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FOREWORD

t ot This final report is submitted to the George C. Marshall
- Space Flight Center (MSFC), National Aeronautics and Space
Alministration (NASA) by Spectra Research Systems, 555 Sparkman
Jrive, Suite 608, Huntsville, Alabama, 35805. This document
provides a synopsis of the results of a three-month study

J ' contract (NAS8-34046) conducted under the technicesl guidance

. of Dr. Shelba Proffitt (MSFC) as part of the NASA Headquarters-
Energy Systems Division's Energy Technology Program,

Technical questions concerning this report should be
directed to Mr. John D. Hyde (205/830-0375).

, Contributors
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| j Project Technical Mr. Rodney Bradford 1

Staff Dr. D. David Marshall
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1.0 INTRODUCTION

The diminishing world reserves of oil and natural gas,
increasing rates of consumption, and the continuing uncertain-
ties of price and supply of tiese fuels has underscored the
need to develop alternate hydrocarbon fuels, An official at
the Department of Energy has stated, "The critically low level
of our o0il reserves with respect to consumption demands is a
major reason why oil imports have risen so high., This nation
needs to turn this situation around, and it is our mission in
fossil energy to develop technologies in support of this shift."
The conversion of coal into synthetic gaseous and liquid fuels
in an economically viable and environmentally acceptable manner
represents a major future commercial alternative to conventional
fuels.

Full commercial scale coal liquefaction facilities do not
exist in this nation today. 1If such facilities are to become
technically, economically, and environmentally viable, advanced
technology must be developed and implemented in coal liquefaction
processes and systems. This study focused on: (a) developing a
technical and programmatic data base on direct and indirect lique-
faction processes which have potential for commercialization
during the 1980's and beyond, and (b) performing analyses to
assess technology readiness and developments trends, development
requirements, commercial plant costs, and projected synthetic
fuels costs. Numerous data sources and references were used as
the basis for the analysis results and information presented.

The major study inputs and products are summarized in
Figure 1-1,

The two categories of liquefaction processes have the
following characteristics:

° Indirect Liquefaction
- Coal is gasified to produce synthesis gas
(HZ' co)
1
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Reacted with catalysts to produce liquids

Conversion efficiency 45-60% (Fischer-Tropsch:
1,6-1.7 barrels/ton, methanol synthesis: 2,2~
2.5 barrels/ton)

Liquid products are relatively pollutant free
é:u}fur, oxygen, nitrogen removed as st, Hzo,
3

Direct Liquefaction

Coal is reacted directly with hydrogen gource
catalyst

Processes differ in the mechanics of the
reactor and/or kind of catalyst used {e.q.,
cobalt molybdate, silica-promoted aluminum,
other metal oxides)

Solid and liquid products must be separated to
remove unreacted coal and waste ash

Conversion efficiency 65-70% (2.5-3 barrels/
ton)

Liquefaction processes in both of the above categories were
described and analyzed in this study.
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2.0 COAL LIQUEFACTION PILOT AND SUBSCALE DEMONSTRATIONS

TR W;WT
|
|

Coal liquefaction processes can be categorized into three
groupings according to the level of technology employed:
o First generation are processes which were developed

Ak i A S

prior to World War II and have been operating
commercially since that time,

N 2.

o Second generation are processes which incorporate
improved technology to increase conversion effi-
ciency and reduce plant capital costs. Most of
these processes have been demonstrated in pilot
plants but have not operated on a commercial scale.

o Third generation are processes which incorporate
advanced technology that offers potentially
significant advantages to improve process economics.
These processes require further development for
scaleup to pilot plant demonstrations.

The DOE is sponsoring the development of several of these

processes. The objectives of DOE's coal conversion programs

are to:

o Develop and demonstrate in cooperation with industry,
new and improved second generation technology required
for the construction of commercial scale plants.

o Identify and accelerate the development of third

generation technology to improve process economics
on a commercial scale for the 1985-2000 time period.

2.1 OPERATIONAL STATUS

' Many of the liquefaction processes under development (Figure

2-1) have similar product objectives but have inherent differ-

ences in characteristics that require concurrent development

support. These differences include reaction conditions, coal
pretreatment and method of feed, reactor vessel configuration, 1

product purification, etc. Improvements to present technology
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is measured primarily in terms of successful operation with
eastern U.S. coals and comparative economics and operating costs.
DOE's process development ard demonstration program is structured
to verify the performance of elements, i.e., integrated process
streems or modules, of commercial scale plants. The schedule for
the major demonstration projects is presented in Figure 2-2,

T TR R w‘m .

2.2 PROGRAMMATIC STATUS

The programmatic status of the major second generation
demonstration projects, the third generation process development
activities, and other processes is presented in Figures 2-3
through 2-14. The funding levels shown are those reflected in
the DOE FY81 budget submittal to the Congress in January, 1980.
Revisions in funding levels have since occurred in some cases.

The size or magnitude differences between the categories of
process development and d=monstration is not rigid. The cate-
gories are differentiated hy the kind of information to be
obtained and not necessarily by the amounts of raw materials
processed. The laboratory bench experimentation confirms key
process steps while the PDUS form an integrated small~scale
process to test key variables on performance., PDUs generally
operate continuously and process the minimum amount of raw
material required to test the process feasibility. PDUs are
not facilities in themselves, but are a component of, or contained
in an existing facility and can undergo considerable modification
to enhance the process.

A pilot plant establishes the integrated process feasibility
by combining commercial type (not commercial size) into a small
model plant to test and evaluate the critical parameters of
scaleup, and to acquire engineering data needed to assess
economic feasibility and design a larger near-commercial-size
plant. Pilot plants are th. first scaleup facility to produce
encugh end-product to permit product testing and refinement and
as experimental facilities, are subject to continuing and
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significant modifications to help identify candidate processes
and components that could be used for further scaleup to larger
plant sizes (engineering phase of RD&D). They are generally
iimited to 3 years or less of operating life and in most
instances are dismantled after fact-finding is complete unless
they can be modified to cost effectively test new processes
which lead to large pilot plants for some techrical development
and provide sufficient data about operations and the projected
economics and cost of a prospective commercialized plant to
allow the development to proceed directly to commercial demon-
stration.

The purpose of demonstration plants is to demonstrate and
validate economic, ervironmental, and productive capacity of a
near commercial-size plant by integrating and operating a single
mocdular unit using commercial-sized components. They are still
developmental in the sense that technological scaleup problems
may occur and require engineering modification; however, the
risk is much lower since the plant production process was
developed and tested at the pilot stage. They have a long life
and are planned to be expanded to become part of the commercial
plant, after their successful demonstration period, by the
industrial cost-sharing partner. In this case, the industrial
partner will purchase the facilities at a fair market value.
They are used only to demonstrate and verify second-generation
technologies (those not currently used commercially) and will
demonstrate only the most feasible process surviving competition
of alternatives regardless of whether previous pilot plant work
was done in private industry or government, They are neither
formal systems acquisitions nor full-scale development but are
the final stage in the R&D process aimed at accelerating and
reducing the risks of industrial process implementation.
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3.0 PROCESS DESCRIPTIONS AND PRODUCTS

3.1 SOLVENT REFINED COAL-I (SRC I)

Raw coal is dried and pulverized (90% less than 200
mesh), and blended with a fractionated process derived
solvent (boiling range of 249°-454°C, or 480°-850°F).

The coal slurry is then pumped under pressure (1500 psig)
to the slurry preheater. Prior to entering the preheater,
hycrrcgen-rich recycle gas is injected into the slurry. As
thisr mixture is heated to 750°-800°F in the preheater,
dissolution of the coal takes place. The hot slurry then
enters the “dissolver", or main reactor vessel, where final
conversion to reaction products occurs. Exothermic hydro-
genation reactions in the dissolver cause a significant
temperature increase (70°F) from the inlet to the outlet,
with the outlet temperature normally 850°~-870°F.

The dissolver effluent is separated into vapor and
slurry phases in a series of flash separators, resulting in
three major streams: gas (hydrogen, hydrocarbons, and acid
gases), liquids (water and distillate hydrocarbon liquids),
and slurry (coal solution consisting of both distillable and
nondistillable hydrocarbons, unreacted coal, and mineral matter).
The gas stream is treated to remove the acid gases, and a portion
of the stripped gas is recycled back into the process. The acid
gas is further treated to convert hydrogen sulfide to elemental
sulfur. The o0il recovered from the separator is fed to the
solvent fractionation system.

