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I. Introduction

During this period, Dr. John Thomas drove the car on a routine basis belween 3325
W. New Haven Avenue and the Florida Tech main campus at 150 W. University Blvd. as
well as other locations in and around Melbourne - Palm Bay (please seec Appendix). Before
and after these trips he recorded all the gauge readings. This allowed several MPG
calculations. As the summer approuched, it hecame very necessary 1o repair the air
conditioning system. After several failed attempts, GM was contacted and they sent us a
wiring diagram. Soon after, the AC was repaired. There was also trouble with the ECM
which had 1o be replaced. ‘The vehicle was ulso modified to allow on-board collection of
cmission data. Preliminary resulls concerning sampling technigues for emission testing
were very cncouraging.

After fixing the AC and ECM, the car run better than ever. The MPG in Lraffic was
9.1 MPG. On the highway however, the MPG was 11.92.

Also, during this period, the bus was made completely operational and routine trips
were started to the Harbor Branch Oceanographic Instiwte (HBOI) just south of Vero
Bcach; a distance of 50 miles. Any failurcs in bus performance to this point have been
caused by bad injectors, bad solenoids, and bad vacuum lines. No problemns have yet

occurred that were caused by the methanol fuel or the Avocet additive.
2. Activities: Methanol Car

]. $110.51 was spent on & commercial cold start cther injection system. Cold start
was installed and appears to have made a big difference in starting.

2. The ECM in car was found to be non-functional and was removed. ECM was
mudificd from original 50 a new one needs Lo he installed. Adapter for emissions
testing was placed on exhaust of bus. Decal contract pending.

3. Deculs applicd to vehicles.

4, New ECM installed and prom with standard equipment.
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3. Trouble code 32 & 41 continuously popped. Installed 5 new coil packs, one
ignition module, spark plugs and spark plug wires, new MAP sensor and a new
crank sensor. Replacement of ECM climinated code 32 but 41 prevailed. Code 41
still present.

6. Code 41 was Electronic Spark Timing (EST).

7. It was determined that wires going to the ECM were spliced and excessive
corrosion built up on splice. Splice was cut out and resoldered properly which
eliminates a “magic” black box which was removed becuuse it was extrancous.
Solved code 41. Car run considerubly betier than ever.

8. Warm A/C complaint. Diagnosed bad cooling fan compiession switch, A new
one was bought from Rathmann’s and installed. The system began working
properly and approximately 1 1b. freon was added to optimize cooling.

9. A hole was cul in the bottom of the trunk of the car to allow room to install a
coupling. Fred welded the coupling into the exhaust pipe and 4 plug was
installed 1o seal up the hole until emissions testing was done. Rubber tubing was
put all the way around the lip of the hole to seal it. A trap door was then pop
riveted to the floor to close up the hole in the floor.

10. A modified brake linc with brass fitlings was made for taking samples. It was
installed into exhaust and tightened down to the coupling welded into the pipe.

JUL 13 'SB 18:31 487 S84 8461 PACE.BS



METHANOL BUS OPERATION DATA

Procedure for starting the methanol bus

The bus is first switched to the daytime running position prior (o starting the
engine. Upon.activating this swilch, the air pump turns on to fill the air brakes and door
activator. ‘Then, the engine can be wirned over. This is accomplished by pulling a switch
in the rear of the bus. However, due to the cold weather in the winter, the bus was
equipped with a ether injection system to help turn the engine over. On average, il takes
about 5-10 tries to successfully turn engine over with this injection system. However, with
an addition of methanel additive (Avocet) to the fuel (3%), engine turn over is sometimes
around 2-5 times. After the engine hus been successfully started. the high idle switch is
engaged Lo decrease the warm up time. ‘The engine is wanmed up to 180 degrees before
wying to move the hu{s. The average warm up time is approximately 20-40 minutes. The
bus will run very ruu[gh if the engine is not at 180 degrees. Afier this initial warm-up

period the bus can be run all day without problems.

5/19/98 - 110 gals. of fuel in. Bus was driven to Blowest and back. 35 minute
warm up time.

%pzccial8 valve adaptation made for methanol drums. Small air leaks in front - fixed
5/21/98.

