?) The synihesis gas was cleaned to 0.06 ppm sulfur and adjusted to have a Hyto
CO molar ratio of (.67 before eatering the synthesis reactor. The F-T synthesis section used slurry-
phase reactors sized (0 be the same as recommended by MobiL ) Catalyst activity and selectivity
data were obtained from resul's obtained by Kuo.(3 Hydrodynamic data on the performanc: of
slurry reactors were obtained from several sources notably from Kélbel, () Fardey and Ray.(7) and
Bukur.®) Raw product refiring data were obtained from Mobil(® and SASOL, and wax
hydrocracking data were obtained from UOQP.(10)

Table 2 iists the churacteristics of the MITRE indirect liqueraction simulation madel, and
Table 3 lists the sensitivities that can be performed and the parameters that can be investigated using
the model.

Since an objective of this present study is t investigate the economir potential of Once-
Through ¥-T (OTFT) with coproduction of electric puwey, it was necessary to extend the bassline
mod«! to include cowbined-cycle electric power generation units. The OTFT plant includes gas
urbine pack.iges (combustors, gas turbines and generators), heat recovery sicam generators, and
extract:on-inductior~condensing steam turh:nes with generators. Performance data on ccmbined
- cycle systems was dbtained from EPRI(11) In the OTFT mode, the synthesis gas is passed once
through the F-T reactors, and the unconverted gas and various lower carbon number hydrocarbons are
combusted in the gas turbines to produce electric power.
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In order tc determine a value for the cost of electricity produced from a coal
gasification/combined cycle plant, the model was further modified to eliminate the F-T synthesis and
upgrading section. The i :sultant ccal gasification/combined cycle model was then used to develop
realistic costs of electric power that will be used in the OTFT coproduction cost models,

The economic sectior of te model provides estimates of the plant construction cost, total plant
capital required, operating cosiz, 2ni required selling prices (RSP) of the products. Details of the
economic Lection are similar to those described in previous MITRE reports.

SIGNIFICANT ACCOMPLISHMENTS:

The MITRE model has been used 1o investigate the performance and economics of the baseline
case, combined cycle only and of several OTFT cases with cogenerativn of electric power. Figure 6
summarizes the material flows that result from application of the model to the baseline case. After
upgrading the raw F-T products xpproximately 83,000 BPD of refined liquid fuels are produced.
Figure 7 illustrates the transformation of coal into products at several stages during the indirect
processing. Overall efficiency to liquid products is seen to be about 56 percen:.

The economics of ihe baseline plant are summarized in Tables 4, 5, 6, and /. "‘ctal capitai for
the plant is estimated at about $4,411 million (1986) and net annual operating cost al >ut $420
- million. Using econornic parameters of 25 percent equity, 15 percent retum on equity, 8 percent debt
interest, and 2 percent genera! inflation, the required selling pncc of hqmd pmducts iu about $45 per
barrel. This is equivalent to crude at about $35/Bbl.

Tuble 8 lists the cases analyzed ip this paper in addition (o the all-liquid product F-T baseline
case. The gasificariorvcombined cycle ase was analyzed 0 dev<lop a cost of electric power. Three
OTFT cases weic examined. In OTFT case 1, the off-gases from the F-T synthesis (this included
unconvensa synuzesis gas, and hydro ;arbon gases from C, ‘o C;) were sen! to the gas turhine
combustor to produce eizctric power,. Tne CS+ liquids were n:nned as in the baseline case. This case
produced about 950 MW of eizctricity. In OTFT case 2, the selectivity of the F-T product was
changed w pruaurs only & wt percent liquid wax. A hot separator after F-T synthesis was used to
vroduce 2 Cg™* liquid product that was sold as diesel in an unreiined state. The Cg” material was
>med in the gas turbine combustor to produce electric power. In thus case approximately 1900 MW
ofelcuncnty wis coproduceu. In OTFT case 3, a cold separztor was used to save the o
iiydrocarbons and aleciris, and the lower hydrocarbons were: sent 1o electric power pmducnon In
s cass pproxuziately 1000 MW of power were produced.

Figure 8 is 2 block flow diagram of the OTFT concept used in the model. Figures 9, 10, and
11 show the mazs rial flows for the tiree OTFT cases analyzed. Table 9 summarizes the economics of
OTFT cases 1 and 2 ane ~ompares their economics to that Xf the baseline case. In all of diese cases
the price obtaincd for electric puwer is that developed from the ‘000 MW coal gasification/combined
cycle plant and is 0.0534 $/K Wixr,
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Figure 12 shows the sensitivity of liquid cost in dollars per barrel equivalent crude to the
market value of coproduced electric power. As electric power value increases, the plants producing
more electricity will be able to sell liquid fuels at lower cost to meet the required annual revenue:.

The referer.ce power values shown on Figure 12 are the required selling prices for combined
cycle power plants designed hy MITRE using the same technical and economic assumptions is were
used for the Fischer-Tropsch plants. These costs are $.0534, $.0452, and $.04C2 per KWhr for plants
sized to produce 1000, 2000, and 3300 MW respectively. The 3300 MW plant would consume the
same 30,000 ton/day of dry coal feed as the combined cycle/F-T plants previously presented.

