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SECTION 1

INTRODUCTION

This report describes the results of an investigation of coal liquelaction
processes that are under development. The main objectives ol the investiga-

tion were Lo:

o Survey coal liquefaction processas being developed;
& Review the status of development;
@ Make comparative technical and economic evaliuations of high

potential processes.
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Thoe survey was cenducted under Subcontract NO f186 Nltﬁ the Oak QLdge
(UCC-ND) under the Principal Contract No. W-7405-éng-26 with the Depar:ment
of Energy {DOE)}, Fossil Energy Division of Program Control and. Support.

Their support and guidance are gratefully acknowledged.

The survey was a limited effort assignment relative to the broad scope of
the objectives and the number of candidate coal liguefaction processes.

I: used the experience gained, previously and concurrently, in the devel-
opment of seven comprehensive conceptual designs/economic evaluations pius
reviews of design, construction and operation of several pilot plants.

The concéptua} designs included caendidates from 21l generic liguefaction
classificacions, 1,e., hydroliguefacrion, donor solvent, pyrolysis and in-

direct.
Information uvsed in the survey and evaluation was, in general, chal avallable
From published sources, provided by DOE, or obrained by nonproprietary canh-

sultation with procass developers. Proprietary information is not Iacluded.
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At the begimming of the survey more than 60 candidate processes were defined.
From these candidates, & list of 33 were judged worthy of more extensive
review. Approximatzsly 30 processes were deleted from further consideration
at this'stage for various reasons. To illustrate, some were judged to have
limited potential for commercislization, some appeared too similar to pro-
cesses which were more advanced in their development cjcle to warrant sepa-
rate study, for some there was insufficient data available to us to permit
detailed evaluation, and in some cases develapﬁent work had been terminated

by tne develcpers.

The 33 processes reviewed represented an effective overview of the current

state of cozl ligquefaction art. A summary of the characteristics of these:
. . . 1

processes was compiled and published; this "Data Source Book" " eserved as

& starting point, as well as a reference, for the work reported hare.

The survey results summarized in the failawing pages reﬁresent the equivalent
of . pnatog*aph " oat a polnt in tlme (July, 1978), of-judgements regarding
the rela*;ve commercial potentzal for llquefactmcn processes. The judge-
‘ments were based on analysxs of information available to us withzn the

limits of time and rescurces avellable.
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SECTION 2

SUSMARY

A survey of coal liquefaction technology and analysis of projecred relative

per formance of high potential candidates has been completed and the results

are reportad here.

The key objectives of the study included preparation of a broad survey of
the status of liguefaction processes under development, selection of a
limited number of high potential process candidates for further study, and

an analysis of the relative commercial potential of these candidastes.

Other obliectives which contributed to successful achievement of thea above

key goals included definition of the characteristics and. deve1opme1t STatus v -

of known major llquefaculcn process cand1dates,ldeveloment of standardi zed
procedures for assessing technical, envirconmental, economlc and product-
characteristics for the separate candidates, and development of procedures
for selecting and comparing high potential processes. The comparisouns were

made for thrze production areas and four marketing areas of the U.S.

The survey was a limited effort in view of the broad scope of the objec-
tives. It used the experience gained during preparation of seven comprehen-
sive conceptual designs/economic evaluations plus comprehensive reviews

of the designs, comstruction and operation of several pilot piamts. Results
and conzlusions must be viewed in the perspective of the information that
was available for use in the study, how this information was treated, and

the full contex:t of the economic comparison results.

Comparative economics are presented as ratios; they are not intended to
be predictors of absolyte values. Because the true cost of coenstructing

and operating large coal conversion facilities will be known only after
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commercialization, the relative values are considered to be more significant

te achieve the objectives of this study.

There are many logic patterns that may be used for a technology assessment
of this scope. As an overview prior to summarizing the results and conclu-

gions, the particular logic pattern used here consisted of:

& Complerion of a broad survey of coal liguefaction processes
- that are under develcpment or have been operated commercially;

more than 60 processes were defined.

o Selection of processes justifying further review; 33 of the

60-plus were selected.

o Development of a '"Data Source Book" containing process char-
acteristics and development status for the 33 processes;

this. served as a reference during the subsegquent portions

_of the assessment program,

o Development of criteria for selection of high potential pro-

cesses for more detailed study:

- development status factors
- techniczl factors
- economic factors

- other

o Selection of high potential processes{ four were selected
using the selection criteria described above plus other rele-
vant criteriz described tater. Importantly, beczuse of high
imterest, and potential for defined conditions, character-
istics of one configuration of the Mobil-M process for pro-

duction of gasoline are summarized here.