Start mileage - 14514 -
ending mileage - 14527

13 miles = (30 min. drive)
3 gal of udditive put in

5/26/98 - Radiv put in. Batiery terminals cleaned and polished. Driven to
Biowest to stay. Start temp - 170°.  Start - 14527,
End - 14531

4 miles (15 minutes)
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5/27/98 - MeOH was put in (50 gals). Tank filled. 1 gal of Avocet additive put in.
Driven locally. N. Wickham - 95 S - Biowest. Start temp 180°.
Start mileage - 14531.2
Ending milcage -14556.9
25.6 miles (1 hour drive)

5/29/98 - May nced oil soon, pre-trip inspection found Jow oil on stick.
New windshield wipers also nceded. 2 guls ol vil put in. Driven to IIT. Road
driven: Babcock - Palin Bay (BTR lab) - 95N - Wickhum Road - BiowesL.

6/1/98 - Bus taken from Biowest lo campus Lo investigate an cngine problem.
Problem unsolved due to lack of expericnce with this type of engine. Tt maybe a

vacuum leak. Bus then driven back (o Biowest.

Start mileage - 14599.3
Ending milenge - 14611.2
11.9 miles

6/16/98 - Enginc problem fixed and ready o take to Harbor Branch Oceanographic
Institute just south of Vero Beach.

6/17/98 - Bus taken on a test sun to HBOI {or experience, starting tomorrow (6/18)
HBOI will be a daily trip. Ending mileage - 14704.4
Starling mileage - 146115
92.9 miles
Bahcock - USI (S) - FIBOI return
27.5 gals of MeOH put in.

6/19/98 - Bus driven to HBOI for work. This time it will be tuken on 195 und back.
Ending miles - 14799.5
Starting mileage - 14704.4
Y5.1

Bus ran fine there and back - 23 minute warm-up.

6/22/98 - HIBOI trip - 55 gals of fuel put in,
ending - 14895.6
starting - 1&29262,5
.

23 minute warm up. Bus ran terrible on way back.

6/23/98 - 55 gals put in with 3 gals of additive. 20 minute warm up.

6/25/98 - HBOI ending - 14995.6
starting - 14895.6
100.0

Noticed that the governor is not taking over unymore. But pick up later on.

Bus ran very well 20 minute warm up. 55 gal of fuel put in and 2.0 gals of
additive. 19 min. warm up.
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6/29/98 - HBOI ending 15096.1
starting 149935.6
100.5

Bus started on 2nd try - very good. Ran well. 55 gals put in with 2 pals of
additive.
25 minute warm up time.

6/30/98 - HBOI  ending N/A
starting 15096.1

Bus broke down at HBOL. Bus started on third try - 20 minute warm up time.

7/3/98 - Bus towed back 1o Melhourne by Lee's Wrecking.

7/10/98 - Bus returned 1o operating condition. Cause of breakdown was a faulty
fuel injector.
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3. Results and Discussion

The methanol powered car continued operating routinely and the total miles traveled
now since recommissioning is 2060 miles over upproximately 6 months. The mileage
ranged from a high of 11.92 mpg (highway) (o a low of 9.0 mpg (city driving). All gauges
are functioning well and no unusual readings were observed. “T'he air-conditioning system
was repaired and now functions very well. The cold-starling system still works very well.
As of now the only repair requirement is for dush lighting which we expect will be
completed soon. Installation of the on-board emission measuring systems have been
completed for both the car and the bus.

The methanol powered bus was recommissioned and made several trips in tho
Melbourne area. It also made 5 trips (500 mi) to the Harbor Branch Oceunographic
Instilute (HBOI) just south of Vero Beach. The ethyl ether starting system still works well
but is becoming unnecessary because of the use of fresh Avoeet ignition enhancer (3%) and
the hot weather. On the last trip the bus broke down at HBOL The cause of the
breukdown was a faulty injector which was quickly replaced. The bus is now operational
once again.

A preliminary car exhaust sample was submitted for analysis. Methanol, NOx, and
formaldehyde concentrations are being determined. Results are slow in coming due 1o &

back-up in the analytical lab.
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Work Schedule for Fourth Quarter
1. Determine the bus mileage for city and highway.