The slurry phase from the separator is fed to either of
two rotary pressure prr-ceat filters, where the solids (unreacted
coal and mineral matter) are removed from the coal slurry. Filter
cake, consisting of the slurry solids and a small quantity of
filter precoat (diatomaceous earth) is continuously shaved from
the rotating filter drum. The filter cake is then mixed with
an intermediate boiling range wash solvent produced in the SRC
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process, and the mixture is rewoved from the filter, and fed
to a rotary kiln dryer, where ths wash solvent is removed.
The resulting dried cake consists of the unreacted coal
(insoluble organic matter), the mineral residue, and the pre-
coat material.

The filtrate produced riuring the filtratiun cycle is
preflashed to remove light hydrocarbons, and fed to a vacuum
flash system, where the remaining solvent and nondiatillate
product are separated in a 2.0 psia flash operation. The
bottoms fraction from the vacuum flash is SRC and consists of
residue which solidifies at about 350°F, The SRC is solidified
on a water cooled conveyor belt and stored. The vacuum flash
overhead is condensed and fed to the fractionation system.

The fractionation system ccnsists of two columns in which
the coal derived liquids are separated into three products:
light oil with a boiling range of ambient to 380°F; wash
solvent, with a boiling range of 380°-480°F; and process
solvent, with a boiling range of 480°F-850°F,
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Western Kentucky #9 and #14, Wyoming subbituminous, Utah
» ; bituminous and Indiana are among the coals that have been
' processed.
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SAMPLE RUN SRC I PILOT PLANT

WILSONVILLE, AL.

COAL SOQOURCE

State
Seam
Mine
Coal Company

Rank

Unground Coal, Moisture, wt %
Ground Coal Analyses
Proximate Analyses, wt %

Volatile Matter

Fixed Carbon

Ash

Moisture

Heating Value, Btu/lbof Coal

Ultimate Analyses, wt % dry bases

Carbon
Hydrogen
Nitrogen

Sulfur
Ash
Oxygen

Sulfur Forms, wt %

Pyritic
Sulfate
Organic

Mineral Analyses of Ash, wt %

Sodium oxide, Na,O
Potassium oxide, Kzo
Lime, CaO

Magnesia, MgO

Ferric oxide, Fe203
Titania, TiO
Phosphorus pgntoxide, P,0q
Silica, Sio

Alumina, Al,0

Sulfur trioxiae, SO3
Undetermined

24

Indiana
A4
01d Ben No. 1
0ld Ben
High volatile
Bituminous

8.1

36.59
47.78
12.02
3.61
12,472

67.10
4.93
1.33

3.99
12.47
10.18

1.52
0.35
2.11

0.41
3.13
4.99
0.92
24.49
1.07
0.02
42.16
19.66
2.57
0.40
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| SRC I PROCESS i
PRODUCTS '

The primary product is a solid coal-like product of
less than 1% sulfur and 0.2% ash.

TS

SAMPLE PRODUCT YIFLD

COAL ILLINOIS V i
Elementally
Basis Unadjusted balanced

Yields, % MF coal
Gas

O~ OO0ON
e s s e & e »
AN = OO O

Water 4.6
Distillates
C5-350°F 2
350-450°F 3.

9

7

w
.
>

450-950°F
SRC 5
Ash 10.7 10.0
Unreacted coal 6.2 5.9
Hydrogen consumption, % MF coal 2.5 2.7
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3.2 SOLVENT REFINED COAL-II (SRC II)

Dried pulverized coal is blended with stripped dissolver
effluent slurry (recycle slurry) and pumped into the slurry
preheater. Prior to entering the preheater, the slurry is
combined with a hydrogen-rich gas stream. The preheater
effluent passes through the dissolver and into the dissolver
effluent separators where gas and light hydrocarbon liquids
are separated from the slurry. The slurry is stripped with
inert gas to further decrease the concentration of light hy-
drocarbon liquids, and is then split into two streams, one
returning to the coal blending area, and the other passing
into a vacuum flash unit. The vacuum flash condensate is fed
to the fractionation system. The vacuum bottoms stream con-
taining SRC (distillation residue with a 850°F+ boiling range),
unreacted coal, and coal mineral matter is solidified and stored.
This vacuum material would commercially be used to generate
hydrogen gas for the process in a gasification unit.

All of the liquid hydrocarbon products from the coal are
combined and fractionated to produce three liquid products:
"naptha", with a boiling range of 350°F; "middle distillate",
with a boiling range of 350°F to 550°F; and "heavy distillate",
with a boiling range of 550°F to 850°F. Hydrocarbon gases
(Cl-C4), carbon monoxide, carbon dioxide, ammonia, water, and
hydrogen sulfide are also produced.

The recycle of product slurry in the SRC II operating
mode results in a more complete conversion of high molecular
weight material into distillate products than is possible by
blending coal solely with recycle solvent. By choosing the
appropriate amount of recycle slurry and other reaction area
operating parameters, it is possible to decrease the yield of
SRC to 20-30% of the moisture-free coal feed. This reduced
SRC yield is complemented by increased yields of middle and

26




heavy distillate and a higher hydrocarbon gas yield than
would be experienced without slurry recycle. The change in
product distribution to lighter products coincides with a

; higher hydrogen consumption (4-5% of the coal feed) compared

r to SRC I operation (2% of coal feed). The only other signi-

E ficant difference in reaction conditions between the SRC I and
P SRC II processing modes are the higher dissolver pressures

F utilized in SRC II (1900 psig vs 1500 psig in SRC I), and the
lower feed slurry rates and higher dissolver volume in the

SRC II mode, which result in a twofold to fourfold increase
in the superficial slurry residence time in the dissolver.

The increased conversion of SRC to distillate products
in the SRC II mode results from: the increased concentration
of SRC at the dissolver inlet where hydrogen partial pressure
is greatest; the increased dissolver concentration of mineral

matter which acts as a catalyst; the increased single pass
dissolver residence time (due to increased dissolver volume
and lower slurry feed rates); and, the increased multiple
pass residence time due to the use of recycle slurry for coal

blending.

ORIGINAL PAGE 1t
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SRC II PROCESS
REACTANTS

COMPARISON OF SRC II
DEHUMIDIFIED FEED COAL

SRC II PILOT PLANT - FT. LEWIS, WA.

W. Ky. I11. #6 Pitt Seam
Proximate Analysis, wt %
Moisture 2.04 2.79 1.55
Ash 10.12 12.41 12.16
Volatile Matter 36.68 37.48 34.89
Fixed Carbon (by difference) 51.16 47.32 51.40
Btu/lb (dry basis) 13068 12215 13251
kcal/gm (dry basis) 7.26 6.79 7.37
$ Sulfur (dry basis) 3.39 3.76 2.62
Sulfur Forms, wt %
Pyritic (dry basis) 1.49 1.15 1.38
Sulfate (dry basis) 0.11 0.26 0.03
Organic (by difference) 1.79 2.29 1.21
Ultimate Analysis wt & (dry basis)
Carbon 71.89 67.89 73.79
Hydrogen 5.04 4.93 5.05
Nitrogen 0.63 1.07 0.91
Chlorine 0.06 0.04 0.10
Sulfur 3.39 3.70 2.62
Ash 10.33 12.77 12.35
Oxygen (by difference) 8.66 9.60 5.18
Fe,04 in Ash, wt % 21.68 16.65 17.29
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PRODUCTS

The primary products are low sulfur fuel oil and

naphtha.
SRC-I1 PRODUCT YIELDS
COAL W. Ky

Dehumidified Coal Feed Rate, #/hr. 1984
kg/hr. 900

Feed Slurry Composition, wt %

Deh. Coal 29.5
Solvent 33.4
SRC 23.9
Ash (due to recycle slurry) 8.2
IOM (due to recycle slurry) 5.0
Nominal Dissolver Residence Time,
Hrs. 0.98
Hydrogen Purity in Feed Gas, Mole % 89.8
Average Dissolver Temperature, °C 461
°F 861
Dissolver Pressure, MPa 13.34
psig 1920

Yields, wt 8§ M.A.F. Coal

Hydrogen Consumption -4.8
Hydrocarbon Gas (C1 to C4) 18.4
Naphtha 14.2
Middle Distillate + Heavy

Distillate 28.2
SRC 26.1
IOM (unieacted coal) 6.6

30

—4-7
15.8
17.0

30.3
23.0
5.0

30.3
29.8
24.1
8.3
7.5

1.00
91.6
456
853

14.09
2029




3.3 H=COAL

The H-Coal process is a catalytic hydroliquefaction process
that converts high-sulfur coal to either a boiler fuel that will
meet sulfur emission regulations or to a refinery syncrude.