G Development of process configurations including predicted

heat and material balances, product yields and thermal effi-
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ciencies, environmental control procedures, product gquanti-
ties/characteristics, and economics For the four high poten-

tial processes.

@ Comparison of the economiecs for the four high potential pro-

cesses:

- Fixed Capital Investment

- Tocal Capital Investment

- Operating Costs

- Required Product Selling Price (RPSP) at z LIX
Discounted Cash Flow (DCF) profitability level
for a defined project structure '

- Possible product market values

- A4 benefitfcecost (B/C) racio, representing the ratie

f possible market value to RPSP; this Is a direct

o
function of projected profitability.

® Retrospective Analysis of the rasults including:

i

Q

H

- Comparisan of relative economlics developed
this studv with results from comprehensive concep~
tual designs/economic evaluations prepared by major

coptractors.
- Economic impact of differences in product composi-
tions, i.e., as more highly refined products are

produced, what is the added cost?

® Development of conclusions and recommendations.
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The conzract required client agreement with the procedures used for techni-
cal snd economic assessment; also agreement on the high potential processes

selected for more detailed study.

The process cenfigerations for all high potential candidates produced mar~
ketable products. Of key importance in & comparative assessment is to

either make the comparisons based on virtually identical products or, alter-
natively, to adjust the comparison to quantitatively rationalize the economic
impacts of differences in products generated by the candidare processes.

In general, processes which produce heavy fuel products will require low
capital investments and yield low annual revenues; the full profitabilicy

analysis envelope must be viewed to provide a meaningful comparison.

The iniormation assembled for the 33 processes and published as a Data
Spurce }3_02_15,1 in conjunction with backgrocund from comprehensive conceptual
designs/economic analyses and pilot plant performance reviews provided =a
‘portion of the Basié_fof'selection'of high poténpia}_processes. Key ele-’

ments of the selection. criteria included:

o The development status; emphasis on the ability to permit

commercialization by 1990.

o Czpability of producing a product slate responsive to the

historical energy consumption requirements for the producing

area.

G Maximum prefitability.

) Ecologically acceptable.

o A limited nuﬁber of processes to be defined as "hig; potential”

sfter sssessing multiple techincal, economic, product charac-—
teristies and development status factors; see Appendix A

for details.
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The preliminary assessment of 33 processes was completed using the above
criteria guidelines. As a resul:t, the following four high potential pro-

cesses were selected:

o H~Coal based; a catalytic hydroliquefacrion process.

o SRC II based; a pseudocatalytic hydroliquefactign prOCESS.I

@ Consolidation Synthetic Fuel (CSF) based; a donor solvent
process,

Lol Fischer~-Tropsch based using a flame sprayed catalyst system;

an indirect process.

In conjunction with DOE, it was agreed that adequate detailed information
was not avallable £o us ac the time (in 19??) to, permxt detailed objective
1nc1u51on of the Exxon Doncr Solvent (EDS) process 'as a- candldate addi-
tional informatien has subsequently become avallable and. ruture assessnents“

should include EDS.

Also, as indicacted earlier, by virtue of special intsyest in the M-Gasoline
and the high rating iz obraimed, the results of an independent evaluatien

of one configuration of the process is summarized in some detail in ‘Appendix
C. The information on this process available to us at rhat rime contained
wrat might be termed comservative technology for the gasification and methanol
svnthesis steps and therefore requires.separate interpretation. Subsequently
more detailed design and analysis would place it om a more comparable basis

with the four high potential candidates.

A preliminary preocess package was developed for each of the candidates;
this congisted of a block flow diagrzm, heat and material balances,-produd:

yields/cheracterizations, thermal efficiencies and environmentsl facilicy



design. Each plant had the capacity to produce fuels with an energy content
of 600 billion Btu per day, equal to 100,000 barrels per day of fuel based
on a nominal 6 million Btu per barrel reference value. The amount of feed

coal required varied and was a function of the projected thermal efficiency.

