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Chapter 3: OVERVIEW OF SELECTED SYNTHETIC FUEL
CONVERSION PROCESSES

3.1 General Synfuel Processes

The General term “ synfuel processes” applies to the following:

1 . Upgrading of coal. to gaseous, liquid or solid products
with improved characteristics.

2. creversion of the kerogen in oil shale to gaseous or
liquid fuels or products.

3. Recovery of petroleum crudes from non-conventional oil
resources such as heavy oils and tar sands.

Upgrading of coal by subjecting it to a reaction with steam at
high temperatures and pressures in the presence of air or oxygen, or
to hydrogen, with or without a catalyst, is called conversion. The
coal can be converted to gaseous (gasification) or liquid (lique-
faction) hydrocarbons. The products have a much lower content of sulfur
than the original coal. Oil shale can be retorted by subjecting it to
high temperature and pressure, also producing gaseous or liquid
hydrocarbons . Catalysts are used in synfuel processes when there
is need to accelerate the reaction rates and affect the product state.

In this report, the following processes are included:

1. Coal gasification

- to medium Btu gas: generic
- to high Btu gas: generic

2. Coal Liquefaction

- by pyrolysis (none included)
-by solvent extraction: liquid solvent refined coal (SRC II)

Exxon donor solvent (EDS)
- by catalytic liquefaction: H-coal
- by indirect liquefaction: Fischer-Tropsch (FT) Methanol

3. Oil shale retorting using:

- true in situ retorting (none included)
- modified in situ: generic
- surface retorting: generic

3.2 Coal Gasification

The process by which coal is gasified involves reactions of
devolatization of coal with steam at elevated pressures and tempera-
tures to produce CO and H2O. Gasification of coal involves basically
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the following reaction between steam and carbon:

C + Air or Oxygen + H20 CO + H2 + Heat

There are many processes by which coal can be
low-, medium- or high-Btu gas. The definitions of

gasified
the heat

of each of then are-not rigorous. Low-Btu  gas is a mixture
monoxide, hydrogen and nitrogen: It has a heating value of

producing
content
of carbon
less than

300 Btu per standard cubic foot1 (Reference No. 25)=. This gas is of
interest to industry either as a combustible fuel or as a raw material
from which ammonia, methanol, and other compounds may be synthesized.
Due to the low heating value, it cannot command high enough prices to
justify long distance transport. Medium-Btu gas is a mixture of
methane carbon monoxider hydrogen, and other gases. It has a heating
value between 300 and 700 Btu per standard cubic foot (Reference No. 25) .
It is suitable as a fuel for industrial consumers, but because of its low
heating value, is not economic to transport over great distances. High-
Btu gas consists essentially of methane. It has a heating value of

p- approximately 1000 Btu per standard*P cubic foot, and is compatible with
natural gas in that it can be substituted for natural gas in existing
pipeline systems.

Coal gasification processes can be divided into three major process
types_ according mainly to the way in which the feedstock coal, steam,
and the

1.

2.

3.

Figure

product gases are contacted. They are:

Fixed bed gasification in which the crushed, sized coal
is fed from the top  of the reactor vessel. Steam, air
or Oxygen are blown upwardly.

Fluidized bed gasification in which the finely sized coal
particles are “fluidized” by the steam, air or oxygen, which
are piped through them.

Entrained bed gasification: in which the even finer coal
particles are blown into the reacting gas stream prior to
entry into the reactor. The coal particles are suspended
in the gas phase, and are filtered and recycled until a
product gas with a suitable heating value is produced.

3.1 (Reference No. 31) describes the main features of these
three processes.

1

Usually, l.ow-Btu gas has a heating val~ below 200 Btu ~ SCf;
@ mdiun-Btu gas raxqes in heating value between 300 - 350 Btu per
Scf .
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Figure 3.1: Basic Coal Gasification Processes
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Figure 3.2 (Reference No. 31) is a schematic diagram of coal
gasification. It represents the whole coal gasification fuel cycle,
including the production of low-, medium- or high-Btu gas. All of
these gasification processes share a number of process steps. If
high-Btu, pipeline-quality gas is desired, essentially all of the
following process steps are required. In some cases, some of them
may be omitted, depending on the type of coal being processed and
the type of gas product desired.
(Reference No. 25) .

The process steps are as follows

1.

2.

3.

4.

5.

6.

— ’

Pretreatment of coa12 (if sizing or caking are problems) .

Primary gasification of coal.

Secondary gasification of carbonaceous residue from
primary gasifier.

Removal of CO2, H2S, and other acid gases.

shift conversion for adjustment of the carbon monoxide/
hydrogen mole ratio to the desired 1:3.

Catalytic methanation of the carbon monoxide/hydroqen
mixture to form methane.

Pretreatment

The coal received at the plant must be further cleaned and crushed
or ground before it can enter the gasifier. Extaneous materials such
as shale, rocks, metal, etc. are removed by conventional cleaning
methods ● For fluidized or entrained gasification processes, the coal
needs to be finely ground. Crushing and sizing may also be required
for other processes. In the case of certain bituminous coals called
caking coals, agglomeration of the material is observed when they are
heated. Treatment is needed if they are to be gasified by fluidized or
Moving bed processes, or even in fixed bed reaction. The caking
characteristics are destroyed when the coal is heated to low
temperatures in the presence of air or oxygen.

2 pretr~~t of coal ~ partial oxidation with air or 0~~ is not
in general a cost-effective approach @ destroying the caking characte-
ristics of certain coals, such as Eastern bi “tmunous coals, because of the
loss of Btu values of the c~ in producing ~2 & H$. The caking
probla is a serious problem in the processing of such coals ti limits
the applicabili~  of current ~rcial gasifiers such as the dq-bottm
Lurgi to Western Subbituminous coals and lignite.
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Figure 3.2: Schematic Diagram of Coal Gasification
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Primary Gasification

This is the heart of the process, and is basically a
pyrolysis process of the raw coal. The coal feed is con-
tacted with synthesis gas (carbon monoxide and hydrogen) .
The coal is devolatized according to the following general
reaction (Reference No. 25 ).