5. Determine cmissions for the car und bus in the following speed ranges.

0-10 0-10

10-30 10-30

30-55 30-50
50+

3. Complete the dash lights repair for the car to enable nj ght driving.

“The work scheduled for the third quarler was completed except for gathering the

analytical data. Results are slow in coming because of vacations for key personnel and a

backed-up analytical laboratory.
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Listing of Project Personnel

Dr. John Thomas, Principal Investigator

Steve Roth, New Driver

Greg Palubin, Rescarch Assistant

Frank Aransky, Research Assistant

Richard MacKenzie, Director, Florida Tech Vehicle Maintenance
Greg Leonard, Diesel Mechanic (Consultant)

Jeff Reilly

David Cash

Bert Austin
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Appendix

Road Data for the Methanol Car
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APPENDIX C - PROCESS ECONOMIC STUDY
Process Economics Study - Outline
(Draft - 3/31/97 - four pages)
and

LPMEOH™ Process Economics - for IGCC Coproduction
(Memo - 31 March 1997 - two pages)
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Process Economics Study - Outline
LPMEOH™ Process, as an add-on to IGCC for Coproduction

Part One - Coproduction of Methanol Note - 2nd Draft was dated 10/01/96;

comments received 11/25/96, 3d Draft released ~03/31/97.

1. Introduction

1.. Process Design Options. j

*  Develop process flow diagram and plant design options for the LPMEQH™ process, for design
variables such as: a) feed gas pressure, b) feed gas compositions, and ¢) % syngas conversion.

2. Liquid Phase (LP) Methanol Advantage versus Gas Phase (GP) Methanol.
2.1. Syngas Conversion Cost for Methanol Production from CO-Rich syngas.

*  For the various LPMEOH™ process (LP) design options (from 1.1) develop plant capital and
conversion costs derived from the Kingsport Project design and costs. Develop conversion costs

for:
500 t/d Plant size, with 500 psi feed gas pressure;
) 500 t/d Plant size, with 1000 psi feed gas pressure
o Impact of Plant Size on Conversion Costs
. Summarize in a series of graphs, conversion costs, in cents per gallon over the range of

syngas conversion from 18% (LP - Once-through) to 94% (GP), for baseload annual
coproduction operation. This will show LP's advantage at higher feed pressures and lower
conversions; and will highlight areas for LP design development/demonstration
improvements. (For future: include plant size impact on product distribution (freight) cost,
assuming that local markets are served. Freight cost will increase with plant size, as the
distribution radius increases.).

2.2, Methanol Product Purification Cost.

*  Develop capital and operating costs for these product purification design alternatives:

e MTBE Grade;

o  Fuel Grade;

e  Chem. Grade;
Over a range of feed gas compositions, summarize LP's advantage versus the GP process (in cents per
gallon), especially for MTBE and Fuel Grade from CO-rich feed gas at low syngas conversions:

. Feedgas (Syngas) Composition Variations; (Impact on LP vs. GP).

*  Higher Sulfur content in the feedgas will have a negative cost impact on LP at low syngas
conversion, relative to GP at high conversions. Conversely, higher feedgas inert content will
have a negative relative cost impact on GP.

. Sulfur content variation; over the above range of syngas conversion
e Inert gas éontent variation; over the above range of syngas conversion

2.4. Syngas Usage (Btu per Gallon) - Impact on IGCC Power Plant.

e  Summarize differences in syngas utilization (Btu per gallon of methanol), and in mass flow
loss/gain to the combustion turbine (kwh production loss/gain per gallon of methanol); for the
cases in 2.1 above.

ECOUTL.DOC (wrb) 1 - Rev. DRAFT - 03/31/97



Process Economics Study - Outline
LPMEOH™ Process, as an add-on to IGCC for Coproduction

2.5. Summary of Cost Advantage(s) - (LP Vs GP),

e  Summarize the cost impact (cents per gallon) of the above design variables and syngas utilization
differences. Show the impact of methanol plant size on the conversion costs. Also (separately
show) the impact of 90% and 70% annual load utilization for use with Section 4. - "Intermediate
Load Coproduction and Stored Energy" of this Economics Study.

2.6. Recommendations for Further Study.

e Recommend areas for process design value engineering work; and areas for demonstration at
Kingsport.

Part Two - Baseload Power and Methanol Coproduction

Note - Portions of Part Two, Section 3.1; was included in the Tampa CCT Conference's Paper, 1/9/97.
3. Baseload Coproduction with Methanol Sales - Impact on Electric Power Cost -

For baseload coproduction, the gasifier must be sized for both the power and methanol products. The
results of Part One indicate the LP technology can make coproduction economic, even at small
methanol plant sizes (400 to 1200 TPD) suitable to serve local markets near the power plant. The LP
technology's advantage (over GP) is also greatest at the lower (up to 34%) Syngas Conversions which
are consistent with these methanol plant sizes. A matrix of power plant and methanol plant sizes of
interest, at up to 84% Syngas Conversion to methanol, is shown in the following tables. These
examples are based on Advanced Gas Turbine Technology (reference (G.E.'s) published paper) with
the base gasification plant sized for two gasifiers, of about 1735 x 1046 Btu(HHV)/hr. output each
(1626 x 1076 LHV>

3.1 Gasification Plant Size Fixed
*  With a given gasification plant size, the methanol plant and power plant can be sized to
accommodate a range of Methanol to Power output ratio's.

