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This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
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rights. Reference herein to any specific commercial
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manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
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PROOF OF CONCEPT FACILITY - DIRECT LIQUEFACTION

1. ABSTRACT

The main objective of the U.S. DOE, Office of Fossil Energy, is to ensure the United States
a secure energy supply at an affordable price. An integral part of this program was the
demonstration of fully developed coal liquefaction processes that could be implemented if
market and supply considerations so required, Demonstration of the technology, even if not
commercialized, provides a security factor for the country if it is known that the coal to liquid
processes are proven and readily available.

Direct liquefaction breaks down and rearranges complex hydrocarbon molecules from coal,
adds hydrogen, and cracks the large molecules to those in the fuel range, removes hetero-
atoms and gives the liquids characteristics comparable to petroleum derived fuels.

The current processes being scaled and demonstrated are based on two reactor stages that
increase conversion efficiency and improve quality by providing the flexibility to adjust
process conditions to accommodate favorable reactions. The first stage conditions promote
hydrogenation and some oxygen, sulfur and nitrogen removal. The second stage
hydrocracks and speeds the conversion to liquids while removing the remaining sulfur and
nitrogen. A third hydrotreatment stage can be used to upgrade the liquids to clean
specification fuels.

The U.S. Department of Energyj Fossil Energy Program planned a contract with
Hydrocarbon Research (HRI) to conduct a multi-year PDU (3 Ton/Day) demonstration
program for two stage direct IiquefaMon entitled “Proof of Concept Facility”. A four run PDU
program was planned, this was later modified to an extended continuous Bench-Scale
(20 KG/day) program at Hydrocarbon Technologies (HTI) with the option to scale up to PDU
demonstration. The program on completion evolved chronologically to the following series of
test runs.

Run Numbers ~r

.
/

POC Modifications 1992-3
POC-01, PDU RUN 1993-4
POC-02, PDU RUN 1994
PB-I thru 9, BENCH-SCALE 1995-1998
POC-07, PDU RUN 1998
PB-10 BENCH-SCALE 1998

*POC-Proof of Concept PDU operations, 3 Tons/day
*PB-Bench-Scale Series of Runs, 501bs./day

The program was completed in September, 1999 after a successful series of runs that
included the scale-up of bituminous and sub-bituminous coal using a two-stage catalytic
750°F+ extinction recycle process. Distillates from these operations were upgraded under
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DE-AC2—92PC92148 011200Q



($iliJ Hydrocarbon Technologies, Inc.
.

Bechtel’s direction at Southwest Research Institute and by several refiners. The product
fuels met or exceeded petroleum derived fuel specifications. -

An extensive series of runs with coral plastics, heavy oil and other waste streams was
successfully conducted to advance the U.S. DOE initiative to examine and develop this
co-processing technology.

The developed process for both bituminous and sub-bituminous coals in combination with
plastics and oil successfully achieved the conversion objectives and lowered the projected
cost per barrel to the $20/bbl range. Further efforts have been shelved due to questionable
collection infrastructure, cost and commercial incentive.

The process and catalysts developed for coal liquefaction based on dispersed catalyst in
back mixed reactors with on-line fixed bed hydrotreating has attracted interest from the
Peoples’ Republic of China (PRC). They have signed an agreement with HTI to pursue a
feasibility study to construct a 12,000 ton/day direct coal liquefaction facility in China. These
Bench-Scale Runs PB-9 & 10 and PDU Run POC-07 evaluated several China coals.

The feasibility study program is continuing with private and some US DOE support.

,.’

.

/
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2. BACKGROUND

The U.S. Department of Energy, Fos6il Energy Program fostered thedevelopment of direct
coal liquefaction technologies during the period 1965 to 1999. From 1965-1980, most
processes under development were single stage and concentrated on the production of low
sulfur fuel oil as the major product. With a change in demand and the need for lower sulfur
and lighter products the emphasis shifted to two-stage processing.

Most of the large scale single stage Pilot Plant (6 Tons/Day) Testing was conducted at
Wilsonville, Alabama under the auspices of the U.S. Department of Energy, EPRI (The
Electric Power Research Institute) and Southern Services. In 1980, the facility was
upgraded to two stages of reaction, both thermal and dispersed and supported catalyst
modes were evaluated in various combinations of recycle and reactor arrangements. The
Wilsonville facility became the major center for large scale, direct liquefaction
demonstrations. In early 1990, the Wilsonvilie plant was closed due to limitations in funding
and changes in the U.S. DOE fuels development strategy.

In 1992, a new program was approved by DOE called “Proof of Concept Facility”. Major
equipment was transferred from Wilsonvillej Alabama to Hydrocarbon Research in
Lawrenceville to modify their 3 Ton/day PDU. The equipment consisted of reactors, pumps,
separators, valves and compressors. This strategy reduced operating costs since the HRI
facility was self sufficient, thus DOE was able to reduce costs by operating intermittently.

A five-year contract to evaluate the scale-up of sub-bituminous and bituminous coals was
initiated in 1992. This culminated in an advanced two-reactor stage process incorporating
on-line hydrotreating, solvent extraction or filtration of the bottoms.

POC runs were completed in 1993 and 1994 on bituminous Illinois #6 and Wyoming Black
Thunder sub-bituminous coals. In 1995, the contract objective was modified into a series of
Bench-Scale (50 lb./day) tests evaluating new catalysts and coal combined or co-processed
with waste plastics, heavy oil and other waste organic materials.

The Hydrocarbon Technologies, Inc. (HTI) POC facility is a fully integrated unit consisting of
two back-mixed reactors, an on-line ~xed-bed hydrotreater, coal receiving and handling
facilities, hydrogen compression, gas scrubbing and recycling, high pressure let-down,
atmospheric and vacuum distillation and a choice of so!vent extraction or continuous
pressure filtration. Products for this process of coal liquefaction consist of over 609f0of clean
distillate fuels;”’ with the balance being light gases for refining, plus elemental sulfur,
ammonimand coal ash. Figure f depicts the process flow for the Hydrocarbon Research
(HRI) (Hydrocarbon Technologies) (HTI) POC facility (in 1995 HTI assumed the contractual
DOE work from HRI).

99AGC104 - POC Final Report Page 3
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As part of the National Energy Strategy an Advanced Research Strategic Thrust is
identified as Advanced Research for Coal-Derived Liquid Fuels and has a primary
objective “To evaluate novel concepts and establish the technology base for
producing high quality hydrocarbon-based transportation fuels from coal to costs in
the range of $25-$30/barrel of Crude Oil Equivalent”. The advanced research thrusts
focus on achieving objectives that support adoption of new technology into
commercial practice in 5-10 years with some application in the near term (up to 5
years) as well. The Proof-of-Concept Program is the initial scale-up for direct coal
liquefaction and establishes the basis of design for commercialization and proves
the process economics. Under the Proof of Concept Program HRI (HTI) was chosen
to operate a two-stage Process Development Unit for a period of 3 years followed by
two optional years, later modified to include Bench-Scale Operations on variant
liquefaction streams.

Research and development objectives included scale-up of advanced direct
liquefaction technology involving two stage reactions, co-processing of crude oils
with coal, studies of alternate processing modes, evaluation of materials and
equipment, improving product quality and reducing product cost. By the use of
strategio feedstocks, commercially available catalysts, prototype equipment and
improved design techniques and materials of construction efforts have been and will
be focused on improving process economics. The PDU produces hydrocarbon
distillates and by-products in sufficient quantity to allow various research activities,
such as, product fractionation, upgrading, engine testing, storage stability, small
scale combustion testing, and refining into chemical feedstocks.

Modifications were made to the I+RI PDU to improve reliability and to provide
flexibility for operation in several alternate modes. Included were upgraded computer
controls for automation and an alternate power supply to provide additional back-up
in case of incoming power failure. The Kerr McGee ROSE-SRSM Unit from
VVilsonville was modified to be a single-stage unit using a pentane solvent and
installed ne.ti to the U.S. Filter system to allow for a direct comparison of the two
solid separation systems. A new reactor, hydrotreater, interstage sample system, a
coal handling system to receive pulverized coal, a new ebullating pump, and
improve instrumentation were installed over a period of about one year. A major part
of this installation was a new reactor tower enclosing the high pressure, high
temperature ~essels and upgraded preheater,

The PD~ is a totally integrated two reactor stage coal and oil hydrogenation process
development unit. It includes coal and oil handling systems, slurry mixing, high
pressure pumping, preheating, reaction, product separations, atmospheric and
vacuum fractionation, naphtha stabilization, bottoms separation, product storage,
data acquisition/storage/reportin and computer control. The PDU has been used to

#develop and scale-up the H-Oil Process, H-Coal Process. Coal/Oil Co-Processing
and CTSL processes. For this operation the PDU was equipped to remove solids via
the ROSE-SRSM critical solvent process, vertical leaf pressure filtration or via
vacuum distillation.
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2.1 Program Objectives

The following are the objectives of the Proof-of-Concept Direct Coal Liquefaction
Program.

Develop direct coal liquefaction and associated transitional technologies which are
capable of producing premium liquid fuels, which are economically competitive with
petroleum and which can be produced in an environmentally acceptable manner.

Focus on further developing Two-Stage Liquefaction by utilizing geographically
strategic feedstocks, commercially feasible catalysts, and prototype equipment.
Include testing co-processing or alternate feedstocks and improved process
configurations.

●

●

●

●

●

●

Demonstrate the operation of a two-stage catalytic ebullated-bed reactor system
with bituminous and sub-bituminous coals (or lignite) using commercially
available supported catalysts having good physical strength and activity for
comparison with a slurry reactor system using dispersed catalysts and for
comparison to prior bench-scale and VVilsonville PDU results.

Demonstrate variant liquefaction schemes, especially coal/oil co-processing,
utilizing appropriate feedstocks with the scope of development depending on
preliminary technical and economic evaluations. Co-Processing may enable early
commercialization of coat liquefaction due to” more favorable economics.

Demonstrate satisfactory operation with alternate feedstocks (i.e., selection of
another Illinois No. 6 coal and a lignite for pilot-scale tests is necessary as
Burning Star #2 coal and Martin Lake lignite that were used in the past may not
be readily available in the future).

..

Focus on scale-up of PDU data to a commercial size unit by establishing
operating parameters such as coal space velocity, bed exotherms, hydrogen gas
rates/consumption, and reactor geometrylhydrodynamics.

Prioritize-process development for low-cost feedstocks based on distillate
protection rate and coal reactivity.

Demonstrate suitable low-rank coal liquefaction conditions for obtaining low
heteroatom and hydrocarbon gas yields and high coal conversions while
eliminating potential solids deposition in the process unitsllines.

Obtain high distillate yields having good quality under low-severity conditions on
a unit reactor volume basis.

WAGCID4 - POC final Repori
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●

●

●

●

●

●

●

Demonstrate the economic viability of well dispersed, highly active catalyst
(disposable as well aS recoverable) for slurry reactor applications in two-stage
liquefaction.

-.

Demonstrate optimum supported catalyst replacement rates with respect to coal
throughput under steady-state catalyst activity conditions. Elucidate catalyst pore
structure effects on reactant conversion and hydrogenation. Evaluate improved
catalyst utilization concepts (e.g., regeneration, cascading).

Produce premium products by in-line hydrotreating of distillate.

Demonstrate improved hydrogen utilization in two-stage liquefaction by removing
heteroatoms using pretreatmentipreconversion methods (proven at bench-scale).
Especially for low-rank coals (CO+HZO) is a possible candidate).

Define and demonstrate two-stage liquefaction product properties (e.g., end-
point) for economic upgrading and refining to make specification-grade products.

Perform process development with strategically important high and low-rank
coals. When appropriate, select readily” available low-ash coals that have good
reactivity.

Facilitate process development by studying the interaction between the first and
second stages by developing appropriate sampling and analytical methods (e.g.,
evaluate conversions at preheater outlet, interstage, etc.).

Demonstrate efficient and economic solids separation methods for different ranks
of coal. Evaluate vacuum bottoms for determining the merits of schemes
involving fluid or delayed coking.

Study the merits of integrating advanced coal cleaning methods (e.g.,
agglomeration acid washingkoal beneficiation, etc.) with two-stage liquefaction.

Improve overall process operability by selecting and monitoring advanced
equipment and instrumentation that have improved tolerance of material
degradation while handling slurries containing fine particulate, heavy resids, and
corrosive streams under high severity conditions.

S9AGC104 - POC Final Repofi Page 7
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3. EXECUTIVE SUMMARY

-.

The final report covers work performed under a multi-year Proof of Concept direct
coal liquefaction program funded by the U.S. Department of Energy, FETC and
Hydrocarbon Technologies, Inc. (HTI). The program was directed toward scaling up
and demonstrating new liquefaction concepts that had the potential to lower the cost
of synthetic liquid fuels to less than $30 per barrel. The work performed includes
scale-ups to a“ 3 ton/day PDU unit and efiensive work at 50 Kg/day on continuous
bench-scale units investigating various feedstocks combined with coal.

This very successful program completed and met most of the objectives
the original contract and are each individually summarized as follows:

set forth in

● Develop direct coal liquefaction and associated transitional technologies
which are capable of producing premium liquid fuels, which are economically
competitive with petroleum and which can be produced in an environmentally
acceptable manner.

Fuels produced from PDU and Bench operations that included in-line
hydrotreating were of exceptional quality, surpassing petroleum derived fuels
specifications for purity and performance. C4-7500F distillates exiting the
process are refined to less than 10 ppm N&S with diesel fractions of 40+
Cetane Number Economic analyses of fuels produced from combined feeds
of coal, plastics and oils show a cost of less than $20/bbl and for coal only
under $301bbl.

● Focus on further developing Two-Stage Liquefaction by utilizing
geographically strategic feedstocks, commercially feasible catalysts, and
prototype equipment. Include testing co-processing or alternate feedstocks
and improved process configurations.

During the early PDIJ runs a bituminous Illinois #6 and Black Thunder
Wyoming sub-bituminous coal were evaluated, both strategically located in
the U,S. Commercial type catalysts were used in all the supported catalyst
s}udies and the dispersed systems is one that can easily be produced at
commercial scale.

During the program coal was co-processed with waste plastics, scrap rubber,
automotive shredder residue, Hondo Oil and Pyrolysis Oils. Bench-Scale
Studies examined preheater, interstage separation, in-line hydrotreating,
combined dispersed and supported catalysts and optional modes of solids
separations and recycle.

● Demonstrate the operation of a two-stage catalytic ebullated-bed reactor
system with bituminous and sub-bituminous coals (or lignite) using

99AGC 104 – POC Final Report
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commercially available supported catalysts having good physical strength and
activity for compaflson with a slurry reactor system usihg dispersed catalysts
and for comparison to prior bench-scale and Wilsonville PDU results.

POC Runs 1 & 2 were made with an experimental catalyst that was later
commercialized by AKZO. The catalyst performed well with minimum attrition
losses except for Black Thunder Coal runs. Data from these runs were
compared with Wilsonville operations. HTI’s dispersed catalyst was also
compared directly with supported catalyst and found to perform as well when
incorporating on-line hydrotreatment and donor recycle solvent.

● Demonstrate variant liquefaction schemes, especially coal/oil co-processing,
utilizing appropriate feedstocks with the scope of development depending on
preliminary technical and economic evaluations. Co-processing may enable
early commercialization of coal liquefaction due to more favorable economics.

This objective was the thrust for the Bench-Scale series of runs from PB-I
through PB-8 in which various combined feedstocks were co-processed with
coal. A California “Hondo” heavy oil was used in several of the runs
combined with coal and also with coal and plastics. Co-processing produced
much more favorable economics.

● Demonstrate satisfactory operation with alternate feedstock (e., selection of
another Illinois No. 6 coal and a lignite for pilot-scale tests is necessary as
Burning Star #2 coal and Martin Lake lignite that were used in the past may
not be readily available in the future).

A new source of Illinois #6 coal was selected and qualified for use in this
program. “Crown II Mine” coal replaced the shut-in Burning Star Mine Coal.
Black Thunder Mine sub-bituminous coal remained as low rank choice due to
its availability and larger resources.

● Focus on scale-up for PDU data to a commercial size unit by establishing
operating parameters such as coal space velocity, bed exother,ms, hydrogen
gas rates/consumption, and reactor geometry/hydrodynamics.

O~era;ng parameters were established in PDU Runs 01 &02 and utilized by
Bechtel and HR1/HTl to scale to commercial size and design. These data are
also incorporated in the commercial design and feasibility study for the
Shenhua China Project.

● Prioritize process development for low-cost feedstocks based on distillate
production rate and coal reactivity.

Distillate production and quality were established in POC-01 and 02 and
further refined in the co-processing studies with waste plastics and heavy oils.
The combined processing of waste-plastics, heavy oil and coal gave the

99AGC104 – POC Final Report Page 9
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●

●

●

●

maximum distillate yields and with on-line hydrotreating gave very high
quality.

Demonstrate suitable low-rank coat liquefaction conditions for obtaining low
heteroatom and hydrocarbon gas yields and high coal conversions while
eliminating potential solids deposition in the process units/lines.

Utilizing Black Thunder coal in POC Run 1 with on-line hydrotreating led to
the production of high quality distillate with less than 10 ppm S and less than
3 ppm N. There were no signs of solids deposition during this long 45 day
operation demonstrating that low rank coal can be cleanly processed in back-
mixed reactor systems.

Obtain high distillate yields having good quality under low-severity condition
on a unit reactor volume basis.

At the POC level of scale-up, with sub-bituminous coal, C4-5240C distillate
yields of 62 W% of MAF and C4-3430C yields of 54 W% were obtained at a
space velocity of 460 Kg/hr/m3 with heteroatom contents less than 30ppm in
the C4-3430C distillate. On a Bench-Scale distillate yields of 73 WYO MAF
were obtained on Illinois #6 coal at space velocities of 640 Kg/Hr/mete? with
dispersed iron catalyst and at a projected cost of ($28/bbl equivalent crude oil
price). On a Bench-Scale with Black Thunder Coal and using dispersed iron
catalyst distillate yields of 67 WYO MAF C4-9750C+ were obtained at space
velocities of up to 720 Kg/h/m3 with sulfur and nitrogen contents near 1ppm
on the pressure filter liquid (PFL).

Demonstrate the economic viability of well dispersed, highly active catalyst
disposable as well as recoverable) for slurry reactor applications in two-stage
liquefaction.

During the Bench-Scale series of runs with coal, oil and plastics a dispersed
catalyst system was developed based on an iron-moly phosphorus gel form
catalyst. This dispersed catalyst system using the same configuration as for
supported catalyst with back-mixing equaled, and at the same conditions
surpa~ed the extrudate catalyst process in performance.

.

W’hen results from PB-03, dispersed catalyst run, are compared with PB-02
and POC-02 supported catalyst runs, a 4% higher conversion and yield are
shown for the dispersed case.

