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LEGAL NOTICE

This report was prepared by Hoffman-Hoit, Incorporated as an account
of work sponsored by the U. S. Envircnmental Protectien Agency (EPA).
Neither the EPA, the U. 5. Government, Hoffman-Hoit, Incorporatad,
Oor any person acting on behalf of either: (a) makes any warranty

or representation, expressed or implied, with respect to the accuracy,
completeness, or usefulness of the information contalned in this re-
port, or that the use of any information, apparatus, method, or pro-
cess disclosed in this report may not infringe privately owned
rights; or (b} assumes any liabilities with respect fo the use of,
or for damages resulting from the use of, any information, apparatus,
method, or process disclosed in this report.



FOREWORD

fn Sepfember of 1980 the U. S. Environmental Protection Agency
(EPA) published a report that described selected fuel utilization
and conversion technologies in a form suitable for general
distribution: '

Environmental, Operational, and Econcmic Aspects
of Thirteen Selected Eneray Technologies
EFPA-600/7-80-173

Because the amounts of gaseous and liquid products are depend-
ent on process conditions and because these conditions can be alter-
ed To produce more or less of a specific product it was determined
that it would be useful if an analysis were attempted to relate
product mix fo a synthetic fuel process efficiency. This analysis
of efticiency would be'based on process capability to (1) produce
the maximum amount of f{iquid.fuel, (2} recover a usefu! product
based on recovering the maximum input energy, and (3) maximize its
efficiency to produce a preseslected standard (i.e., another process
within the same fechnology area).

Environmentally speaking, it should be obvious 1o everyone
that a resultant reduction in pollutant.emissions and effluences
will occur per unit output if the efficiency of a given process is
maximized. The nationa! importance of this. concepT in preserving a
quality environment and in conserving our nation's natural energy
resources is highlighted by the following newsbriefs reieased just
prior to this publication; ' -

In a guest editorial for Fossit Energy | & C Briefs, U. §5.
Department of Energy, vo!. 2, no. 3, May 1981, Dr. Robert E. Roberts,
Acting Director, Office of Advanced Research and Technology, states

"The IQBi estimate of our national demonstrated
- coal reserve is 475,000,000,000 tons. While
this is not 100¢ recoverabie with known tech-

nology, it is stili a vast national resource.
Our future and that of many generations to
come will depend to a large extent upon our

steward-ship of this vast energy resource.

We are all aware that processes for turning
coal info other forms of energy are not new.
Such processes have been used for more +han
200 years. It is frequently asked why we



continue to develop new processes when ihe
old ones appear To have been successful -
The Worid War |1 German technology is offen
cited as an exampie.

The answer to this guestion lies in a close
examination of the oid processes as weli as
those that represent the latest developments
in the emerging technology. ©Good steward-ship
requires that we maximize the efficiency with
which we use our resources. The key 1o this
lies in the implementation of & carefully
considered and.executed broad program of re-
cearch to upgrade and refine our fechniques”.

The California Energy Commission told the U. S. Synthetic Fuels
Corporation, as reported In SynFuels, May 29, 1981, {(McGraw Hill)
that one factor "curiously absent” from the proposed synfuel project
selection criteria guidelines is

"+he consideration of efficiency of feedstocks
being turned into synthetic fuels. The minimum
efficiency standard, below which a project
should be considered less favorably, should be
50%1:

This publication is a follow-up to that initial EPA survey/
analysis, but for just one of the 13 fechnoiogiss, namely, indirect
liquefaction. The Office of Environmental Engineering and Technology
+rusts that this report will prove useful and would consider 11 to
be so if the importance of efficiency as 1+ relates to the environ-
ment and conservation is henceforth appreciated or if This report
initiates In the mind ot the readsr efficiency-oriented thinking.

Acting Director,
Energy Processes Division
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1.0 INTRODUCT ION

Currently, considerable activities are being pursusd in ad-
dressing the United States' intermediate and longsr range energy
supply requirements. Im this regard, even though the reserves of
petroieum and to a tesser extent of natural gas are quite limited,
the nation is quite fortunate in coal resources. Even S0, QUr so=-
ciety and supporting infrastructure is very dependent on substan-
tlal amounts of liquid and gasecus fuels. Currentiy we are forced
to import approximately 40 percent of the oil consumed in this
country. This being The situation, considerable efforts have and
are being directed at developing technicaliy sound and environmen-
Tally acceptable technologies for converting coal to gaseous and
liquid fuels. |In pursuing this effort there are many underiying
facets that must be considered. These cover the attainment of via-
ble, economically acceptable techneclogies that could convert coal
into more desirable forms and are commensurate with enviroamental
acceptabillty and resource conservation.