Syngas Power Methanol Methanol to Gasification
Conversion Plant Size Plant Size Power Ratio Plant Size
0.0 % 500 MW 0 TD 0 T/D per MW Base
13.8% 426 MW 500 T/D 1.2 T/D per NW Base
20.0% 394 MW 691 T/D 1.8 T/D per MW Base
30.0% 342 MW 1085 T/D 3.2 T/D per MW Base

3.2 Power Plant Size Fixed
. With a given power plant size, the gasifier size may be increased to accommodate the
coproduction of methanol. For Gasification Plant size increases of up to 50% (to say, three x
1735 x 1076 BtuHV)/hr. gasifiers), the methanol to power coproduction ratio's could be:

Syngas Power Methanol Methanol to Gasification
Conversion Plant Size Plant Size Power Ratio Plant Size
00 % 500 MW 0 T/D 0 T/D per MW 1.00 x Base
16.7 % 500 MW 736 T/D 1.5 T/D per MW 1.20 x Base
25.0 % 500 MW 1227 T/D 2.5 T/D per MW 1.33 x Base
33.3% 500 MW 1825 T/D 3.7 T/D per MW 1.50 x Base

. The impact of coproduction on electricity generation costs could be shown in graphs of
electricity cost Vs. methanol net back price.

End of Part Two.
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Part Three - Coproduction for Intermediate Electric Load Following.

4. Intermediate Load Coproduction

Note - Part Three, Section 4.2: is being developed as a paper for the June 1997 Power-Gen Europe
Conference.

4.1. Syngas Value as a function of (time of day) Power Value.
Earlier electric power daily load following studies indicate that LPMEOH™ coproduction

optimizes for daily or seasonal power peaks in the 500 to 2500 hr./yr. range. This means the
methanol plant operates, during daily or seasonal "off--peak” power periods, in the 8260 to 6260
hr./yr. range, with stop/start operations for these on/off power peaks. This is the "intermediate
load" area of a typical power grid system. (8760 hr./yr. = 100%; all exclude gasifier/plant outages)

4.1.2, Syngas value as function of seasonal opportunity fuels/feeds.
. Natural gas may be available seasonally, for use in the CC power plant, allowing
syngas to be used for conversion in an LPM add-on. Other feeds?

4.2. _Intermediate Load Coproduction - for Methanol Sales.

For intermédiate load coproduction cases, redundant investment to utilize syngas is required;

80 that when the methanol plant shuts down during peak power periods, all of the syngas can
be converted to electric power. There are several intermediate load coproduction power plant
design choices; a) a CC power plant turned down, or b) a baseload CC power plant with other
CC or CT power plant(s) for peak. These may be combined with methanol plant design
choices such as size/% syngas conversion. To evaluate the system properly, time of day power
values (also called Lambda Curves) are needed. The Lambda Curve examples from published
EPRI studies can be used for initial evaluations. The Section 2.(above) Methanol Plant design
choices can then be combined with power plant design options, to optimize the system.

4.3. Intermediate Load Coproduction, for Methanol Sales and for Dispersed Power.

» Dispersed power can provide electricity and heat locally, at the use point, eliminating the
need for new power distribution lines in congested areas. The world wide package (0.2 MW to
10 MW) power plant market is large, and growing. A variety of technologies (combustion
turbine, internal combustion engine, fuel cell) are being packaged. Methanol produced at a
nearby IGCC power plant during off-peak power periods could provide clean local (peak)
power; bypassing the local electric power distribution system.

4.4. Intermediate Load Stored Energy Production, with Methanol Fuel for Peak Power Production.

¢  When other peaking fuels are not available, or are too expensive, then methanol may also be
used as a peaking fuel. The design optimization for this is quite complex. The IGCC/OTM
plant design has an additional variable: the peaking power plant size and hours of operation
is an independent variable. A study option would be to compare ourselves JGCC/OTM) to the
various published EPRI (IG-Cash, et. al.) studies, which provide Lambda Curve examples for-
energy storage. However, selling methanol and using distillate fuel for peaking, is the
economic choice at currently forecasted world oil and methanol prices. Therefore, this study
should have low priority, until a site specific need is identified.