Facilities were included in the design to upgrade and réfine the coal liquids
produced in the candidate process coal liguefaction step; product classifi-
cations included SﬁG, LPGs, gasoline, distillate fuel oils and residual

fuel oils. These upgrading/refining additions caused us to introduce the
terms "SRC II based,” "E-Coal based,” etc. to emphasize that while the basic
coal ligquefaction process to produce cozl liquids was based on referenced
data ivem the process developer, the added refining facilities were, in

general, our design inputs.

The separate processes produced products in the SKG, LPG, gasoline, distil-
late fuel oil and residual fuel oil glaﬁsificatidns,_bug_they_differed in
quantities and characterization. Table 371_summar$zes the product slates,
.feed coal quantity and other characteristigé_projgcted when proces#ing
Illinoié No. 6 séaﬁ coal at an Eastern'ﬁégion Ef'the Interior Coal Province
plant site; rhese results are considered typical of this Coal Proviﬁce which
include Kentucky, Indiana and Illinois. Table 2-1 shows: the SRC II based
plant configuration used here would produce the greatest amount of residyal
fuel oil and leasr amount of gasoline; the H-Coal based plant would produce
less resid and more gasoline; the CSF based plant would produce no residual
fuel oil, a significant amount of distillate fuel oil, and about the same
amount of gascline as the H-Ceal baséd piant; the Fischer-Tropsch based
plant produced primarily gasoline and 5NG with lesser amounts of LPG and
disriliate fuel oils. The SRC II based, H~Coal based and CSF based con-
figurations all produce azpproximately the same amount of SNG, equivalent

to 25-30% of total fuels produced on a Btu basis, while the Fischer-Tropsch
based plant produces approximately twice as much SKG. Therefore, while

the configurations used, in general, produced fuels in the target product
categories, they tend to be lighter products and more highly refined as

you move from left to right in Table 2-1. This should bes kept in mind as

the summary of relative economics unfolds.

N

-6



Estimates of capital investment requirements, opergting costs, and RPSP

at 12% DCF were prepared for each candidate. All economic factors were
developed based on first quarter 1978 dolliars. The figed capital investment
(FC1) estimates were based on an estimate specific to the primary coal lique-
faction operaticns as defined by non~proprietary information provided by

the process developer plus estimates of coal preparation and coal derived
liquids/gas recovery and refining based on prior comprehensive conceptual
design results; alsc experience factors for upgrading/refining operations
from the petroleum refining 1ndustrj. More details of the estimating pro-
cedures are presented in Section 7. Operating costs were developed by an
analysis of operating labor, catalyst and chemicals, utilities and other
requirements; in general, all plants captively produced their steam and
electricicy needs. The RPSP indicates the equivalent uniform annual revenue
raquired to generate a 12% DCF rate of return, first guarter 1978 dollars,
using a 65/35 debt/equity project structure, 9% interest rate, 5-year con-—
struction pericd and 20-year operating period.

The possible product market values were next‘develgped'for each candidate
process by comparing prcjectéd coal derived product charscteristics with
current petroleum-based product characteristics and market values. 1Im the
case of SNG, a judgemental value of $3.25 was selected for the base case
analysis; sensitivity of relative economics to SUG market value over the
range of $2.35 ta $4.25 was also developed. The $3.25 wvalue is intermediate
between natural gas pricing and projected cost of SNG from coai and the

allowed pricing for incremental SNG from naphtha.

The marketability and market values of coal derived liquid and gaseous fuels
requires confirmation. This should be an important goal of the natiomal

coal conversion development program.

Finally, a B/C was developed which represents the ratio of possible annual
revenue to RPSP at 12% DCF. This ratio is significant since the higher

the value the higher the indicated potemtial profitabilicey.

[~
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The results of the compzrztive economic analysis show the following rankings,
where a ranking of | represents the most favorable economics and higher

numbers succzssively less favorable.