COAL + HEAT (Pyrolysis) + Methane, water, tars, phenols,
hydrogen sulfide, hydrogen,
carbon dioxide, char, etc.

The pressures used for gasification range from atmos-
pheric pressure to 1000 psi. The heat required to maintain
the endothermic gasification reaction is supplied from
burning coal. Air or oxygen are also needed to support the
combustion reaction. If air is used, the product is low
Btu gas ranging from essentially a carbon monoxide/hydrogen
mixture (Koppers-Totzek process) to mixtures containing
various proportions of carbon monoxide, carbon dioxide,
hydrogen, water, methane, hydrogen sulfide, nitrogen, and
typical products of pyrolysis such as tar, oils, phenols,
etc. If oxygen is used, medium Btu gas results.

The bulk of the original coal is transformed into a
solid char. Certain coals are more “reactive” to gasifi-
cation than others. Thus the type of coal being processed
determines to a large “extent the amount of char produced,
and the analysis of the gaseous products. The char is
usually gasified by additional processing steps, or is
marketed.

Secondary Gasification

Secondary gasification involves the gasification of
char from the primary gasifier. This is usually done by
reacting the hot char with water vapor to produce carbon
monoxide and hydrogen.

If the desired final product is either low- or medium-
Btu gas, secondary gasification is usually followed by
scrubbing and cleaning. Carbon dioxide and sulfur com-
pounds are partially removed, and the resulting gas is
used directly. If high-Btu gas is desired, shift conversion
and methanation are further required.

Shift Conversion

In most gasification processes, a shift reaction is
employed prior to methanation. Its-purpose is to react

)
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a portion
hydrogen.

co +

of the

H.O +

carbon monoxide

CO. + H.
L L

with steam to form more

By this exothermic reaction the ratio of carbon monoxide
to hydrogen may be increased to 1:3 mole ratio needed to
produce methane. Otherwise, deactivation of the catalyst
used in the methanation takes place.

The catalytic shift conversion reaction is a well-
known process, but it has not been applied on the large
scale required for commercial coal gasification. For
coal gas shifting, conventional iron-chromium catalysts
may be used; however, the coal gas stream must be purified
prior to shifting (Reference No. 25 ).

Methanation

If carbon monoxide and hydrogen are present in the
mole ratio of 1:3, the coal gas can be reacted in the
presence of a catalyst to produce methane. Group VII
transition elements such as iron, cobalt, nickel, ruthen-
ium, rhodium, palladium, osmium, iridium, and platinum
have been found to be effective catalysts. The following
exothermic reactions occur simultaneously within the
methanation unit (Reference No. 25 ).

CO + 3H 2
+ CH4

C02
+4H 2 + CH4

CO+HqO
L

2C0

Special
catalyst

+ co.L

+ C02

+

+

+

+

H20

2H20

‘2

c

care must be taken to
by temperatures above

Poisoned by carbon deposition. These can be circumvented

prevent
750oF.

deactivation of
It can also be

by ensuring that the mixture of carbon monoxide and hydro-
gen shall be fed to the methanator in the ratio of 1:3.
Scrubbing of sulfur from the synthesis gas feed is employed
to alleviate sulfur poisoning of the catalyst.

The final step to prepare high Btu gas for marketing
is to remove water to specified levels. The product gas
usually undergoes compression prior to storage or market-
ing.
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3.3 Coal Liquefaction

303.1 General

Coal liquefaction processes are conversion processes
in which liquids are the primary products. Some gases and
solid char may also be produced.

There are two basic routes to coal liquefaction, namely
direct and indirect liquefaction. In direct processes,
slurried crushed coal is reacted directly with hydrogen
at high temperature and pressure conditions to produce
liquid hydrocarbons. In indirect liquefaction,
first gasified to produce a hydrogen-and carbon
mixture. Further recombination with the aid of
produces liquid products.

Direct liquefaction is further broken down

coal is
monoxide
a catalyst

into three
generic processes, namely: pyrolysis, solvent extraction,
and catalytic liquefaction. The yields and physical prop-
erties of the produced liquid products depend directly on
the reactor conditions and degree of hydrogenation.

Pyrolysis

In pyrolysis processes, coal is heated to temperatures
above 750°F. It is converted into gases, liquids, and char.
The latter accounts for more than 50 percent of the weight
of the feed coal and requires hydrogenation. Some amount
of solids remain in the raw gas and liquid products. They
consist of unreacted coal and ash, and can be relatively
easily removed from the gas stream. But the liquid requires
filtration, distillation, or some other treatment to remove
the solids.

Solvent Extraction

This process makes use of coal derived liquids known
as “donor” solvents to increase the fraction of the coal
that goes into solution. The “donor” solvents act as a

source of hydrogen to the coal products, and are reacted
together at temperatures up to 95O°F. Hydrogen may be
supplied under pressure in the extraction step, or it may
be used to hydrogenate the solvent prior to recycle. In
some processes the unreacted coal is used to generate the
necessary hydrogen. In other processes, the hydrogen is
generated from by-product gases or from additional raw
coal.

3-8
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Catalytic Liquefaction

In this process, pulverized coal is mixed with 1-1.5 parts of
recycle solvent. A suitable catalyst is used to add hydrogen. Most
Precesses of this type operate in the liquid phase with catalyst dis-
persed throughout or in a fixed bed. Some prccesses now in the development
stage involve the injection of catalyst-impregnated coal into a stream
of hot hydrogen at about 950° F for a very short time (Reference No. 25) .

Indirect Liquefaction

Two stage conversion of coal typifies indirect liquefaction processes.
Coal is first reacted with steam and oxygen to produce a gas composed
primarily of carbon monoxide and hydrogen. This gas stream is subsequently
purified to remove sulfur, nitrogen, and ash. The product gas is then
catalytically reacted to yield liquid hydrocarbon products.

Figure 3.3 (Reference No. 31) presents a schematic diagram of the
basic liquefaction processes. Each of them produces several types of
products and sane gas, which may be used within the plant.