In this regard, this study addresses some indirect conversion
technologies that are current!y being investigated for converting
toal tTo gaseous and/or liquid fuel forms. The included material
covers indirect coal conversion technolagies, assoclated effi-
ciencies, environmental aspects and rel!astive ecoromics. The intent
ot this paper is to provide insight into the impact of product mixes
on process efficiency tor a variefy of energy production scenarios

incorporating indirect coal |igquefaction technologies. 11 is hoped
that efficiency and its positive Impact on the environment and
energy resources will be incorporated into the decision making pro-

cess regarding the selection and promotion of energy technologies.
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2.0 U. S, COAL RESOURCES

Essentiaily, the reserve base réfers to the total inplace coal
+hat 1s technically and economically minable at this time (as based

on specific depths and thlckness criteria). [T is not a fixed quan-

tity, but one that will increase with discovery and additional de-
velopment, decrease with mining and change if the criteria for its
calculation are modified., No consideration was given fo market-
ability in calculating the reserve hase for this report. Neverthe-
less, the criferia used for bed +hickness and depth correspond gen-
erally with those of the coais currently being mined commercially
in The United States (11.

The proportion of coal that can be recovered from the reserve
base is termed The reserve. Recoverability varies in the range
from approximate 40 to over 90 percent according to the character-
{stics of the coal bed, the mining method, jegal resfraints and the
restrictions piaced upon mining @ depesit because of natural and
manmade features. Generally surface mining recovers a greater per-
centage of the inplace coal than does underground mining. In fact,
wesTern surface mining generally recovers over 90% of available
coal while recovery from underground coal deposits can be less than
40%. Mining experience In the United States has indicated that, on
a national basis, at teast one-half of the inplace coals can be re--
covered (1).

The demonstrated coal reserve base of the United States on
January 1, 1974 was estimated to total 475 billion tons. This quan-
tity is widely distributed geographlcally, with 45 percent occur-
ring in the states east of the Mississippt River and 35 percent oc-
curring in western states and Alaska. -However, quantities of dif=-
ferent ranks as well as +he amounts amenable, To production by under-
ground and surface mining methods differ markedly in different
areas {1). '

The sulfur content of United States coals also varies. While
46 percent of the t+otal reserve base can be identified as low~sulfur
coal, which is generally acknowledged as coal with less than one
percent sulfur, 21 percent confains more +han three percent sulfur.
The sul fur content of 12 percent of The coal reserve base 1s un-
known, largely because many coalbeds have not yet been mined (1).

EighTy-four (84} percent of the coal reserve base with less
+than 1 percent sulfur occurs in States west of The Mississippi
River. The bulk of the western coals are of a lower rank than The
eastern coals, however, and, on a caloritic basis, 1T is estimated
that at least one-fifth of tThe Nation's reserve of low-sulfur coal
is in tThe East (1).




———

In 1980, 835 mililon tons of coal, mined in the U. S., sup-
plied 18.9 quads of energy., Out of this total, coal supplied 15.7
quads toward the domestic consumption of 76.3 quads. Thus, in 1980,
coal supplied 20.5% of our domestic needs. By comparison, in 1950
coal supplied 38.3%; in 1960, 23.0%; and in 1970, 18.9% of *the en-
ergy consumed in the U, S, As can be seen coal, ocur targest fue!
resource, has been satisfying less of our domestic needs since 1950
and now appears to be making 2 comeback (2).

As Is generally recognized, our substantial coal rescurces can
be used in two specific fashions: 1) directly as coal, and 2) as a
feedstock for conversion into an alternate fuel form {e.g. oil),
Whenaver possitble, from an energy conservation consideration, it is
best to use coal directly. For in any conversion process somg of
The Total energy is lost. However, there are numerous fuel use ap-
plications that cannot utilize coal (e.g. motor vehicle combustion
engines) and if coal is to be a primary energy source, then it must
be converted to & usabie energy form(s).

At the current rate of production our currently defined re-
setves will suffice for approximately 240 vears, [f coal were fo
be required fTo supply 50 percent (as compared to a current 20.5 per-
cent value) of our energy needs with synthetic fuels from cozl sup-
plying half of the total coai-derived enerdgy, the life of cur re-
serves would be greatty diminished. The coal reserve life, as
based on our current energy-consumption level, If cozl.were +o supply
half our energy would be dependent on the synthetic conversion ef-
ficlency and is equal fo: '

79 years for a 70% synthetic conversion efficiency
72 years for a 60% synthetic conversion efficiency
64 years for a 50% synthetic conversion efficiency

As can De seen from the above, the conversion efficiency is very im-
portant when considering the conservation of our |imited fossi|
fuel resources. '

The tons of coa! per year required fo provide 100,000 barrels
per day of crude ofl equivalent* can be sstimated as indicated by
the following example:

* Includes all gaseous and liquid fuels
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Coal: Subbituminous - 17 MM Btu/ton
Btu equivatent of product - © MM Btu/bbl
Convarsion efficiency .- 60 percent (assumed value)

100,000 bbl/day X & MM Btu/bbi _
Tons of coal per day = {77 Bru/ton X 0.6 Conv. Eff.

58,823 tons/day
Tons of coal per year = 58,823 X 365 = 21.5 ml!lion tons/year

This is the approximate amount required to éupply approximately
0.6% of our current yearly petroleum requirement.