Demonstrate optimum supported catalyst replacement rates with respect to
coal throughput under steady-state catalyst activity conditions. Elucidate
catalyst pore structure effects on reactant conversion and hydrogenation.
Evaluate improved catalyst utilization concepts (e.g. regeneration,
cascading).

99AGC104 - POC Final Repxl Page 10
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POC Run 02, a 45-day run on Wyoming Black Thunder coal, utilized
deactivated catalyst from Run POC-01. This equilibrium operation was
achieved in the first 10 days. The unit was operated with 0.5 and 1 Kg
catalyst per ton coal for the first and second stages, respectively. The first
stage spent catalyst was found to process 10-15% more activity than spent
second-stage catalyst. Cascading and catalyst regeneration were not
demonstrated nor were catalyst pore size effects studied due to a change in
program goals to the use of dispersed catalysts.

● Produce premium products by in-line hydrotreating of distillate. The highest
quality products ever achieved in direct liquefaction in the United States
resulted from operations in POC-02 with on-line hydrotreating and extinction
recycle of the 750°F+ product. Distillate were further refined and blended
through Bechtel and South West Research and produced gasoline diesel and
jet fuel exceeding specifications with performance in some areas superior to
petroleum derived distillate fuels.

● Demonstrate improved hydrogen utilization in two-stag’e liquefaction by
removing heteroatoms using pretreatmentipreconversion methods (proven at
bench-scale), especially for low-rank coals (CO + H20) is a possible
candidate).

During this program, no pretreatment or preconversion testing was included
other than waste pyrolysis. However, heteroatom removal was accomplished
via interstage separation and hydrogen utilization was also enhanced via the
introduction of waste plastics and heavy oils with co-processing.

● Define and demonstrate two-stage liquefaction product properties (e.g., end-
point) for economic upgrading and refining to make specification-grade
products.

The distillate products made in POC-01 and POC-02. had end points at 96%
below 343”C. In POC-01, 3,500 gallons of distillate were produced from
Illinois #6 coal without hydrotreating and had a hydrogen content of 12.6 W%,
sulfur 0.049% (490 ppm) and nitrogen .053?40(530 ppm).

/

T~is distillate was hydrotreated and refined to specification grade products
that showed a $2.35/bbl premium over petroleum prices. 3,200 gallons of
premium hydrotreated product was collected from POC-02 on Wyoming Black
Thunder Coai with nitrogen levels of 20 ppm and sulfur@ 5 ppm and 13 WYO
hydrogen. These products required much less severity for upgrading due to
the on-line hydrotreatment. Resulting products were exceptional when
compared to petroleum derived equivalents.

● Perform process development with strategically important high- and low-rank
coals. When appropriate, select readily available low-ash coals that have
good reactivity.

99AGC104 - POC Final Reporl
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PDU runs at 3 tons/day and bench-scale tests at 50 ~g/day were conducted
on a new Illinois #6 seam from the Crown II Mine and with Wyoming Black
Thunder sub-bituminous coal, a low ash seam (5.7Yo). These two coals were
found to be good economic choices based on ash levels and reactivity.

● Facilitate process development by studying the interaction between the first
and second stages by developing appropriate sampling and analytical
methods (e.g., evaluate conversions at preheater outlet, interstate, etc.
During the PDU operations, a limited number of interstage samples were
taken as the result of a malfunctioning of the sample systems. However,
kinetic studies were conducted and reported from POC-01 and interstage
samples were analyzed by Consol, Inc. and results reported under Contracts
DEAC22-94PC93054 and AC22-89PC89883.

● Demonstrate efficient and economic solids separation methods for different
ranks of coal. Evaluate vacuum bottoms for determining the merits of
schemes involving fluid or delayed coking.

During POC (PDU) 01 and 02 operation tests.were conducted on vertical leaf
filter, vacuum still and critical solvent deashing solids separation. The
ROSE-SRSM system performed well in both POC-01 and POC-02. In Run 02,
an energy rejection of only 13.6?40was achieved at a bottoms solids of 60?40
when a mixed toluene – n-pentane solvent was used.

● Study the merits of integrating advanced coal cleaning methods (e.g.,
agglomeration acid washing/coal beneficiation, etc.) with two-stage
liquefaction.

These studies were performed in a Kentucky Center for Energy Research
program. Agglomerated coa{ cleaning was performed by Consol and the ~~
Bench-Scale test conducted by HTI. Results were positive, the cleaned coal
performed better than run-of-mine coal.

● Improve overall process operability by selecting and monitoring advanced
equipment and instrumentation that have improved tolerance for material
d~gradation while handling slurries containing fine particulate, heavy resids,
and corrosive streams under high severity conditions.

Under the POC program, material testing was performed for Oak Ridge
National Labs and for NEDO of Japan. Additionally, improved nuclear
detection equipment, solvent separatiori and feed system components were
tested. The PDU unit now operates independently from a control room under
computer monitoring and control.

99AGC104 - POC Fmai Repon Page 12
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POC PROGRAM (PDU & BENCH) RUN SUMMARY

——

RUN DATE cob RUN
NO. FROM TO FEED,, CONDITIONS LENGTH COMMENTSRESULTS\

Poe-o 1 10/93 2/94 Illinois #6 Two Stage Catalytic 58 Days Achieved Extinction Recycle. Verified scale-
Crown II Extinction Recycle of 370°C-t-.No on-line up. Collected 3500 gallons of distillate for

Hydrotreating with Critical Solvent Separation refining tests. Distillate yields of5 bbls/ton
MAF coal

POC-02 6/94 8/94 Wyoming Two-Stage Catalytic with on-line Hydrotreating 45 Days Successfully achieved extinction recycle and
Black Thunder and extinction recycle and critical solvent produced very clean upgraded distillate.

separation. Distillate yields of 4.3 bbls/ton Maf coal .
Also short operation with waste plastics, rubber 200 gallons of <10 ppm sulfur distillate were
and coal collected for upgrading. Successfully

POC-07 8/98
processedwasteplastics,rubberand coal

10/98 China Two-StageDispersedCatalyst@?on-line Intermittent Problems with feed coal being oversize.
Shangwan Hydrotreating and Critical Solvent Deashing 16 Days Equipment failure and deashing operating

problems. Needs to be repeated.
PB-O1 9/95 10/95 Black Thunder, Sub-Bit. Coal Resid and Waste Plastics in 41 Days Beneficial Effect of Waste Plastics with Coal

MSW Plastics, various combination, low/high temperature and Oil Stream, Lower Gas Make, Lower Hz
Hondo operation. Consumption Higher Yield of light, clean

*On-line Hydro distillate and performed well and lower
*Interstage Separation distillate cost at $20/bbl. HTI Iron Catalyst
*Feed Preheater performed well.

PB-02 12/95 1/96 Black Thunder, Hybrid Catalyst Operation 43 Days Higher gas make than low/high. Pla&ics had a
MSW Plastics Dispersed catalyst with supported ebullated positive effect. Lower gas make, ‘Hz

catalyst in second stage, high/low temp consumption. High quaiity distillate produced
operation. Process configured per PB-O1. 3 ppm sulfur 1 ppm N. 48-50° A1)l slightly

higher cost than dispersed system.
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POC PROGRAM (PDU & BENCH) RUN SUMMARY

RUN DATE COiL RUN
NO. FROM TO FEED., CONDITIONS LENGTH COMMENTSRESULTS.

PB-03 3/96 4/96 Black Thunder, Iron/Moly Dispersed Catalyst Evaluation with 32 Days Modified Gel CatTMwith phosphorous
MSW Plastics Process Configuration as in PB-01 improved overall yields and conversions by

4%. Higher cata]yst loadings from 1000 to
5000 gave slightly higher distillate yields.
Hydrotreated solvent improved yield and
conversion.

POC-04 6/96 6196 Black Thunder, Modified GelCatTM,Dispersed Catalyst 23 Days Modified GelCat performance confirmed
Hondo Resid, High Temperature and S,V., Same Configuration higher yields.
ASR & MSW as PB-O1 ASR Performance is not as good as MSW
Plastics Plastics, Performance is more I ike coal.

POC-05 8/96 8/96 Illinois #6, Modified GelCat 24 Days Great performance with Illinois #6 Coal
Hondo Resid Dispersed Catalyst exceptional distillate. Yields over 73°/0MAF at
MS W Plastics Same Configuration as PB-01 high S.V., addition of 50 ppm moly plus-no
ASR effect. 79% distillate yield and 90°/0resid

conversion with coal/oil/plastics on
performance of Illinois #6 coal

POC-06 Black Thunder, Dispersed Catalyst Process per PB-O1 Once 23 Days Plastic derived pyrolysis oil did not perform as
Plastics through operation at pyrolysis oil well as direct plastic feed with coal or oil. Coal
Pyrolysis Oil, derived recycle is needed for high conversion
Hondo Resid, versus pyrolysis oil.
MSW Plastics

PB-07 3197 3/97 Illinois #6 Study of Dispersed Catalyst Promoters 20 Days Iron catalyst shown to promote cracking and
preparation of Carbon Precursor Process per hydrogenation as most critical promoter. Low
PB-01 (no preheater) levels 100 ppm of moly and phosphorus were

not good for resid conversion. Carbon
precursor for West Va. prepared at mild
conditions.
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POC PROGRAM (PDU & BENCH) RUN SUMMARY

\
\

‘.,

RUN DATE COAL RUN
NO. FROM TO FEED CONDITIONS LENGTH COMMENTSRESULTS

PB-08 8/97 8/87 BlackThunder, Studyofcoalandplastics pyrolysis oil and 17 Days Results with the pyrolysis oil were as good as
MSW Plastics rubber tire oil conversion with dispersed catalyst direct plastic feed, low H2 usage, low gas
Plastics system and process per PB-O1 make, rich conversion and yields. Lower first
Pyrolysis Oil, stage temperature promotes hydrogenation.
Tire Pyrolysis
Oil

PB-09 10/97 11/97 Shenhua Coal Process variable run on China Coal to optimize 29 Days Shenhua Coal Seam #3 was superior to #2.
Seams #2& #3 conversion and yield. Some configuration as Process performance with lower cost modified

PB-O1 used varying amount of GelCat catalyst GelCat was equal or better than original. Yield
and conversion for Coal Seam #3 were
favorable

Poe-lo 11/98 11/98 Shangwan Coal Bench Scale Operation to confirm coal 20 Days Design Basis Targets achieved 93.5 WVOcoal
TWOLots characteristics for conversion at the PDU Scale conversion. 85.9 WO/OMAF resid conversion.

and to obtain data for a China Coal Liquefaction 67.2 W ‘Yo C4–975°F distillate.
Plant Feasibility Study ‘Recycle composition had a significant effect on

performance.

WAG(2I 04- POC Find Report Page 15
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Abstracts, Executive Summaries, Conclusions and Tables of Contents from
each of the PDU and Bench-Scale Tests and other supporting economic and
design activities are included in Appendix I and reference the formal reports.

,.“

/
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4. POC PROGRAM REVIEW BY RUN NUMBER -

-.

4.1 POC-01 - PDU RUN 1

4.1.1 Scale-Up Of Illinois #6 Coal Two-Stage Liquefaction Process

The objective of this task was scale-up of the Catalytic Two-Stage Liquefaction
(CTSL) process using Illinois #6 coal in the extinction recycle mode of operation.
The total time of operation was 58 days. This was the first operation of the new
POC facility which included an on-line hydrotreater, new reactors and ebullating
pumps, ‘a ROSE-SRSM Solvent Deashing Unit, a new coal feeding system, a vertical
leaf U.S. filter unit, an interstage sample system, new instrumentation, and a new
reactor tower. Some start-up problems were encountered, including by-passing in
the on-line hydrotreater, causing it to be placed off-line; however, overall the scale-
up was achieved with yields of 70-74% C4-7500F distillate, near extinction recycle of
the 750°F+ oils and periods of equilibrium operation of the ebullated catalyst beds
with cat~lyst addition and removal. During this test, operation at oil to coal ratios
down to 0.9 to 1.0 were achieved as was a level of 12.5% energy rejection from the
ROSE-SRSM Unit, scale-up from Bench data was achieved and 3,500 gallons of
distillate were collected for upgrading tests.

The results of these tests performed by Amoco, MW Kellogg, Southwest Research
Institute with Bechtel National as the major contractor and provider of the refining
process were very positive. A refinery slate of ASTM specification fuels were
produced and the coal derived tests fuels “from Illinois #6 coal met advanced
specifications and represent fuels as good as petroleum derived fuels with some
better features such as freeze point and emissions.

,/

..
/
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4.2 POC-02 - PDU RUN 2

4.2.1 Scale-Up Of Sub-Bituminous Wyoming Coal Two-Stage Liquefaction Process

The objective of this run was to scale-up the CTSL process using Wyoming sub-
bituminous. coal in the extinction recycle mode of operation with on-line hydrotreating
and critical solvent deashing. Other additional objectives were to study the effect of
dispersed catalyst (soluble molybdenum) addition and the co-processing of coal with
waste plastics and waste rubber. The run covered 45 days, with the final five days
using waste rubber and then waste plastics with coal as feed.

This was the first successful PDU demonstration of CTSL technology for sub-
bituminous coai resulting in many improvements over earlier tests of liquefaction
processes in the “U.S. and world-wide. Clean distillates with less than 20 ppm
nitrogen and 5 ppm sulfur were produced at a rate of 4.3 barrels/ton and reduced the
equivalent price of crude to $32/bbl versus previous $38/bbl.

More than 3,200 gallons of hydrotreated distillate was collected for upgrading
studies under a DOE contract “Refining and End Use Study of Coal Liquids Test
Fuel Production and Testing” to Bechtel National with Amoco Southwest Research
institute and Kellogg.

The results of this study showed the fuels from POC-02 were better than
conventional petroleum derived fuels and had the lowest specific atmospheric
reactivity of any of the gasoline test fuels and performed as well as petroleum test
fuels formulated as diesel and jet fuels with particulate reduced for diesel in
highway tests.

.,
.,

.
/
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4.3 POC-02 - PDU RUN 2 EXTENSION

4.3.1 Plastics and Rubber Co-Processing with Coal

In the closing condition of Run POC-2, pulverized waste tires and mixed plastics
were processed with coal at 3 tonslday to produce products, to study scale-up and
to highlight process problems. Operations were sustained for several days with 25
percent tire rubber, 75 percent coal and 30 percent plastic and 70 percent coal. The
component ratio of the plastics was 50 percent high density polyethylene, 35 percent
polystyrene, and 15 percent polyethylene terephtatlate. A total of 15 tons of plastics,
coal, and used tires and coal were converted to light (180-650°F) distillate of less
than 10 ppm sulfur and 25 ppm nitrogen and cetane index over 40, thus
demonstrating the feasibility of processing wastes with coal and defining areas
requiring further R&D.

4.3.2 Bench Run PB-01

During this bench run, the direct liquefaction and the combined waste processing of
Black Thunder mine sub-bituminous coal was studied, while some of the most
successful process concepts coming out of the earlier CMSL Project were
employed. This bench run established the technical success of the combined
processing of waste plastics with coal and petroleum resid mixtures. The run was
conducted in an “all dispersed” mode of catalytic operation. The presence of
plastics, for both coal-only and coal/oil combined feeds, resulted in improving the
process performance significantly, primarily by reducing the light gas make and
chemical hydrogen consumption and by increasing the light distillate yields. The
techno-economic” assessment indicates that the waste plastics co-processing
improves the overall process economics by reducing the crude oil equivalent price to
about $20 per barrel.

4.3.3 Bench Run PB-02

The objectifies of this bench operation were to study the direct liquefaction of Black
Thunder mine coal and its co-processing with petroleum resid and small amounts of
waste plastiti (1O WOJO)in a “hybrid” mode of catalytic operation. This run also
studied $tie effect of interstage internal recycle on the process performance. The
main findings of this bench run were that waste plastics, even in small
concentrations in feed with coal or petroleum resid, improve the process
performance and hydrogen utilization significantly; the interstage internal recycle
was not found to alter the overall process performance in any noticeable manner.
The comparison, under identical operating conditions, between the first two bench
runs, indicated that an “all dispersed” catalytic mode of operation was equally
effective, if not better, than the “hybrid” mode of catalytic operation.

99AGC104 - POC Fr-A Repwl Page 19
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4.3.4 Bench Run PB-03

This bench run with Black Thunder Mine Coal studied effects of varying dispersed
catalyst concentration on liquefaction performance. The effect of hydrotreatment of
the recycle oil were also studied during this bench campaign. It was found that
5,000 ppm iron with 50 ppm molybdenum was very effective for achieving good
performance in direct liquefaction. The addition of 100 p m phosphorus to 5,000

Rppm iron, in the form of HTI’s gel catalyst, GelCATT , resulted in the best
performance levels. The hydrotreatment of recycle solvent was found to be
beneficial in that it improved the distillate yields and resid conversion levels during
the direct liquefaction operations.

4.3.5 Bench Run PB-04

The effect of HTI’s new dispersed gel catalyst promoted with phosphorus,
GelCATTM, upon direct liquefaction performance was studied. The combined
processing of coal with automobile shredder residue (ASR), commonly called “auto-
fluff”, was also studied during PB-04. In all dispersed catalyst mode, with a
phosphorus-modified iron catalyst, over 88 percent residuum conversion was
obtained with as high as 68 percent distillate liquid yield, when the operation was
carried out under near “extinction recycle” mode. Auto-fluff was convertible under
liquefaction conditions, although the positive influence upon the overall process
performance during the co-processing operations -- that was found with the mixed
waste plastics - was not observed with the auto-fluff. The dissolution technique and
handling of the auto-fluff was successfully studied and mastered during PB-04
operations.

4.3.6 Bench Run PB-05

This was the first bench run that I-ITI ever conducted in an all dispersed slurry
catalyst mode using a bituminous Illinois No. 6 coal. The results were very
encouraging. Over 95 percent of coal conversions were obtained using dispersed
catalysts only, with about 90 percent residuum conversions and about 75 percent
distillate yields. The co-processing conditions were also successful in that the mixed
waste plastics were found instrumental in improving the hydrogen utilization
efficiency and distillate yields with Illinois No. 6 coal in the same manner as they had
with th~sub-bituminous Black Thunder mine coal. The economic analysis, based
upon the process performance during PB-05, led to the crude oil equivalent prices of
less than $30 per barrel for the “coal-only” condition, and between $20-25 per barrel
for the co-processing conditions.

99AGC104 - POC Final Report
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4.3.7 Bench Run PB-06

The primary objective of this bench operation was to integrate the mild pyrolysis of
plastics (<425°C and 30 min. reaction time) with the direct liquefaction of Black
Thunder mine coal. In such a scheme, the heavy oil product fraction (343”C+) from
the mild pyrolysis of waste mixed plastics was used to slurry the coal, and the
combined stream was hydroconverted -- with and without and process-derived
recycle. In general, it was found that a once-through type (no recycle) operation
makes it possible to operate at very high throughput without a significant
performance degradation. Also, the presence of some process-derived recycle oil
was found essential for achieving good process performance. Accidentally, it was
also established that the inadequate sulfidation of the dispersed slurry catalysts, can
have a very detrimental effect on the activity of the catalysts.