Removal of solids from coal liquids is a critical step in most of
these liquefaction processes. Although there is currently a trend
toward elimination of the solid-liquid separation step by the recovery
of a solids-laden vacuum bottoms stream for gasification, most existing
plant designs call for some type of physical/chemical solids removal
systen. 3 The three processes receiving the most current interest are
critical solvent deashing, antisolvent deashing, and pressure filtration
(Reference No. 25) .

Separation of ash and unreacted coal particulate from coal
liquids is difficult because of the small size and large quantity of
the solid particles, the snail density difference between solids and
the liquid, and the high viscosity and melting point of the liquids.
The Kerr McGee Corporation has been developing a separation technique
which utilizes solvents such as benzene, toluene, xylene, pyridene,
and cresols near their critical temperature and pressure, hence the
term solvent deashing (Reference No-. 25) .

—

3
Solid\liquid separation is a critical step only in direct liquefaction

process. Most modern coal hydroliquefaction processes in the pilot
plant stage of development, such as SRCII , EDS , H-Coal (syncrude rode)
do not require a solid/liquid separation stage.
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3.3.2 Liquid Solvent Refined Coal (SRCII)

The SRCI process was developed to convert high-sulfur, high-ash
coals to low-sulfur and ash solid fuels. The SRCII is the same kind
of process, except the product is a liquid rather than a solid.
is achieved by adding more hydrogen through the followinq steps:

1. Recycling of a portion of the product slurry as solvent
the feed coal.

This

for

2. Higher

3. Higher

4. Use, of
rather

residence time in dissolver.

pressure.

vacuum distillation to separate
than the troublesome filtration

solids from liquid,
step employed in SRCI .

Figure 3.4 is a schematic diagram of the SRCII process (Reference
No. 35) . Table 3.1 summarizes the components, resource requirements,
and potential impacts of this process (Reference No. 17) . The feed
coal is first pulverized to less than 1/8” size, dried and mixed with
process derived solvent in a slurry mix tank (Reference No. 35) . Feed
coal is limited to those containing certain trace mineral elements
which may be required to act as catalysts for the breaking of solids to
liquids in the liquefaction reaction4 (Reference No. 291. However,
in cases where the problem is concentration rather than the presence of
specific trace elements, a recycle of residue may broaden the allowable
coal feeds (Reference No. 29) . The coal slurry is then mixed with
hydrogen generated by gasification of the vacuum bottoms from the
liquefaction step and reacting with steam and oxygen in a gasifier-converter.
The slurry is pumped through a preheater (700 to 750oF) and passed
through a dissolver (2000 psi, 820 to 870oF) to dissolve about 90
percent of the coal (Reference No. 35) . The following additional
reactions take Place in the dissolver— (Reference No. 35) .

1.

2.

3.

The coal is depolymerized and hydrogenated.

The solvent is hydrocracked to form lower molecular
hydrocarbons, ranging from light oil to methane.

Much of the organic sulfur is removed in the form of
hydrogen sulfide.

weight

The
recycled
fractionated to recover the primary

sultry stream from the dissolver is split into two. One
to provide solvent for coal slurry mixing. The other is

is

The- primary “catalyst” in the SRCII process may well be the pyritic
mineral matter contained in the coal and not “trace mineral elements. ”
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products which consist of naphtha, low sulfur fuel oil,
and a vacuum residue which is separated from the solution
in a filtration unit. The residue consists of heavy oil,
ash and undissolved organic material from the coal
(Reference No. 25 ).

The gases from the dissolver are treated to remove
hydrogen sulfide and carbon dioxide. Liquid petroleum
gases and pipeline gas are separated in a cryogenic sepa-
ration unit. Unreacted hydrogen is recovered and recycled.

Recent developments have resulted in increased
efficiency of the SRCII process. A combination of solid
and liquid products are produced. A wide range of pro-
ducts can be obtained depending on the severity of re-
cycling. Table 3.2 (Reference No. 25 ) shows the
properties of a typical mix of products.

3.3.3. Exxon Donor Solvent (EDS)

The process is similar to SRCII, except that the major
portion of the hydrogen supplied as part of the solvent is
chemically combined rather than in the form of a free dis-
solved gas (Reference No. 29 ). A schematic diagram of
the process is illustrated in Figure 35 (Reference No.

35 ). Crushed coal is liquefied in a reactor at 800-
88O°F and 1500 - 2000 psig (Reference No. 25 ). The
reaction is non-catalytic, in the presence of molecular
hydrogen and the hydrogen-donor solvent, which transfers
hydrogen to the coal. The product from the liquefaction
reactor is separated into two portions. One part is sent
to the solvent hydrogenation unit to produce donor solvent.
It is a catalytically hydrogenated recycle stream which is
fractionated from the middle boiling range of the liquid
product, and has a boiling range of 400 - 850°F (Reference
No. 25 ). After hydrogenation, the solvent is mixed with
fresh coal feed, heated in a furnace, and pumped into the
liquefaction reactor.

The other portion from the product liquefaction re-
.

actor is a slurry. It is separated by distillation into
gas, naphtha, middle distillate, and a bottom product that
contains heavy liquid, untreated coal and mineral matter.
The vacuum bottoms slurry is cooked to produce additional
liquids.

The major advantages of the EDS process are:

1. High yields of low sulfur liquids are obtained
from bituminous and sub-bituminous coals or
lignites (Reference No. 25 ). A yield
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TABLE 3.2

TYPICAL PROPERTIES OF SRC FUELS
USING RECYCLE SRC II PROCESS

Solid Fuel Distillate Fuel

Gravity: ‘API

Approximate Boiling Range: ‘F

Fusion Point: ‘F

Flash Point: ‘F

Viscosity: SUS at 100°F

Sulfur*: Percent

Nitrogen*: Percent

Heating Value: Btu/lb.

-18.3 5.0

800+ 400-800

350

168

50

0.8 0.3

2.0 0.9

16,000 17,300

* Assuming Western Kentucky coal feed with 4% Sulfur and 2% Nitrogen.

SOURCE: Reference 15
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2.

3.

The

of 2.6 barrels of liquids per ton of dry coal is
typical for an Illinois bituminous coal (Reference
No. 25 ).