When coal is used directly, obviously the greatest overail gf-
ficiency results. As a further example, cbtainabie boiler efficien-
cy (i.e. the ratio of heat absorbed by water and steam to the heat
in +he fuel fired} for an appropriately designed boiler is essen-
tially independent of whether oil, gas, or ceal is fired. in con-
verting coal o a medium-Btu gas, 3 reasonable conversion efficien=
cy is 80 percent (Reterence 3). When converting coal to liquid
fuels, a reasconable conversion efficiency 18 35 percent (Reference
3). An industrial fossil fuel-fired boiler typically could achieve
an 85% boller efficiency value. The obfainabie efficiencies by di-
rect coal firing or firing by oil or gas derived from coal as based
on & boiler with an 85% efficiency are typlcally as follow:

Coal-fired boiler - B85 %
Medium-Btu gas derived

from coa! to fire boiler - 68% (i.e. 0.85 X 0.80 X 100)
0il derived from coal

to fire boiler - 47% (i.e. 0.85 X 0.55 X 100)

Therefore, when viewing +he conservation cf energy resources, it
is obvious that whensver feasible, coa! should be used directly.
However, there are, as previously indicated, many fuel uses that
are dependent on @ specific fuel form. These include steam plants
designed for gas, automobiles, diesel locomotives, etc. In the
past, coal was substantiamlly used as'a residential heating fuel,
but it is now impractical 7o consider The direct use of cozl as a
future SignificanT-residenTial fuel. Existing ges and oit-fusted
furnaces will noT accepT coal, the nfrastructure to supply ceal 1o
a significant number of homes has been lost, and the environmenial
implications asscciated with parficulate, NOx, and 50y emissions
from fow stacks over large metropofitan areas are staggering.




3.0 INDIRECT COAL LIQUEFACTION

3.1 General
Coal liquefaction processes -can be classified into two princi-
pal classes --direct liquefaction and indirect liquefaction, In

indirect |liquefaction, the coal is first gasitied to make a synthe-
sis gas and then passed over a catalyst to produce alcohols (metha~
nol} or parafinic hydrocarbons {3).

A particular advantage of indirect lfquefaction is that essen-
tially ail of the sulfur and nitrogen present in the coal can be
separated in the gaseous phase and thus e!iminated from The liquid
products. These materials are difficult and expensive to remove to
a very low concentration with direct processes (%),

The indirect |iquefaction processes receiving significant at-
tention are the Coal-to-Methano!, Fischer-Tropsch and the Mobit M.
A modification of the Fischer-Tropseh process is in commercial use
in South Africa. A range of hydrocarbon products are obtainable
with This process. The Mobil procegss is in the demonsiration
stage. The principal product of +this process s gasoline. The
basic flows for the indirect liquefaction processes are provided
by Figure 1.

Environmental probiems common to fossil energy facilities will
also apply to coal liquefaction facilities. Liquefaction facili-
ties do, however, present some unique problems due to incomplete
combustion resulting in a wide varlety of organic compounds, reduc-
ing conditions resulting in H2S and other reduced sulfur compounds
and cataiytic processes producing spent catalyst with associated
environmental concerns. These problems: are generaily common to all
liquefaction processes. Since no targe scale plants are in opera-
Tion in the U. S., the enly available data on emissions and efflu-
ents are estimates based on bench scale, pilot and demonstration
synfuel .piants and reiated industries. Because of the lack of domes-
tic commercial plants there are no readily fransferable hard data.

3.2 3pecific Processes

Lurgi/Methanol

In the Lurgi/Methanol indirect liquefaction process medium Bty
synthetic gas is produced by Lurgi gasifier(s). The synthesis gas
is shift converted to the proper carbon-to-hydrogen ratio and the
resulting gas is converted to methasnol by any cne of a number of
proven processes. In addition to methancl, other reaction preducts
are also produced. The yield of methanol is maximized by a combi-
nation of optimum reaction conditions, catalyst and the recycle of
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unreacted gases. High catalyst selectivity limits the production
of -ethers, ketones, and higher alcohols. Figure 2 is a simplified
diagram of the basic process flow (3},

Coal
Coa| Gas Cleanup
Oxygen —=———pm- ———®  and Shift
GCasifier Conversicon
Steam ——im
Methanol,
Methano | SNG, and
T r—® Minor
Process Products
Figure 2

Lurgi/Methanol Fiow

Lurgi/Methanc! /Mobi) M

In the Lurgi/Methanc|/Mobil M indiract liquefaction process
medium Btu synthetic gas is produced by Lurgil gasifier(s). The syn-
thesls gas is shift converted to the proper carbon-to-hydrogen ra-
tio and the resulting gas is converted o methanol by any one of a
number of proven processes. The Mobi | process converts methanol in-
1o a high-octane gasoline by dehydration over a shape-setective czt-
alyst. In addition, other hydrocarbon and minor products are pro-
duced. The secret of the process is the catalyst, a unique zeoiite
identified a few years ago. Figure 3 1s a simplified diagram of
the basic process flow (3).