4.3,8 Bench Run PB-07

HTect of Dispersed Catalyst Concentration

The primary goal of bench run PB-07 was to evaluate the effects of varying levels of
iron, phosphorous, and molybdenum-dispersed slurry catalyst loadings on
hydroliquefaction of Illinois No. 6 coal. Coal and resid conversions were very high:
96-97% MAF and 87-89% MAF, respectively; however, due to a large C1-C3 gas
make, C4-9750F distillate yields were lower than expected at 67-68% MAF. With iron
loadings of 2,500 ppm as GelCATTM and at prevailing reactor conditions, neither
molybdenum or phosphorus had a significant impact on performance. Resid levels
in the recycle solvent increased dramatically when iron catalyst was removed, and
molybdenum and phosphorus were held at 100 ppm each.

During the last four days of operation, about 120 pounds of coal-derived bottoms
were ‘collected for ca~bon-based materials research at the University
Virginia.

4.3.9 Bench Run PB-08

Performance of Plastics Derived Pyrolysis Oils and Sub-Bituminous Coal
>.~

of West

Pyrolysis oils produced from tires, waste oils and plastics using a low temperature
continuous thermal reactor system were combined with sub-bituminous Black
Thunder coal and processed at several similar conditions as coal and coal plus
curbside plastics. The combination of pyrolysis derived oils from tires and plastics
gave the best overall yields and results with 69.2 W% MAF Cq-5240C distillate.
Overall, the addition of pyrolysis oils derived via this continuous unit performed
better than both derived oils and better than coal only. Light gas yields are less and
hydrogen consumption is lowered leading to better economics at about $23/bbl
equivalent crude oil price.

99AGC104 - POC Final Report Page21
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4.3.10 Bench Run PB-09

Evaluation of China Sub-bituminous CoaLs from the Shentma Coal Company in
Shaanxi and inner Mongo/ia.

The run evaluated two coal seams designated as Shenhua #2 and Shenhua #3 at
several space velocities and with two different GelCATw versions. The two-stage
liquefaction process with on-line hydrotreating and interstage separation with
dispersed catalyst was very effective for the conversion of these coals. Distillate
yields varied from 52 to 68% for Seam #3 and 54-63 W% MAF for Shenhua #2
Seam. Therefore, Shenhua #3 coal is superior to Seam #2 coal due to higher
distillate production, although total coal conversion is slightl lower and CI-CS gas

Yyields slightly higher. The new lower cost version of GelCAT Mproved as successful
as the original version under similar conditions. Overall the yields obtained by this
process far exceed those demonstrated by the China Coal Research Institute and
NEDO in Japan.

.
/
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4.5 POC-07 - PDU RUN NO. 7

Sea/e-Up of the Liquefaction of China
Technology.

Sub-bituminous Coal Using Two-Sfage

The objective of the PDU Run was to scale-up the HTI Coal Process as used in
PB-09 Run on the Shenhua coal from China and to collect design data as the basis
for a feasibility study. The run, scheduled for 15 days on China coal, was fraught
with problems and operated on and off from August 18 through October 17, 1998,
with the longest continuous period being nine days during which a Cq-524°F MAF
yield of 64.6% was attained in Period 8. However, since operations could not be
sustained for over nine days, sufficient equilibrium data was not available for design
purposes and PB-10, a continuous bench run, was scheduled.

In addition to mechanical problems, exasperated by a four year PDU shutdown, with
preheater check valves, burner controls, and separator feed pumps and slurry
mixing, the coal was found to be contaminated with plastic fibers and oversize
particles.

After rescreening the coal and following the nine days of operation, mechanical
issues with disastrous consequences resulting in an extended shutdown and repairs
occurred. This was (1) failure of the slurry preheater flame controls that resulted in
coking; and (2) failure of the pressure let-down
depressurization and fouling” of the unit.

Many corrective measures have been initiated for PDU
experiences from this operation. Some very significant

system causing rapid

operations as a result of
improvements have been

made to the feed, preheater, let down and separation systems that will insure
continuous operation in the future.

4.5.1 Bench Run PB-10

An Evaluation and Demonstration of the Liquefaction Performance of China
Shangwan C,~ai.

This wag a 24-day operation that evaluated two China coal shipments; one that was
used in the PDU-07 operation and a pre-shipment sample that had not undergone
rescreening and exposure to oxidation.

PDU-07, PDU Run 7, was an attempt to scale-up China coal to the 3-4 ton/day level
and to obtain data for a feasibility study. Due to coal and mechanical problems, the
scale-up was unsuccessful; therefore, this bench-scale operation was made to test
the coal but more irnpoctantl to provide the design basis for the feasibility study to

t?be submitted under the 10 h 5-year plan of the People’s Republic of China for
construction of a commercial plant.
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The run was successful “in providing design data for the feasibility study achieving
93.5 WYO coal conversion, 85.9 W“)~ MAF resid conversion and 67.2 WYOCA- 524°C
distillate yield with hydrogen consumption of 8.8 W%. MAF. The hydrotreater had a
large impact on product quality, lowering the heteroatom content sulfur 59 ppm,
nitrogen < 1 ppm and raising the H/C atomic ratio from 1.48 to 1.85. Maximizing
resid recycle was the key to high distillate yield. The preshipment sample of coal did
give” higher coal conversion indicating that the bulk sample had deteriorated due to
excessive handling.

A complete feasibility study for a 12,000 ton/day plant has been completed and will
be submitted to the Shenhua Group for submission in the 10th 5 year plan of the
People’s Republic of China, PRC, in April, 2000.

,./
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APPENDIX I

Abstracts, Executive Summaries, Conclusions and
Table of Contents from PDU and Bench-Scale Tests
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ABSTRACT

The China Shenhua group selected a new coal, “Shangwan”, other than the two coal
seams evaluated in Bench-Scale Run #9 (227-106). Tests on Shangwan coal were
conducted at the China Coal Research Institute (CCRI) indicating that the new coal
seam was akin to the Shenhua #2 and #3 seams previously tested.

A 15-day operation for the China Shenhua coal evaluation was planned followed by
the collection of fuel for a jet fuel evaluation program. The objective was to scale-up
China Coal using the latest coal liquefaction technology developed under DOE
contract. This included two liquefaction reactors with back-mixing of dispersed
catalyst, in-line hydrotreating, interstage reactor separation, and critical solvent
solids separation as established in Bench-Scale Run PB-09. Design data for a
feasibility study were to be collected during this operation.

The operations started on August 18, 1998 and “ended on October 17, 1998.
Probably due to an extended downtime of four years, various mechanical problems
were encountered as well as problems with coal contamination and oversize
particles: Further efforts to continue and complete the China Coal scale-up objective
were placed on hold due to insufficient funding for PDU operations. Remaining
funds were allocated for Bench Run PB-I Oto obtain data for the feasibility study.

/
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EXECUTIVE SUMMARY

The objective of POC-07 was to scale-up the tiTl coal liquefaction process that
comprised two back-mixed slurry - reactors, with on-line hydrotreating, interstage
separation and critical solvent solids separation using China l’Shangvvan” Coal and
conditions from Bench-Scale Run PB-09. Data was to be collected for designs and
for the preparation of a commercial plant feasibility study to be submitted under the
10th five year plan of the Peoples Republic of China (PRC).

A 15-day operation for the China Coal was scheduled to be followed by a period of
collecting jet fuel for evaluation. The Shangwan coal was tested by CCRI and
judged to be nearly the same in performance as the Shenhua #2 and #3 seams
tested in PB-09. However, many problems were encountered in the processing of
this coal in addition to numerous mechanical problems. Many of the mechanical
problems were due to a long period of inactivity of the PDU equipment and others
were aggravated by poor coal quality. The coal was found to contain oversize (>70
mesh) and pieces of plastic strands following the first two weeks of operation. The
coal was re-screened; however, operating and mechanical problems persisted.

The longest sustained period of operation was about nine days during which a
projected yield of 64.6%, C4-524°C distillate was obtained with 94.2% coal
conversion. Some of the operating problems encountered due to coal oversize and
contamination were feed pump check failure, plugging of circulating pump lines and
the vapor/liquid separators. Mechanical failure was compounded by the frequent
loss of feed, pressure and flow control. Corrective actions led to system redesign
and long lasting improvements to the operating systems.

A Bench-Run, PB-10, on Shangwan coal was completed following the PDU
shutdown. The results obtained from PB-I O and POC-07 have been used to
prepare a feasibility study for a commercial 12,000 ton/day plant.

,.,
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L 1 PROJECT BACKGROUND AND SIGNIFICANCE*

..

Chinahas vast resources of coal. China has 114.5 billion tons of recoverable

coal reserves, accountingfor 11.10/0of world recoverable coal reserves and

ranking third in

coal, accounting

world.

the world. In 1995, China produced 1.29 billion tons of

for 28.5% of world coal production andranking~t in the
. .

,-,“

Coal is the largesttransportaticm commodity in Chin% taking up 45-50% of

the total handling capacity of railways and sea ports. It is predicted that

amount of coal to be shippedout fi-om Shanxi, Shaanxi,and InnerMongolia

may reach 350 MMtons and 600 MMtons by 2000 and 2020, respectively.

~ Transportation has become the restricting factor to the development of coal

industry.

China’s prim~ energy consumption mix was coal 75V0, oil 17?40, natural

gas Z%j hydropower and nuclear power 6% in 1995, and has not chmged

much in recent years. Compared with developed countries,

mix is heavily biased towards coal. This is a result of

reserves and insuffkient insufficientproduction capacity.

Chin~s energy

shortage in oil

China’s recoverable oil reserves are 3.3 billion tons, accounting for 2.4% of

world reserves and rankingeleventh. China produces 149 MM tons of oil,

accounting for 4.9% of world oil production, rankingfifth in theworld.

*statistical datainthis sectionarecitedfromFan,Weitang:“Future Trends of Energy
Development in ctin~” Proceedings International Sympositim on Clean Coal
Technology, 1997, Xiame~ Chin% pp. 3-15.
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China has recoverable natural gas reserves of 1.7 triflion cubic meters,

accounting for 1.20/0of world reserves. Natural gas production in China was

17.6 billion m3, equivalent to 0.8V0of world natural gas production. For a

large and rapid-developing country like China, its oil and natural gas

reserves andproduction are far from enough for the national economy. It is

predicted that China will need to import up to 30-50 MM metrictons of oil

by Yew 2000, and 250 MM metric tons of oil and 120 billion m3of natural

gas to meet its-energy demand iIi”2050.

Coal combustion is obviously the major source of pollution in China. Since

coal has been the major energy source in China, and coal combustion and

utilization are not yet equipped with advanced clean coal technologies,

China is facing severe environmental problems, especially in big cities like

Bei..ing, Shanghai, Lanzhou, and Taiyuan.

To address the current and long term energy strategy, plans have been made

at the national level. At present, focus is on energy conservation,

development of technologies for clean and.highly efllcient utilization of

fossil energy, such as clean coal technology. coal direct liquefaction, which

can convert coal into very clean liquid transportationkels, will definitely

play an importantrole. Air pollution and emission of greenhousegases can

be greatly reduced. Digesting large amount of coal at mine mouth will

substantiallymitigatetransportationlimitation. Producing tens of million of

tons of coal-derived clean liquid transportation fi.lels is equivalent to

developing several large oilfields, thus greatly reduce the necessity of

importing huge amount of foreign oil, creating numerous job opportunities,

stimulating national economy, and enhancing national security.
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Chinese government leaders fully realize the importance of the strategic

significance of the technical route of converting coal into oil. President

Jiang Zerning, during his visit to China Coal Research Institute on January

19, 1996, inspected its coal liquefaction R&D program, gave clear

instructionsthat the government should provide more leadership>care and

support to scientific. and technical development of cop%liquefaction

technology. C)nApril 15, 1997, then Chakman of China State Planning

Commission, Chen Ji.nhuaindicated thatif coal can be converted to oil to

resolve the shortageof automobile fbels, it will contributegreatlyto fbture

development of thecou%y.

Hydrocarbon Technologies,. Inc. (HTI) is a R&D, technology and process

developing and licensing company with world-known expertise in coal

direct liquefaction, which has been developed in more than two decades

underthe auspicesof US Departmentof Energy.

Based on above background, HTI, Shenhua Group Corporation, Ltd.

(SHHG), and china coal Research Hltute (CCRI) signed an agreement on

the Feasibility Study of China Shenhua Coal Direct Liquefaction

Pioneer Plant, Commercial Project in September 1997, which was

amended in December ]999. The objective of this study is to evaluatethe’

technical feasibility and economical viability of using HTI COAL

PROCESs~ and Gel&t~ catalyst to construct a coal liquefaction plant in

Shenhua coal field.
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To date, three coal s~ples, from Nmgtiaota seams Nos.-2 and 3, and then

Shangwan mine were tested on H~’s 30-50 Kg/day continuous flow unit

(CFU). Sha.ngwancoal test results agree very well with those of Nlngtiaota

No; 3 coal, which are horn the same coal seam. SHHG has decided that

Shangwan coal will be the feed coal for the direct liquefaction plant,

therefore, thiis report is prepared on the basis the test results of shangwan.
coal CFU testing.

,>/“

1.2 PROJECT SCOPE

1.2.1 PLANT CAPACITY

The study is based on charging 12,000 metric tons per day of moisture-free

Shangwan coal to the liquefaction phint, The principalproducts from the

Liquefaction Pl@ (Plant 2) are approximately: 1,820 mtid gasoline, or.

ethylene feedstoc~ 366 mtid heavy naphtha (swing cut) which can be

blended into gasoline or diesel fbel, or used as ethylene feedsiock.; and

2,633 rnt/d diesel fbel (including FCC light cycle oil that is fed “to in-line”

hydrotreater). The LiquefactionPlantalso produces 1,740ret/d atmosphe~c

and vacuum gas oils, which serve as FCC (Plant 8) feedstock after

hydrotreating. All gases are processed in Light End Recovery Plant (Plant

9) to recover liquefied petroleumgas (LPG) and lightnathpha. Liquid fuel

products from Plants 2,8, and9 all togetherare: 938 ret/d (LPG), 2,960 mtid

of naphtha, 366 ret/d heavy naphtha,and 3,580 mtid diesel fiel. By-

products are: C+!2 fuel gas (1,00’7mtid), elemental sulfur (13.0 mtid) and

ammonia (12 ret/d). Phenol carl be recovered fixm heavy naphtha and sour

water.
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Above numbers does not include LPG and gasoline pr~duced in the FCC

plant. ..

1,2.2 Overall Design Considerations

The Shangwan coal direct liquefaction plant will .be a green-field complex to

be located in a plant site close to a coal mine in Shenhua coal field along the

border of Shaanxi and Inner Mongolia, as shown in Figure 1;l’. It is a mitie-

mouth phult, therefore coal transportation load and cost are substantially”

reduced. With the exception of electricity, the plant will be a standalone and

self-sustained complex, equipped with all necessaryfacilities.

The CoaI Direct Liquefaction Plant of concern has a capacity of processing

12;000 tons/day of Shangwancoal. Shangwancoal is selectedby SHHG in

consideration of its good liquefaction pefiormance, abundantreserves and

establishedproductioncapacity. Major productsof the liquefactioncomplex

are 7,844 tons/day of liquid transportzitionfiels, including LPG, gasoline

(or ethylene feedstock naphtha), and diesel fbel, with by-products such as

sulfhr, phenols, etc. Clquid fuels are easy to transpo~ and are very much

needed in the shanxi-Shaanxi-InnerMongolia-Ningxia areawhere there is a

shortage in oil reservesandrefining capacity.

The liquefaction plant uses HTl COAL PROCESSTMand GelCatTMfor

Shangwan coal liquefaction, because the combination of HIT’s coal direct

liquefaction technology and its

product yield and ultra-clean

proprietary catalyst gives the highest liquid

transportationfiels ever made fi-om coal.
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1.2.3 OVERALL PLANT CONFIGURATION

The overall configuration of the entire Shangwan coal liquefaction complex

is shown in Figure 1.2, which shows the interconnection of the primary/

process plants, specified as Inside Battery Limit (ISBL) plants. Besides

these ISBL plants, there are a number of additional Outside Battery Limit

(OSBL) plants which are not shown in this figure. Complete lists of these

ISBL and OSBL plants are given in Tables 1.1 and 1.2.

Obviously, the liquefaction section, including solvent deashingand catalyst

manufacture, is the core of the entire complex. Crushed, ground, dried, and

screened feed coal is convertedin thetwo-stage liquefactionplantinto liquid.
transportationfiek, which flow to product blendingor are fhrtherprocessed

in downstream units suchas fluid catalytic-cracking. Hydrogen consumed in

liquefaction is generatedby coal/resid gasification, andpartiallyby fbel gas

steam reforming.

Per Meeting Minutes of Project Review Meeting held in December 1998,

The Feasibility Study report will be written in two volumes. Ifll is

responsible for the preparationof Report Volume 2, which encompasses

threecore plants:Coal Liquefaction usingHTI COAL PROCESSm, Solvent

Deashing, and GelCat~ Manufacture. Shangwn coal CFU testing results

obtained at HTI is used as the design basis. HTI’S In-House Process

Simulation and Economics Models, as well as the USDOE-Modified Bechtel

Coal Direct Liquefaction model are used for liquefaction plant design.
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In consideration of the limitaticm on reactor size due to transportation, the

entire liquefaction plant consists of three identical trains with each train

processing 4,000 ret/d of coal. Feed coal to the liquefaction plant contains

6% of moisture, suppliedby Coal Preparationplant.

/

1.2.4 Work Objectives /’

The objectives of this part of the study so far as liquefaction plant is

concerned areto:

● develop overallmaterialbalance, utilityrequirements,andflow

distributionsfor the coal liquefaction (plant 2) and solvent

deashing(Plant3).

● generate an equipment list for capital cost estimatesfor the

liquefactionsection, includingPlants2,3, and4 (Catalyst

Manufacture).

● generateproduction cost estimatesfor plants2,3, and4.

● carryout financialevaluationof the liquefactionsection.
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E~CUTIKESUM~ Y

This reportpresentsthe resuh of thebench-scaletest PB-10(HTIRunNo. 227-109), pe~ormed
at HTI’s facilitiesunder DOE contract. The objective of this test was to demonstrate the
feasibilityof directcoalliquefactiononShangwancoal utilizingvariousbaclcendprocessingand
recycle schemes. Thisbenchtest continuesthe work that was startedin PDU testing 260-007.
Addition@y,this test collectedall availabledata to allowfor the best scale-upprocess design
possible from this particularunit. Previousbench test (227-106,PB-09) was performed on
different seams of Chinese coal (Shenhua COtd #2 & #3). .