I Reguired
Product
Benefit/ Selling
Cost Price {8 Possible Capital
Ratio 12% DCF Annual Investment Operating
Process (B/C) (RPSF) Revenus Regquirements Costs
SRC I Based 1 1 4 . 1 1
H-Coal Based 1 2 2 2 3
(SF Based 2 3 3 3 3
Fischer=Tropsch
Based 1 4 1 4 4

These results indicate that, proceeding from the SRC II based configuration

to Fischer-Tropsch in the above table:

6  The products tend to. become lighter and more highly refined.
a The capital investment and operating costs increase.
o The possible annual revenues and RPSP increase; the inversion

of H-Coal bhased and CS5F based is an exceptionm te this gener-

alizaticn.

o  The B/C tatio, an indicator of potential profitability,
groups SRC II based, H-Coal Based and Fischer-Tropsch based
technologies as equivalent, with CSF based having the lowest

indicated B/C ratio.

Analysis in retrospect indicates that the Fischer-Tropsch configuration
used for this study has the greatest potenmtial for relative Improvement

among the candidates listed.
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The economics of the Fischer-Tropsch based configuration used is most sensi-
tive to SNG market value. At $2.25/MCF, its B/C ratio is lower than H-Coal
and SRC I1 based, at $3.25 the three are equivalent, and at 84.25, Fischer-
Tropsch based clearly shows the highest B/C {profitability).

Recognition of the critical effect of product composition on the comparative
cconomics generated the objective to develop a qorrélation between prodﬁct
compesitions and key economic parameters such as fixed capital investment,
product market value and required product selling price. The results, con-
sidered significant, indicate that each of these parameters cotrrelate well
with the hydrogen to carbon {H/C) weight ratio of the products. The logic
is that coal liquefaction essentially imvolves adding hydrogen Lo coal;

coal has a H/C ratio of about 0,07, aromatic liquids such as benzene a ratio
of approximately 0.08, aliphatiec liquids such as heptane abour 0.19, and
SNG (methane) about ¢.33. The addition of the hydrogen consumes added

macerial such as coal and water plus requires additional egquipment.

. K PP BT o L L

The correlations of H/C vis-a-vis aconomitc' parameters presented in Figures .
g8-1, 8-2, §-3, and 8-4 iIn this report provide a unique contribution to the

field of coal liquefaction as a direct result of our contractual work.

The H/C correlations also indicate that cthere is only a slight difference
in the economics of the Fischer—Trcpé:h based plant and a SNG plant using
similar gasification/gas purification procedures. This may be interpreted
&3 confirmarion that the costs of producing a purified mixture of carbon
monoxide and hydrogen {syngas) dominates the economics of indirect liqué-
faction processes such as Fischer-Tropsch. -

The process cesigns and economic evaluations developed here ware alloted
modest effort relative to that applied to mate comprehensive conceptual
designs by major contractors.l in order to shad some light on the question
of whether differing conclusions would have been reached.if significantly
more efforc were applied, the results of conceptﬁai designs/economic avalu-
ations for SRC II, H-Coal, GSF and Fischer-Tropsch were comparad. In this

case, the SRC II based and Fischer-Tropsch based designs/economic evalua-
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tions were developed by one major contractor while the H-Coal based and
CSF based units were developed by a second major contractor. The trends
between designs/economics ior the processes, when generated by the same

contractor, were similar to those developed in this assessment.

Assessments and comparisons were aleo developed for two additional produc-
tion plent sites and four marketing areas. Other production lecations were
the Appalachian Region of the Eastern Coal Province and the Powder River
Region of the Rocky Mountain Province; Pittsburgh No. 8 seam coal and =
sub-bituminous coal typical of a HWyoming location were used for feeds to
these plents, respectively, To provide a basis for estimating transpor-
tation costs, the production plants were arbitrarily sited at New Athens,
Illinois; Moundsville, West Virginia and Gillette, Wyoming; some site data
was available for each of these locations based on the results of earlier
studies. The marketing locations, defined by QOak Ridge National Laboratory,

were Delaware, Chicage, Houston and San Francisco,

The most detailed work was done on the plant conceived to be located in

' The base case was_then modified

I1linois; this is termed the "base case.'
for the other two locations based primarily on differences in feed coal
composition. The results indicate that the FCIs tend to be slightly lower
in the Appalachian Region and 3-15% higher in the Rocky Mountain Region

when compared with the bzse case. The RPSPs were similar for the Appala~-
chian and base cases but were higher for the Rocky Mountain Region. Similar

results were indicated for the B/C ratios.