Coan| —o=
Coal
Oxygen . ’ Gas Cle?nup
. s and Shift
Gasifier Conversion
Steam ———9
Methanol ' Feed Mobil M
L . g
Process Preparation Process

Gasoline and Other
Hydrocarbon Products

Figure 3
Lurgi/Methanol/Mobi! M Flow

Lurgi/Fischer-Tropsch

Tha Fischer-Tropsch (F-T) indlrect liguefaction process is
based on the F-T catalyfic reactions that were discovered in 19Z3.
The F-T reactions can cover a range of combinations using different
metallic oxide catalysts fo resct hydrogen and carbon monoxide 1o
form a mixTure of olefins, paraffins, and alcohols. The reactions
are exothermic and are notf specific to the formation ot any single
compound. The range of products from the F-T process depends on
+he reaction and femperature conditions as we!l as the Type of cat-
alyst and the composition of (input) reactanis. In the overall pro-
cess coal is initially gasified, cleaned of H2S, CO2, and impuri=
t+iec and shlft converted fo the proper carbon to hydrogen ratic be-
fore being fed to the F-T reactor{s). The product output covers a
range of hydrocarben fyeis plus various chemical products. Figure
4 is a simp!ified diagram of the basic flow (3).




Coal ———pmm
Gas Cleanup
Oxygen ——m»m Gasifier p——ml snd Shitt

Conversian
Steam ———pw
F-T Product Liquid fuels --
b —#  Separation and ®  and other
Synthesis Cleanup Hydrocarbon
Products
Figure 4

Lurgi/Fischer-Tropsch Flow

3.3 Process Efficiencies

There have been a number of estimates and assessments of the
obtainable efficiencies from indirect liquefaction processes. Some
estimates have been based on energy balance approaches and/for the
performance of process elements comprising the overall| conversion
sysTem. It must be recognized that since there are no commercial
iiquefaction plants in the United States, available efficiency vaj-
uUes are estimates and assessments.

As previously indicated, obtainable conversion efflciencies
are a function of process, output product mix, input fuel character-
[stics, and plant operating factors. The following material is
based on high heating values. Process sfficiencies for indirect
liquefaction processes were obtained from a number. of sources,

Reference 5 contains estimated efficiency values for several
indirect |liquefaction processes. The assessments are based on
using a Wyoming high voiatile subbituminous strip coal with an as-
received heating value of 8500 Btu per pound. For the presented
material, coa} is gasified using a Lurgi dry-ash, moving-bed pres-
sure gasifier.  For the assessments, sufficient precess steps are
inciuded so as to provide ltquid products meeting U. $. market spec-- .
ifications and to produce SNG that wouid be interchangeable with
natural gas.



Provided thermal sfficiencies as based on Reference 5 are as
Ifo%lows:

Table | is the estimated thermal efficiency for the co-
production of methanol and SNG. Coal i3 gasified and methano!
is produced from the coal derived synthesis gas. This is es5-—
sentlally the same as given by Table 2 except the Mobil
methanoi-to-gasol ine technology 1s eliminated. The SNG can be
converted to additional methano!. The efficiency of "reason-
able" maximum production to methanol can readily be estimated
from the efficiency provided in Table 3 by censidering tThat
the Mobil M process 1s approximately 9Z percent etficient.

Table 2 indicates the estimated therma! efficiency for the co=
production of gasoline and SNG using the Mobil methanol-To-
gasol ine technology. As previously Indicated, coal is gasi-
fied, methanal is produced trom the coal derived synthesis gas;
and the methanol is Then processed by the Mobil process. This
case provides The "practical® expected efficiency {i.e. meth-
ane is not reformed) for process products when gascline ts de-
sired.

Table 3 iz the estimated thermai afficiency for coal 1o gaso-
line producticn with elimination of SNG. The same technology
and synthesis gas production as in Table 2 sxcept SNG is elim-
inated. A reforming unit converte methane Info synthesis gas
which is recycled To produce additiona! methanol and, ultimate=
ly, additiona! gasoline. Table 3 indicates fthe estimated ef-

ficiency with "practical production of gasoline.

Table 4 is the estimated thermal efficiency for the co-
production of gasoline and SNG using state-of-the-art Sasot-
type Fischer-Tropsch technology. Coal is gasified by B Lurgi
dry-ash pressure gasifier, cleaned of H2S, C02, and-impurities,
shift converted, and fed To the Eischer-Tropsch (F-T) reactors.
The F-T products undergo extensive upgrading to become market-
able under U. S. specifications. Table 4 can be assumed fo in-
dicate a reasonable "practical" outpu® {i.e. methane is not re-
formed) using the Fischer-Tropsch technology when gasoline is
desired with the output products meeting U. S. specifications.

Information based on Reference & is also provided on Tables 1
through 4. Values contained in this reference were modified To re-
flect estimate efficiencies as -based on high heating values. i+
should be noted that there is general . agreement between the values
based on References 5 and 6. ’ = o

10




Table 1
Estimated Thermal Efficiency
For Co-production of Methanol & SNG(5)%

{Subbituminous Coal, Lurgi Gasifier
fol lowed by Methano} Process)

dnput 108 Btu/Hr Percent of input
: {Btu Basis)
Coal 19,383 |
Coal Fines (Excess) (1,125}
Required Power? 22°
Net input 18,280
Output ¢
SNG . 5,948 32.5
Methanol 5,737 31.4
Naphtha 285 1.5
Total 11,970 65.4°
al

Based on subbituminous coai with as-received heating value of
8500 Btu/lb.

o) Boiler is sized for optimum efficiency (i.e. balanced steam
demand) which results in the nsed for a sma!l amount of
externally supplied power.

¢ Direct Thermal Equivalent Value.