® Methanol could be transported to remote existing, or to new peaking power plants, to unload
grid systems. s :

¢ When other back up fuels are not available, or are too expensive, then methanol may also be
used to enhance power plant availability. Coproduction with multiple gasifier trains may also
be used to enhance power plant availability. (e.g. - Three by 50%, where Baseload Power =2 x
50%; Peaking Power = 1x 50% plus methanol fuel; Methanol Plant = 1 x 50%, but operates
only when all three gasifiers are operating and peak power is not required.)

End of Part Three.
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Part Four - Methanol Fuel Applications
5. Premium Methanol Fuel Applications

) At 46 cents per gallon, methanol as a fuel ($6.90 per mmBtu) will not compete with oil in most
applications ($20/bbl crude = $3.30/mmBtu; $27/bbl diesel = $4.50 /mmBtu). However, methanol
coproduced at a central IGCC power station, may be a valuable premium fuel for two evolving
developments: as an economical Hydrogen source for small fuel cells, and as an
environmentally advantaged fuel for dispersed electric power.

. "Central clean coal technology processing plants, making coproducts of electricity and methanol;
to meet the needs of local communities for dispersed power and transportation fuel" - meets the
DOE Clean Coal Technology Program's objectives. Serving (initially) small local fuel markets
also builds on LP's (the LPMEOH™ process) strengths; good economics at small methanol plant
sizes, fuel grade product distillation savings, and a freight advantage in local markets vis-a-vis
large off-shore remote gas methanol. Baseload methanol coproduction studies show that 46
cent per gallon methanol can be provided from an abundant, non-inflationary local fuel source..
We need to arrange fuel tests to confirm the dispersed energy environmental advantage.

§.. Hydrogen Source for:

. Hydrogen fuel cells, being developed for transportation applications, can achieve 65% system
efficiency, as compared to 45% for diesel IC engines and 32% for gasoline IC engines. Methanol
is a storable, transportable liquid fuel which can be reformed under mild conditions to provide
H2. For small H2 applications, and at low utilization factors, methanol reforming is a more
economical source of hydrogen than : ) natural gas reforming, b) distillate (oil) reforming; and
is cheaper than liquid H,.

51.1. Fuel Cells for Transportation

51.2, Fuel Cells for Stationary Power
(See also dispersed power below).

5.1.8. Industrial Applications - Small Hydrogen Plants
Small pressurized methanol reformers for transportation applications may be suitable for
adapting to meet the needs of small commercial hydrogen gas requirements.

§.2. Dispersed Power
» Dispersed power can provide power and heat locally, at the use point, eliminating the need for
new power distribution lines in congested city areas. The world wide package (0.2 MW to 10
MW) power plant market is large, and growing. A variety of technologies (combustion
turbine, internal combustion engine, fuel cell) are being packaged. Methanol produced at a
nearby IGCC power plant during off-peak power periods could provide clean local power;
bypassing the local electric power distribution system.

5.3. Dimethyl Ether as an Enhancement to Methanol in Premium Fuel Applications
Can coproduced mixtures of methanol and dimethyl ether improve upon methanol, in the above?

End of Part Four.
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AIR 1.
Memorandum PRODUCTS 4~

To: Distribution Dept./Loc.:
From: W. R. Brown Dept./Ext.: PSED, X17584
Date: 31 March 1997

Subject: LPMEOH™ Process Economics - for IGCC Coproduction

Distribution: c: D. M. Brown - APE (Hersham)
R. d. Allam - APE (Hersham)

APCI

E. C. Heydorn

dJ. Klosek/E. R. Osterstock
R. B. Moore/D. P. Drown
V. E. Stein

P.J. A Tijm

R. M. Kornosky - DOE-FETC
W. d. O'Dowd - DOE-FETC
W. C. Jones - BEastman

The third draft of the DOE Topical Report on LPMEOH™ Process Economics (Part One) is attached
for your use (review, comment). This Topical Report develops plant design options for our
LPMEOH™ process, as an add-on to IGCC power plants for the coproduction of methanol and power.
Part One also compares our LPMEOH™ (LP) methanol process with the gas phase (GP) methanol
process.

LP's advantage over GP is about 10 cents per gallon; when the syngas conversion is low (less than
84%), and when the feed gas pressure is high (greater the 750 psig), and when the methanol plant
size is relatively small (400 to 1200 TPD). Surprisingly, even at these small plant sizes, the LP
technology can coproduce methanol at less than 50 cents per gallon (good). The GP technology is
over 50 cents per gallon (not good). Therefore, when baseload IGCCpower is viable, the LP

Technology makes coproduction viable.