Estimates were developed for transportation costs from the production sites
to the indicated marketing areas; for the base ctase, these amounted to 3-6%
of the plant F.0.B. RPSP with the lowest being for CSF and the highest
Fischer-Tropsch. 1In general, transportation costs from the Appalachian
Region to Dover, Delaware were approximately twice as great as the Interior
Region and for Gillette, Wyoming to San Francisca, two~ta~-four timee as

great.

This study has looked closely at high potential candidates which are capable

of supplying synfuels by 1990. The importance of development of a viable
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coal conversionm capability in the U.S. requires that the analysis effort
exemplified by this survey be continued and updated as new information be-

comes available,

As improvements are made in the liquefaction technologies, there is an incen-
tive to maintain an active cross-fertilization program to minimize the time
required to incorporate the improvements and/or problem solutions generated

by one tfechnology to other technologies azlso under development.

Details of the survey and assessment are contained in the following sectlons

of this rveport.
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SECTION 3

SELECTION OF HIGE POTENTIAL PROCESSES

A.prime cbjective of this study was to select a limited number of high poten-
tial coal liquefaction processes and then develop documented opinions regard-
ing :@eir rankings with regard to potential technical performance, pertinent
economic factors, and product marketability. The selection of the high
potential processes was accomplished by establishing selection criteria

plus evaluation procedures to display the projecred performance of the sepa-
rate processes in comparison with the selection criteria. This section

will describe the logic pattern used to select four high potentisl processes

for more decailed analysis.

3[1_'SELECTIDN PROCEDURES -

Prior work under this contract had defined sixty-plus liquefaction
process candidates and had reported the characteristics and development
status of thirty-three of what were considered the most promising of the
processes.l The processes were arbitrarily classified and given process

numbers as Iollows:

k. Hydreliquafaction

1.1 Direct, ¥on Catalytic

1.1.1 Solvent Refined Coal (SRC-I)
1.1.2 Solvent Refined Coal (SRC-II) (Pseudocatalytic)
1.1.3 UOP Extraction

-1



1.2 Direct, Catalyric

—

1.2 Indirect,

1.

2.4

3.3

Puralvsis

2.1 Direcr

-3

3

b

Gulf Catalytic Coal Liguids (CCL)
SYNTHOIL

H-Coal

Clean Fuel From Coal .(CFFC)
CONOCO Zinc Halide Hydrocracking
Donor Solvent

Exxon

ADL Extractive Coking

Consolidation Synthetic Fuel (CSF)

éhar-Oil-Energy Development {COED-RMP)
Char-0il-Energy Development (COED-FMC)
Occidental Research Cprp. Coal Flash Pyrolysis
TOSCOAL

Lurgi-Ruhrgas

/—I.?.'L
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IHydrocarbonization

2.2.1 U.5. Steel Clean Coke

b2
[
1~

Coalcon

2.3 Rapid Hydrogenation

2.3.1 BNL Rotating Fluidized Bed

2.3.2 Short Residue Time {SRT} Hvdropyrolysis

2.3.3 Intermediate Coal Hydrogenation

2.3.4 Schroeder’s Rapia Hydrogenation

;.3.5_ BNL Flash Hydropyrclysis

2.3.6 Reckwell Direct Coal Hydrogenation
Tadiract

3.1 Fischer-Tropsch

3.0 Flame Sprayved Catalyst
3.1.2 ARGE
3.1.3 SYXTHOL

3.2 1Indirect, Methanol

3.2.1 High Pressure Methanol
3.2.2 ICI LP/LT Methanol
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3.2.3 Lurgi LP/LT Methansl

3.2.4 Three Phase Methanol Synthesis

3.2 1Indirect, Other

3.3.1 M-Gasoline (Mobil)

& Mizcellaneous
4.1.1 Supercritical Gas Extraction [8GE)
4.1.2 <British Nafional Coal Board

Principle categories of this particular classification system are hydro-
liquefaction, pyrolysis and indirect liquefaction, with donor sclvent pro-

"cessing classified as a subdivision of hydroliquefaction.