Coal is dried, pulverized, and slurried with coal-derived
0il for charging to the coal hydrogenation unit. The heart of
the process is the reactor design. The coal-oil slurry is charged
continuously with hydrogen to a reactor containing a bed of ebul-
lated catalyst wherein the coal is catalytically hydrogenated and
converted to liquid and gaseous products. In the ebullated bed
the upward passage of the solid, liquid, and gaseous materials
maintains the catalyst in a fluidized state. The relative size
of the catalyst and coal is such that only the unconverted coal,
ash, liquid and gaseous products leave the reactor while retaining
the catalyst therein. Catalyst can be added and withdrawn continu-
ously so a constant activity can be maintained. The reactor provides
a simple means of controlling reactor temperature (typically 650°-
700°F entering the reactor) and an effective contact between
reacting species and the catalyst, permitting a satisfactory degree
of reaction at reasonable operating pressures.

The gas and liquid products (hydrocarbons gas, hydrogen
sulfide, ammonia, light and heavy distillates, and residual fuel)
may be further refined as necessary. Heavy distillate is recycled
as the slurry medium. In the commercial configuration, tne vacuum
bottoms stream containing unreacted carbon and some liquid will
eventually be processed onsite to produce hydrogen needed for the
process. In the H-Coal pilot plant, hydrogen will be supplied
by the adjacent Ashland Oil Refinery.

The vapor product leaving the top of the reactor is cooled
to condense the heavier components as a liquid. Light hydro-
carbons, ammonia and hydrogen sulfide, are absorbed and separated
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from the remaining gas, leaving a hydrogen-rich gas which

is recompressed and recycled to be combined with the input
slurry. The liquid-solid product, containing unconverted
coal, ash, and oil, is fed into a flash separator. The
material that boils off is passed to an atmospheric distil-
lation unit. The bottoms product containing solids and heavy
oil is further separated with a hydroclone, a liquid-solid
separation, and a vacuum still.

H-COAL
REACTANTS
COAL:

This process will operate on almost any type of coal.
Illinois No. 6 and Wyodak coals have to be tested over a
sufficiently wide range of conditions so that operating
conditions and yields for any desired product slate can be
predicted.

COAL ANALYSIS (AS-RECEIVED)

Illinois No.6 Wyodak

Moisture, W % 17.5 30.4

Proximate Analysis, W % (Dry Basis)

Ash 9.9 7.9
Volatile Matter 42.0 44.1
Fixed Carbon 48.0 48.1

Ultimate Analysis

Carbon 70.7 68.4

Hydrogen 5.4 5.4

Nitrogen 1.0 0.8

Sulfur 5.0 0.7

Oxygen (Difference) 8.1 16.9

Ash 9.9 7.9
32
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H-COAL
REACTANTS (cont'd)

HYDROGEN:

Before the H-Coal process can become commercially and
economically competitive, an adequate supply of hydrogen
must be generated from the process itself. The process
requirements are between 14,000 and 20,000 SCF per ton
of coal processed.

CATALYST:

Approximately 4.2 1lbs of recharge catalyst is required
per ton of coal. Typical catalysts have been CO,Ni or MO
on a porous particulate support (activated alumina).

PRODUCTS

Operation of a 250-600 TPD Pilot Plant Operation began
in mid 1980 at Catlettsburg, KY. When this facility is
operated at 250 T/D the net product is all distillate
(syncrude) material. 1Increasing throughput to 600 T/D
changes the major product to a heavy #6 fuel oil type material.
This operation requires a solid separation step. Lummus Anti~
solvent Deashing was selected for this purpose.

33
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TYPICAL H-COAL PROCESS YIELDS

T ——y g g P T T
o "

COAL Iilinois Wyodak
Desired Product Synthetic Low-Sulfur Synthetic
Crude Fuel 0il Crude
Normalized Product Distribution
Cl-c3 Hydrocarbons 10.7 5.4 10.2
C4-400‘F Distillate 17.2 12,1 26.1
400-650°F Distillate 28.2 19.3 19.8
650-975°F Distillate 18.6 17.3 6.5
975°F + Residual 0il 10.0 29.5 11.1
Unreacted Ash-Free Coal 5.2 6.8 9.8
H,0, NH;, H,S, CO, CO, 15.0 12.8 22.7
Total (100.0 + H, Reacted) 104.,9 103.2 106.2
Conversion % 94.8 93.2 90.2
Hydrogen Consumption, SCF/Ton 18,600 12,200 23,600
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3.4 EXXON DONOR SOLVENT (EDS)

Coal is ground and slurried with the recycle donor solvent.
The slurry is heated by a fired heater, and preheated gaseous
hydrogen is added. The reaction is carried out in a tubular
reactor with no internals. Products from the liquefaction re-
actor are sent to several stages of separation units for recovery
of gas, naphtha, middle distillate, and bottoms comprised pri-
marily of unreacted coal and mineral matter. Distillation is the
means for solid-liquid product separation.

S ERTETREETR T Ty W

The heavy bottoms from distillation are sent to a FLEXICOKER
to produce additional l.quids and low-Btu gas for in-plant fuel
use. Hydrogen for in-plant use is provided by steam reforming of
Cl-Cz gases produced in the process or by partial oxidation. The
hydrogen is recycled to the liquefaction and solvent hydrogenation
sections.

A port/on of the middle distillate product is sent to the
solvent hvdrogenation step, using a catalytic fixed-bed reactor
to produce donor solvent to be recycled to the slurry preparation
step. Depending on the ultimate produce utilization, the primary
liquid products may be further refined.

The plant is balanced in that it is self-sufficient in both
process fuel and Hz requirements. The process gives high yields
of low-sulfur liquids from bituminous coal, sub-bituminous coal
or lignites. For Illinois bituminous coal, the iiquid yield is
determined to be 2.8 barrels of C4/1000°F liquids per ton of dry
coal feed.

REACTANTS

i, The plant is "balanced” in that it is self-sutficient in
both process fuel and hydrogen requirements. Process fucl

36
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CATALYTIC

catalytic hydrogenation step.
catalyst is exposed to only distillate coal liquids. This
results in very low catalyst deactivation rates and also allows

SOLVENT
HYDROGENATION
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GAS

Hz——h LIQUEFACTION (———~ DISTILLATION
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VACUUM

BOTTOMS
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and hydrogen are produced by gasifying the coke and by
reforming Cl-C2 gases from the liquefaction process.

The noncatalytic liquefaction step is separated from the
As a result, the hydrogenation

direct control of the amount of hydrogen actually added to the
coal through the donor solvent.

REFORMING p———»HYDROGEN

LIQUID
PRODUCTS

-——m=-FUEL GAS
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EDS
PRODUCTS

Process conditions may be varied to change the product
slate. The following table shows the results of studies by
EXXON on product utilization.

EDS LIQUID YEILD DISTRIBUTION AND POTENTIAL APPLICATIONS

o Illinois No. 6 Coal (Monterey)
0 Base Liquid Yield = 45 wt. % Dry Coal

PRODUCT DISTRIBUTION

>RODUCT BOILING RANGE § TOTAL LIQUID POTENTIAL APPLICATION
BASE RANGE
C4 - 350°F 37 (25-55) Motor Gasoline Blend Stock
After Hydrotreating/Reformin-
350/650°F 24 (10-25) Distillate Fuel Oil Or Heavy :
Fuel 0il ‘
650°F" 39 (35-50) Heavy Fuel 0il




3.5 MOBIL M-GASOLINE PROCESS

Process Development studies have been conducted on
both fixed and fluid bed plants.

The fixed bed process consist of two reactors in series.
The first reactor (dehydration reactor) is a long slender
vessel in which the methanol charge is converted to an
equilibrium mixture of methanol, dimethylether, and water.
About 20% of the total heat load for methanol to gasoline is
released in this reactor.

The products from the first reactor are mixed with recycle
gas, and the mixture is passed over the conversion catalyst in
the second reactor (ccnversion reactor), where the formation of
hydrocarbons occurred.

The products from the conversion reactor are ccoled and
flashed in a high pressure separator. Aqueous and organic
liquid phases are withdrawn continuously from the separator
and depressured to atmospheric pressure.

The liquid phases are collected in a product receiver,
and the heavy gas product is mixed with unit purge gas. The
gaseous material from the separator is heated above its dew
point,demisted, and sent to heated compressors for circulation
to the conversion reactor.