HITs continuous Bench Scale Unit No. 227 was used for this m spanning 24 days including
start-up and shutdown. l?his unit employs two backmixed liquefaction reactors and a closely
integrated fixed-bed hydrotreater. The coal/oil slurry is premixed offline and charged to a feed
tank on a periodic basis. The reactors are close-coupled with the effluent horn the first itage
flowing directly to the second stage. The effluent f.iom the second reactor was separated in a hot
separator and the bottoms stream was sent to an atmospheric flash. The overhead born the 2nd

~stage hot separator was sent directly to the in-line hydrotreater. The hydrotreater outlet was sent
to a cold,separator and separated into a vent gas stream and a separator overhead stream (SOH).
The vent gases were metered, sampled, and sent to flare. The overhead fi-om the atmospheric
flash was also sent to the hydrotreater as part of the feed charge. The bottoms stream 120m the
atmospheric flash was separated oflline by various processes depending on the particular recycle
scheme being used for that condition. These streams were then analyzed. Part of the mid-
distillate generated is used as a process oil in the buffer pumps for the fxrst and second stage
reactors. TNPS was used during startup to pre-sulfide the hydrotreater catalyst and TNPS and
H2S were used during the run to activate the dispersed catalyst During this test four diffkrent
recycle schemes were used.

HTI’s proprietary iron-based dispersed catalyst GelCatm in different formulations were used in
the entire run. The run includes 8 separate operating conditions with four diMerent recycIe
schemes. Condition 1A (Periods I-3A) used the base coal, Shangwan cord, which was used for
the PDU testing (260-007). Part of the O-6 bottoms was recycled and the rest separated by
pressure filtration. The pressure filter liqui&”were vacuum distilled and the bottoms recycled as
well as a portion of the overheads. The pressure filter solids was solvent extracted and the
toluene extracted oil was recycled while the toluene extracted solids was taken as a product. For
Condition 1~.this was changed to decreasing the total amount of O-6 bottoms recycl~ recycling
the pre~ure filter liquid directly and recycling the toluene extracted oil. For Condition 2A the
same scheme was followed except the coal was changed fkom that used in the PDU program to
L-1 007 which was a smaller lot of the same coal that was ground by HTI. For Condition 2B the
recycle of the pressure filter liquids was stopped and the vacuum still bottoms recycle was
restarted. For Condition 3A a portion of the pressure filter solids was also recycled so as to
resume solids recycle and the feed coal was changed back to that used in the PDLJ program. For
Condition 3B the hydrotreater was bypassed to determine the quality and quantity of material
flowing directly fiorn the overhead of the hot separator to the hydrotreater. For Condition 4A the
hydrotreater was placed back online and the 0-6 bottoms was vacuum distilled twice recycling a

5



399°C+ fraction and a 399-538°C+ &action. For Condition 4B the cut point of the f~st
distillation was reduced and the overall recycle ratio was changed from 1.6 to 1.25.

.-

The small lot of coal that was prepared by HTI does result in a slightly higher coal conversion of
1.8WVOmaf ff than the bulk coal sample used for the PDU testing. The reactor petiormance as
measured by reactor (single-pass) resid conversion shows some variation based on the recycle
scheme being used. l%is follows the pattern that the greater the recycle of resid material the
lower the reactor performance. This is due to the recycle resid becoming more concentrated in
refractory materials which are very difficult or impossible to convert. The process performance,
as measured by the process (overall) resid conversio~ shows a very strong impact horn the
recycle scheme. Even though the reactor resid conversion decreases with higher levels of resid
recycle, the process resid conversion increases sharply as recycle ratio increases. The maximum
process pefiormance is achieved with the maximum recycle of resid. The performance achieved
for the design basis 93.5 W% mafff coal conversio~ 85.9 W% maf ff resid conversion, and 67.2
W% C4-524°C distillate yield with a hydrogen consumption of 8.8 WYOIUaf ff. The hydrotreater
had a si&ificant impact on final product quali~ increasing the hydrogen content by 1.8 WYO,
increasing the H/C Atomic ratio Iiom 1.48 to 1.85, increasing the API gravity from 21.3 to 36.0
and lowering the sulfhr content from 1119 wppm to 59 wppm and the nitrogen content from 695
wppm to <1 wppm.

,.
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ABSTRACT

This report presents the results of the bench-sc~e work, Bench Run PB-09, 13TI Run Fh.wnber 227-
106, conducted under the DOE Proof-of-Concept Option Program in direct coal liquefaction at
Hydrocarbon Technologies, Inc. in Lawrenceville, New Jersey. Bench Run PB-09 was conducted
using two types of Chinese coal, Shenhua #2 and Shenhua #3, and had several goals. One goal was
to study the liquefaction petiormance of Shed-ma #2 and Shenhua #3 with respect to coal conversion
and distillate production. Another goal of Bench Run PB-09 was to study the effect otiifferent
GelCatm formulations and loadings. At the same time, the space velocity and the temperature of the
first reactor, K-1, were varied to optimize the liquefaction of the two Chinese coals.

The promoter-modified HTl GelCatm catalyst was very effective in the direct liquefaction of coal
with nearly 92 ‘Amaf coal conversion with Shenhua #3 and 93 ‘Amafcoal conversion with Shenhua
#2. Distillate yields (Cq-524 “C) varied from 52-68 ‘Yomaf for Shenhua #3 coal to 54-63 YOmaf for
Shenhua #2 coal. The primary conclusion 5iomBench Run PB-09 is that Shenhua#3 coal is superior
to Shenhua #2 coal in direct liquefaction due to its greater distillate production, although coal
conversion is slightly lower and CI-CJ light gas production is higher for Shenhua #3. The new
molybdenum-modified GelCatm also proved successful in converting the two Chinese coals an~
under some conditions, producing good distillate yields for a coal-only bench run.

.,
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EXECUTIVE SUMMARY -

Bench Run PB-09 is part of the Proof-of-Concept Bench Option Contract between the United States
Department of Energy and Hydrocarbon Technologies, Inc. (HTI). The primary goal of the run was
to evaluate the direct liquefaction of two Chinese coals, Shenhua #2 and Shenhua #3, and to compare
them with earlier data on the direct liquefaction of other coals. A further goal of the run was to
evaluate anew promoter-modified GelCatm at different loadings.

The entire bench run was conducted over thirty days and was divided into six operating conditions.
PB-09 was initially scheduled to be a twenty six day long operation, but was increased to thirty days
in an attempt to increase the distillate yields. Shenhua coal #3 was used in conditions one throu@
four, while Shenhua #2 coal was used in the final two conditions. A modified GelCatm was used
throughout the run at varying catalyst flow rates. All six conditions used a GelCatm with an
Fe/Promoter atomic ratio of 100/4, except period two, at a ratio of 100/2.

The following points were the highlights of bench run PB-09.

--

--

.-

--

--

--

The promoter-modified GelCatm catalyst was efkctive in the direct liquefaction of both
Chinese coals. Coal conversio~ on a moisture and ash-he (rnaf) basis, was almost 92?40
with Shenhua #3 coal and 93 YOwith Shenhua #2 coal.

The C~-524 “C distillate yield with Shenhua #3 coal varied liom 52 to 68 YOmaf, and 53 to
64 YOmafwith Shenhua #2 coal. The 524 “C+residuum conversion varied from 70 to 84 %
mafwith Shenhua #3 coal, and 71 to 80 YOmafwith Shenhua #2 coal.

The C1-C~ light gas yield was slightly higher with Shenhua #3 coal than with Shenhua #2
coal (1370 vs 1270 maf, respectively).

The 524 ‘U residuum yield was lower for Shenhua #3 coal, 7 % maf, than for Shenhua #2
coal, 13% maf.

Overall, both coals had superior direct liquef~tion performance, and Shenhua #3 was better
than Shenhua #2 coal under the process conditions in PB-09, as shown by the higher
distillate, yields, with onIy slightly higher C!.t-C~light gas yields and slightly lower coal
cony&3ion.

The promoter-modified GelCatm with an Fe/Promoter composition of 100/4 (L-942) was
superior to the analogous catalyst with a ratio of 100/2 (L-943), as evidenced by product
yields. Upon changing from L-942 to L-943 the Cg-524 “C!distillate yield derived from
Shenhua #3 coal decreased from 68 % mafto 66 YOmaf, the 524 ‘C+residuum conversion
decreased from 84% rnafto 82 % mti, the C1-C~light gas yields increased from 12 ‘?40maf
to 139f0ma.f,and the 524 “C+ residuum yield increased from 7% mafto 9 ~omti, while the
coal conversion stayed the sameat91 0/0maf.

-2-
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CHINA COAL
227-109, PB-10

-.

EK??CUTWE SUMMARY ,-

This report presents the results of the Bench Scale tes~ PB-10,pdormed at HTI’s facilities
under DOE contract. The objective of this test was to demonstrate the feasibility of direct coal
liquefaction on Shangwang coal utilizing various backend processing and recycle schemes. TMS
bench test continues the work that was started in 260-007. Additionally, t.hk test collected all
available data to allow for the best scale-up process design possible from this. particular unit.
Previous bench test (227- 106, P13-09) was performed on a different seams of Chinese coal
(Shenhua Coal #2 & #3).

HTI’s continuous Bench Scale Unit No. 227 was used for this run. This id employs two main
reactors which wtie operated as backrnixed reactors. The coal/oil slurry is premixed offline and
charged to a feed tank on a periodic basis. The reactors are close coupled with the effluent horn
the first stage flowing directly to the second stage. The effluent from the second reactor was
separated b a hot separator and the bottoms were sent to an atmospheric flash. The cwerhead
fkom the 2ti stage hot separator was sent dhedly tothe hydrotreater. The hydrotreater outlet was
sent to a cold separator and separated into a vent’gas stream and a 2ti stage separator overhead
stream (SOH). The vent gases tvere meterc@ sarnple~ and sent to flare. The overhead iiom the
atmospheric flash was sent to the hydrotreater. The bottoms iiom the atmospheric flash were
separated offline by various processes depending on the particular recycle scheme being used for
that condition. These streams were then analyzed. Part of the middistillate generated is used as
a process oil in the buffer pumps for the first and second stage reactors. TNPS was used during
startup to pre-sulfide the hydrotreater catalyst and TNPS and H2S were used during the run to
activate @e dispersed catalyst. During this test four different recycle schemes were used.

The run includes 8 separate operating conditions. Condition 1A (Periods 1-3A) used the base
coal, Shangwang coal, which was used for the PDU prograni (260-007. Part of the O-6 bottoms
was recycled and the rest separated by pressure filtration. The pressure filter liquids were
vacuum distilled and the bottoms recycled as well as a portion of the overheads. The pressure
filter solids was solvent extracted and the toluene extracted oil “was recycled while the toluene
extracted solids was taken as a product. For Condition lB this was changed to decreasing the
total amom} of O-6 bottoms recycled, recycling the pressure filter liquid directly and recycling
the toluene extracted oil. For Condition 2A the same scheme was followed except the coal was
changed from that used in the PDU program to L-1007”whiih was a smaller lot of the same coal
that was ground by HTI. For Condition 2B the recycle of the pressure filter liquids was stopped
and the vacuum still bottoms recycle was, restarted. For Condition 3A a portion of the pressure
filter solids was also recycled so as to resume solids recycle tid the feed coal was changed back
to that used in the PDU program. For Condition 3B the hydrotreater was bypassed to determine
the quality and quantity of material flowing diiectly from the overhead of the hot separator to the
hydrotreater. For Condition 4A the hydrotreater was placed back online and the O-6 bottoms
was vacuum distilled twice recycling a 750F+ fi-action and a 750-1000F+ fiction. For



.--

Condition 4B the cut point of the first distillation was reduced and ~e overall recycle ratio was
changed fioml,6to 1.25.

-.

The small lot of coal that was processed by HTI does result in a slightly higher coal conversion
of 1.8W0/0 xnaf ff than the coal used for the PDU program. The reactor pefiormance as measured
by reactor resid conversion shows some variation based on the recycle scheme being used. This
follows the pattern that the greater the recycle of resid rnateti,al the lower the reactor
performance. This is due to the recycle resid becoming more concentrated in reii-actory materials
which are very difficult or impossible to convert. The process ptiorrnance, as measured by the
process resid conversion, shows a very strong impact from the recycle scheme. Even though the
reactor resid conversion decreases with high levels of resid recycle, the process resid convemion
increases sharply as these materials are not taken as product. The maximum performance is
achieved with the maximum recycle of resid. The performance achieved for the design basis
93.5 W% maf E coal conversion, 85.9 W% m~ ff resid conversio~ and 67.2 W% C~975F
distillate yield with a hydrogen constipation of 8.8 WYOmitf ff, The hydrotreater had a
significant impact” on final product quali~, increasing the hydrogen content by 1.8 W%,
increasing the WC Atomic ratio from 1.48 to 1.85, increasing the API gravity from 21.3 to 36.0
and lowefig the sulfi.mcontent from 1119 wppm to 59 wppm and the nitrogen content Mm 695
wppm to <1 wppm.
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The eighth bench scale test of POC program, Run PB-08, was successfully completed from August
8 to August 26, 1!997. A total of five operating conditions were tested aiming at evaluating the
reactivity of different pyrolysis oils in liquefaction of a Wyoming sub-bituminous coal (Black
Thunder coal). For the first time, water soluble promoters were incorporated into the iron-based
GelCat to improve the dispersion of the promoter metals in the feed blend. The concentration of the
active metals, Mo and Fe, was 100 and 1000 pprn of moisture-free coal, respectively. Black Thunder
coal used in this run was the same batch as tested in HTI’s Run POC-02.

Similar to Runs P13-O1 through 7, this run employed two back mixed slurry reactors, an interstate
gadslurry separator and a direct-coupled hydrotreater. In addition to the hot vapor horn the second
stage separator, the frost stage separator overhead liquid was also fed to the hydrotreater, which was
packed with Criterion C-41 1 hydrotreating catalyst. Pyrolysis oil was produced off-line from a
pfiolysis unit acquired from University of Wyoming. Solids rejection was achieved by purging out
pressure filter solid. The recycle solvents consisted of O-6 separator bottoms and pressure falter
liquid (PFI.J.

The Run PB-08 proceeded very smoothIy without any interruptions. Coal conversion consistently
above 90W0/0was achieved. High resid conversion and distillate yield have been obtained from co-
processing of coal and 343‘C-t-(650”F+) pyrolysis oil. Light gas (C1-Cq)yield was minimized and
hydrogen consumption was reduced due to the introduction of pyrolysis oil, compared with
conventional co~-derived solvent. Catalytic activity was improved by incorporating a promoter
metal into the iron-based GelCat. It seemed that lowering the first stage temperature to 435 “C might
increase the hydrogenation fimction of the promoter metal. In comparison with previous coal-waste
coprocessing run (PB-06), significant improvements in the process ptx$ormance were achieved due
to catalyst modification and integration of pyrolysis technique into liquefaction.



.*
,

...

- DE-92148-TOP-09

DIRECT LIQUEFACTION ‘PROOF-OF-CONCEPT PROGRAM
Hydrocarbon Technologies, Inc., Lawrenceville, N.J.

A.G. Comolli
P.Z. Zhou
T.L.K. Lee

J.Hu
,,

W.F. Karolkiewicz
G. Popper

Topical Report
Bench Run 7 (227-102)

Work Performed Under Contract No. AC22-92PC92148

For

U.S. Department of Energy
Pittsburgh Energy Technology Center

By

Hydrocarbon Technologies Inc., Lawrenceville, NJ,

December 1997

>>..... .-~

. . .--
c)
-.
-,.



..

EXECUTIVE

TABLEOFCONTENTS

SUMMARY ...................................................................................................1

BACKGROUND, OBJECTIVE, AND SCOPE OF WORK .................................................2

SYSTEM CONFIGURATION ............................................................................................2

FEED MATERIALS AND SPECIALS AMPLES ................................................................3
/

Special Samples for Consol, Inc
.

.............................................................................4
Special Samples for V’VestVirginia University

,.
........................................................5

OPERATIONAL DETAILS ................................................................................................6

OPERATING CONDITIONS AND MATERIAL BAIANCE ...............................................11

PROCESS PERFORMANCE. ...........................................................................................12

PRODUCT QUALllY ............................................................. .........................................14

TECHNO-ECONOMIC ASSESSMENT ............................................................. ...............15

CONCLUSION .......... ......................................................................................................16

APPENDIX .......................................................................................................................45

Summary of Material Balance for Run PB-07 (HTI 227-102) ...............................45
Summary of Material Balance by Conditions (Run PB-07, HTI 227-1 02) ............46
Detailed Gas Normalized Yield 47............................................................................



.,

*

I I
Table 1.
Table 2.
Table 3.
Table 4.
Table 5.
Table 6.
Table 7.
Table 8.
Table 9.
Table 10.

Table 11.
Table 12.
Table 13.
Table 14.
Table fi5.

LIST OF TABLES -

Run Plan for Bench Run PB-07 .... .. . . .. . .. .. .. . .. . . . .. . .. . . .. . . . . . . . . . . . . .. . . . . .17
Analysis of Illinois No. 6 Feed Coal ............................................18
Analysis of Start-up/Make-up Oil................................................19
Process Performance Results....................................................20
Properties of Second Stage Separator Overhead Oil ................2l
Properties of Second Stage Pressure Filter Liquid ....................22
Properties of Second Stage Pressure Filter Cake ....23................23
Operating Conditions & Process Performance - ‘.............................24
Economic Analysis-Material Balance .........................................25,
Hydrogen Balance, Utilities Production
&Thermal Efficiency ..................................................................26
Capacities of Process Units& Offsites .......................................27
Liquefaction Plant Investment Details ........................................28
Total Plant Investment Summary ...............................................29
Product Cost calculation .............................................................30
Breakdown of Equivalent Crude Oil Price,..................................31



.
>1

Figure

Figure

Figure

Figure

Figure

1.

2.
3.
4.
5.

Figure 6.
Figure
Figure
Figure
Figure
Figure
Figure

7.
8.
9.
10.
11.
12.