The economic impact of using utility financing assu:nptions for the power producrion portion
of the cogeneration plants will be considered in the ongoing study.
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Table 1
Baseline Plant Parameters Used

Syngas Preparation

o

o

o

Nlinois #6 coal feed 30,006 TPD (MF).

Shell gasification 2330 TPD per gasifier.

Gasification coal feed 5 wt% moisture.

Overall carbon conversion in gasifiers 99%.

Radiant and convective waste heat boilers produce 1450 psi steam at 900°F.
Total sulfur in syngas feed to F-T units 0.06 ppm vol.

Carbon dioxide used as HP coal transpdrt gas.

Feed gas H:CO molar ratio 0.67.

F-T Synthesis

o

o

Slurry Fischer-Tropsch reactn- size 14.5 ft diameier by 35 ft high.
Catalyst ppt iron type at i6.7 wt percent loading.

Gas holdup correlation - Bach and Pilhofer.

CO + H, conversion per pass 90%.

Unconverted gases recycled.
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Table 1
Baseline Plant Parameters Used - Conqluded

0  First order reaction kinetics 1ssurned 1o relate catalyst reaction rate constant to space veiocity,
Mobil bench-scale data used.

o Overali heat transfer coefficient from Farley and Ray.

Refining
0 Wax hydrocracking data from UOP resul.s on Mobil wax.

0  Other refining units are conventional practice at SASOL.

Plant Integration
o Grassroots facility—ail energy needs balanced.

¢ All electric power generated of; site,

0 No coal-fired steam generation used.
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Table 2 ‘
Characteristics of Current Indirect Liquefaction
Simulation Model

Simulation is a totally integrated compfctc system model from input coal to finished
prcducts.

Moxdel is grassroots; all power and energy requirements are generated within the system
and all material, and energy needs are balanced.

Model is flexible enough to allow numerous sensitivities to be investigated, i.e., "what if"
questions can be answered.

Model can be readily updaied as new R and D information becomes available.

In the economic section financial assumptions can be easily changed.
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. Table 3
Sensitivities That Can Be Investigated
Using the Model

Coal Feedstock characteristics/coal feed rate/plant size.

H:CO ratio of synthesis gas, i.¢., increase, decrease, or climinate shift.
Change gas cleaning unit operatior s.

Change raw F-T selectivity.

Change F-T catalyst activity.

Change Slurry F-T reactor parameters: size, catalyst loading, relationship for gus holdup;
superficial gas velocity, overall heat transfer coefficient, and pressure.

Raw F-T product refining cor.figuration can be changed, Unit operations can be
eliminated or new ones addid. '

Option to recycle unconverted syngas o, - ence-through.
Option to autothermally reform C1/C2 gases.

Change wax hydrocracking selectiviry.

Include gas turbine/steam wirbine cnmbined cycle system.

Eliminate F-T/Refining Section.
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Table 4

Baseiine Plant Construction Cost Estimate

($MM 1986)

Clean Synthesis Gas Production
By-Product Recovery
Fischer-Tropsch Synthesis

F-T Product Refining

Oxygen Production

Coal Handling

Other Off-Sites

F-T Catalyst Preparation
Infrastructure & Miscellaneous
Autothermal Reforming

Total Construction Cost

431

782.16
6527
523.07
370.18
424,04
188.51
256.20
10.46
136.21
-48.29

2,834.46
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Table 5
Capital Requirements (Baseline Plant $MM)

Construction Cost
Engineering Design and Project Contingency

Total Plant Investrnent ,
Allowance for Funds Used During Construction

Tctal Depreciable Capital

Siart-up Costs

Working Capital

Initial Charge of Catalyst & Chemicals
Total Non-Depreciable Capital

TOTAL CAPITAL REQUIRED

432

2,834
709

a3
399

4,142
104
131

34
269

4,411



Table 6
(Calculation of Gross and Net Operating Cost
($MM Per Annum) Baseline Plant

Coal Cost 25878

Cat, Chem, Water 34.61
Other Operating 229.08
Total Gross Annual Operating Cost 522.47
By-Product Credit 105.10
Net Operating Cost 417.37
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Table 7
Required Selling Price of Fuels for Baseline Case

$/Bbl $/Gal
C3-C4 Valued @ $4.70/MM Btu,*
Other Fuels Equal on Volume Basis 45.17 1.07

Equivalent Crude 35.27
ANNUAL REVENUE REQUIREMENTS
Capital @ 0.167 CRF** § 737 (64%)
Coal @ $22.7/Ton 259 (22%)
OtherO & M 158 (14%)

TOTAL $1,154

*30% Jf-ilquivalent Crude Price, Btu Basis.
**CRF =.Capita! Recovery Factor.
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Table 8§
Cases Analyzed

Baseline F-T Case

- Shell gasification

- Gas cleaned to (.06 ppm sulfur

- Slurry F-T synthesis

- Autcthermal reforming of F-T offgases
- Refining of F-T products

Gasific.r e, Combined Cycle Case

Shell gasificadon
- Gus cleaned for 90% sulfur removal
- ilas turbine/steam turbine combined cycle plant

fnce-Through F-T/Combined “Cycle Cases
- No bleed, 50% wax, refining of Cs™ (Case 1

No blesd. hot separator, 6% wax, U " product (Case 2)
No blee, cold separator, 6% wax. C; ¥ product and aicohols (Case 3)
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