@ In addition, there are small oquuTs of sulfur & ammonla with
economic value.

e)

Reference 6 indicates an overal! efficiency value of 66%, with
a 53% value for primarily a methanol product.

11



Table 2
Estimated Thermal Efficiency
For Co-production of Gasoline & SNG
with the Mobil M Process®

(Subbituminous Coal, Lurgi Gastfier,
Methano! Process, Mobil M Process)

input 106 Btu/Hr Porcent_of Input
(Btu Basis)
Coal 19,383
Coal Fines (Excess) _(872)
Net lnput 18,511
Output®
SNG 6,087 ' 32.8
Cz LPG 247 1.3
Cy4 LPG 385 2.1
10 RYP Gasoline 4,689 25.3
Power (Process Excess) 18° 0.1

Total 11,406 61.69

3)Based on subbituminous coal with as-received heating value of
8500 Btu/lb. '

b}ln addjfion, there are small amounts of sulfur & ammonia with
economic value. -

S)pirect Thermal Equivalent Value

d)Reference 6 indicates an efficiency of 61% with gasoline contain-
ing 24% of the input Btu's.
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Table 3
Estimated Therma! Efflciency
For Production of Gasoline
With the Mobil M Process(5)?

(Subbituminous Coal, Lurgi Gasifier, Methanol Process,
Mobil M Process with Elimination of SNG?

lnput 105 BYu/Hr Percent of |nput
' (Btu Basis)
Coal 19,458
Outputb
C3 LPG 424 2.2
Cq LPG | 664 3.4
10 RVP Gaso!ine 7,962 | 40.9
Power (Process Excess) 5¢ -
Total 9,055 4658

2)Based on subbituminous coal with as-received heating value of
8500 Btu/!b. :

BY|n addition, fthere are small cutputs of sulfur & ammonia with
economic value,

S)girect Thermal Equivalent Value

d)Reference & indicates an overall efficiency value of 49% for
primarily 2 gascllne product,



Table 4
Estimated Thermal Effictency
For Co-production of Motor Fuels & SNG
With F-T Technology(S)a

(Subbituminous Coal, Lurgi Gasifier, sasol-Type Fischer-Tropsch
Technology. Products Extensively upgraded for U. 5. Market)

1nput : 105 Btu/Hr Percent of Input
' (Btu Basis)
Coal 19,708
Mathanol 3
Tota! Input 19,711

Principal OquuTb

SNG 7,243 6.8
Cz LPG 176 0.9
C4 LPG 26 0.1
10 RVP Gasoline 2,842 14.4
Diesel Fuel 514 2.6
Heavy Fuel 0il 147 0.7
Power (Process Excess) __1° _0.1

Total 10,959 55,65

8)gaced on subbifuminous ceal with as-received heating value ot
8500 Btu/ib.

D) addition, there are outputs of alcohols (1.5% ot input Bfu
value), and small amounts of sulfur & ammonia, with economic value.

C)Dir‘ec-r Therma! Equivalent ?alue

4} ceterence 6 indicates a 53% efficiency value with 24% liquids
(vs 18.8% for this case).
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As we tend away from a gaseous product to gas/ligquid co-
products to all ltiquids the efficiencies decrease. This is what
wouid be expected as based on Reference 3. Basically, as we tend
to increase the yields of gasoline and hydrocarbon liquids we pay
an increasing price in fost energy. |1 should also be noted ¥hat
the Mobil process is inherently more efficient than the Fischer-
Tropsch process. As an example, the Mobif-process estimates indi-
cate that when 24% of the input energy is contained in the gasoline
product the overall system efficiency is 61% (see footnote {(d),
Tabie 2). For the Fischer-Tropsch with the 24% of the input energy
contained in liquid hydrocarbons, the estimated overal| system ef-
ficiency is 53% (see footnofe {d), Table 4). That is, the Mobil
process is indicated to be 15¢ more afficient than The Fischer-
Tropsch process at this product mix. However, the Fischer-Tropsch
is a proven process being In commercial use in South Africa.

Because incremental portions of the process streams can be
Treated differently, it is possibie to estimate how the overall ef-
ficiency would vary as the liquid-gaseous product ratios are changed.
The basls of the provided estimates, as indicated, is because of
the nature of indirect processes and the ability to process and fur-
ther process (e.g. reform mathane to CO + Hp) incremental portions
cf process streams in different fashions. Thus intermediate com-
ponents can be provided by combining lesser processed and greater
processed product outputs to provide products associated with inter-
medliate efficiencies. The fol lowing estimates derived by using
values shown in Tables 1 through 4 are based on subbituminous coal,
used with a Lurgi gasifier to produce a synthesis gas for indirect
liquefaction processes. :

Table 5 indicates the |iguid/gaseous Btu product mixes as per-
centage of input energy for the three addressed indirect tiquefac-
tion approaches based on Lurgl gasification as derived from Figures .
5, 6, and 7. Where Figure 5 is an estimate of thermal efficiency
versus liquid/gas product mix for the Mobii M process; Figure 6 is
for the Methano! process; and Figure 7 is for the Sasol-type
Fischer-Tropsch process. The Table 5 values are indicated on
Figures 5, 6, and 7, Interpolation of the figures will allow one to
make & reasonsble approximation of the efflciency associated with a
selected llquid/gas product mix by process.
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Figure 5
Estimate of Obtainablie Efficiency with Product Mix
for Mobil M Process
(using Subbituminous Coal, Lurgi Gasifier & Methano! Process)

a) yalue from Table 3. Alsc presented in Table 5 as Mobil M

max. !lguid value.