The fluid bed process has been verified in a pilot plant
capable of converting 4 barrels per day of methanol into
hydrocarbons and water.

The reactor is 4 inches inside diameter and 25 feet high,
and is complete with recirculating and regeneration facilities.
The pilot plant simulates a vertical element of a heavily
baffled commercial size reactor where the effective hydraulic
radius is reduced to several inches due to internal baffling.
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The reactor is equipped with cooling jackets and access
ports for thermocouple insertion, emergency flooding with

Ny, intermediate product sampling, and capacitance probe

B et e A Ak S

insertion. Six adiabatic zone heaters maintain a zero tempera-
ture differential between the heaters and the reactor surface
to prevent reactor heat losses. Methanol is fed into the
bottom of the reactor by means of a distributor.

The product and catalyst mixture passes into a disengager
(16" ID x 36" high) where the entra-ad catalyst is separated
from the product, collected and returned to the bottom of the
reactor via a 24" ID external catalyst recirculation line.
Fluidizing nitrogen is introduced at the slanting face of the
conical section to promote catalyst movement and recirculation.
The disengager is heated to approximately 600°F to prevent
product condensation.

Catalyst is regenerated isothermally in a batch mode at a

rate of 10% of the reactor catalyst inventory per day. Catalyst
transfer between the reactor and regenerator is controlled by
maintaining a constant differential pressure between the two
vessels. The catalyst flow rate is measured by means of a
calibrated orifice in the transfer line. The regeneratiorn is
controlled by regulating the amount of oxygen supplied.

The product stream from the disengager is filtered and
passed through a three-stage condenser. Service water is used
for cooling in the first and second stages while refrigerated
glycol is used for the third stage. The light gas for recycle
is withdrawn from the first stage. The effluent from the third

stage is separated into gases, hydrocarbon liquid, and water.
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CRUDE METHANOL (17% HzO)

¥
DEHYDRATION
REACTOR
COMPRESSOR
GAS
R PRODUCT
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i HYDROCARBON
, CONVERSION | RECYCLE o
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|
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MOBIL M-GASOLINE PROCESS SCHEMATIC

MOBIL M-~GASOLINE
REACTANTS

Methanol from a gasification process is fed to M-Gasoline
process to produce gasoline by indirect liquefaction.

CATALYSTS:

Catalyst (zeolite - 2SM-5 class) is added as regeneration
to the process at a rate of about 10% of the catalyst inventory
per day.
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MOBIL M-GASOLINE
TYPICAL YIELDS FROM METHANOL

Average Bed Temperature, °F
Pressure, psig

Yields, Wt & of Methanol Charge

Methanol + Ether
Hydrocerbons
Water

co, CO2

Coke, Other

Hydrocarbon Product, Wt &

Light Gas
Propane
Propylene
i-Butane
n=Butane
Butenes
C5 + Gasoline
Gasoline (including Alkylate)
(96.8 Unleaded Research Octane)
LP Gas
Fuel Gas
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775°F
25

0.2
43.5
56.0

5.6
5.9
5.0
14.5
1.7
7.3

60.0
100.0

88.0
6.4
5.6
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MOBIL M-GASOLINE 5
TYPICAL PROPERTIES OF FINISHED GASOLINE

Componentsg, Wt §

Butanes 3.2
Alkylate 28.6
C5 + Wt ¢ 68.2

Composition, Wt %

Paraffins 56
Olefins 7
Naphthenes 4
Aromatics 33
100
Octane Research Motor
Clear 96.8 87.4
Leaded (3 cc TEL/US Gal) 102.6 95.8
Reid Vapor Pressure, psi 9.0
Specific Gravity 0.730
Sulfur, Wt. % Nil
Nitrogen, Wt % Nil
Durene, Wt % 3.8
Corrosion, Copper Strip 1a
ASTM Distillation, °F
10% 117
30% 159
50% 217
90% 337
43
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3.6 SYNTHOL PROCESS

Hydrogen and a slurry of powdered coal in a portion of
the product ¢il are introduced concurrently into a reactor
packed with pellets of a commercial hydrodesulfurization
catalyst or inert pellets. The product stream flows into
a gas disengager where the liquid and unreacted solids are
separated from the gases. The liquid stream is passed through
a solids separator to remove the unreacted solids consisting
of mineral matter and refractory coal substance. The liquid

£

product is a nonpolluting fuel oil.

Gases from the disengager are led through a purification
train to remove NH,, H,S, HZO‘ and most of the gaseous hydro-
carbons. The remainder consisting of unconsumed H, and a
small amount of hydrocarbon gases is recycled to the reactor.
Solids from the solids separator go to a pyrolyzer which
yields an additional quantity of nonpolluting fuel oil and
a carbonaceous residue consisting mostly of mineral matter.
This residue, together with the gaseous hydrocarbons from the
gas purification system, is fed to a gasifier to produce H2
for the process. Some coal may also be added to the gasifier
if additional Hy is needed. Ash from the gasifier may be
disposed of as mine fill while the NH, and H,S (after conversion
to elemental S) would be useful byproducts.
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RECYCLE OIL

COAL —— MIXER
SLURRY
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GASIFIER AND REACTOR
SHIFT CONVERTER
i1 ‘
ASH
HYDROCARBON
GASES GAS PURIFICATION |GASES | GAS
- SYSTEM | DISENGAGER
LIQUIDS AND
NH,,H,8,H,0 UNREACTED
SOLIDS
CARBONACEOUS
RESIDUES SOLIDS | SOLIDS
- PYROLYZER S E—
SEPARATOR
LIQUIDS
i
Y
NON-POLLUTING NON=~POLLUTING
FUEL OIL FUEL OIL

SYNTHOL PROCESS SCHEMATIC
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SYNTHOIL PROCESS
REACTANTS
CATALYST

Research has indicated that the process will operate
with inert pellets replacing the catalyst, therefore a
catalyst (Co-Mo/SiOz-A1203) may or may not be used.

COAL
ANALYSIS OF FEED COAL, AS RECEIVED
Coal Kentucky Viest Va.
Proximate Analysis, Wt Pct
MOiSture * 9 0 9 00 0 0 4.2 1.6
Ash € 98 0 ¢ 80 00 B s o 16.5 801
Volatile matcer .., 36.2 41.6
Fixed carbon ..... 43.1 48.7

Ultimate Analysis, Wt. Pct

Hydrogen ........ 4.8 5.3
carbon ® 0 0 50 00 8 00 60.7 73.8
Nitrogen ....cc. 1.2 1.4
Oxygen ..ceceocosee 11.3 7.6
Sulfur .ccececcece 5.5 3.8
Ash ® 6 0 09 O 628 B0 00 16.5 8'1
Form of Sulfur, Wt. Pct
Sulfate 0 & 29 ° 0 0 0.47 0.09
Pyritic ..ce0ee 3.08 1.79
0rganic ..ceecoe 1.95 1.92
Calorific value,
Btu/lb ....cc0c0.00 11,020 13,400
Free swelling index . 5 8
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SYNTHOIL PROCESS
PRODUCTS

EXAMPLE SYNTHOIL OPERATIONS

Reactor: 1l.l-inch ID x 14.5 ft. long

Charge weight of Co-Mo/SiOz-A1203 catalyst: 5.5 1b
Reactor temperature: 450°° C

Preheater: 3-inch ID x 11 ft. long

Preheater packing: 3/4-inch x 3/4-inch ceramic pellets
slurry compositions: 35 coal + 65 recycle oil

Slurry feed rate: 25 lb/hr

Gas recycle rate: 1,000 scfh

Makeup H; feed rate: 300 scfh

Preheater outlet temperature, °C ... 450 430 430
S in product oil, wt pct ..iceeieennn 0.2 0.45 0.5-0.7
Ash in product oil, wt pct .......0.. 0.1-0.2 0.75 1.3-2.9
Viscosity of product oil, SSF ...... 26-440 10-30 14-98
Specific gravity of product oil,
60°F/60°F LR I R R R A A N I RN N SN N SR 1;020- 10034- 10060-
1.082 1.094 1.148
Calorific value of product oil,
Btu/lb ..ccevececceccscccesaneceses 17,400 17,800 16,640
Yield of product oil, bbl/ton of
coal (as received) ..cieeeevcsnacs 3.3 3.2 3.0
Consumption of HZ’ scf/bbl of
product 0il .. .ieceeccerccnsaanss 4,375 4,170 3,450
47
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3.7 SHORT RESIDENCE TIMS HYDROPYROLYSIS (SRT)
(FLASH LIQUEFACTION & RISER CRACKING)

Research and development of short residence time (SRT)
pyrolysis of coal hydrogen (hydropyrolysis) is currently pro-
ceeding on a broad front both fundamentally at universities
and national laboratories and on a more applied basis at
Rockwell, Cities Service, and the Institute of Gas Technology
(IGT).