LIST OF FIGURES

Process Flow Diagram of Bench-Scale-Liquefaction Unit ..........33
Daily Operating Conditions .........................................................34
Daily Material Balance ...............................................................35
Coal and Residuum Conversion .................................................36
CA-524°CDistillate Yield& 524”C+ Yield .....................................37
Distillate Fraction ........................................................................38
Distillate Selectivity ..................................................... ...............39
Hydrogen Consumption & Light C1-C~Gas Yield .,::..’..: ..............40
Hydrogen Efficiency & Light Gas Selectivity ...............................41.
Qualky of SOH Distillate .............................................................42
Product WC Ratio .43.......................................................................
Volubility of PFL Product .....................0.......................................44

0



EXECUTIVE SUMMARY

The Bench Run PB-07 was the seventh of the nine runs planned in the F’OC Bench Option
Contract between the U.S. DOE and Hydrocarbon Technologies, Inc. The primary goal of
this bench run was to evaluate the effects of varying levels of iron and various promoters
in a dispersed catalyst on hydroliquefaction of a high volatile bituminous Illinois No. 6 coal.
The bench run PB-07 (HTI 227-1 02) was completed at the end of Period 20 (0400 HRS
on 411197). During the first 16 days of operation, a total of five run conditionsmere studied.
Only four of these five conditions have been worked up for yields, b~cause the original
Condition 4, that employed the dispersed catalysts containing no iron, but only promoters,
encountered plugging problems in the unit and resulted in a pre-mature unit shut-down.
The last four days of this run were planned to produce the coalderived heavy oil material,
suitable for making carbon-based products, for West Vkginia University, at the request of
FETC. In general, the following observations were made during the run:

● Coal conversions were very high (96-97 % maf) and so were the resid
conversions (87-89Y0 maf); the Cd-5240C distillate yields were lower (67-.68
0/0 maf) than expected (72-75 ‘A maf), from the high resid and coal
conversion levels.

● With about 2500 ppm of iron, in the form of GelCatm, under the prevailing
reaction conditions, neither promoter was found to have any significant
impact on the overall process performance.

● Substantial hydrocracking was observed during the run, as exemplified by
the abnormally high gas yields (15-1 6 ?40 maf), high yields of light distillates,
C~-343°C (50-55% maf), and low heavy VGO yields (2-3% maf). The high
gas yields were mainly due to high temperatures employed during the run.
Lower reaction temperature or reduced fresh Fe catalyst loading may help
minimize gas formation.

● In the absence of iron catalyst, with promoters only, the resid levels in the
recycle solvent increased up to” 50 w9foj creating significant pumping
problems and forcing a premature unit shutdown.

● During the last four days of operations, about 55 kg of the coal-derived O-6
bottoms material was produced for West Vkginia University.

1
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-ABSTRACT

This report presents the results of bench-scale work, Bench RunPb-06, conducted

under the DOE Proof of Concept- Bench Option Program in direct coal liquefaction

at Hydrocarbon Technologies, Inc. in Lawrenceville, New Jersey. The Bench Run

Pb-06 was the sixth of the nine runs planned in the POC Bench Qpfion Contract

between the U.S. DOE and Hydrocarbon Technologies, Inc. The+3ench Run Pb-06

had a primary objective of studying an alternative approach to conventional

coal/plastics co-liquefaction. This alternative approach entailed mild pyrolysis of

waste plastics in order to generate an oil fraction, to be used later for slurrying coal

for direct liquefaction. Thus, PB-06 involved an integration of mild pyrolysis of waste

plastics with direct liquefaction of Wyoming Black Thunder mine coal. The bench run

Pb-06 employed a two-stage back-mixed slurry reactor system with an interstage V/L

separator and an in-line fixed-bed hydrotreater.

The replacement of raw mixed plastics in the feed of Condition 2 (conventional

coal/plastics co-liquefaction) by a 343°C+ oil (in Condition 3), obtained from the mild

pyrolysis of raw mixed plastics, resulted in a slightly inferior process performance,

probably because mote of the refractory/unreactive plasticS material was

concentrated in the pyrolysis heavy oil feed. The once-through processing concept,

tested during Condition 4, where coal was fed to the unit with Hondo resid VTB and

pyrolysis oil (44 % resid material!), resulted in 86 % total feed conversion (to

quinoline soluble products), 66 % residuum conversion, and 54 % distillate yield (all

maf basis) at about” twice as high a throughput (fresh feed basis) as in the other

conditions of PB-06. This condition also resulted in the best hydrogen utilization

efficiency in that the lowest light gas selectivity was obtained with the highest Hz

eficiency. It was evident from bench run PB-06 that complete elimination of recycle

of the coal-derived oil results in performance deterioration; it is therefore necessary

to recycle at least a part of processderived oil even if other carrier solvents are

available for pumping the coal slurry into the reaction system.



EXECUTIVE SUMMARY

The Bench Run PB-06 was the sixth of the nine runs planned in the POC Bench

Option Contract between the U.S. DOE and Hydrocarbon Technologies, Inc. The

primary goal of this bench run was to evaluate the integration of mild pyrolysis of

mixed waste plastics with hydroliquefaction of Wyoming Black Thunder Mine coal.

Bench Run PB-06 studied the effect of combined processing of c~al and MSW

plastics in a manner different from that practiced heretofore. Duri’ng this run, MSW

plastics (simulated mixture consisting of 40 YO HDPE, 3004 polypropylene, 25 ?40

polystyrene, and 5 % PVC) was subjected to mild pyrolysis (425-440°C , 30 rein)

reaction in order to obtain products that could, in principle, be utilized completely in

the coal Iiquefadlon process, i.e., light hydrocarbon gases for hydrogen production

to meet the liquefaction hydrogen demand, the 343°C- light oil for supplementing the

distillates from the liquefaction section, and the 343° C+ heavy oil (waxy material) to

slurry the coal for feeding to liquefaction reactors, therefore, eliminating, either

partially or completely, the recycle requirement for direct coal liquefaction. The run

plan for PB-06 was designed to investigate all of these aspects.

The entire bench run was conducted during a 23-day long continuous operation,

spanning over five operating conditions. The first operating condition, Condition 1,

was run in a direct liquefaction or ‘coal-only’ feed mode and studied the elfect of a

phosphorous-modified iron catalyst, in the absence of added molybdenum catalyst,

at high feed space velocity and in an all dispersed catalyst mode. Condition 2 studied

the coprocessing of coal with mixed plastics in a conventional ‘co-liquefaction’

manner, practiced earlier at HTI. Condition 3 studied the coprocessing of pyrolysis

oil with coal, at the same concentration of coal in the mixed feed, as in Condition 2.

The Condition 4 looked at a special case of using ‘no recycle oil’ by practicing the

‘once-through’ mode of operation; the space velocity of the mixed feed

(coal+pyrolysis oil+Hondo VTB resid) was increased during Condition 4 to correspond

to an equivalent residence time; as in the other conditions of PB-06. The last

condition, Condition 5, was similar to Condition 1, except that 100 ppm of

molybdenum was added in addition to the iron catalyst, in the form of Molyvan-A. The

interstage VIL separator was employed along with an in-line fixed-bed hydrotreater

during PB-06, The recycle mode was ‘ashy” throughout the run, maintained by

recyling the flash vessel bottoms material. The entire Bench Run PB-06 was initially

2
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scheduled to be a 25-day long operation although due to the operating problems

encountered during the” course of the run, the Run was pre-maturely shut-down.
-.

Following were the highlights of bench-run PB-06:

It is clear based upon the first and the fifth run conditions that, presence of

adequate sulfur (or H2S) is absolutely essential for dispersed slurry catalysts

to be effective for coal and residuum conversions; it is not clear though,

whether the significant improvement in process performance during Condition

5 over that during Condition 1 was entirely due to addition of 100 ppm of

molybdenum to feed during Condition 5 or because of adequate amounts of

H2S in the reaction system.

The addition of raw mixed, plastics during Condition 2, helped to improve the .

distillate yields and hydrogen utilization eficiency of coal conversion.

The replacement of raw mixed plastics in the feed of Condition 2 by 343”C+

oil (in Condition 3), obtained from the mild pyrolysis of raw mixed plastics,

resulted in a slightly inferior process performance, probably because more of

the refractory/unreactive plastics material was concentrated in the pyrolysis

heavy oil feed.

The once-through processing concept, tested during Condition 4, where coal

was fed to the unit with Hondo resid VTB and pyrolysis oil (44 YO resid

material!), resulted in 86 ?40 total feed conversion (to quinoline soluble

products), 66 “A residuum conversion, and 54 YO distillate yield (all maf basis)

at about twice as high a throughput (fresh feed basis) as in the other

conditions of PB-06. This condition also resulted in the best hydrogen

utilization efficiency in that the lowest light gas selectivity was obtained with

the highest H2efficiency.

It appears from PB-06 that complete elimination of recycle of the coal-derived

oil results in performance deterioration; it is therefore necessary to recycle at

least a part of process-derived oil even if other carrier solvents are available

for pumping the coal slurry into the reaction system.

In light of the results obtained during PB-06, and the fact that a steady-state

equilibration could not be achieved during the mild pyrolysis of the plasticsl

3
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more work should be conduced to study the integration-of mixed plastics/used

rubber tire pyrolysis with direct coal liquefaction, where a good control is

obtained over the pyrolysispart of the integrated process so that an optimum

disposition of the pyrolysis products and their usage in direct coal

Iiquefactionlcoal-oil coprocessing can be studied.

/

,.
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~ABSTRACT

This report presents the results Bench Run PB-05, conducted under the DOE Proof

of Concept - Bench Option Program in direct coal liquefaction at Hydrocarbon

Technologies, Inc. in Lawrenceville, New Jersey. Bench Run PB-05 was the fifth of

the nine runs planned in the POC Bench Option Contract between the U.S. DOE and

Hydrocarbon Technologies, Inc. Bench Run PB-05 had multiple goals. These

included the evaluation of the effect of using dispersed slurry catalyst in direct

liquefaction of a high volatile bituminous Illinois No. 6 coal and in combined

coprocessing of coal with organic wastes, such as heavy petroleum resid, MSW

plastics, and auto-shredder residue. PB-05 employed a two-stage, back-mixed,

slurry reactor system with an interstage V/L separator and an in-line fixed-bed

hydrotreater.

Coprocessing of waste plastics with Illinois No. 6 coal did not result in the

improvement observed earlier with a subbtiuminous coal. In particular, decreases in”

light gas yield and hydrogen consumption were not observed with Illinois No. 6 coal

as they were with Black Thunder Mine coal. The higher thermal severity during PB-05

is a possible reason for this discrepancy, plastics being more sensitive to

temperatures (cracking) than either coal or heavy resid. The ASR material was poorer

than MSW plastics in terms of increasing conversions and yields. HTI’s new

dispersed catalyst formulation, containing phosphorous-promoted iron gel, was highly

effective for the direct liquefaction of Illinois No. 6 coal under the reaction conditions

employed; over 95’?40coal conversion was obtained, along with over 85% residuum

conversion and over 73% distillate yields.

,.’

,

/
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EXECUTIVE SUMMARY -

. .’

Bench Run PB-05 was the fifth of the nine runs planned in the POC Bench Option

Contract between the U.S. DOE and Hydrocarbon Technologies, Inc. The primary

goal of this bench run was to evaluate the direct liquefaction and coprocessing of a

high volatile bituminous coal, (Illinois No.6), with organic wastes, such as MSW

plastics (a mixture of HDPE, polypropylene, and polystyrene was used to simulate

the MSW plastics), heavy resid, and auto-fluff. The unit was configured to have an

interstage vapor-liquid separator and an in-line fixed-bed hydrotreating unit. The run

consisted of 25 days of continuous operation, spanning six operating conditions. The

effect of dispersed slurry catalyst atiivity and feed composition were evaluated at

target operating conditions of reactor space velocity of 640 kg/h/m3 reactor and

reactor temperatures of 449 and 460”C.

The first two reaction conditions were carried out using ‘coal-only’ feed, with the

objective of studying the effect of 50 ppm molybdenum, added as Molyvan-A, in

improving performance over use of only iron and phosphorous in the form of HTI’s

gel catalyst (as in Condition 1 of PB-05). Conditions 3 through 6 focused on the

coprocessing of organic wastes with coal; Condition 3 studied the coprocessing of

coal with MSW plastics and Hondo VTB oil; Conditions 4 and 5 studied the

coprocessing of coal with MSW plastics and auto-fluff material; and Condition 6

looked at coal/oil coprocessing at 50/50 w/w?10feed concentration. The run was

carried out in an “ashy-recycle” mode of operation, achieved by recycling part of the

flash vessel, (O-6), bottoms back to the first stage reactor. The in-line hydrotreater

operation was very successful (except for the last run condition); SOH product ~th

a high H/C ratio and low heteroatom content was obtained,

Following were the highlights of Bench Run PB-05: “

HTI’s new dispersed catalyst formulation; containing phosphorous-promoted iron

gel, was”highly effective for the direct liquefaction of Illinois No. 6 coal under the

rea6tion conditions employed; over 95% total coal conversion was obtained, along

with over 85% residuum conversion and over 73% distillate yields.

The addition of 50 ppm molybdenum, in the form of Molyvan-A, to HTI’s Fe/P gel

catalyst did not bring about any significant improvement in process performance.
It appears that the presence of phosphorous masks the effect of the molybdenum

additive.

2
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The coprocessing of-equal amounts of coal, MSW plastic: and Hondo VTB resid

resulted in improved performance, e.g., about 90% conversion of resid was

obtained, along with 79%”- distillate yield and 3.9% chemical hydrogen

consumption.

Coprocessing waste plastics with Illinois Not 6 coal did not result in the

improvement observed earlier with a subbituminous coal. In particular, reduced

light gas yields and hydrogen consumption were not observed with Illinois No. 6

coal as was the case with Black Thunder Mine coal. The higher thermal severity

during PB-05 could be the reason for this discrepancy, plastics being more

sensitive to temperatures (cracking) than either coal or heavy resid. The ASR

material was poorer than MSW plastics in terms of contributing to conversion and

yields.

The last run condition, which studied conventional coal/oil coprocessing with

miriimal recycle, resulted in the best performance, although material recovery

balance for that condition was poor.

,.’

,
/



.

~
. DE-92148-TOP-06

DIRECT LIQUEFACTION PROOF-OF-CONCEPT PROGRAM
Hydrocarbon Technologies, Inc., Lawrenceville, N.J.

.
/

A.G. Comolli
V.R. Pradhan

T.L.K. Lee
W.F. Karolkiewicz

G. Popper

FINAL

.-.....
c.”.
,-.
.... .
. .
L.,

l-:
1

-.
r-n
-,
~:

Topical Report
Bench Run 4 (227-95)

Work Performed Under Contract No. AC22-92PC92148

For

U.S. Department of Energy
Pittsburgh Energy Technology Center

,,

By

r.-,
.m -

-..
. . .

. .

:-. -.

,-—

,...
. .,..
~..
:,-.. ....

::-

Hydrocarbon Technologies Inc., Lawrenceville, NJ,

MARCH 1997



DE-92148-TOP-06

DIRECT LIQUEFACTION-PROOF-OF-CONCEPT PROGRAM
Hydrocarbon Technologies, Inc., Lawrenceville, N.J,

A.G. Comolli
V.R. Pradhan
T.L.K. Lee
W.F. Karolkiewicz
G. Popper

FINAL

Topical Report
Bench Run 04 (227-95)

Work Performed Under Contract No. AC22-92PC92148

....1
....

For

U.S. Department of Energy
Pittsburgh Energy Technology Center

,,’

By /’

Hydrocarbon Technologies inc., Lawrenceville, NJ,

MARCH 1997



TABLE OF CONTENTS
-,

:

.,.
.. ,,,

ABSTRACT . . . . . . . . . . . . . . . . . .

EXECUTIVE SUMMARY . . . . . . . .

BACKGROUND, OBJECTIVE, AND

SYSTEM CONFIGURATION . . . . .

MATERIALS USED . . . . . . . . . . . .

Feeds . . . . . . . . . . . . . . . . . .

,. .,.... . . . . . . . . . . ...0.. . . . . . . . . . . 1

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

SCOPE OF WORK . . . . . . . . . . . . . . . . . . .3

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Startup/Makeup Oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...5

Catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..O . . . . . . . . . . . . . . . ...5

INTERSTATE SLURRY SAMPLES..,.. . . . . . . . . . . . . . . . . . . . . . . . . . . . ...5

EXTERNAL SAMPLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . ...5

SUMMARY OF OPERATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

Unit Modification and Configuration .

Dispersed Catalyst Preparation . . . .

Auto-Shredder Residue Preparation

Run Conditions . . . . . . . . . . . . . . . .

Startup . .’. . . . . . . . . . . . . . . . . . . . .

Condition I . . . . . . . . . . . . . . . . . . . .

Transition . . . . . . . . . . . . . . . . . . . . .

Transition Condition . . . . . . . . . . . . .

Condition 3 . . . . . . . . . . . . . . . . . . . .

Condition. . . . . . . . . . . . . . . . . . . .

‘Condition . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

..,,... . . . . . . . . . . . . . . . . . . . . . . 9

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

. . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

. . . . . . . . . . . . . . . . . . . . . . . . . . . . 10.
Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...10

Post Run Inspections .,....... . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...11

Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11



,
. TABLE OF CONTENTS

(Continued)

OPERATING CONDITIONS AND MATERIAL BALANCES . . . . . . . . . . . . ..13

PROCESS PERFORMANCE RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . ...13

Total Coal (mixed-feed) and 524°C+ Residuum Conversion . . . . . . . . . . 13

Cq-5240C Distillate Yield and 524°C+ Residuum Yield . . . . . . . . . . . . . . . 14

Distillate Yield and Selectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Hydrogen Consumption and Light Gas (C1-CJ Yield . . . . . . , . . . . . . . . . 14

Hydrogen Utilization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...15

PRODUCT QUALITY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...15

.Separator Overhead (SO1-i) Product.. . . . . . . . . . . . . . . . . . . . . . . . ...15

Pressure Filter Liquid (PFL) and Pressure Filter Solids (PFS) . . . . . . . . . 16

DISCUSSION OF PROCESS PERFORMANCE RESULTS . . . . . . . . . . . . . . . . 17

Effect of HTI’s New Dispersed Catalyst and Extinction Recycle . . . . . . . 17

Effect ofFeed Typeon Combined Processing . . . . . . . . . . . . . . . . . . . . 17

TECHNO-ECONOMIC ASSESSMENT . . . . . . . . . . . . . . . . . . . . . . . .. . . . ...19

CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . ...21

APPENDIX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...57

Abbreviation

Daily Unit Material Recovery Balance

,Normalized Yields of Gaseous Products

iv



.
. LIST OF TABLES

Table 1.

Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Table 8.

Table 9.

Table 10.

Table 11.

Table 12.

Table 13.
., Table ’14.

Table 15.

Table 16.

Table 17.

Run Plan forthe Bench Run PB-04 . . . . . . . . . . . . . . . . . . ...22

Analysis of Feed Black Thunder mine coal , . . . . . . . . . . . . . . 23

Analyses of HeavyOil, ASR, and Waste Plastics Feed . . . . . . 24

Analysis of Start-up/Make-up Oil . . . . . . . . . . . . . . . . . . . . . . . 25

Process Performance Summary during PB-04 . . . . . . . . . . . . 26

First Stage Separator Overhead (SOH) Properties . . . . . . . . . 27

Second Stage Separator Overhead (SOH) Properties . . . . . . 28

Pressure Filter Liquid (PFL) Properties . . . . . . . . . . . . . . . . . . 29

Second Stage Pressure Filter Solids (PFS) Properties . . . . . . 30

Composite Feed Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . ..3 I

Material Balance for Economic Assessment . . . . . . . . . . . . . . 32

Hydrogen Balance, Utilities Production, and Thermal

Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..’. ..33

Liquefaction Plant Investment Details . . . . . . . . . . . . . . . . . . . 34

Total Plant investment Summary . . . . . . . . . . . . . . . . . . . . ...35

Produ~ Cost Calculation . . . . . . . . . . . . . . . . . . . . . . . . . . ...36

Breakdown of Equivalent Crude Oil Price . . . . . . . . . . . . . ...37
Economic Comparisons at Maximum Reactor Throughput . ..38

.,
,<

,/

,
/

v



.