b> Yalues from Table 2. Also provided in Table 5 as Mobil M

max Btu values and Mobil M mix ratio values.
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Percent of Energy lnput in Liguid and Gaseous Components

53 55 - 60 65

]

Overall Thermal Efficiency (Percent)

Figure 6
Estimate of Obtainable Efficiency with Product Mix
for Methanoi Process (using Subbituminous Coal and Lurgi Gasifisr)

a) Value based on Reference € (see footnote d, Tabie 3) and a 92%
conversion efficiency for the Mobil M methanol to gasoline |
process (i.e. 49%/0.92). Alsoc provided in Table 5 as Methano!
maximum |iquid value.

b) Values from Tabie 1. - Aiso provided in Table 5 as Methanol

maximum Btu value {i.e. without methane reforming).

c) Values based on Mobil M llquid/gas ratio, i.e. reduced synthesis

gas to methanol conversion as compared to "b" values. Values
provided in Table 5,
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Figure 7
Estimate of Qbtainable Efficiency with Product Mix for
Sasol Type Fischer-Tropsch Technology
(using Subbituminous Coal and Lurgl Gasifier)

al Value based on Reference & for the producTion of
gasoline and diesel fuel. Also provided in Table 5
as F-T maximum ligquid valuse.

b) yajues from Table 4. Also provided in Table 5 as F-T

maximum Btu values.

c) values based on Mobil M ligquid/gas ratio with methane

reforming as required fo provide desired liguid/gas
ratio. Values provided in Table 5.




Table 5
Comparison of indirect Technologies' Products
As Based On Btu lInput

Conversion Technologies
(With Component Stream Frocessing as Required)

Froduct Basis Fischer-Tropsch Mobil M Methanol

Max. liquids Liquids~-37% Liquids-46.5%. . Liquids-53%

Mobil M mix ratio®  Liquids-23.5% Liquids-28.7% Liquids-31.3% D
Gas—~26,9% Gas~32.8% Gas-35.5%

Max. Btu when Liquids-18.7% Liquids-28.7% Liqulds-32.9%

methane is not Gas-36.8% Gas-32.8% Gas-32.5%

reformed

Source of Values - See footnotes of Figures 5, 6, and 7.

il

2 obil M Mix Ratio = i tiquid, o 1o oo

b) For this product mix not all of the available synthesis gas is

directed ftoward the methanol product. Therefore the overal |
efficiency Is greater than the conventiona!l methano! cace
(Tabie 1}. '
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4.0 ENVIRONMENTAL ASPECTS

4.1 Coal Mining (7}

In the West, wind erosion, and hence, particulates, generate
air potiution from surface mining at a far higher rate than in any
other coal mining reglon in fhe country. For example, air pollu-
tion, measured in tons of particulates per 1012 Bty, was, under
controlted conditions, 0.83 in the Northwest and 2.40 in the South-
west compared To an average ot 0.05 in the Appalachian and Central
Regions. Because most of the coal surface-mining equipment in the
West is electrically powered, diesel emissions are relatively low.
Air poltution indirectly generated by western surface mining OCCurs
at the electric power station site rather than at the mine site.

Air pollution from underground mines arises from several
sources. Blasting and oTher production operations generate some
poi lutants. Fires from coal refuse banks emit not only smoke and”
minute particulate materials, but also noxious and lethal gases.
in the past, fires have occurred in apandoned deep mines and in un-
mined underground areas.

Surface coal mining normally generates 2 lesser solid waste
problem than underground mining because surface mining generally
levels most of the overburden after the mining operation has been
completed. Data reported by Hi+tman Associates indicate that the
solid wastes generated by curface coal mining in southwestern
states averaged 414 tans per 1012 Bty compared with 730 fons per
1012 Btu in the northwestern states.

Underground mining produces large quantities of sol 1d wastes
where preparation plants are associated with the underground mines
in order to upgrade the coal. - On the average, approximately 25 per-
cent of the extracted coal 1s rejected as waste by a coal prepara-
tion plant. Some waste is produced from the sinking of shafts and
+he driving of enfryways and tfunnels.

|+ should be noted that coal conversion facitities are envi-
sioned to be essentially mine-month operations. Therefore poliu-
~tion and energy usage arising from coal +ransportation would be of
minimal concern.
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4.2 liquefaction p

4.2.1 General! (8,9)

The products of coal liquefaction span a broad range of chemi-
cal compounds, depending on the specific iiquefaction processes and
feedstocks employed. Many by-products of coal liguefaction and as-

sociated discharges have been identified, but the fuyl! range of
chemicals created and thelr potentia! environmental effects have
not been completely characterized. Since 2 boiter will be associ-
ated with a coal iiquefaction facility, the site wiil also be im-
pacted by emissions/effluents emitted by that source, such as boil-
er flue gases, boiler ash and flue gas desul furization siudgss.