FLASH LIQUEFACTION PROCESS DESCRIPTION

The basic concept of this process for the partial lique~
faction of coal is that high liquid yields are favored by rapid
mixing, reaction, and quenching of pulverized coal and hot
gaseous hydrogen. 1In this process, as shown in the flow
diagram, coal is fed into the reactor from a batch feeder by
pressurizing the holding tank without aerating the coal. 1In
the reactor the pulverized coal is entrained rapidly with 2000°F
hydrogen using a rocket engine injector element. There they
react for about 10 to 100 milli-seconds at a pressure between
35 and 100 atmospheres and a temperature of 1500 to 1800°F.

The reactor effluent is quenched, utilizing a set of water
spray nozzles or a heat exchanger, or both. From there, the
residual char is collected by cyclone, and the liquids are
condensed.

RISER CRACKING PROCESS DESCRIPTION

Heated hydrogen and coal (about 1200°F) are fed to the
riser reactor traveling concurrently upwards before entering
the disengaging vessel to separate unreacted char from the
hydrogen carrier and product vapors by means of a pair of
cyclones. A quench oil derived from the process is sprayed into
the char bed to lower the reactor effluent temperature and stop
the pyrolysis reactions. Reaction heat is supplied in stages by
means of oxygen~-hydrogen combustion internally within the riser.
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Fresh coal is fed to the high-~pressure reaction system
as a slurry using product oil in a 50:50 coal/oil mixture, The
coal is dried by the hot effluent gases in a fluidized bed ad-
jacent to the quench bed. The residence times in these two
fluidized beds are controlled by controlling the relative
heights of the two fluidized beds.

Char from the disengaging vessel is fed to a steam-oxygen
gasifier operating at reaction system pressure (up to 2000 psig).

In the bench-scale work SRT hydrogenolysis char has been
rerun in the reactor with an additional yield of heavy oils;
thus, an optional char recycle mode is provided in the commercial
concept schematic in the event that char recycling should be
established as an economic operation.

Hydrogen and product vapors pass from the second cyclone of
the disengaging vessel to further cooling and separation., Raw
gas from the gasifier proceeds to acid-gas removal and a CO-shift
reactor to generate makeup hydrogen. The chemical hydrogen
required by the process is about 4 to 5 weight percent of the
feed coal, so that roughly 40 to 50 weight percent of the feed
coal must be devoted to hydrogen production. This requirement
coincides well with the 50% conversion level that is attainable
by the SRT hydrogenolysis process using reasonable and practical
operating conditions.
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SAMPLE YIELDS (APPROXIMATE)

IT RS e e — e

RISER CRACKING

E A B
; Pressure, psig 1500 2000
: Temperature, °F 1400 1500
Hp/MAF Lignite Ratio 0.105 0.458
Yields, 1b/100 MAF Lignite
Methane 8.57 13.68
Ethane 4.11 7.43
Propane 1.13 0.23
Light HC Gases 0.41 0.03
Carbon Oxides 16.54 12.98
HC Liquids 8.83 12.69
wWater 15.59 22.06
MAF Char 49.50 41.78
Carbon Conversion, % 36.1 44.9
Gasoline in HC Liquids, wt % 55.5 51.3

FLASH LIQUEFACTION

Ranges of Variables Tested

Carbon Conversions

No. (%)
Coal Source of Pr Tr Lresid.
and Type Runs (psig) (°F) (msec) Overall To Gases
Montana 17 1000 1416 600 27.8 22.5
Rosebud to to to to to
Subbituminous 1500 1900 4100 49.8 ~-49.8 i
Kentucky 9 1000 1624 480 47.3 40 ﬁ
hv A Bituminous to to to to to
1500 1980 5500 67.2 -67.2
Minnesota 12 500 1534 500 73.4 63.5 i
Peat to to to to to )
1500 1850 3700 84.8 84.2
1 500 998 800 34.2 8.8
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4.0 DEVELOPMENT REQUIREMENTS ANALYSIS

Coal liquefaction processes are highly capital intensive
and end product costs are sensitive to conversion efficiency
and operating conditions. These factors are directly dependent
on process control via instrumentation and the efficiency,
reliability, and maintainability of equipment, components, and
materials, Liquefaction processes differ in chemical reaction,
operating pressures, and temperatures, residence times, physical
contact between reactants, and composition of the product
streams. Improvements in conversion both in economy and effi-
ciency will result in many cases from plant scaleup, higher
pressures, higher temperatures, faster reaction rates, and better
contact between reactants.

The coal liquefacti n system cannot be more reliable or
efficient than its equipment and components. Many current
operating problems and shutdowns in pilot and subscale plants
are directly attributable to the use of commercial equipment
which was not designed for the extreme environments within the
conversion systems. For commercial application, equipment and
components are needed which will endure these environments
over extended periods,

4.1 PILOT PLANT OPERATIONAL EXPERIENCE

Selected pilot plant operational experience data was analyzed
to identify and characterize key process technology areas, and
establish overall technology readiness and development trends.

The results of these analyses were compared and synthesized with
previous technology and operational problem assessments conducted
by SRS and other sources (see Section 8.0 References).,

Example equipment and component problems which have occurred
at the SRC-I (Wilsonville) and SRC-II (Ft,., Lewis) pilot plants
are described in Figures 4-1 and 4-2 . Certain of these problems
were considered maintenance and repair rather than equipment
failures,
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4.2 SYSTEMS AND EQUIPMENT

(a)

(b)

Rotating Components: This equipment includes pumps,
compressors, hydraulic turbines, and gas expanders.
It appears that equipment for essentially all clean
stream applications likely to be encountered in coal
conversion facilities is generally available except
high-pressure oxygen compressors.

Fans and blowers for dirty-gas streams need develop-
mental work, as do expanders for high-temperature
service, Hydraulic turbines, which might be used
for slurry applications in future coal conversion
plants, are not available. Centrifugal pumps for
slurry application are essentially unavailable for
applications requiring heads in excess of 100 psi
and/or high temperatures (300°F and above).

A number of processes require large compressors to
supply high-purity oxygen at pressures between 600
and 1200 psia and perhaps higher. Although some
commercial oxygen compressors have operated satis-
factorily at pressures above 1000 psia, others have
been destroyed by fire or explosion; there is
currently a considerable disparity of opinion con-
cerning the safety of oxygen compressors which
operate at these high pressures. Liquid oxygen gas
been supplied to some pilot plants requiring oxygen,
so that oxygen compressors have not been required,
Heat Recovery and Utilization: The single area pro-

viding the greatest potential for extending U.S.
industrial heat~-recovery equipment capabilities as
related to coal conversion processes appears to be
a research, development, and testing program to
acquire more physical property and heat transfer
data and more reliable design correlations.

ORIGINAL PAGE Ib
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(c)

(d)

Uncertainties include stream compositions, thermo-
physical properties, rates of fouling, corrosion
and erosion, and methods of designing for heat inter-
change between process streams which may include
unusually large amounts of solids and/or highly
viscous liquids. These problems are solvable only
by specific research and development, testing, and
operating experience.

vValves: The valve and valve-actuator industry is
essentially capable of manufacturing in quantity
equipment of the size and for the pressure and
temperature ranges which would be required in the
coal conversion industry. Valve manufacturers do
not, however, have sufficient product application
experience to predict the continuing functional
ability of valves for some of the required applica-
tions,

It appears that industry does not make, as a standard
production item, any valve suitable for coal conver-
sion letdown service, Modified oil-field choke
valves and anale valves are the valves now most
successfully used in pilot plants, Special valve
trims and valve modifications have extended valve
life, but not to the extent that will be required

in the future coal conversion industry. Valve life
is a consistent problem in harsh environments for
most processes,

High-Temperature, High-Pressure Gas Purification:

1t appears that commercially available, reliable,
and economically competitive hot-gas cleanup equip-
ment capable of conditioning raw product gas to the
levels required for high-temperature turbine opera-
tion will not be available for some time.
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4.3 INSTRUMENTATION AND CONTROLS

Advanced conversion processes for fossil fuels have
created an urgent need for plant equipment that is in many
instances beyond the present state-of-the-art of the chemical
procass industry. This is particularly true in the area of
instruments for measurement and control. Much of the existing
instrumentation is too unreliable, inaccurate, or inadequate
for the requirements of advanced processes. There is little
incentive for advancement of instrument technology from the
usual commercial equipment suppliers due %o undefined specifi-
cations, the lack of a significant market, and the effects of
the dynamic nature of synthetic fuel technology on equipment
requirements, Plant desiygners face considerabl: risks in

basing designs on specifications for components that may not
now exist.