LIST OF FIGURES

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

1 Figure’ 14.

Figure 15.

Figure f16.

Figure 17.

Figure 18.

Simplified Schematic of HTI’s Bench-Scale Unit Configured

for Run PB-04 .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...39

PB-04:Daily Operating Conditions . . . . . . . . . . . . . . . . . . . . . 40

PB-04:Daily Material Recovery Balance . . . . . . . . . . . . . . . . . 41

PB-04: Feed Composition . . . . . . . . . . . . . . . . 1. . . . . . . . . . .42

PB-04:Feed and Resid Conversions . . . . . . . . . . . . . . . . . . . . 43

PB-04: CA-524°C Distillate Yield and 524”C+ Yield . . . . . . . ...44

PB-04:Distillate Fraction Yields . . . . . . . . . . . . . . . . . . . . . ...45

PB-04: Distillate Fraction Selectivity . . . . . . . . . . . . . . . . . . . . 46

PB-04: Hydrogen Consumption and Light Cf-C~ Gas Yield . ..47

PB-04: Hydrogen Efficiency and Cf-C~ Gas Selectivity . . . ...48

PB-04:Quality of SOl-t Distillates . . . . . . . . . . . . . . . . . . . . ...49

PB-04:Product H/C Ratio . . . . ..’ . . . . . . . . . . . . . . . . . . . ...50

PB-04:Solubility of PFLProduct . . . . . . . . . . . . . . . . . . . . ...51

PB-04: Effect of Dispersed Catalyst and Extinction Recycle

on Process Performance (l) . . . . . . . . . . . . . . . . . . . . . . . . ...52

PB-04: Effect of Dispersed Catalyst and Extinction Recycle

on Process Performance(l) . . . . . . . . . . . . . . . . . . . . . . . . . .53

PB-04:EffectofFeed TypeonProcess Perforrnanc6 . . .. . . . . 54

PB-04: Economic Effect of ASRCost . . . . . . . . . . . . . . . . ...55

PB-04: Capital Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . ...56

....;

,/

/

vi



.

ABSTRACT

This report presents the results of bench-scale work, Bench Run PB-04, conducted

under the DOE Proof of Concept - Bench Option Program in direct coal liquefaction

at Hydrocarbon Technologies, Inc. in Lawrenceville, New Jersey. The Bench Run

PB-04 was the fifth of the nine runs planned in the POC” Bench Option Contract

between the U.S. DOE and Hydrocarbon Technologies, Inc. Bench Run PB-04 had

multiple goals. These included the evaluation of the effects of dispersed slurry

cataiyst system on the performance of direct liquefaction of a subbituminous

Wyoming Black Thunder mine coal under extinction recycle (454°C+ recycle)

condition; another goal was to investigate the effects of the combined processing of

automobile shredder residue (auto-fluff) with coal and other organic waste materials.

PB-04 employed a two-stage, back-mixed, slurry reactor system with an interstage

V/L separator and an in-line fixed-bed hydrotreater.

The HTI’s newly modified P/Fe catalyst was vety effecWe for direct liquefaction and
coprocessing of Black Thunder mine subbituminous coal with Hondo resid and auto-
flu~ during ‘coal-only’ liquefaction mode, over 93% maf coal conversion was
obtained with about 90Y9 residuum conversion and as high as 67°A light distillate (C1-
975 F) yield, while during ‘coprocessing’ mode of operation, distillate yields varied

between 58 and 69%; the residuum conversions varied between 74 and 89% maf.
Overall, it is conciuded, based upon. the yieid data avaiiabie from PB-04, that auto-
fiuff, ‘containing primarily polyurethane and high impact polystyrene, is not as
effective as MSW plastics in improving coal hydroconversion process performance.
Auto-fluff did not increase iight distillate yields nor decrease iight gas make and
chemicai hydrogen consumption in coai liquefaction, as was observed to occur with

MSW piastics.

1
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. EXECUTIVE SUMMARY -

Bench Run PB-04 was the fourth of nine runs planned in the POC Bench Option Contract

between the U.S. DOE and Hydrocarbon Technologies, Inc. The primary goal of this bench
run was to evaluate the combined processing of automobile shredder residue (ASR) and

Hondo VTB resid with Wyoming Black Thunder Mine coal. ASR is essentially the plastics

and foam containing material that is recovered from automobiles when they are junked and

shredded to remove most of the ferrous and non-ferrous metals. Typically about 600-700
pounds of ASR is recovered from an average-size U.S. automobile. The effects of using

ASR, commonly called auto-fluff, in combined processing with coal were studied, along
with the usage of MSW plastics, at 20, 25, and 30 W9’Oof auto-fl uff in the combined dry
feed. The auto-fluff material was acquired from the Camden Metal & Recycling Company
in New Jersey and was hand-picked to remove as much metal (and other dirt) as possible.

The hand-cleaned fluff was found to contain mineral matter (ash) in the range of 14-20 WVO.

The auto-fluff was prepared for feeding to the hydroconversion reactors by predissolving
it in either Hondo resid or coal-derived recycle solvent.

The bench run was conducted during a 23-day long continuous operation, spanning five
operating conditions. The first operating condition, Condition 1, was run in a direct
liquefaction or ‘coal-only’ feed mode and studied the effect of a phosphorous-modified iron
catalyst (first used during one operating condition of the Bench Run PB-03) at high feed
space velocity and in an all dispersed catalyst mode under extinction recycle (454°C+)
conditions. Condition 2 studied the coprocessing of a heavy petroleum resid, Hondo VTB,

with auto-fluff, while Condition 3 evaluated the combined processing of coal, resid, and
auto-tluff under similar reagtion severity. Condition 4 studied the coprocessing of coal with

- ASR, while the last condition, Condition 5, studied the coprocessing of coal with auto-fluff
and MSW plastics. Bench Run PB-04 was initially scheduled to be a 25-day long operation,

but due to feed line plugging problems encountered during Period 23, the run was
- prematurely shutdown.

Following were ,Me highlights of Bench Run PB-04:
/

● H’TI’s newly modified P/Fe catalyst was very effective for direct liquefaction and
coprocessing of Black Thunder Mine subbituminous coal with Hondo resid and
auto-ffu~ during the ‘coal-only’ liquefaction mode, over 93% maf coal’ conversion

was obtained with about 90% residuum conversion and as high as 67°A light
distillate (C~-975 F) yield. During the ‘coprocessing’ mode of operation, distillate
yields varied between 58 and 69?40;and residuum conversions varied between
74 and 89% maf.

2
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● The combined processing of coal with Hondo resid and auto-fluff, carried out for

the first time at HTI’, resulted in about 84% residuum conversion and over 67’%

light distillate yield. -

● When coprocessing a mixture of 75% coal and 25% auto-fluff, the total feed

conversion, based upon quinoline volubility of the products, decreased; there

was also a substantial drop in resid conversion and light distillate yield. When

part of the auto-fluff was replaced by simulated MSW plastics, conversions and

distillate yield increased markedly. Chemical hydrogen consumption decreased

with MSW plastics in the feed.

● Based upon the yield data available from PB-04, it is concluded that auto-fluff,

containing primarily polyurethane and high impact polystyrene, is not as

effective as MSW plastics in improving coal hydroconversion process

performance. Auto-fluff did not increase light distillate yield nor decrease light

gas make and chemical hydrogen consumption, as was osbserved to occur with

MSW plastics.
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.ABSTRACT

This report presents the results of bench-scale work, Bench Run pB-03, conducted

under the DOE Proof of Concept - Bench Option Program in direct coal liquefaction

at Hydrocarbon Technologies, Inc. in Lawrenceville, New Jersey. The Bench Run

PB-03 was the third of the nine runs planned in the POC Bench Option Contract

between the U.S. DOE and Hydrocarbon Technologies, Inc. The Bench Run PB-03

had multiple goals. These included the evaluation of the effects of dispersed slurry
catalyst loadings and types on the performance of two-stage direct coal liquefaction,

the effect of I-ITI’s new iron catalyst; modified with phosphorous, and the evaluation

of the effect of recycle solvent hydrotreatment on the overall process performance.

PB-03 empioyed a close-coupled (no interstage separator) configuration of

hydroconversion reactors. Other features of PB-03 included the use of an in-line

fixed bed hydrotreater for the net product.

No significant effects on process performance was found by changing the loadings
of iron and molybdenum in the ranges of 1000-5000 ppm for iron and 50-100 ppm for

molybdenum. However, the modification of HTI’s iron-based gel catalyst with 100

ppm of phosphorous improved the process performance significantly. A newly tested

Me-Carbon dispersed c@alyst was not found to be any better than Molyvan-A, which

was used during all but one condition of PB-03. Hydrotreatment of part of the recycle

solvent was found to have a positive influence on the overall performance.

.
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EXECUTIVE SUMMARY

The Bench Run PB-03 was the third” of the nine runs planned in the POC Bench

“ Option Contract between the U.S. DOE ‘and Hydrocarbon Technologies, Inc. The

primary goal of this bench run was to evaluate the effects of type and amount of

dispersed SIUW catalyst used and also of the hydrotreatment of the recycle solvent

on the overall process performance during direct liquefaction of a sub-bituminous

coal. The entire bench run was conducted during a 32 day long continuous

operation, spanning over nine operating conditions. The first four operating

conditions studied the effect of iron and molybdenum dispersed catalyst loadings on

process performance in a 2 x 2 test matrix the concentration of iron catalyst”was

varied from 5000 to 1000 ppm at two moiybdneum loadings, namely 50 and 100 ppm

relative to feed coal. The variations in the dispersed catalyst loadings affected the
coal and resid inversions only slightiy whiie the iight distillate yieids were affected

more significantly. During the next two conditions, 5 & 6, two new catalysts were

investigated. Condition 5 empioyed HTi’s iron-gei cataiyst, modified with

phosphorous, whiie condition 6 empioyed a molybdenum-carbon cataiyst, made in

a manner simiiar to what is kr!own for Exxon’s M-Coke cataiyst. A significant positive

impact on the overaii process performance was obtained with the phosphorous-

modified HTi’s iron cataiys~ the Me-carbon cataiy~ under the conditions of this test,

was at best simiiar to the Moiyvan-A precursor in terms of process performance.

The iast three run conditions, 7 through 9, studied the impact of hydrotreating part

of the recycie oii upon the overaii process performance. It is beiieved that upon the
8 catalytic hydrotreatment of highly aromatic recycie oil, the resulting product oil

contains hydroaromatic compounds, known to be efficient H-transfer agents, in the

interest of time and simplicity of continuous bench-scaie operation, it was decided

that an L-814 oii, which is a mixture of coal-derived material with miidiy hydrotreated

FCC decant oii, be used as a part of the recycie oii during these three conditions.

This oii was first separated into a residuum-rich fraction (VSB) and a residuum-free
fraction (VSOH).hy vacuum distillation. The VSOH stream was hydrotreated in a

fixed-bed m~ai~lc reactor at 379°C .at an LHSV of about 2.2 h-f. During condition 7,

the unhydrotreated VSOH was used in the recycle oii stream to establish a base-line

for comparisons. During conditions 8 and 9, hydrotreated VSOH was used in the

recycie dii stream the operating severity was increased during condition 9. Ali three

conditions aiso employed the residuum-rich VSB stream, derived from L-814, in order

to maintain a totai resid content of recycie oii around 30 w%. A definite improvement

2



in the overall process performance was obtained with the hydrotr.eated VSOH in the

recycle stream. During the last three conditions, the catalyst loading yvas at 1000

ppm for iron and 100 ppm for molybdneum w“th fresh feed. A high coal space velocity

of about 800-880 kg/h/m3 reactor was employed throughout the entire run.

The following were the highlights of bench-run PB-03:

●

●

●

●

The effect of changing iron and molybdenum catalyst loadings, between 1000-

5000 ppm and 50-100 ppm respectively, was only significant in case of the Cd-

524°C distillate yield and naphtha (lightest cut) formation; no noticeable effect was

seen on either coal or residuum conversion.

The modification of HTI’s iron-based GelCatm with 100 ppm of phosphorous

improved process performance significantly; distillate yields and resid

conversions increased by about 4 WYOeach, while coal conversion increased by
one weight percent.

Me-carbon catalyst, made similar to M-Coke catalyst, was at best, as good as

Molyvan-A.

In general, net chemical hydrogen consumption was on the low side for PB-03,

probably because no supported catalyst was used and space velocities were also

very high. As a result, even though the in-line hydrotreated SOH product (lBP-

400”C) had a high hydrogen content (1.8-1.9 HIC ratio), the unhydrotreated

product which is the part of PFL that is not recycled had a very low hydrogen

content (0.8-0.9 H/C ratio) and a high preasphaltene content (12-15 w?10of whole

PFL) which rendered the pressure filtrations extremely difficult.

The hydrotreatment of part of the recycie oil had a positive influence; the resid

conversion and distillate yields increased upon replacing part of the recycle

solvent stream with a hydrotreated material.
,,’

/
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RUN PB-03 (227-93) .

EVALUATION OF DISPERSED CATALYST TYPE AND LOADING AND RECYCLE
SOLVENT HYDROTREATMENT ONLIQUEFACTION OF SUB-BITUMINOUS COAL

EXECUTIVE SUMMARY

The Bench Run PB-03 was the third of the nine u planned in the POC Bench Option Contract
between the U.S. DOE and Hydrocarbon Technologies, Inc. The primary goal of this bench. run was
to evaluate the effects of type and amount of dispersed slurry catalyst used and also of the
hydrotreatment of the recycle solvent on the overall process performance during direct liquefiwtion
of a sub-bituminous coal. The entire bench run was conducted during a 32 day long continuous
operation, spanning over nine operating conditions. The first four operating condhions studied the
effect of iron and molybdenumdupersed catalystloadings on process perfmmanc~ the concentration
of iron catalyst was varied from 5000 to 1000ppm at two molybdneum Ioadhgs, namely 50 and 100
ppm relative to fd coal. The variationsin the disperseglcatalyst loadings afllectedthe coal and resid
conversions only slightlywhile the light distillate yields were tiected more significantly. During the
next two conditions, 5 & 6, two new catalysts were investigated. The condition 5 employed HTI’s
iron-gel catalyst, modified with phosphorous while condition 6 employed a molybdenum-carbon
catalyst, made in a manner similar to what is known for Exxon’s M-Coke catalyst. A sigdicant
positive impact on the overall process performance was obtained with the phosphorous-modified
HTI’s iron catalyst the Mo-mrbon catalys$ under the conditions of this test, was at best similar to
the Molyvan-A precursor in terms of process performance.

The last three run conditions,7 thru’9, studiedthe impact of hy~otreating part of the recycle oil upon
the overall process petiormance. It is believed that upon the catalytic hydrotreatment of highly
aromatic recycle oi~ the resultiig product oil contains hydroaromatic compounds, known to be
efficientH-trder agenis. In the interest of time and simplicity of continuous bench-scale operatio~
it was decided that an L-814 ok which is a mixture of coal-derived material wiih mildly hydrotreated
FCC decant o~ be used as a part of the recycle oil during these three conditions. This oil was fl.rsf
separated into a residuum-rich fraction (VSB) and a residuum-fkee fraction (VSOH) by vacuum
distillation.The VSOH streamwas hydrotreated in a iixed-bed catalytic reactor at 379°C at an LHSV
of about 2.2 h-l.Du@g condition7, the unhydrotreated VSOH was used in the recycle oil stream to
establish a base.lifie for comparisons. During conditions 8 and 9, hydrotreated VSOH was used in
the recycle oil’streanq the operating severity was increased during condition 9. All three conditions
also employed the residuum-richVSB stre~ derived from L-814, in order to maintain a total resid
content of recycle oil around 30 w%o. A definite improvement in the overall process pefiormance was
obtained with the hydrotreated VSOH in the recycle stream. During the last three conditions, the
catalyst loadiig was at 1000 ppm for iron and 100 ppm for molybdneum with flesh feed. A high coal
space velocity of about 800-880 kg/h/m3 reactor was employed throughout the entire run.
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Following were the highlights of bench-run PB-03:

● The effect of changing iron and molybdenum catalyst loadings, between 1000-5000 ppm and
50-100 ppm respectively, was only significant in case of the CA-5240Cdktillate yield and
naphtha (lightest cut) forrnatioq no noticeable effect was seen on either coal or residuum
conversion.

● The modificationof HTI’s iron-based GelCatm with 100 ppm of phosphorous improved the
process performance significantly distillate yields and resid conversions increased by about
4 w% each while coal conversion increased by a percent.

● Me-carbon cataly~ made similar to an M-Coke catalyst, was at bes; as good as Molyvan-A—
precursor, in terms of its effect on process performance.

● In geqe@ the net chemicalhydrogen consumption was on the low side for PB-03, probably
because no supported catalyst was used and the space velocities were also very hig~ as a
result, even though the in-line iiydrotreated SOH product (IBP-400”C) had a high hydrogen
content (1.8-1.9 I-UCratio), the unhydrotreated product which is the part of PFL that is not
recycled had a very low hydrogen content (0.8-0.93WC ratio) and typical high pre-asphaltene
content (12-15 w% of whoIe PFL) which rendered the pressure filtrations extremely diilkult.

● The hydrotreatment of part of the recycle oil material was found to have a positive influence
on the overall process performance; the resid conversion and distillate yields increased upon
replacing part of the recycle solvent stream with a hydrotreated material.

,,,
.
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ABSTRACT

This report presents the results of Bench Run PB-02, conducted under the DOE

Proof of Concept- Bench Option Program in direct coal liquefaction at Hydrocarbon

Technologies, Inc. in Lawrenceville, New Jersey. Bench Run PB-02 was the second

of the nine runs planned in the POC Bench Option Contract between the U.S. DOE

and Hydrocarbon Technologies, Inc. The primary goal of this bench run was to
evaluate the hybrid catalyst system, consisting of a dispersed slurry catalyst in one

of the hydroconversion reactors and conventional supported extrudate catalyst in the

other hydroconversion reactor, in a high-low two-stage temperature sequence,

similar to the one operated at Wllsonville. This hybrid mode of operation with the

high-low temperature sequence was studied during direct liquefacti~n of coal and in

coprocessing of coal with Hondo resid and/or waste plastics under high space

velocity operating conditions. Another important objective of Bench Run PB-02 was

to investigate the novel “interstage internal recycle” of the second stage reactor
slurry back to the first stage reactor. Other features of PB-02 included the use of an

interstage separator and an in-line fixed bed hydrotreater.