The environmental and health hazards posed by these not fuily
characterized compounds are uncertain. The chemical structure of
many specfes appears fo .indicate a potential carcinogenic risk
which is higher than that of conventicnal petroleum products.
Whether the hazard would be restricted to the occupational health
area rather than the public at targe is unknown.

4.2.2 Wastewater & Gaseous Effluents (8)

Coal [fquefaction processes, |ike coal gasification processes,
produce water effluent streams which include cooling tower blowdown
and "sour" process water. While the specific point of generation
of individual compounds and their local concentrations within +he
I iquefaction train will vary from process %o process, atl will even-
Tuzslly appear as an effluent requiring separation and treatment.

"Sour" process water contains ammonia, hydrogen sulfide, and
dissolved hydrocarbons such as phenols and cresols. For the major
identified pollutants commercial control technology is available,
including the following:

e FPhysical separation of oil and water streams

e Steam stripping to remove volatiles

® Phenol recovery by non-proprietary oil extraction or by
Lurgi's proprietary.Phenosolvan process

e Sulfur recovery through a number of processes for removal,
conversion to elemental sulfur, and cieanup ot tail-gas
streams

o Biological oxidation to remove residual amounts of dis-
solved salts, phenoi, ammonia, etc.

® "Polishing" operations, such as activated carbon adsorption,
if required, to remove residual amounts of refractory or-
ganics which are not biodegradabie
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Substantial quantities of sulfur and nitrogen compounds may
remain in The tiquefied product and, especially in The case of syn-
thetic crude production, will require additional refining. This
will increase the number of individual cleanup procssses required

and, hence, plant emissions.

4.2.3. Solid WasTe

The principal solid effiuent from ceai . liquefaction will con-
sist of the mineral matter present in the coal feedstock. Indirect
liquefaction processes will discharge an ash with properties whieh
depend on The process specifles. Landfill disposal is an aiterna-
+ive, but leaching characteristics ot the solid wastes must be con-
sidered in selecting landfill procedures.

Other solid wastes will include spent catalysTs, organic

sludge from biological wastewater facilities, inorganic sludges
from flue-gas desuffurization or evaporation ponds, and byproduct
sulfur if not recovered. These wastes may require specialized
+reatment to avoid transmission of soluble components, including
trace elements (e.g. arsenlc, chromium, mercury, moiybdenum, and
salenium) to local water supplies.

Coal storage and preparation will also require polliution con-
trol techniques for dust and rainwater runoff.

4.2.4 water Requirements (8)

A commercial-size coal l[iquefaction facility producing 100,000

barrels of synthetic crude per day will reguire an estimated 5 To
25 million gallons of water daily.’ while many ligquefaction pro-

cesses consume water as a chemlcal feedstack to produce hydrogen,
the primary use of water in all processes is cool ing-retated. Di-
rect air coolers and dry cooling fowers are commercial technologies
which could be employed to reduce water consumption. They would De
used only 1n areas where additional competition for avallable waTer
supplies would be unacceptable because they increase energy con-
sumption, land requirements, and total capital cost by as much as 7
ta 10 percent.

4.7.5 Process Waste Streams & Residuals

The potential pollufants and amounts are dependent on both pro-
cess specifics and plant size. Even so, i+ is possible to partiatly
categorize the typical waste streams assoctated with functional lig-
sefaction areas. Table & indicates key process waste streams
(prior Yo controls), Table 7 indicates air, water, and solid waste
environmental residuals., The estimated range of residual emission
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Table 6
Key Process Waste Streams(9}

GCaseous Wastes

Boiler Flue Gases
Rectisol Acld Gases
Transient & Intermittent Waste Gases

Agquecus Wastes

Raw Gas Liquor/Rectisol Condensates
Synthesis Condensates

Solid Wastes

Gasifier Ash, Boiler Ash, FGD Studge
By-product Sul fur
Biotreatment Sludge
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Table 7
General Environmental Residuals From indirect Liguefaction(9}

Air Pollutants

Pollutants of concern in the boiler flue gases include S0z,
.pafticulates and NOx. tn The Rectisol acid gases, pal lutants
of concern are reduced sulfur compounds, reactive hydrocarbons
and C0, ammenia and HCN. Of concern in all fransient and in-
termittent waste gases are reduced sulftur compounds, POM, HCN,
ammonia, particulates, reactive hydrocarbons and CO.

Water Pollutants

Key po!lutant species and wasfewater parameters in the combin-
ed stream inciude: pH, ammonia, Totel phenol, cyanide, thio-
cyanate, T0C, COD, BOD, inorganic dissolved solids {inciuding
trace elements), priority organic pollutants, sulfide, oil and
grease.

Solid Wastes

Available data indicate that the unguenched gasifier ash, when
subjected to the RCRA leach/extraction procedurs, "is non-
hazardous. |+ is believed thet residual organics present in
unincinerated process wastewaters may render the ash hazardous
i+ mixed in a co-disposal alternative. The same arguments ap-
ply To the FGD sludge if mixed with unincinerated process
wastewaters. |1 is believed that biological sludges will be
nazardous because of their organics and frace metal confents,
although no confirming datse are avallable.
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levels after control, by process type, per 100,000 equivalent bar-
rels of product output, is provided by Table 8. The exact outputs
are dependent on effectiveness of the utilized centrols.