The procedure used to achieve the objective of selecting high potential
processes from this list of thirty-three candidates is described in the

following paragraphs.

4 list of selection criteria elements is shown in Table 3-1. Key ele-

ments include:

- The successful candidates must be capable of commercialization
by 19%0.
@ Tha processes are to be tested for their ability to produce a

product slate typical of the fuel consumption patterns for each
gepgraphical area as shown in Table 3-2 using feed coal to the

process plants with typical analyses as summarized in Table 3-3.

® High profitability and ecologically satisfactory.



e

® Definition of the candidate as a high potential process by assess-
ment of multiple technical, economic, product characteristic and

development status factors.

To accomplish the broad range technical/economic/status assessment
described in the last criteria listed above, a detailed procedure was devel-
oped and implemented; details of the techniques used and the results are

presented in Appendix A.

3.2 HICH POTENTIAL CANDIDATES

Using the above criteria, the selection process was complecred and the

following four processes were chosen as high potenrial processes:

a SRC II; a pseudocatalytic hvdroliquefaction process

6 - .H—QQQL; a.cgtglytic.byd;?L§quefactiouipr0§gssL R
e 'ICSF; a.dcﬁcrlﬁolveﬁﬁ:?;DEEés

¢ FSC (Fischer-Tropsch using Flame Sprayed Catalyst); an indirvect

process to preduce hydrocarbons.

The ¥-Gasoline process is not included in the above list of caadidates
but was however, evaluated because of special interest in the process and
the high rating it obtained. The evaluation basis, established for another
study, differed from that adapred for the above candidate list. The Mobil-

M results are therefore presented separately for reference in Appendix C

of this report.

The Exxon Donor Solvent process (EDS) was nat included in the more
derailed analyses because, as decided mutually with DOE, sufficient infor-

matien was mot available to us at the beginning of cur work.



Table 3-1 - Selection €riteria for High Potential Processes

GCriteria

Comment

1. Time lrame

12

Product Slate

b )

Maximum Profitability

4. Icoleogical Avceptability

Starting 2 commercial design in 1985

and start up in 1990

A product slate is selected based
on preduct and enetgy profiles for
each geographical area shown in

Table 3-2

Tuble 3-2 - Target Product Slate By Geographical Area

Appalachian : Powder River
Region of Eastern Region Region of
Ezstern of Interior Rocky Mountain-
Item Coal Province Coal Province Coal Province
Btu/day . Btu/day Btu/day
(Billion) (%) {(Billion) (%) (Billion) {%)
SNG 171 18.5 269 44,8 202 33.7
LPG 15 2.5 11 1.8 13 2.2
Gasoline 106 17.7 182 30.3 183 30.4
Distillate
Fuel (il 125 20.Y 106 17.7 111 18.5
Residual
Fuel 0il 183 50.4 32 5.4 51 15.2
Total 600 100.0 600 100.0 600 100.0
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Table 3-3 - Typical Feed Coal Analyses? By Coal Source Areu

Itom

Appalachian
Region of
Eastern
Cozl Province

Eastern Region
of Interior
Coal Province

Powder River
Region of
Rocky Mountain
Coal Provincel

Proximate Analysis wt (%)

Volatile Matter

Fixed Carbon
Ash
Moisture

Total

Ultimate Analysis wt (%)

Carbon
Hydrogen
Oxygen
Sulfur
Nitrogen .., .
Moisture' .
Ash '

thal

Gross Heating Value

Btu/lb

FoE ]
1y -1 WD
~p &

100.90

NP R PR T

W e oo

160.0

12,640

LTI

=4 = e
-~}

~]

100.0

~1 rJ‘r-,- [P I -
N N I

. 100.0

12,550

A B
13 oo L1 e
) o D

100.0

66.

1t 0o L - Ll

I
oo e D O e
o]

igc.e

11,211

AThis is feed coal to Process Plant, cleaned and dried as necessary.
Run of mine subbituminous coal from this area contains approximately
25% water and has a gross heating value of about 8,720 Btu/lb.
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