The only by-products of significance are ammonia
and elemental sulfur (Reference No. 25 ).

There is wide flexibility in product distribution
by varying liquefaction conditions or adjusting
solvent properties (Reference No. 25 ).

typical properties of the products from the EDS
process are shown
An estimated heat
No. 35 ).

, , (Reference No. 25 ].in Table 3.3
balance is qiven in Table 3.4 (Reference

●

3.3.4 H-Coal

The H-coal process converts coal to hydrocarbon liquids
by hydrogenation with a cobalt-molybdenum catalyst. An-

ebullated bed reactor is employed. The liquid products
may range from a heavy boiler fuel to a synthetic crude
product (Reference No. 25 ).

Figure 3.6 (Reference No. 35 ) is a schematic dia-
gram of the H-coal process. Coal is first crushed to minus
60 mesh, dried, and then slurried with recycled oils at
pressures of approximately 200 atmospheres (Reference No.
2 5 )  “ Mixing of the slurry with compressed hydrogen
follows, and the mixture is preheated. The material is
pumped to the bottom of the ebullated bed reactor, with
the-upward flow of slurry through the reactor maintaining
the catalyst in a fluidized state (i.e. random motion) .
The catalyst needs periodic additions of fresh catalyst
and withdrawals of spent portions. Typical temperatures
of the slurry entering the reactor are 650 - 7OO°F
(Reference No. 25 ). The finely divided coal and ash
particles flowing through the ebullating bed are removed
with liquid and vapor products.

The reactor effluent is separated into recycle and
net product streams. Conventional processing equipment
is used. The liquid stream is distilled to produce a
mixture of light distillate and a heavy distillate pro-
duct. Gaseous products composed of hydrocarbon gas,
hydrogen sulfide and ammonia are separated. A portion
of the heavy distillate is recycled as the slurrying medium.

The operating conditions of the H-Coal process can be
altered to produce various types of primary products. For

3-17
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Nominal Boiling Range, ‘c

Distillation, 15/5°C

10 wt. %
50 wt. %
90 wt. %

3Density (g/cm )

Elemental Analysis, Wt. %

c
H
o
N
s

Higher Heating Value MJ/kg

IExcludes C6/700C naphtha cut

SOURCE: Reference 25

TABLE 3.3

DONOR SOLVENT PRODUCT

1

ANALYSES

Heavy Naphtha~
Raw Hydrotreated

Liquid Liquid

70/200 70/200

106 92
180 157
199 182

0.87 0.80

85.60 86.80
10.90 12.90
2.82 0.23
0.21 0.06
0.47 0.005

42.6 44.9

2OO°C+ Fuel Oil
Raw ‘- - .

Liquid
Hydrotreated

Liquid

200/540

247
368
433

1.08

89.40
7.70
1.83
0.66
0.41

39.8

200/540

239
347
412

1.01

90.80
8.60
0.32
0.24
0.04

42.1
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Tab I e 3.4

Estimated Heat Balance for a Commercial Scale EDS Plant

Btu /day Percen t  o f  To ta l
( 1 0  B t u ’ s ) Energy Input

System Products

L iqu ids
Sulfur, ammonia

System Losses

Ash, combustibles
hea t

Stack losses
Energy losses v ia

and sensible

water and air
Liquefaction and solvent

hydrogenat ion (9.80%)
Flexicoking (6.44%)
Hydrogenat ion and recovery

(6.72%)
“ By-product  recovery,

and miscelIaneous
Other miscel laneous

Energy Inpu t

Coal (c leaned)*
E l e c t r i c a l  p o w e r * *

o f f s i t e s ,
(3.18%)

323,071
8,309

26,082
20,039
136,853

8,309

61.72
1.59

5.13
3.83

26.14

1.59

488,761 93.37
34,702 6.63

*

u+

bal - II Iinois No. 6; 10,574 Btu/lb as received

Power based on 8,500 Btu/kwh to generate

SOURCE: Reference 35

p r i o r c lean ing

3 - 1 9

ejb&a



1044710
FEED SLURRV

COAL ?nt PA RAIION

I
SLUR RV

● UMP

FIR E D
● R E )4 C A T E R

SOL  VENT RCCVCLED 1n

I COWWONI

.rlbtVO ROG  E N
PRODUCTION

J

L ET-
DOVVN
F L MM
sY ST E M

● 4 HvOnOCLONES
SOL 10S SOL I 0s

LAO EN
R E MOV-

R ESIOUE ‘ L uNOE R f L OW

L
e h

01S1 I L
L A T ION

SOURCE : Reference 35

Figure 3.6

SCHEMATIC DIAGMM OF THE
H-COAL PROCESS

NAPHTHA

FuEL OIL

3-20

ejb&a



—

example, relatively high temperatures and high hydrogen partial.
pressures are used to produce a synthetic crude products. Vacuum
distillation is used to
gas and oil are desired,

separate the solids from- the liquid phase. If
lower temperatures and pressures are used

(Reference No. 25) . Convers ion  and  y ie ld  s t ruc tu re  a re  de te rm i“ ned by
reactor conditions, catalyst replacement rate, and recycle
composition (Reference No. 29) .

Table 3.5 (Reference No. 25) summarizes
fuel oil syncrude products from H-coal.

slurry oil

of both the

Table 3.6 (Reference No. 17) summarizes the components ,
and potential impacts from H-coal— process. It requires between 14,000
and 20,000 standard cubic feet of hydrogen for each ton of coal produced.
Hydrogen consumption depends on the type of product produced, with
less hydrogen required during the production of residual oil (Reference
No. 25) .

3.3.5 Fischer-Tropsch Process

A commercial plant using a modification of this process is currently
operaing in South Africa (Reference No. 36) . This is the only
commercial sized plant producing synfuels. Table 3.7 (Reference No. 35)
is an overview of this plant.

In the Fischer-Tropsch process the coal is initially gasified
(for description of gasification see section 3.2 of this report) . The
synthesis gas is then converted to largely aliphatic hydrocarbons using
an iron or cobalt catalyst.