It should be noted, that when viewed from a mass balance basis,
The residues for disposal generally increase with decreasing ther-
mal conversion efficiency. What does not appear on @ mass basis as
output products, must be disposed of in some manner. However,.it
should be noted that since the production of environmentally unde-
sirable waste components will vary between processes and since The
efficiency of environmental control measures will differ, we cannot
accurately quantify the relationship betwesn efficiency and environ-
mental impact. Even so, it must be noted that many components of
indirect systems are common. As an exampie, coal handling, gasi-
tiers and ancillaries, raw gas cleaning and shift conversion, etc.
elements are common to various |iquefactieon concepts and the asso-
ciated material losses from such elements should be comparabls.
Therefore, the environmental concern associated with such units
would Increase with a decrease in overall conversion efficiency.
That is, with decreasing efficiency, more coal input and consequent-
ly more effluents are generated for a given product output. This
output (i.e. pollutant discharges) would be inversely proportional
to the efficiency value. It is not unreasonable to assume that over
a limited range a linear relationship exists befween conversion ef-
ficiency and air emissions per given amount of feedstock. Table 5
indicates a liquid-conversion efficiency of 46.5 percent for Mobil M
and 53 percent for methanol. Therefore going from a Mobil M Yo a
methanol [iquid product, the reduction in air emissions could be on the
order of {1-46.5/53) or 12 percent. In a similar fashion, for the

. Methanc! process, comparing a maximum [iquid output option +o the

maximum Btu output option (Reference Table 5) we have, as based on the
same rationale, a potential air emissions reduction of (1-53/65.4}

or 19 percent. Considering the substantial estimated air emission
tevels per 100,000 equivalent barrels of product (Tabie 8), this re-
ductlon if applied o & commerciai operation could be very significant.

T should be emphasized, that even though many by-products of
coal liquefaction have been identified, the full range of chemicals
created, and their potential environmental effects {(after control)
have not been fully characterized.
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Table 8

Estimated Residual-Emission Levels (Affer Control)(4,10)

AlR EMISSIONS

Process

Fischer-Tropsch

Mobil M
(Coal-Methanol-Gasol ine)

Methanol
{Coal-Methanoi)

SOLID WASTE

GCategory

Boiter asﬁ

Linestone sludge

Gasifier ash

Wastewater treatment sludge
Spent catalyst

Spent catalyst tailings

*
Only for pollutants cited.

Particulates 5C, ~ NO,
(Tons Per 102 Equiv. Bbl. of Liguid Output)

2-12 18-28 10-47
1-15 12-28 10-31
. 1-15 12-28 10-31

Total Quantity

{pounds per 106 B+y of producsd
energy product)

12-14 (Total)
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5.0 COST OF SYNTHETIC PRODUCTS

IT Is difficuit to provide confident projections of the cost
of synthetic fueis from indirect liquefaction processes. Even so,
using the same plant-costing concepts, plant-duty paresmeters, the
same value of capital concept for all considered plants, the rela-
tive cost of conversion in terms of cost per miilion Btu of product
output can be estimated. Table 9 provides an assessment of rela-
tive costs.
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Table 9 :
Synfuels-from-coal Projected Cfficiencies & Relative Cost®

Product(s) of interest
(With Btu percentages of input)

Methanol
Liquids-34%, Gas-32%
Liquids-53%

Methanol-Mobii M
Liquids-31%, Gas-30%
Liquids-49%

Fischer-Tropsch
Liquids-24%, Gas-29%
Liquids-37%

¥ Based on Reference 6

Efficiency

66%
53%

61%
49%

53%
379
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6.0 CONCLUSIONS

1. There is a significant difference in the thermal efficiencies
of The coal-to-methancl, Mebil M, and the Fischer-Tropsch processes
when compared on a similar basis. In general, The thermai efficiencies
are highest for ceal-to-methanol and iowest for Fischer-Tropsch. When
the liquid fuel component contains approximately 25 percent of *he Btu
output, the Mobil M process Is estimated fTo be approximately 15 percent
more efficient than the Fischer-Tropsch process,

Z. The thermal efficiency for each of the above processes de-
creases as we increase the percent of the tiquid products. Since
thermal efiiciencies are higher with greater percenteges of gaseous
outputs and are reduced with additional reforming of methane, it wouid
be desirable from respurce conservation and environmental standpoints
to increase the utilization of gaseous fuels and minimize the demand
for liquid fuels.

3. The cost per Btu of product at reasonable equivalent tiquid/
gas ratios is greatest for Fischer-Tropsch and least for the coal-to-
methanc! process.

4. The reduction in environmental impacts resulting from in-
creased sfficiencies resulting from modifying the preduct mix (i.e.
by process and/or ocutput mix selection), al Though not completely
" quantifiable, appears to present a significant opportunity for re-
ducing pollution.

5. In the national intferest of maximizing conservation of energy
resources and minimizing environmenta! impacts, energy planners should
consider applications that will maximize the use of synthetic gasecus-
fuels.
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