Instrumentation technology has not kept pace with advances
in conversion techniques. The technology is lacking to identify
the measurements and controls that are needed; this is exempli-
fied by the limited amount of diagnostic and performance instru-
mentation installed at the pilot plants,

Critical instrument needs are located in the following
process systems:

Transport (dry and slurry)
Feeding and metering

Reactor or combustor processing
Solids and gas separators
Solids and liquid separators
Let~down and transport systems

O 0 0 0 0 0 O

Product and output quality assurance

High priority problem areas include:

o Temperature o On-line analysis
o Multi-phase mass flow o Level detection
o Letdown o Viscometry

o Phase detection
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Instrumentation and control requirements and typical
operating environments for various applications are shown in
Figure 4-3.

Potential instrumentation and control problems in demon-
; stration plants include:

(a) mstream Composition Analysis: For most processes,

R o o

this appears to be beyond current technology for the
measurement accuracies and reproducibility desired.

(b) Moisture Content of Coal: Microwave and infrared
techniques appear to hold significant promise.

(c) Ph Measurement: Measurement accuracy at high
temperatures and pressures is a concern.

(d) Slurry Viscosity Measurement at High Temperature:
Erosive slurry viscosity mecasurement may prove to
be impractical with current technology. In some
cases, a percent solids measurement may be used as
an indirect method of determining viscosity. The
ability to measure coal and recycle slurry is

critical %o process control. Measurements must be
accurate and repeatable. High pressures (2000 psig)
and temperatures (800°F) in combination with coking
and/or caking effects of the slurry combine to
create difficulties for instrumentation in slurry
level measurement service. Capacitance probes and/
or nuclea:r devices are successfully being applied
in low pressure and temperature environm nts.
Differential pressure devices are being employed in
higher temperature and pressure applications.

(e) Temperature Measurement: Particular problems are

anticipated because of erosion, caking, coking, and
high temperatures. The determination of temperature
profiles in dissolvers (2850 psig) poses problems

due to its Hz environment and resulted effects on the
thermocouple wire and sheath materials. Problems ,
associated with physically locating the thermocouples -
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(£)

(q)

where they are needed are also of concern, e.q.,
large thick walled dissolver vessels.

Lock Hopper Valves: These valves do not appear to
be a major problem in the size ranges required.
They are expensive but readily available and
acceptably reliable.

Pressure Relief Devices: These devices in slurry

service are a major problem. One of the .ain
concerns is that of choking of inlets, thus pre-
venting the device from operating. The use of
rupture discs under the valves and/or purging will
most likely alleviate this to some extent, but the
passage of slurry fluids through a relief valve
during overpressure conditions causes severe damage
to valve internals. Not all overpressures will
result in passage of slurry fluids. For example,
during minor process overpressure conditions, only
gaseous fluids will be released and the valve can

be expected to reseat.

The slurry depressuring system is one of the most
critical problems in the plant. The problem is one
of reducing the high pressure of the slurry in the
dissolver effluent separator to near atmospheric
pressure. The best approach to this problem appears
to be the use of a power recovery device of some
kind, however, present technology is not available
to accomplish this satisfactorily. An approach
which is based on the use of pressure letdown valves
is normally used. This approach is a three-stage
letdown system with the flexibility of operating
with only two stages. The system can also operate
with either a baltanced or a constant pressure drop
between each stage., There are three parallel valves
per stage which are used consecutively to insure a
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reasonable run time since plant turnarounds are the
only permissible time for maintenance tc be per-
formed., Adequate purging is provided to prevent
the slurry from plugging lines that are not in
service. Double block valves are provided upstream
of the letdown valve to provide tight shut off
capability.

U.S. valve manufacturers have gei.erally taken the
approach of modifying a standard valve design rather
than developing a new valve for the specific opera-
ting conditions. The best experience at the Fort
Lewis Pilot Plant for this service has been with

an angle valve using tungsten carbide trim. The
maximum life zchieved to date is approximately two
months, however, trim breakage has been as trouble-
some as trim erosion. Advantages may be gained from
the scale up from port sizes in the pilot plant of
around 1/8" diameter to 1-1/2" to 2" diameter in a
demonstration plant. Materials evaluations for
letdown valves indicates that stainless steel valve
bodies and tun¢sten carbide facing for trim are the
likely candidates for application in demonstration
plants. The fact that there is limited published
data that can be used to accurately size valves for
these conditions is an impediment to improved valve
development.

4.4 MATERIALS

Coal Feed: Major problems in coal feeding include
erosion in pipes, recirculating pumps, and high
pressure slurry feed pumps. Normally, stainless
steel and carbon steel is specified., Application
of more wear resistant materials would improve

reliability, but not necessarily reduce the cost.
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(b)

(c)

Materials such as stellite and tungsten carbide

are probable candidates for improved equipment
life, but may not solve some chipping, peeling or
gouging problems.

Lock hoppers have been limited to pressure differ-
entials of approximately 500 psi; therefore,
multiple lock hoppers are required for high pressure
feed systems, Lock hopper sealing valves have been
prone to leak, particularly in high pressure pro-
cesses.

Reciprocating pumps and centrifugal pumps are used
for coal slurry applications., Reciprocating pumps
are limited to about 3000-4000 psi outlet pressure
and about 1000-1500 gpm. Centrifugal pumps are
limited to 100 psi pressure per stage and even with
multistages are limited to 600-800 psia. Both type
pumps are limited to 40-60 wt % solids handling.
Preheater: Preheaters are used in slurry systems
to heat the slurry mix to about 800°F at 1500 to
2400 psig but up to 4500 psig. A representative
preheater is a gas~firi i helical tube made with
schedule 160, Incoloy 800 pipe with approximately
1700 ft. total length requiring 50 turns. 1In a
full scale commercial plant, the pipe diameter
would be approximately 6 inches. The importance

of designing preheaters for long maintenance-free
life is revealed by the fact that the SRC~1 demo
plant preheaters cost over $40 million. This is 6
times the cost of the dissolver and twice the cost
of the distillation section. Alternate prehcater
designs are needed for commercial plant applications.
Reactor/Dissolver: An example dissolver design is
a vessel with a 2-1/4 CR~1 mo. steel with a 3/32 inch
weld overlay lining of 309L S.S. covered with 3.32
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(d)

(e)

weld overlay of 347 S.S. This reactor is similar

to the SRC-II pilot plant reactor which employs

24 ft, ID by 30 ft. tall vertical cylinders. For
commercial plants the sizes will likely be much
larger; possibly as large as 15 to 25 feet diameter,
lengths up to 80 to 130 ft,, wall thickness of 10-16
inches and weight up to 2,800 tons. The available
vessels will be limited by the weight of the vessel,
the plate thickness, the physical size and available
fabrication practices,

Heat Recovery: Possible limiting factors in heat

recovery are:
- Erosion by fluids which contains solids
- Corrosion

- Fouling and plugging

- Heat transfer characteristics

- Uniform flow distribution

- High temperatu.e and high pressure closures

- Mechanical properties at elevated temperatures

Possible solutions to some of these problems are
ceramic linings (if the heat-up and shut-down stress
problem can be overcome), and high temperature alloys.
Experience with shell-and-tube units is limited to
shell diameters of 16 ft., tube lengths of 80 ft.,
tubesheet thicknesses of 25.5 in., 28 tube passes,
area per shell of 40,000 ftz, and weights of 180

tons. Suppliers' guarantees exclude problems asso-
ciated with solids and residues in the fluid.

Pressure Letdown: Pilot plant experience indicates

that the probable mean operating life for the
internals of letdown valves is about 45 days. The
longest reported life is 4000 hours. This requires
a multistream approach including the associated stop
valves and control systems, K701 cemented carbide
has been used for valve trim with fair success
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relative to other materials. Several mat2rials
have been tested on lab scale including carbide
silicon carbide, alumina, titanium dibromide and
ceramic materials. The most promising material
was identified as chemically vapor deposited (CVD)
silicon carbide.