Figure 3.7 (Reference No. 35) is a schematic diagram of the SASOL
I plant, which utilizes the Fischer-Tropsch process. Thirteen high
pressure gasifiers convert coal in the presence of steam and oxygen to
medium Btu gas containing mainly carbon monoxide, tars and oils. The
product gas is then cleaned of carbon dioxide, hydrogen sulfide, organic
s u l f u r , ammonia, and phenols. The cleaned gas is then subjected to
the catalytic Fischer-Tropsch reaction which produces a mixture of gases,
liquid hydrocarbons, and an aqueous chemical mixture that must be
further processed to set the desired plant output . .

The cleaned gas from the Lurgi gasifiers is partitioned into two
streams . One stream is reacted in a fixed bed catalytic reactor to
produce straight chain and medium boiling oils, diesel oil, LPG, and
some alcohols. Operating conditions are 450o F and 360 psig (Reference
No. 35) . The other stream is combined with reformed product gas to
increase the hydrogen to carbon ratio. It is reacted in a fluidized bed reactor
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TABLE 3.5

PROPERTIES OF H-COAL DISTILLATES
FROM ILLINOIS NO. 6 COAL LIQUIDS

Property

Specific gravity,
60o /60oF

Gravity, ‘API

Pour point, ASTM D-97,oF

Color, ASTM D-1500 or
(BuMines description)

Kinematic viscosity
@ 1OO°F, ASTM D-455,
Cs

Saybolt viscosity, SUS,
1OO°F

Sulfur (Bomb)
ASTM D-129, wt-pet

Nitrogen, Kjeldahl,
Wt-pet

Carbon residue
(Conradson) ASTM-524,
Wt-pet

Fuel Oil Syncrude
<203oC >203°C <197°c >1970C

distillate

0.864

32.3

<5

NPA6

1.08

0.13

0.420

0

distillate

0.979

13.0

<5

Brownish
black

3.87

39

0.29

0.446

2.33

distillate

0.838

37.4

<5

NPA4-1/2

0.96

0.06

0.212

0

distillate

1.025

6.6

<5

Brownish
black

14.90

77

0.35

0.871

5.44

SOURCE: Reference 25
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Overv

LOCAT

DESCR

S I ZE :

TABLE 3.7

ews on SASOL I and SASOL II, based on reference 8, follow:

ON:

PTION:

STATUS:

YEARS OPERATION:

COAL TYPE:

MAJOR PRODUCTS:

LOCATION:

DESCRIPTION:

SIZE:

STATUS:

COAL TYPE:

M A J O R  P R O D U C T S:

SASOL 1

Sasolburg, South Africa

Gasification in Lurgi gasifiers

Two Fischer-Tropsch synthesis units;

1)

2)

10,000

ARGE fixed-bed unit, temp. 230oC;
press. 23 atm.; catalyst, pelIeted
p r e c i p i t a t e d  i r o n .

Kellogg SYNTHOL process, hlgh-
v e l o c i t y  e n t r a i n e d - f l o w  r e a c t i o n
using a doubly promoted iron
catalyst.

bpd

in commercial production since 1956

24

Subbituminous

Liquid fuels, chemicals, and fuel gas.

SASOL II

Secunda, South Afr ica

G a s i f i c a t i o n  i n  L u r g i  g a s i f i e r s ,

F ischer -T ropsch  syn thes is  un i t  us ing  the
KelIogg SYNTHOL process

Nominal 40,000 bpd

Anticipate ready for commissioning in 1980

Subbituminous

L iqu id  fue ls  (gaso l ine  i s  the  ma jo r  p roduc t ) .

SOURCE: Reference 35
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at 620%’ and 330 psig, (Reference No. 35). The main products are gasoline,
fuel oil fractions, and various chemical products. The gasoline has a
lower octane rating than the one derived from petroleum crude. The
products produced do not fit well into existing markets. However, Mobil
Oil Corporation has developed catalysts that improve the quantity and
quality of gasoline (Reference No. 29) .

3.3.6 Methanol Process

The production of methanol from synthesis gas is a specialized app-
lication of the Fischer-Tropsch reaction. Whereas the F-T process produces
liquid fuels and chemical products, the Mobil methanol process produces
gasolines ● The schematic outline of this process is given in Figures
3.8 and 3.9 (Reference No. 35) . Table 3.8 ‘(Reference No. 35) presents
a comparison of the thermal efficiencies of the Fischer-Tropsch and the
Mobil methanol-to-gasoline process.

In the Mobil methanol liquefaction process, synthesis gas is produced
from coal by any of the mediun-Btu coal-gasification processes. The
synthesis gas is converted to methanol by a number of catalytic processes ●

The reaction is exothermic. The yield of methanol is optimized by using
high pressures and low temperatures, optim  um type and shape of catalysts,
and of recycling of the unreacted gases.

The conversion of methanol to gasoline is a separate catalytic
conversion process. The Mobil conversion process dehydrates methanol,
then rearranges the carbon and hydrogen atoms. The zeolite catalysts
employed in the process (called ZSM-5 class catalysts) have a unique

The pore openings are of the right size to limit the 
size of the product molecules that can pass through then.
the conversion proceeds to conventional high quality gasoline Reference No. 25 ) .

Table 3.9 (Reference NO. 25) summarizes the overall material and
energy balances of the methanol-to-gasoline conversion process.

Table 3.9 (Reference No. 25) shows typical product yields produced
from methanol by this conversion process.

5 ~ tigh m ~rcial denmnstration plants of the “indirect” coal-
metil-gasoline process has been built as of this date, this route is
mnsidered by many autlmrities ti be a vexy pranisi.rq way to get gasoline
flxml coal. There are several proposed studies and plants under instruction
in the U.S. usirq this process (see Appedix chart) . Also, NEW Z-1and
Liquid Fuels Trust Board (Report No. IF 5502, 10/31/79) has a large Mcbil-
M gasoline plant under construction (expected b beccme operational by
1983-5) .
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Table 3.8

Thermal Efficiencies

Methanol-to-Gasoline 7 Fischer-Tropsch7

Btu/hour Percent of Btu/hour Percent of
(1C6 Btu) Input (106 Btu) Input

coal
Coal Fines (excess)
Methanol

Total Input

output

SNG
C3 LPG
C4LPG
10 RVP Gasoline
Diesel Fuel
Heavy Fuel Oil

subtotal

Alcohols
sulfur
Ammonia
Power

Total Output

19,383
(872)
.