In general, it was found during Bench Run PB-02 that the ‘hybrid type’ catalyst ,

system was not effective for obtaining high levels of process performance as the ‘all

dispersed’ catalyst system, tested eariier, especially at high coal space velocities.

The interstage internal recycle of second stage reactor slurry to the first stage reactor

feed line was not found to improve the Iiquiefaction kinetics or improve the process
performance in any noticeable manner. The addition of small amounts of mixed

plastics, representing atypical MSW waste plastic material, was found to improve the

hydrogen utilization in both coal conversion and heavy oil hydrocracking reactions,
i.e., plastics resulted in improving the overall distillate yield while at the same time

reducing the “light gas make and chemical hydrogen consumption.
/
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EXECUTIVE SUMMARY -

Bench Run PB-02 was the second of the nine runs planned in the POC Bench Option

Contract between the U.S. DOE and Hydrocarbon Technologies, Inc. The primary
goal of this run was to evaluate the hybrid catalyst system (dispersed slurry and

supported extrudate catalysts) for direct coal liquefaction and for coprocessing of

subbituminous Black Thunder mine coal with waste organics, such as waste plastics,

and heavy resid. Bench Run PB-02 employed iron and molybdenum-based dispersed

slurry catalysts in the first stage back-mixed reactor and supported NiMo/Alumina

catalyst (Akzo AO%O) in an ebullated second stage reactor with an interstage high-
-pressure product separator and an in-line fixed bed hydrotreater. The overall run

plan consisted of eleven operating conditions which included coal-only feed, resid-

only feed, coallresid combined feed, residlplastics combined feed, and

coallresid~ptastics combined feed. The flexibility of the unit to vary operating

conditions, such as space velocities, reactor temperatures, and catalyst types and

loadings, was demonstrated for five different feed mixtures over a span of 43 days.

Among the significant objectives of this bench run were the investigation of “internal

recycle” (interstage recycle) of reactor K-2 product to the first stage reactor K-1
without pressure let-down; to examine the beneficial effects of adding small amounts
of waste plastics, and to study the effects of a hybrid catalyst system on the overall

process performance. During the entire run, 50 ppm of molybdenum from Molyvan-A

and 5000 ppm”iron from HT1’s iron catalyst were introduced with the feed to reactor

K-1. Following are the highlights of bench-run PB-02:

●

During the ‘coal-only’ feed conditions, coal conversions (based upon quinoline

sotubility) varied between 90 and 94 VJF%O mat 524”C+ resid conversions varied
between 81 and 88 WYOmaf, while the Cd-5240C distillate yield changed from 57

to 64 W?40maf. Hydrogen consumption was about 6 YO (maf), and C1-C~ light gas

yield varied between 8.5 and 12.5 W% (dry).

/

The inte”fnal recycle of reactor K-2 product material to reactor K-1 during

Con&tion 4 of the real-only feed operation had a negative impact on the process
performanc~ the residuum conversion and distillate yields dropped more sharply

than can be explained by the batch deactivation of the second stage reactor
supported catalyst. The impact of internal recycle on heavy oil hydrocracking was

studied by comparing Periods 26 and 43; no significant change in the yield and
conversions was found between these two periods.

2
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●

●

●

●

Condition 5 (Period 18) and Condition 8 (Period 34) were run in a coal/oil

coprocessing mode, but Period 18 was with internal recycle OTreactor K-2 product

to reactor K-1. While Period 34 had no internal recycle, under comparable

process severity, Period 34 showed better results than Period 18.

Impact of hot-separator recycle appears to depend op the nature of the feedstock,

ranging from negative to positive.

Conditions 6, 7, and 11 were conducted with heavy oil (Hondo resid) alone at
comparable process, severities. Conversion, based on quinoline volubility, was

over 99 WYO, indicating that minimal coke was formed during the heavy oil

conversion. The light gas yield was about 5 WYO, while resid conversion was over

75 W% and distillate yield was as high as 72 W?40(all maf). All this was observed

at a low hydrogen consumption of 1.7 WYO(dry).

The presence of a small amount of coal (5 W%) with Hondo resid during

Condition 7 (Period 30), marginally improved heavy oil hydrocracking, compared

to Period 26 from Condition 6.

The presence of small amounts of waste plastics (1O W%), with either coal or

heavy resid, had a positive impact on process performance. The addition of waste

plastics in small amounts to coal during Condition 9 (Period 38) reduced the light

hydrocarbon gas yield from about 9-12 W% to 5.5 W% dry basis; chemical

hydrogen consumption decreased significantly, while the distillate yieid and
residuum conversion decreased, as expected due to the deactivation of the

second stage catalyst. The addition of waste piastics in smaii amounts had a

simiiar effect on heavy oii hydrocracking.

Hydrotreated second stage separator overheads (SOH) represent the net iight
distillate products from the process. The quaiity of these distillates was exceiient,

starting w~th the ‘coai-oniy’ feed conditions: high API gravities (35-420), iow

hetero@ti contents (iess than 60 ppm nitrogen and suifur), and high hydrogen
contefnts (HIC ratios above 1.8). The quaiity of SOH oil improved very significantly

in the remaining Conditions that fed various combinations of Hondo resid, coai,

and waste piastics. During coprocessing conditions, API gravities increased to
about 48-50°, while heteroatom contents decreased to below 30 ppm for sulfur

and below 1 ppm for nitrogen. The HIC ratio increased to 1.9-2.0. The weight
percent of the lightest naphtha fraction also increased to over 50 WOA during

coprocessing conditions.

3
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. Economic assessment of PB-02 results shows a distinct advantage of using an

al; dispersed catalyst system with !owlhigh staging, as used in PB-01, over the

hybrid system with high/low temperature staging used in PB-02.
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- ABSTRACT

This report presents the results of bench-scale work, Bench Run PB-01, conducted

under the DOE Proof of Concept - Bench Option Program in direct coal liquefaction
at Hydrocarbon Technologies, Inc. in Lawrenceville, New Jersey. The Bench Run

PB-01 was the first of the nine runs planned in the POC Bench .Q@ion Contract

between the U.S. DOE and Hydrocarbon Technologies, Inc. The+’rirnary goal of this

bench run was to evaluate the most successful of the process improvements
concepts, evolving out of the earlier CMSL Project, for direct liquefaction and

coprocessing of a sub-bituminous Black Thunder mine coal with waste organics such

as waste plastics and heavy resid. The interstage separation of light ends and gases

was indeed found to reduce the overall light gas-make from the liquefaction process.

The organic waste feeds such as mixed plastics and vacuum resid, employed during

Bench Run PB-01, in mmbined processing with coal, resulted in making the overall

process more hydrogen efficient by virtue of reducing the light gas make and also

decreasing the hydrogen consumption from the process, while at the same time

improving the yields and quality of the distillate products, A definite synergy was

found during the combined processing of coal with mixtures of vacuum resid and

mixed waste plastics. The application of an all dispersed catalyst conversion reactor

resulted in higher feed throughput at equivalent process performance and also

necessitated the use of an in-line hydrotreater for improving the quality of IBP-400”C

distillate products. The combination of HTI’s iron gel catalyst and M,olyvan-A was

found very effectNe in achieving high levels of process performance; although, in

recycied form, these catalysts were not as effective as the freshly added precursors.

1
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EXECUTIVE SUMMARY -

The first Bench Run PB-01 in DOES POC (Proof-of-Concept) Bench Option Program.-
evaluated the long-duration continuous processing of organic wastes with sub-
bituminous coal along with the demonstration of some of the most successful process

concepts emerging out of the earlier CMSL Project. The Bench Run PB-01 employed

an all dispersed slurry catalyst system of two-stage coal conversion reactors with an

interstage high-pressure product separator and an in-line fixed bed hydrotreater. The

overal I Run Plan consisted of nine operating Conditions which included coal-only

feed, resid only feed, coallresid combination feed, residlplastics combined feed, and
coailresid/plastics combined feed. The flexibility of the unit “configuration and

operating conditions such as feed velocities, reactor temperatures, and dispersed

catalyst types and loadings was demonstrated for five different feed combinations

over a span of 41 days. During the entire run, 50 ppm of molybdenum from Molyvan-

A was introduced with feed to reactor K-1 and 5000 ppm iron from the HTI’s iron

catalyst was added only to reactor K-2 through the pump buffers. The mode of

catalyst addition was switched during Condition 7 to see if it made any difference in

process performance. Following were the highlights of bench-run PB-01:

During the ‘coal-only’ feed conditions, coal conversion (based upon quinoline

volubility) varied between 92.8 and 94.7 W?40mat 524°C+ resid conversions

varied between 82.6 and 88.0 W?AOmaf, while CA-5240C distillate yield changed

from 61.4 to 62 W% maf. Hydrogen consumption was about 6 VO (rnaf), and C1-C~

light gas yield varied between 8.5 and 11.7 W% (dry). .”

The recycle of catalyst from the unit pressure filter cake in the ashy recycle mode,
condition 2, did not improve process performance. on the contrary, it resulted in

a slight drop in total coal conversion as compared to Condition 1. Condition 3,

with higher space velocity (876 kglh/m3) and higher (by 10°C) first stage reactor
temperature, resulted in the lowest light gas formation and coal and resid

conversions among the ‘coal-oni~ feed conditions.

Condition 4’ was conducted with heavy oil (Hondo resid) alone at similar
temperatures and space velocity (based upon the 524°C+ resid content of Hondo

resid) as in Condition 3. The conversion, based on quinoline volubility, was

99.9 W?40,indicating that no coke was formed during the heavy oil conversion.

The light gas yield was about 5 WYO,wtile the resid conversion was over 83 W?40,

2
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and distillate yield was as high as 76 W?10(all maf); all-this at a low hydrogen

consumption of 1.72 W% (dry).
-.

. When feed was changed from 10OOAHondo resid to 50 wOACoal/50 WOAHo~do

(coal/oil coprocessing mode), the light gas make increased slightly to 7.2, W%

(still lower than ‘coal-only’ feed conditions), while the combined feed conversion

was 96.1 WYO(coal conversion of 92.2 WYOassuming complete conversion of
Hondo resid to quinoline soluble materials). The distillate yield was lower (69.7

W% maf) than the ‘oil-only’ condition but much “higher than 4he ‘coal-oni~
conditions. The 524”C+ resid conversion levels were qbout the same for

Conditions 3, 4, and 5. It is important to note that the recycle to feed ratio was

reduced from 1.0 (during the ‘coal-only’ conditions} to 0.17 during the conditions

employing Hondo resid. This was done because of the potential cost-reduction

that can be brought about by lessening of recycle requirements. This adjustment

in the recycle ratio seems to have had an adverse impact on the 524”C+ resid
conversion levels, as the amount of resid material converted in a single-pass

operation was less than desired (only in the lower 80s). It will be interesting to

consider this unconverted ‘resid stream’ as an independent waste organic stream

and coprocess it again, either with coal or plastics, so that valuable hydrogen in

that stream can be mostly extracted before it goes to partial oxidation or steam

reforming.

● Conditions 6 through 8 were conducted with a uniform feed comprised of equal
parts of coal, Hondo resid and waste plastics. Reactor temperatures were raised

by 10“C each during these conditions to achieve high cracking conversion of

plastics, especially HPDE. To maintain overall process severity about the same
as the earlier process conditions, feed space velocity was increased by 25 Yo.The
overall performance during this ‘semi-long-term’ testing (12 days) of combined

feed operation was very good and held fairly uniform. Total feed conversions of

over 96 W?40were obtained with 524”C+ resid conversion of about 84?40and Cd-

524°C distillate yield of about 73.5 W% (all m@). me light gas yields were low (5-

7.5 W%), and hydrogen consumption was also IOW(3.1 to 3.34 W% dry). The

switching of dispersed catalyst addition mode during Condition 7, during which

HTI’s iron catalyst was added to reactor K-1 and Molyvan-A to reactor K-2,
resulted in a slight increase in hydrogen consumption, light gas yield, and 524°C+

resid conversion. This could be an effect of iron catalyst, which, in the new mode

of addition, was residing in the system for a longer time and bringing about more

hydrocracidng than is done by the molybdenum catalyst. The ashy recycle mode,

practiced again during Condition ‘8, did not improve process performance,

3



confirming earlier results with the ‘coal-only’ Condition 2. The best part of the

product distribution during these three combined feed conditions was that much
higher (than at any other conditions) yields of naphtha and middle distillates were

obtained.

The last test Condition 9, was operated without any coal in the feed (50 WYOof

waste plastic and 50 w% Hondo resid). Interestingly, the distillate yield increased

(to 76.2 W% maf), while the light gas make (4.27 W% dry) and chemical hydrogen .

consumption (1.34 WYO)decreased. Overall performance during C~dition 9 was

very similar to that obtained during earlier Condition 4 which ‘employed Hondo

resid alone in the feed at comparable process severity.

The hydrotreated second stage separator overheads (SC)H) represent the net

light distillate product from the process. The quality of these distillates was

excellent starting m“th the ‘coal-only’ feed conditions: high API gravities (38-420),

low heteroatom contents (less than 60 ppm nitrogen and sulfur), and high

hydrogen contents (H/C ratios of above 1.8). The quality of SOH oil improved very

significantly in the remaining conditions that employed various combinations of

Hondo resid, real, and waste plastics. During coprocessing conditions, API
gravities increased to about 48-50°, while the heteroatom contents were reduced

to below 30 ppm for nitrogen and sulfur. The H/C ratio increased to 1.9-2.0. The

weight percent of the lightest naphtha fraction also increased to over 50 WYO

during coprocessing conditions.

me technicai assessment of the performance of bench run PB-01 indicates that

using HTI’s iron and molybdenum dispersed catalysts, the crude oil equivalent

price from ‘coal-only’ feed condition is about $32.50 per barrel, a tad lower than
that obtained from a simulated base-case employing the conventional supported

extrudate catalyst in both liquefaction reactor stages.

Paftial replacement of coal in the feed to liquefaction with either heavy petroleum
oil, waste plastics, or mixtures thereof, results in a substantial cost savings,

primarily because the distillate production is markedly improved and hydrogen

consumption in substantially reduced. For examples, the crude oil Equivalent

price for coalloil coprocessing type operation was $26.86 per barrel; that for a
combined coalloillplastics operation

plasticsloii operation without any coal,
was only $21.92 per barrel while for

this price was only $20.48 per barrel.

4,
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ABSTRACT .

This report presents the results of work conducted under the DOE Proof of Concept

Program in direct coal, liquefaction at Hydrocarbon Technologies, Incf. in

Lawrencevilie, New Jersey, from February 1994 through April 1995. The work

included modifications to I-IRI’s existing 3 ton per day Process Development Unit

(PDU) and completion of the second PDU run (POC Run 2) underth~ Program. The

45-day POC Run 2 demonstrated scale up of the Catalytic Two7Stage Liquefaction

(CTSL Process) on a sub-bituminous Wyoming Black Thunder mine coal to produce

distillate liquid products at a rate of up to 4 barrels per ton of moisture-ash-free c6al.

The combined processing of organic hydrocarbon wastes such as waste plastics and
used tire rubber with coal was also successfully demonstrated during the last nine

days of operations of Run POC-02.

Prior to the first PDU Run POC-01 in this Program, a major effort was to modify the

PDU to improve reliability and to provide the flexibility to operate in several alternate

modes. The Kerr McGee Rose-SRsM unit from Wilsonville, Alabama, was redesigned

and installed next to the U.S. Filter installation to allow a coniparison of the two solids

removal systems. The facility upgrade also included was a new enclosed reactor

tower, upgrad~ computer controls and a dataacquisitionsystem,analternatepower

supply, a newly refurbished reactor, an in-line hydrotreater,. interstage sampling

system, coal handling unit, a new ebullating pump, load cells and improved controls

and remodeled preheater.

The 45-da,y CTSL Wyoming Black Thunder mine coal demonstration run achieved

several milestones in the effort to further reduce the cost of liquid fuels from coal.

The primary objective of the PDU Run POC-02 was to scale-up the CTSL extinction

recycle process on sub-bituminous coal to produce a total distillate product using an

in-line fixed-bed hydrotreater. “Of major concern was whether or not calcium-carbon

deposits would occur in the system as has been evident in other low rank coal

conversion processes. An additional objective of major importance’was to study the

co-liquefaction of plastics with coal and waste tire rubber with coal. This was a direct

scale-up from microautoclaves and one liter reactors to a 3 ton per day unit. In the

first 36 days of the coal liquefaction operations, typical coal conversions of 92-94 W?40

1HydrocarbonTechnologies,Inc. is the successor to Hydrocarbon Research, Inc.
.
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were obtained with 84-86 9f0 resid conversions and as high as 66 ?40 light distillate

yields (all maf basis). The distillate products from the in-line fixed bed hydrotreater

were very clean, containing as .!OW as 20 ppm nitrogen and 5 ppm sulfur, with high

H/C atomic ratio (1.78). The effects of feed space veiocity, reaction severity, addition

of a dispersed catalyst (molybdenum), and recycle stream composition on the overall

process performance were studied. In the final nine days of the Run POC-02,

pulverized waste tires and mixed plastics were processed with coal at 25 YOtire

rubber with coal and 30 ?40 mixed plastics with coal. A total of about 15 tons of coal,

tire rubber, and plastics were converted to light distillates Containing !ess than 10 ppm

sulfur and 25 ppm nitrogen with a cetane index over 40. ,- ‘/“

This was the first successful demonstration of Catalytic TWO Stage Liquefaction

technology at the 3 ton per day scale for a sub-bituminous coal, and featured many

improvements over the earlier testing conducted at the Wilsonville, Alabama Pilot

Plant Distillate liquid yields of 4.3 barrels per ton of moisture ash free coal (about 66
wtVO on MAF coal)were achieved. Solvent Recycle rates were reduced from the

2-2.5 to 1 ratio demonstrated at Wkonville to as low as 1.2 to 1 during the recent

test. This greatly improves the process efficiency, process performance and

economics. Coal feed rates were increased during the test by 50-100 ?40while

maintaining process performance “ata marginally higher reactor .severity. This offers

the po~ential for further reduction of commercial plant investment per unit of coai feed.

More than 3200 gallons of hydrotreated distillate fuels were collected for end use

evaluation and upgrading studies by DOE and their contractors. The ROSE-SRSM

Process was operated successfully using a pentane solvent in a steady-state mode.

The energy” rejection of the ash concentrate was consistently below prior data, being -

as low as 13 Yo, allowing improved liquid yields and recovety.
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EXECUTIVE SUMMARY

direct coal liquefactionThis report is prepared under a-multi-year Proof-of-Concept

program funded by the U.S. Department of Energy’s Pittsburgh Energy Technology

Center, Kerr-McGee Corporation, and Hydrocarbon Technologies, Inc. (1-ITI). The

program is directed toward scaling up and demonstrating new liquefaction Corlcepts

that can potentia]]y lower the cost of synthetic liquid fuels to less then $30 per barrel.