(f) Solids Separation: A rotary drum filter with a

covering of diatomaceous earth appears to be a
preferred method of solids removal. Several types
of filtration systems (including hydroclones &
centrifuges) have been tested. Available methods
have been costly and difficult and none have been
completely satisfactory.

Potential solutions to general corrosion problems in
solvent recovery, the condensate stream, and water treatment
systems are shown in Figure 4-4. An example equipment and
components materials listing with associated temperature and
pressure conditions for a commercial scale liquefaction plant
is summarized in Figure 4-5,
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5.0 DOE FOSSIL ENERGY COAL LIQUEFACTION ADVANCED RESEARCH AND
TECHNOLOGY DEVELOPMENT

The DOE Fossil Energy Advanced Research and Technology
Develorment (AR&TD) program is structured as presented in Figure
5-1. This program covers a diverse group of activities ranging
from applied research to R&D supporting efforts,

Its principal obiectives are:

o To provide for a central applied research focus for
all program areas of Fossil Energy
o To provide a foundation for innovative technology

leading to advanced processes through programs in
the DOE Energy Technology Centers (ETCs), National
| Laboratories (NLs), other government agencies,
private industry, and universities
o To facilitate reliable and efficient operation of
synthetic fuel plants through materials and compo-
| § nents research
| o To accelerate direct utilization of coal or coal-
| derived synfuels through technology development for
L combustion systems, heat exchangers and control
systems, including applications to heat engines and
fuel cells
o To assess the viability of Fossil Energy processes
; under development in terms of national needs,
i economic, social and environmental constraints and
benefits,

AR&TD projects are carried out approximately 50 percent by
industry, 25 percent by ETCs, NLs, and other Government agencies,
and 25 percent by universities.
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5.1 INDUSTRY AND ENERGY TECHNOLOGY CENTERS

The goals of the DOE sponsored research by industry and
energy technology centers are to (1) develop through the bench
scale advanced processes that show promise for the direct or

indirect liquefaction of coal to low-sulfur, liquid boiler fuels,

and distillate syncrudes; and (2) develop processes for direct
production of fuels such as gasoline, diesel fuel, and furnace
oil by upgrading and refining coal-derived syncrudes.
The major research categories for coal liquefaction are:
o Extraction
- Short-residence~-time liquefaction
- Donor solvent interactions
o Catalytic Hydroliquefaction
- Mechanism of catalyst deactivation
= Slurry catalyst process
o Indirect Liquefaction
~ Exploratory catalyst research
- Reaction mechanism
o Supporting Research
- Examples include:
+ Structure of coal and preasphaltenes
+ Mechanism of coal hydroliquefaction
+ Catalytic reactor modeling design
Thermodynaimcs
+ Analytical chemistry of coal and coal liquids
« Organic chemistry of coal
(o} Materials and Components
~ Conduct failure analysis
- Erosion, corrosion, fatigue, etc, studies
- Selection of materials

A synopsis listing of the DOE sponsored activities is
given in the following table:
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5.2 UNIVERSITY ACTIVITIES

University research on coal conversion and utilization
sponsored by DOE includes research in the following topics:

o
o

(o]

Combustion of coal and synthetic fuels

Coal characterization and specificity as related
to liquefaction and gasification processes

The structure and reactions of coal and analysis
of its conversion products

Multiphase flow phenomena related to coal conversion
processes

Fundamental problems of reactor engineering

Environmental aspects directly related to coal
conversion processes and coal utilization.

Research on other coal-related topics is also being
supported if the proposals are submitted and offer exceptionally
pertinent, promising or novel ideas for advancing our knowledge

of coal conversion and utilization.

The following is a synopsis listing of the university
activities in research on coal conversion and coal utilization:
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6.0 ECONOMIC ASSESSMENT

6.1 EVALUATION OF ECONOMIC ANALYSES

Cost analyses of coal liquefaction processes typically
begins while a process is still bench scale and continues to
be revised and refined throughout development. The stages
of cost estimates may be identified as Feasibility, Preliminary
and Definitive,

Feasibility: Feasibility cost estimates are considered to

have an accuracy of -30% to +50%., This requires a knowledge of
major equipment items, basic flow diagram, regional site loca-
tion, and general product and supply information. The feasi-
bility estimate is made for management decisions on feasibility
for further study.

Preliminary: Preliminary estimates are made for research

and development planning and setting technology development
priorities, The accuracy range is =-15% to +30%. Equipment
types and sizes, material balances, materials of construction,
building requirements, general site conditions and preliminary
layouts, flow charts, plot plans, etc., are required to be
known for this type of cost estimate.

Definitive: A definitive cost estimate has an accuracy
of -5% to +15%. Required information for this estimate includes
quotes on equipment and labor cost, preliminary to complete
design drawings, sp2cific product and feed information and
specific site conditions. This estimate is used for construction
contract negotiations and/or appropriations of funds.

Most cost estimates would normally be based on previous
experience of similar type and size projects. Since there are
no commercial plants in the U.S. of similar size and type to
the proposed coal liquefaction plants, the cost analyses that
have been done are based on conceptual designs which include
only a limited amount of commercial experience. The Sasol II
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E o (South African Plant Designed by Fluor) cost estimate appears
F : to be the only estimate that is based on commercial plant

‘ experience. Since Fluor wants to sell this technology in the
U.S., only limited information is openly available on the
detailed costs for a plant in the U,S.

e e o
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Developments during recent years in the areas of oil

i prices, inflation, and equipment and process definition have

diminished the validity of published cost estimates which are
{ based on available conceptual designs. In many cases, these

EDRR L S

cost estimates have not been properly updated to reflect the

§ drastic change in costs from the time the conceptual design

| was done., As an example; in 1975, a 20,000 TPD SRC commercial
plant was estimated to cost $700 million. The most recent
estimate of a demonstration scale plant almost one third the
size of a commercial plant was $1.5 billion, This increase in
estimated cost is considerably more than the normal discounted
price.

Another major problem with cost estimnates of commercial
scale plants is that very few, if any, are made on an equal
basis, therefore, comparison of cost estimates for various
processes cannot be made without a detailed analysis of the
parameters used in making the estimates. These parameters
include the accuracy, the method used, and the background of
the estimate (how it was developed, the level of detail used,
the sources of cost date, etc.)

6.2 PRODUCT COST COMPARISON

Product Cost: The cost of the final product of a coal

liquefaction process includes the capital cost of financing
and construction, the operating and maintenance cost and the
value of the end product. The cost may be evaluated on an
energy content basis which does not account for the market

value of the various products of a plant. These various
products may have value in the market place which are not
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related to heating value alone. The reference price accounts
for the product market value and the price for all products of
a specific plant, A comparison of the product cost estimates
is shown in Figure 6-1.

Product Value: The product value may be evaluated by

factors which are ratios of market price for the particular
product relative to premium gasoline. Ratios between product
value factors do not remain constant with time; the value factors
may be noticeably different for different years as shown in
Figure 6-2,

6.3 COMMERCIAL PLANT COST

T

The major cost elements in commercial plants are capital
cost and operating cost.

Capital cost may be stated to include all construction
costs including buildings, utilities, contingencies, etc., for
a complete plant or may be stated as plant capital cost which
only includes the bare plant costs without the buildings, paving,
utility requirements, etc., required for an integrated plant.

The plant capital cost shown in Figure 6-3 are bare plant
costs. The capital costs shown in Figure -4 include the total
capital investment required for an integrated plant for each of
the major processes.

Plant operating cost includes cost for labor, consumable
supplies, maintenance, fees and taxes. Figure 6-4 shows the
operating and maintenance cost for each of the processes listed.