18,511

6,067
247
385

4,689

11,388

19
83
18

11,508

32.8
1.3
2.1

25.3

0.1
0.5
0.1

62.2

19,708
—

3
19,711

7,243
176
26

2,842
514
147

10 ,948

290
19
83
11

11,351

36.8
0.9
0.1

14.4
2.6
0.7

55.5

1.5
0.1
0.4
0.1

57.6

6 T~ efficiencies are highly dependent on product mix.

7 The ~e liquefaction processes sbwn here may be Considered as
gasifi=tion processes for SNG, with the major coproduct being gal.osine,
e.g. , for the “Fischer-Trop-  process” shown, the yield of SNG is 1.45
B3E\ton of coal, with a gasoline yield of 0.58 BOE/ton of coal. It is
thus not representative of the SASOL-11 process which a@asizes the
production of liquid fuels.

8 Direct  thf=fd e@Went value (therm1 efficiencies are highly
deperdent on product mix (see Section 7. S) .
SOUR2E : Reference 35
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TABLE 3.9

Material Balance

Energy Balance:

METHANOL-TO-GASOLINE BALANCES

Methanol + Hydrocarbons + Water

100 tons 44 tons 45 tons

100 Btu 95 Btu O Btu

Average Bed Temperature,°F

Pressure, psig

Space Velocity (WHSV)

Yields, wt % of charge

Methanol + Ether
Hydrocarbons
Water
co, C02

Coke, Other

Hydrocarbon products, wt %
Light gas
Propane
Propylene
i-Butane
n-Butane
Butenes
C5 + Gasoline

YIELDS FROM METHANOL

Gasoline (including alkylates),
wt, % (96 RON, 9 RVP)

LP Gas, wt %

Fuel Gas, wt %

775°F

2 5

1.0

0.2
43.5
56.0
0.1
0.2

100.0

5.6
5.9
5.0

14.5
1.7
7.3

60.0
100.0

88.0

6.4

5.6
100.0

SOURCE: Reference 25
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3.4 Oil Shale Retorting

3.4.1. General

Oil shale resources vary widely in their oil y i e l d s . High grade—
shale is normally defined as a deposit that averages 30 or more gallons
of oil per ton of shale.

8
Low grade shale averages 10 to 30 gallons per

ton (Reference No. 7) . Several factors determine whether or not an oil
shale deposit is recoverable. These include oil yield (usuallY equal
or above 20 gallons per ton) , zone thickness, overburden thickness, the
presence of other materials in the shale, availability of needed
resources such

There are
gaseous

1.

2.

In
ability

fuels.

as water and services, and location relative

two major routes for converting oil shale to
They are:

Conventional mining followed

to m a r k e t s .

liquid or

by surface retorting (heating) ,

In situ (in place) retorting

addition, there is modified in situ. In this process, the perme
(i.e., void volume) of oil shale deposits is increased in order

to  enhance  the  in  s i tu  re to r t ing  by
methods of rein@ or increasing the
are explained in reference 8.—

removing some of the shale. The
permeability of the oil shale deposits

3.4.2. Surface Retorting

In surface retorting of oil shale, the heating takes place above
ground. The shale is crushed to the right size, and fed into a retorting
vessel. Heating the shale to between 800oF and 1000o’F remove s abut 75
percent of the kerogen from the shale (Reference No. 8) . Different
retorting precesses apply heat to the shale in different ways. Gas or non
combustible solids such as sand or ceramic balls can be used as heat
carriers. The vapor produced during the heat@ is condensed to form
crude shale oil. It can be further upgraded and refined to produce
more marketable products.

As a generic surface retorting process, TOSCO II is described.
Its schematic diagram is given

9
Shale deposits yielding less

in Figure 3.10 (Reference No. 8) .—

@

than 10 gallons of oil per ton are
normally omitted from USGS resource estimates.
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Raw oil shale is crushed to 1/2 inch and preheated to 500° F.
It is mixed with hot ceramic balls 3/4 inch in diameter and at 1200oF
in a retorting Pyrolysis drum (Reference No. 25) . About two tons
of balls mix with every ton of shale. The oil shale is heated to
900oF, releasing hydrocarbon vapors from the kerogen. The spent

ccumulator vessel, in whichshale and the balls pass to the sealed a
the balls are separated from the shale by a heavy duty rotating cylinder
with numerous holes. The balls are lifted by a bucket elevator to
the gas fired ball heater, which heats the balls to 1270oF by
direct contact heat exchanger. The spent shale goes through
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FIGURE 3.10

The TOSCO II Oil Shale Retorting System
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a special heat exchanger which cools the shale for disposal
and produces steam for plant use. Then the spent shale is
quenched with water and moisturized to 14 percent, a level
proper for disposal.

Hot flue gas from the ball heater is used to lift
raw shale to a point at which it can subsequently flow
by gravity into the pyrolysis drum. The flue gas also
heats the raw shale to approximately 500°F.

Table 3.10 (Reference No. 25 ) summarizes the
basic material balance for a TOSCO II retort module.