The work reported herein includes modifications to the Proof-of-Copcept facility at

HTI’s Lawrenceville, New Jersey, R&D Center and completi~n of a 45-day

demonstration run on Wyoming Black Thunder mine sub-b’ituminous coal in a

Catalytic Two-Stage Liquefaction mode. Operations at the 3 ton of coal per day

facility produced yields of over four barrels of clean distillate liquid products per ton

of coal. The high quality liquid products can be readily refined into gasoline and diesel .

fuel.

The 45 day demonstration run processed a sub-bituminous coal alone as feed for the ‘

first 36 days of operation and the same coal with either 25 % used tire or with 30 YO

mixed plastics during the last nine days of operation using Catalytic Two-Stage

Liquefaction (CTSL) Technology. In the CTSL Process (See Figure 3.1), the first

stage reactor operates at lower temperature (385-415“C) to hydrogenate the coal

and recycle oil, while the second stage. operates at a higher temperature (425-L1400C)

to convert the coal and heavy oils to clean distillate liquid products. The products can

be utilized for gasoline, jet fuel, or diesel transportation fuels, or as home heating

utility or combustion turbine fuels.’ Unconverted coal and ash are separated from

recycle oils and, valuable products using solids separation. techniques such as

filtration or solvent extraction. Kerr-McGee’s ROSE-SRSM solids separation

technology was also demonstrated during this Black Thunder Mine coal

demonstration run.

The scale-up of the CTSL process in POC Run 02 on Wyoming Black Thunder mine

coal was the culmination of a ten year effort devoted to the development of this two

stage ebullated-bed reactor system using a low to high temperature sequence. POC-

02, the second PDU Run of this program, was “completed on July 28,1994, after 45

days of on-stream coal liquefaction and coailwaste co-liquefaction operations. The

effects of feed space velocity, reaction severity, addition of a dispersed catalyst

(molybdenum), recycle stream composition, and the combined processing of plastics

and rubber with coal on the overall process performance were studied.
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The General Objectives of the PDU Run POC-02 were: -

-.
. To demonstrate the scale-up of the CTSL Process

bituminous coal

with a Wyoming sub-

● To demonstrate in-line hydrotreating to provide clean distillate liquid products

which need minimal refining

/

● To demonstrate the CTSL Process with integrated solids--separation/’

. To study the combined processing of mixedplastics and used tire rubb~r with

coal in the CTSL Process mode.

The major accomplishments from POC Run No. 2 were:

●

●

●

●

●

●

Successfully demonstrated the catalytic two-stage liquefaction of Wyoming
sub-bituminous coal in a recycle extinction mode yielding a total distillate

product

Processed 350 tons of Black Thunder Coal over 36 days of self sustained

operation, with no evidence of calcium-carbon deposition in the reaction and

separation train

Demonstrated the r~liability of Iow/high temperature staging, operating at a low

solvent ratio of 1-1.2 without the use of external (or make-up) solvent

Attained high coal conversion of 91-93% and distillate yield. of up to 4

barrels/ton of. coal at a space velocity of 320 kg/m3/h. increasing the coal

throughput to 600 kg/m3/h only reduced the distillate yield to about 3.5

barrelshon,

Operated the ROSE-SRSM unit with mixed solvent and achieved organic

rejections as low as 13 WYOMAF coal.

Demonstrated the concept of combined processing of coal and waste

hydrocarbons;. processed about 9 tons of waste plastics (a mixture of

polystyrene, and polyethylene terephthalate) and waste tire rubber.
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. Successfully operated a direct-coupled hydrotreated. producing premium

distillate (IBP-343”C) ccmtaiting 25-50ppm nitrogen and 1-1Oppm sulfur. 3200

gallons of net distillate (Naphtha Stabilizer Bottoms) was collected for “End-

Use” studies.

Conclusions

The overall conclusions from the run based on observations a,pd a~alytical results
are:

●

●

☛

‘*

●

Wyoming Black Thunder mine coal demonstration at the POC scale was a

successful scale-up from the earlier Bench-Scale operations at HTI facility and

more successful in terms of operations and technical achievements than the

Wilsonville operations 262 E and 263 J.

A clean, IBP-360”C (lBP-680°F) distillate (sulfur content of 1-10 ppm and

nitrogen content of 20-40 ppm) can be produced with in-line hydrotreating.

The CTSL Process with sub-bituminous coal is operable at slurry oillcoal

ratios as low as 1.2 to 1.

The ROSE-SRSM Process separation eficiency is highly dependent on the

asphaltene content of the feed and the solvent utilized. An energy

rejection of 13.6 ‘A was achieved at a bottoms solids content of 60’XOwhen

a mixed solvent consisting of 10 W’XOtoluene in n-pentane was used.

VWthin the limitations of the ROSE-SRSM unit to recover resid, extinction

recycle can be achieved.

Wyoming Black Thunder mine coal resulted in lower total conversion levels

and distillate yields than Illinois No. 6 coal used in the POC-01 PDU

operations; in general, coal conversions during POC-02 varied between

91-93 % MAF and distillate yields between 56-66 YO MAF during the ‘coal-

only feed’ operations.

Equilibrated Akzo AO-60 catalyst, used during POC-02 operations, was

found to undergo some attriiion probably as a result of increased water
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vapor concentration in the reactor with high oxygen-containing sub-

bituminous coat the extent of catalyst attrition even increased during the

last nine days of coai/waste coprocessing operations.-.

The ROSE-SRSM unit efficiency is unaffected by whether the liquefaction

recycle system is opera~ed with or without ashy recycle.

Total combined conveklon to quinoline soluble products, asmeasured in

atmospheric bottoms product, and the ash concentrate indicatp that during

the coallwaste coprocessing operations, some retrograde r6actions were

occurring in the ROSE-SRSM unit as observed previously with higher

boiling ROSE-SRs~ solvents.

Addition of 150 ppm of a soluble molybdenum dispersed slurry catalyst.

improved the total coal conversion by over a pemen~ it was found that the

molybdenum from soluble precursor, added to reactor, was depositing ,at tow

levels onto the supported extrudate catalyst in the reactor.

Although, due to short periods of operations during coal/plastics or coal/rubber

“feed conditions, the process equilibration was never achieved resulting in the

usage of significant “propotilons of an extraneous make-up oil (negative

solvent-balance), the coprocessing Periods resulted in higher light distillate

yields, lower gas make and reduced chemical hydrogen’consumptions.

Recommendations

●

●

●

CTSL type processing of low rank coals using either a combination of

dispersed slurry and supported extrudate catalysts or dispersed slurry catafyst

tinly reaction systems would be interesting to study in the future for further

improving the overall liquefaction economics.

The combined processing of the organic hydrocarbon wastes with coal should

be studied under the conditions of a net positive recycle solvent balance, i.e.,

under process equilibrated or steady-state conditions.

The reliability of the catalyst addition system needs to be improved.
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. Other unit operations that require redesign for improved operability are:

Oil/Water Separation, External Separation, Let-down VaIves, slurry Heat

Exchange, the U.S. Filter, the ROSE-SRSM Bottoms Removai and Heat

Exchange, Coal Feed System and the Interstate Sampling .System.

. A further operation on sub-bituminous coal with in-line hydrotreating and

interstage products separation using synthesis gas as a reducing gas in

the first stage dissolution reactor is also recommended. , .
.

,.
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SECTION I

- ABSTRACT

This repoti presents the results of work conducted under the DOE Proof of Concept

direct coal liquefaction at Hydrocarbon Research, Inc. in Lawrenceville, New Jersey
from October 1992 through April 1994. The work included extensive modifications

to HRI’s existing 3 ton per day Process Development Unit (PDU) and completion of

the first PDU run (POC Run 1) under the Program. The 58-day POC Run 1
demonstrated scaleup of the Catalytic Two-Stage Liquefaction (CTSL Process) on

Illinois No. 6 coal to produce distillate liquid products at a rate of up to 5 barrels per

ton of moisture-ash-free coal.

During the first fiscal year, the major effort was to modify the PDU to improve
reliability and to provide the flexibility to operate in several alternate modes. The

Kerr McGee Rose-SRW unitfrom VWonville, Alabama was redesigned and installed

next to the U.S. Filter installation to allow a comparison of the two systems. Also
included was a new enclosed reactor tower, upgraded computer controls and a data

acquisition system, an alternate power supply, a newly refurbished Wilsonville
reactor, an in-line hydrotreaterY interstage sampling system, coal handling unit, a

new ebullating pump, load cells and improved controls and remodeled preheater.

The 58-day CTSL Illinoiscoal demonstration run achieved several milestones in the
effort to futther reduce the cost of liquid fuels from coal. This was the first

demonstration of HRI’s Catal~ic Two Stage Liquefaction technology at the 3 ton per

day scale and featured many improvements over the earlier testing conducted at the

Wilsonville, Alabama Pilot Plant. Distillate liquid yields of 5 barrels per ton of

moisture ash free coal (about 75 w% on MAF coal) were achieved. Coal slurry
recycle rates were reduced from the 2-2.5 to 1 ratio demonstrated at Wkonville to

as low as 0.9 to 1 during the recent test. This greatly improves the process
efficiency, process performance and economics. Coal feed rates were increased

during the test by 50% while maintaining process performance at a marginally
higher reactor severity. This offers the potential for further reduction of commercial

plant investment per unit of coal feed. Sulfur in the coal was reduced from 4 w% to

about 0.02 w% sulfur in the clean dstillate fuel product. More than 3500 gal[ons of

distillate fuels were collected for evaluation and upgrading studies by DOE and their

contractors. The ROSE-SRSM Process was operated for the first time with a pentane
solvent in a steady-state mode. The energy rejection of the ash concentrate was

consistently below prior data, being as low as 12?40,allowing improved liquid yields
and recovery.
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SECTION [11

EXECUTIVE SUMMARY -

This report is prepared under a multi-year Proof-of-Concept direct coal liquefaction

program funded by the U.S. Department of Energy’s Pittsburgh Energy Technology

Center, Kerr-McGee Corporation, and Hydrocarbon Research, Inc. (HRI). The
program is directed toward scaling up and demonstration new liquefaction concepts

that can potentially lower the cost of synthetic liquid fuels to less then $30 per

barrel. The work reported herein includes modifications to the Proof-of-Concept
facility at HRI’s Lawrenceville, New Jersey R&D Center and completion of a 58-day

demonstration run on Illinois No.6 bituminous coal in a Catalytic Two-Stage

Liquefaction mode. Operations at the 3 ton of coal per day facility produced yields

of five barrels of clean distillate liquid products per ton of coal. The high quality
liquid products can be readily refined into gasoline and diesel fuel.

The 58 day demonstration run processed a high sulfur (4 w%) Illinois bituminous

coal using HRI’s Catalytic Two-Stage Liquefaction (CTSL) Technology. The process
is similar to that utilized in HRI’s commercially demonstrated H-Oil@ Process for

heavy oil conversion. [n the CTSL Process, (See Figure 3. 1)the first stage reactor

operates at lower temperature (385-415*C) to hydrogenate the coal and recycle oil
while the second stage operates at a higher temperature (425-440°C) to convert the

coal and heavy oils to clean distillate liquid products. The products can be utilized

for gasoline, jet fuel, or diesel transportation fuels,, or as home heating utility or

combustion turbine fuels. Unconverted coal and ash are separated from recycle oils

and valuable products using” solids separation techniques such ‘as filtration or
solvent extraction. Kerr-McGee’s ROSE-SRW solids separation technology was

demonstrated during the Illinois coal demonstration run.

The scale-up of the CTSL process in POC Run 01 on Illinois #6 Coal was the

culmination of a ten year effort devoted to the development of this two stage

ebullated;bed reactor system using a low to high temperature profile.
/

POC-01, the first PDU Run of this program, was completed on February 19,1994

after 58 days of on-stream coal operations.

Some of the major accomplishments from the run were:

● Successfully commissioned and operated the newly installed equipment
and the completely integrated two-stage coal liquefaction unit, including

the ROSE-SRSM solids-separation unit.
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●

●

●

●

●

●

●

Achieved operation with a more concentrated coal feed slurry at a 0.9 to

1.0 oil/coal ratio (.53% Coal). This greatly improves the-process efficiency

and economics as compared to the 2-2.5 to 1.0 ratios demonstrated at
Wilsonville, -.

Successfully operated the ROSE-SRSM unit using a pentane solvent in a

steady-state mode. Demonstrated energy rejection of the ash concentrate

consistently below prior data achieving 12% energy rejection for a

sustained period.

Collected 35OO Gallons of Distillate product (IBP to 350”C) for upgrading
studies and engine testing.

Demonstrated distillate production at CA-524°C MAF levels of 70-74?4 and

Coal Conversions of 95-96540with Illinois #6 Crown II Mine bituminous
coal. (See Table 3.1 following this section)

Produced an IBP-350’C Product with an API of 33, N“itrogen Content of

0.06 wtYo and a Sulfur Level of 0.03 wtYo.

Identified several design improvements for the ROSE-SR unit, Hot
Separator and Coal Feeding System.

Met and exceeded total distillate product yields achieved earlier at Wllsonville

with Illinois No.6 coal in a Catalytic Two-Stage Liquefaction Mode.

Collected samples from various process streams for other DOE

Contractors.

Tested several materials of construction supplied by Oak Ridge Labs in

the reactors and at elevated temperature locations downstream.

.,

Severat’ objectives were not achieved during this run and are being rescheduled for

POC-2, they are:

c Operation of the in-line hydrotreater; After several days of operation by-
passing around the fixed catalyst bed was indicated and it was taken off-

line.

● Operation of the IJ.S. Filter; By-Passing around the filter leaves was
obsetved and confirmed later.
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● Operation of the Interstate Sample System; Plugs occurred on the high
pressure side of the sample tap. Only two interstage samples were

obtained.

● With increasing asphaltene content of the bottoms stream in the latter

stages of the run, true extinction recycle of the 360”C+ oils could not be

sustained due to a decrease in the ROSE-SR separation efficiency.

Mixed solvents are planned to be used in future PDU operations.

Conclusions

The overall conclusions from the run based on observations and analytical results
are:

●

●

8

.8

●

●

●

Within the limitations of the ROSE-SR unit to recover resid, extinction

recycle can be achieved.

A clean, 16P -360°C (IBP-680”F) distillate (sulfur=450ppm &

nitrogen=550ppm) can be produced without hydrotreating.

The CTSL Process is operable at slurry oilhoal ratios as low as 0.9-1.0.

The Rose-SR Process separation efficiency is highly dependent on the

asphaitene content of the feed and the solvent utilized. Using pentane

and with a CMinoline Insoluble level of 33% “in the feed, an energy

rejection of 12.5% was achieved at a bottoms solids content of 65Y0.

Crown II Mine, Illinois #6 Coal is a good candidate coal for liquefaction

with demonstrated coal conversions up to 96% and residual oil (524”C+)
conversions of over 85%.

Akzo, AO-60 catalyst is a strong attrition resistant catalyst with high

activify for coal liquefaction.
,

/
The ROSE~SR unit efficiency is unaffected by whether the liquefaction

recycle system is operated with or without ashy recycle.

Coal conversion as measured in atmospheric bottoms product and the
ash concentrate indicate that retrograde reactions are not occurring in the
ROSE-SR unit as observed previously with higher boiling solvents.

SectionI - Page10



Recommendations

.

●

●

●

●

●

9

Operation of the ROSE-SR unit must be improved to recover more of the
asphaltenes for recycle and extinction. Use of a mixed solvent is

recommended.

The Hydrotreater internals must be modified to prevent by-passing of the

fixed catalyst bed.

Further studies at higher coal feed rates (space velocities) are warranted

to improve process economics.

The reliability of the catalyst addition system needs improvement.

Other areas that require redesign for improved operability are:

Oil/Water Separation, External Separation, Let-down Valves, Slurry Heat
Exchange, the U.S. Filter, the ROSE-SR Bottoms Removal and Heat

Exchange, Coal Feed System and the Interstate Sampling System.

A further operation on bituminous coal with in-line hydrotreating and

improved solid separation and heavy oil recovery is recommended.
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TABLE 3.1
POC-01 PROCESS PERFORMANCE-

Coal: Illinois No. 6 Crown II Mine (10.4 w% Dry Ash)
Catalyst Akzo AO-60 1/16“ NiMo Extrudates in both Reactom

CONDITION
Precess
Period/s

Solids-Separation
Recycle Type
Space Velocity, Kg/hr/m3 (Stage)

K-1: Temperature,
Cat Replace.

t K-2: Temperature,
Cat Replace.

Flow Rates

Coal Feed, Kg/hr

Solvent/Coal Ratio,

Material Balances

“c
Rate, Kg/Kg Ton MF Coal

“c
Rate, Kg/Kg Ton MF Coal

Kg/Kg

Liquefaction Section Recovery, WYO
Overall Material Recovery, WYO

YIELDS, WYO MAF COAL (Based on Liquefaction Section)

H2~ , “‘“
NH3
H20
Cox
cl -C3
C4-177 c
177-288 C
288-343 C
343-524 C
524 C+
Unconverted Coal
Hydrogen Consumption

C;SL
24-26

ROSE-SR
Ash-free

310

407
0.7

432
1.4

70

1.26

99.1
98.1

2.45
1.45
9.91
0.05
5.66

19.03
29.04
17.52

8.61
8.45
4.97
7.14
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TABLE 3.1 (cent’d)
POC-01 PROCESS PERFORMANCE

Coal: Illinois No.-6 Crown II Mine (10.4 W9’ODry Ash)
Catalyst Akzo AO-60 1/16“ NiMo Extrudates in both Reactors

PROCESS PERFORMANCE, W% MAF COAL

Coal Conversion
524 C+ Conversion
Desulfunzation (Organic), W’XO
Denitrogenation, WYO

Cd-343°C Net Distillates
Cd-524°C Distillates

, Barrels/MAF Ton

C,-C, Selectivity, Kg/Kg of Cq-524°C(X 100)
Hz EfficiencyjKg C4-524”C/Kg H2

DEASHER PERFORMANCE

Organic Rejection, W% MAF
Energy Rejection, ?40

Deasher Coal Conversion, WYOMAF

95
86.6
97.7
82.5

65.6
74.2
5.0

7.6
10.4

15.2
16.5
95.1
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TABLE 3. I

PROOF-OF-CONCEPT DIRECT LIQUEFACTION UNIT
AT HYDROCARBON RESEARCH, INC.

\ SIMPLIFIED FLOW PLAN

HYDROGEN ~

4
RECYCLE HYDROGEN 4

/

t

GAS TO
CLEAN-UP

FIRST-STAGE
CATALYTIC
REACTOR

HYDROGEN
HEATER

! @
&

-’L;kRy -

m -+

SLURRY
HEATER

RECYCLE SLURRY OIL

18P-35(TC

(

SOLIDS
SEPARATION

H--6;:::T

T1