6.4 LIQUEFACTION DEMONSTRATION PLANTS

Two of the major DOE sponsored liquefaction plants are the
SRC I and SRC II projects., These projects are structured in
three phases: Phase I is process and detailed engineering design;
Phase II is procurement and construction; and Phase III is opera-
tion and data acquisition. These phases overlap but costs for

each phase will be accounted separately. Figures 6-5 and 6-6
show plant capacities, product slates, total plant cost, and

cost for each project phase.
108
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$ MILLIONS

SRC I DEMONSTRATION PLANT
® CAPACITY: 6000 TONS PER STREAM DAY
e PRODUCTS: SOLID PRODUCT ---- 1400 TPSD
FUEL OILS eem=wc-- 1425 TPSD
COKE ==wmemeccmcc= 750 TPSD
BY=-PRODUCTS =-=--=-= 250 TPSD
® COST: $1.4 BILLION
SRC 1
COST ESTIMATE
PHASE I, II, I1I
2400
2200
2000
1800
1600
1400
Revenue
1200 §.__Fhase I * - ~
$172 $512
1000 ‘
800 Phase II | Phase iII
600 $1,110  V §599
R _Coal-$324
400 I RED -
200 Other Supplies-$3¢&
OF % T eT T &3 T 83 T8 T 85 T 6 1T 8 T 88 189
FISCAL YEAR
*Phase IIT1 Coal & Revenue
are not escalated
Source: Oak Ridge National Lab.
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$ MILLIONS

2400
2200
2000
1800
1600
1400

1200

1000
800
600
400
200

SRC II DEMONSTRATION PLANT

CAPACITY: 6000 TONS PER STREAM DAY
PRODUCTS: FUEL OILS -=-=----- 2050 TPSD
PIPE LINE GAS ---- 230 TPSD
LIQUID PROPANE --- 210 TPSD
BY=-PRODUCTS -=--~-- 250 TPSD
COST: $1.5 KILION
SRC I1I

COST ESTIMATE
PHASE I, II, III

Phase 1
$216 Revenue
$512%
Phase I |
§$922 Phase III
$474*
l Coal-$119 ~
R&D
Other Supplies-$49
™80 1 81 1 82 1 &3 1 684 1 85 1 86 V1 87 1 88 T 89

FISCAL YEAR

*Phase III Coal & Revenue
are not escalated

Source; Oak Ridge National Lab

Figure 6-6
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APPENDIX A

OVERVIEW OF DOE FOSSIL ENERGY PROGRAM
AND MANAGEMENT APPROACH
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APPENDIX B.
COAL CONVERSION SYSTEM AND PROCESS MODELING REVIEW
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As an additional task to the major study effort, a survey
and assessment was conducted of available coal conversion and
process modeling systems. The areas of interest centered on
high~level system models, dynamic models, steady-state point
models, and cost estimation models.

Table I summarizes the major findings of this assessment;
a more datailed discussion follows.

ASPEN (Advanced System for Process Engineers) is a DOE
sponsored effort being performed by the Massachusetts Institute
of Technology. Originally begun in 1976, the program began
extensive system testing in 1979. Representatives from industry
and government were invited to participate in the system test
for a fee of $§15,000 or $25,000. At the conclusion of this test
phase in 1981, the ASPEN source code will be made available at
no cost.

The goal for ASPEN is to be the next generation process
simulator and economic evaluation system., The flowsheet of a
proposed or operating plant will be simulated by ASPEN by
performing detailed heat and material balances. In addition,
equipment sizing and preliminary estimates of capital and
operating costs will be performed., The project is funded by
the U.S. Department of Energy, which will use ASPEN to evaluate
process alternatives for fossil energy conversion and synthetic
fuels manufacture.

ASPEN is tailored for coal gasification studies. The system
data base is excellent and contains current data. The system
support provided includes training classes conducted by the MIT
staff and ASPEN maintenance training,

LSP (Large Scale Steady State Program) is a DOE sponsored
effort performed at Purdue University between 1976 and 1979.
The source code and user manuals are available at a cost of
$2,000, LSP provides a steady-state point estimate model of a
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process which is described as a flowsheet, This program was
built as a parallel effort to the Lehigh DS8/2 program. The
main problem with LSP is its limited data base and minimal
system support.

DSS/2 (Differential Systems Simulator Version 2) is a DOE
sponsored effort performed at Lehigh University between 1976
and 1979. The source code and user manuals are available at
a relatively low cost. DSS/2 provides a dynamic model of a
process which must be described as a system of differential
equations. The main problems with DSS/2 appear to be its
limited data base, its difficulty to use, and its limited
system support,

CHEMSHARE and PROCESS are two commercially available programs
which have been used extensively. The user pays a small initial
charge and then pays a charge for time used, Access to the
program source code is prohibited, although the experienced user
can include his own subroutines. These programs are thoroughly
tasted and have a readable data base.

MPPM (Materials-Process-Product Model) is a DOE sponsored
program written by International Research and Technology Corp.
This program provides a high-level system modeling capability
and has been used to model coal gasification processes. The
user may obtain access to the source code at no cost. Training
and system support is provided. The problem with MPPM appears
to be inaccurate algorithms employed in some of the models,

CHESS (CHemical Engineering Simulation System) is a program
written at the University of Houston, It appears that CHESS has
hed limited continual support and as such would he unacceptable
for use today.
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A Morgantown Energy Technology Center (METC) internal
report (IR No. 868): Inventory of METC Computer Models, Process
Modeling Capabilities, and System Simulation Capabilities des-
cribes the available software in detail. Available software
includes:

1. Unit operation models

2. Physical property data bases

3. Mathematical packages

4. Process simulators

S. Economics and cost estimation models

6. Fossil-fuel utilities analysis

7. Technical data bases.

Froii these main areas, the software shown in Table II was
identified as being applicable to the areas of NASA/MSFC interest,

The METC survey and the SRS assessment complement each cther
in that certain modeling programs, e.g., PROCESS, CHEMSHARE,
MPPM, etc., are not included in the METC survey, whereas they are
addressed in the SRS assessment.

RECOMMENDATIONS

The general f{.ndings of this assessment are that the
commercial products, CHEMSHARE, PROCESS, etc., do not allow user
access to source codes., Use of these programs are sold on a low
initial cost with a charge for time used. The DOE sponsored
programs appear to be more useful to potential NASA/MSFC appli-
cations, ASPEN appears to be the best overall tool of the DOE
programs, However, the ASPEN source will not be publicly
available until October 1981. Current usage of ASPEN requires
a payment of $15,000 or $25,000. When ASPEN testing is complete,
the program will be available at no cost. The MPPM program gives
a high level system modeling capability. A partial list of the
general processes supported by MPPM is given in Table III.
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The SRS recommendation to NASA/MSFC is that MPPM be used
initially to develop high level system models and that ASPEN
be used in 1981 to perform the detailed design analysis.
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II1.

I1I.

Iv.

VI,

TABLE IX

Unit Operations Models
Chemical Equilibrium Models

ASPEN Chemical Equilibrium Code

- minimizing Gibbs Free Energy
- using equilibrium constants

Solids Handling aiid Separation

ASPEN Crusher
ASPEN Screen
ASPEN Rotary Vacuum Filter
ASPEN Filtering Centrifuge

Gas Cleanup

ASPEN Cyclone

ASPEN Hydrocyclone

ASPEN Baghouse

ASPEN Venturi

ASPEN Electrostatic Precipitator

Simple Reactor Models

ASPEN Stoichiometric Reactor
Purdue Stoichiometric Reactor
ASPEN Yield Reactor

Flashes

ASPEN Three-Phase Flash

Purdue Three~Phase Flash
ASPEN Two-Phase Flash

Two~Phase Flash by Systems Simulations, Inc,

Purdue Two-Phase Flash
Multistaged Separation

ASPEN Liquid-Liquid Extraction

ASPEN Absorber/Stripper

SSI Absorber/Stripper

Purdue Absorber/Stripper

Purdue Acid Gas Absorber/Stripper
ASPEN Distillation Columns (Shortcut)
ASPEN Distillation Columns (Rigorous)
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TABLE II - (Continued)

VI, Heat Exchangers

ASPEN General Purpose Heater
SSI Heat Exchanger

VIII, Other Models

Lehigh Dynamic Bulk Methanation
Lehigh Dynamic H., Plant Dynamic Model
Purdue Steam-H Rgformer

Purdue Oil Hydgotreater
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TABLE ITI v

MPPM Supported Processes

Low~-Btu Gasification

Medium-Btu Gasification

Medium-Btu Gasification-Hydrogenation
Liquefaction

Methane Synthesis

Methanol Synthesis

Ammonia Synthesis

Shift Conversion

Gas Purification (Pre-shift)

Hydrogen Purification

Coal Preparation

Mineral Preparation

Oxygen Production

Coal Breaking, Cleaning, and Stockpiling
Coal Fines Preparation

Hot Gas Clean-up (Low-Btu)

Industrial Boiler

Utility Boiler

UC Gasifier

Combined Cycle Electric Power Generator & Boiler
Flue Gas Clean-up

Sulfuric Acid

Cold Gas Clean-up (Low-Btu)

Water Clean-up

Steam Turbine Electric Power Generation
Waste Heat Disposal

On-Site Electric Power Generation
Waste Disposal

Methane Reformaticn

Char Gasification

Gas Purification, Post-shift

Sulfur Recovery (Gases)

Sulfur Recovery (Solids)
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