TABLE 3.10

BASIC MATERIAL BALANCE FOR
A TOSCO II RETORT MODULE

Oil Shale

Feed rate, TPSD

Fischer Assay, GPT

Pipelineable Shale Oil Product

production rate, BPSD

10,700

20

4,500

Properties

Gravity, *API 28.6

Viscosity (SSU @ 30°F) 800

Pour Point, ‘F 30

Table 3.11 (Reference No. 35 ) summarizes the
energy balance for a plant producing 47,000 barrels per
day. Table 3.12 (Reference No. 17 ) summarizes the
components, resource requirements and potential impacts
of surface oil shale retorting.
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Tab I e 3.11

Estimated Energy Balance For a TOSCO II
producing 47,000 BPSD* Upgraded Shale

From 35 Gallons Per Ton Oil Shale

P l a n t
O i l

B t u / h o u r Percen t  o f  To ta l
( l o  B t u ’ s ) Energy I n p u t

Produc t  O u t p u t

Produc t  o i l
LPG
Diese l  fue l

System Losses

Spent shale
Residual  carbon
Ammonia
S u l f u r
Coo l ing  wa te r
Water evaporat
Losses  ( i nc lud

heat )

Energy Inpu t

Raw shale
Steam

mois tu re
(coke)

on
ing

E l e c t r i c a l  e n e r g y

10.30
0.70
0.11

1.78
0.93
0.11
0.06
1.07
0.25
2.45

58.00
3.94

0.62

on shale
f lue  gas

17.76 100.0

17.00 95.72
0.53 2.98
0.23 1.30

10.02
5.24
0.62
0.34
6.02
1.41

13.79

* BPSD = b a r r e l s  p e r

SOURCE: Reference

stream

35
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3.4.3 Modified In Situ Retorting

Occidental modified in situ oil shale retorting
cess is selected as representative. It involves the
out of about 10 to 25 percent of the shale deposit.
mined portion would presumably be retorted by one of

pro-
mining
This
the

surface retorting processes, or if its oil content is too
low, will be treated as waste (Reference No. 37 ).

Figure 3.11 (Reference No. 8 ) represents in
schematic form a generic modified in situ oil shale re-
torting process. ‘Figure 3.12 (Reference No. 37 )
is a more detailed description of the Occidental modified
in situ retorting process. As observed in Figure 3.12 ,
in steps A or the pre-detonation phase, drifts (chambers)
are excavated at the top and bottom of the shale deposit,
which is about 300 feet-thick. An interconnecting shaft
is dug to connect the drifts. Rooms with a volume of
about-15 to 20 percent of the eventual volume of the
planned chamber are then mined. Shot holes are drilled
to allow blasting of the shale oil to produce the desired
fragmentation.

In the burn phase, the explosives in the shot holes
are detonated. A rubble-filled chamber is created which
can function as a batch retort. The percentage of void
space and the particle size distribution of the rubble
are a function of the explosive loading. Connections are
made to air/gas recycle and air supply compressors. An
outside heat source (e.g., off gas or oil from other re-
torts) is used for heating the rubble at the top of the
retort. Oil shale and hydrocarbon gases are produced
which move downward. Residual carbon is left on the spent
shale.

The retorting reaction is terminated after a predeter-
mined amount of the rubble has been retorted by halting
the external heating supply. The residual carbon is
utilized to continue the combusion process, which now does
not need external heating. The flame front moves downwards,
preceded by the liquid and gaseous products retorted from
the shale by the hot, oxygen-deficient combusion gases. The
liquid hydrocarbons collect in a sump, from which they are
pumped to the surface. The gaseous by-products are used
partially, with steam, as a recycle stream to control the
oxygen content of the inlet gas. The four distinct zones
that develop during the retorting are shown in Figure 3.11 .

Table 3 . 1 3 (Reference No. 17 ) summarizes the— . —
components, resource requirements, and potential impacts
of modified in situ retorting.
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Figure 3.11: Modified in Situ Retorting
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3.5 comparison of the Various Synfue l Systems With Respect to
Resource Requirements 10

In order to estimate the resource
oil shale fuel cycles we need first to
efficiencies. These are summarized in

 The resource requirements of coal

requirements of the coal and
assess their energy utilization
Table 3.14.

and oil shale energy systems per
106 Btu of product delivered to end user are given in Tables 3.15 and
3.16. Tables 3.17 and 3.18 convert these requirements to energy
systems producing 50,000 barrels of oil equivalent per day.

Manpower requirements for operating and maintenance labor of
conversion plants are given-

They are:

Plant operators
Operating supervisors
Maintenance labor

in Reference 29.

These manpower requirements are for a basic (ESCOE) coal conversion
plant that consumes 25,000 tons of coal per day with 22.4 million
Btu/ton and produces 50,000 bbl/day liquids output.

Very considerable variations exist in the literature in respect
to manpower requirements for the other phases of the fuel cycle. They
depend on such variables as methods of mining, location of mine, kind
of transportation system and extent of beneficiation. A table indicating
the ranges of variables is given in the footnote in respect to the
conversion plants.

~0 Lfi~ti~ of Dati Sources: =~tions carried out in this re~rt are
often sub ject to great un~“ nties because:

(1) Tk information available is only of preliminary nature. There are no
full scale opera- synfuel plants in the U.S. (subject ~ U.S. siting
mnsiderations) , so that data needs to be -apolated frcm pilot
plants with many uncertainties of scale W dissimilarities associa~
with the ~apolation,  as well as specific si~ and f eedstock
characteristics discussed kelcw.
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10 (cent’d)

(2) There are variations  among sources which are often due to different
assumptions or local influences. Changes in design account for
some differences as the technology changes and the environmental
regulations change. Many of the assumptions are not stated - or
even referenced. Budget and time limitations, however, nessitate
the need to use
new data.

Even estimating

exist& data bases, rather than the development of

the range of uncertainties is often a value judgement
process , unless moreextensive on-site interviewing with site and
process specific sources of information are developed.
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Notes for Table 3.14

a.

b.

c.

d.

e.

f.

9“

h.

i.

j=

Estimates of losses of coal and oil shale from beneficiation (in
terms of Btu’s) vary broadly among authors, depending on the assumed
degree of upgrading and the kind of coal or oil shale used. Estimates
vary from O% (Reference 37a) ; 2.7-3.6% (Reference 7) ; and 12.5%
for intensive beneficiation (Reference No. 17) .

Average value of losses are 1.5% (time from Reference No. 7) . In the
case of oil shale, where distances are shorter, O .5% is assumed.

The @et efficiencies (rather than the process efficiencies) were
used. The efficiencies for coal conversion processes are derived from
Roger and Hill. (Reference 29) . In the case of H-Coal, the syncrude
efficiency was used. In the case of oil shale retorting processes,
the efficiencyes are derived from DOE (Reference No. 17) .

Data on efficiencies of upgrading and refining syncrudes is very
limited and unreliable (see Section 1.7) .

N.A. means not applicable.

Overall yields for SRC II of finished fuels range between 83 and 98
liquid volume percent of SRC II syncrude, depending on the product
slate and how refinery fuel and hydrogen plant feed are supplied. An
average of the net product yields ranging between 88 and 91 was
assumed (Reference No. 22) . However, these values apparently do not
include coal use for the_producti“on of hydrogen needs for the upgrading
process. If coal-derived hydrogen is to be used (as against hydrogen
from nuclear fission or from biosynthesis) , then the upgrading and
refining efficiencies for coal conversion products become 75 percent.

However, in some cases it may be expected that all of the hydrogen and
energy required for the Upgrading/refining process would be obtained
from residuals, higher boiler fractions, and methane produced in the
process or plant refinery(which may include the use of Petroleum
derived vacuum ● In the case of indirect liquefaction
Processes, all the needed hydrogen is accounted for in the gasifier,
and higher upgrading“  efficiencies can be achieved, depending on product
slate .

Derived from Reference
that higher efficiency

Derived from Reference

Derived from Reference

Derived from Reference

26a. However, MIS oil is easier to upgrade, so
may be in order.

17.

7.

7 and 10.
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Notes to Table 3.15

a

b

c

This table summnarizes the consumption of
in the feedstocks or products during the
various synfuel cycles.

fossil carbon contained
various phases of the

The numbers in the table are based on the following assumptions:

(i) The resource utilization efficiencies are those developed in
Table 3.14.

(ii) The carbon content of bitumimous coal averages 87.8%, lignites -
72. 5% and sub-bituminous~ reals - 73. 5%. The carbon content
of the kerogen (i. e., crude shale oil) averages 80. 5%. (Ref. 26b) . For
convenience, an average figure of 80%
of coals and kerogen is used.

(iii)The loss in fossil carbon is directly
in coal or kerogen.

for the carbon content—

proportional to the loss

(iv) The Btu content of a ton of coal is 24x106 Btu and of ton crude
shale oil is 36x106 Btu.

A sample calculation for medium Btu coal gasification is as follows:

A ton of feedstock bituminous coal has 24x.106 Btu, of which
18. 34x106 to 19. Olx106 Btu is delivered to the end users (74.4 to
79. 2% overall energy efficiency - see Table 3.14) . Since a ton
of feedstock coal. has 80% fossil carbon content, and 20.8% to 23.6%
of it is consumed during the medium Btu coal gasification fuel cycle,
(see Table 3.14) , the total fossil carbon consump Z

tion o the cycle
is between 0.1664-0.1888 tons per 18.34x10 to 19. Olx10 Btu delivered
to end users ● This
per 106 Btu.

translated to 0.009 to 0.010 tons of fossil carbon
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Notes to Table 3.16

a

b

c

d

e

The water required for mining and preparation of
and for the disposal of ash or spent shale is a
mainly through the amount of material that must
and the degree of attested surface reclamation.

the coal or shale
function of location,
be mined or disposed;
Assuminq 2/3 of coal

d mined, water consumptionis surface-mined and 1/3 is underground
for surface mining ranges between 0.55 and 0.98 gallons per 1Ob Btu
of product, and for underground mining - 0.75 gallons per 106 Btu
of Product (Reference No. 17) .

Assume 2/3 of oil shale is
Water consumption or both

61.1 gallons per 10 Btu of

Consumption of 1.2 gallons

surface mined and 1/3 is underqround mined.
kinds of operations range between 0.7 and

of water 106  Btu Of product is assuned
for beneficiation of coal (Reference- No. 17) and none for shale oil.

Consumption of water for the conversion of feedstock to fuels depends
principally on the overall plant conversion efficiency, degree of
water recycling, and the water content of the coal or shale. Consump-
tion figures range from 13-24 gallons per 106 Btu of product for coal
gasification; 7-26 for direct coal liquefaction; 13-26 for indirect
coal liquefaction; 9-32 for surface shale retorting; and 9-13 for
modified in situ shale retorting (Derived from References 17, 37b,c) .

Water consumption for upgrading and refining is not available in the
literature. The estimates presented for shale oil upgrading are based
on private conversation with Mr. Bobby Hall and Ray Young of the
American Petroleum Institute 3/81. For shale oil - 100 gallons per
barrel are needed to make the raw shale oil suitable for pumping,
and 40 more gallons per barrel to convert it to transportation fuels.
Polling of a large number of oil companies and API experts did not result
in water consumption estimates for upgrading
Robert Howell, Bonner and Moore, Fred Wilson
Hall and Young of API - 3/81) .

of coal liquids
Texaco, Patton,

(name1y:
Nanny,
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1.

2.

3.

4.

5.

6.

7.

Same assumptions

Notes to Table 3.17

and references as those in Table 3.14.

Oil has energy content of 5.8 x 106 Btu/barrel.

Coal has energy content of 24 x 106 Btu/ton.

Oil shale has energy content of 3.45 x 106 Btu/ton (based on 25
gallons

Tons of

Barrels

N.A. is

of oil per ton) .

coal or shale.

of oil equivalent.

not applicable.

.

-.
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Table  3.18* Annual Water Consumption of Generic Synthetic ml Energy
Systems Producirq 50,000 hbl Oil Equivalent per Day to End User

(In million qallons per v-)

Coal Gasification

Mediun-Btu High-Btu

Mining 64-95

Benef iciation 130

Transportation to
Conversion Plant o

Conversion to Fuel 1400-
2500

U~adirq and
refining o

Distribution @
End User o

* Sam assumptions and references

SOUKE: E. J. Batz &Associates

64-95

130

0

1400-
2500

0

0

Coal Liquefaction Oil Shale Retortim

Direct Indirect

64-95 64-95

130 “ 1 3 0

0 0

7#o- 1400-
! 2800 2 8 0 0

as in Table  3.16.

0 0

Surface Nbdified in Situ

7 4 - 1 2 0 7 4 - 1 2 0

0 0

0 0

950- 950-
3400 1 4 0 0

2500 2500

‘ 0 0
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