The DOE Topical Report (Part One) looks specifically at:

. Determining and optimizing conversion costs for our LP technology as a function of feed gas
pressure and % syngas conversion. (See graphs on pages A - 5, 6, 7, 9, 10).

*  Determining purification (distillation) costs for "Fuel", "MTBE", and "Chemical" grade
methanol. (See graph, page A - 15). Distillation savings are a significant part of LP's

advantoge.

FORM 1020 (REV, 6/89)
MEMO34



Distribution -2- 31 March 1997

. Comparing LP with GP technology. (See the above graphs, plus Summary Table on page 16).
. Listing of future LP design improvements, expected from actual operation, or that are
recommended for further engineering study (see pages 17,18).

Parts Two, Three and Four of the DOE Topical Report are planned for the future (the outline is
attached). Part Two will examine the impact of baseload coproduction on electric power &osts.
Part Two, Section 8.1 was included in the Tampa CCT Conference’s Paper; “Fuel and Power
Coproduction” (179/97). Part Three will look at time-of-day energy values: a) intermediate load
coproduction (e.g.- off-peak methanol production), and b) methanol as stored energy for peaking
and/or dispersed electric power. Part Four of the Topical Report plans to look at Methanol Fuel
Applications, where locally produced (non-inflationary) methanol, at less than 50 cents per gallon,
could be a viable source of hydrogen for industrial or fuel (cells) power applications. Serving
(initially) small local fuel markets builds on LP’s strengths; good economics at small plant sizes, fuel
grade product distillation savings, and a freight advantage in local markets vis-a-vis large off-shore
remote gas methanol.

Your comments on this third draft of the Topical Report(Part One) would be appreciated. After your
further comments are received; we will formally release this as the final (draft) of a Topical Report.

W
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{-{\égﬂ:{odu%ts aBnd IChemicals, Inc. AR 4.
amitton Boulevard
Allentown, PA 18125-1501 : FRODUCTS 4=

Telephone (610) 481-497 1

30 June 1997

Mr. Robert M. Kornosky

Technical Project Manager

Mail Stop 920-L

U. S. Department of Energy
Federal Energy Technology Center
P. 0. Box 10940

Pittsburgh, PA 15236-0940

Subject: Cooperative Agreement DE-FC22-92PC90543
Liquid Phase Methanol Demonstration Project
Liguid Phase Dimethyl Ether Design Verification Testing -

Recommendation

Dear Bob:

The updated version of the Recommendation to proceed with Design Verification Testing of the
Liquid Phase Dimethyl Ether Process is attached. This document will be used during the Project
Review Mesting on 24-25 July, at which time final approval by DOE and the Partnership will be

requested.

Very truly yours,

Edward C, He}/t{om

Program Manager

LPMEOH™ Demonstration Project
Enclosure

cc:  Mr William C. Jones - Eastman Chemical Co.
M. William J. O’Dowd - DOE-FETC
Mr, Edward Schmetz - DOE-FE-HQ
Dr. John Shen - DOE-FE-HQ
Mz, Barry T, Street - Easuman Chemical Co.
Mr. Peter Tijm - Air Products & Chemicals, Inc.



LPDME Recommendation

Summary

From the Statement of Work, “Commercial-Scale Demonstration of the Liquid Phase Methanal LPMEOH™)
Process,” selected under Round 3 of the U.S. Department of Energy's (DOE's) Clean Coal Technology (CCT)
Program: "Subject to Design Verification Testing (DVT), the Partnership proposes to enhance the Project by
including the demonstration of the slurry reactor's capability to produce DME (dimethyl ether) as a mixed co-
product with methanol.” The first DVT step (Phase 1, Task 5), to addreés issues such as catalyst activity and
stability, to provide data for engineering design, and to verify the market through engine tests and through
market and economic study, is now complete. The market potential for DME is large, and progress in the
laboratory toward developing a catalyst system whose perfoz;mance meets the economic targets of 2 methanol
equivalent productivity of 14 mol/kg catalyst-hr after 6 months of operation, producing at least 75% (by heating
value) DME and 25% methanol. -

A test of the Liquid Phase Dimethyl Ether (LPDME) at the LaPorte Alternative Fuels Development Unit
(AFDU), in conjunction with the DOE's Liquid Fuels Program, would be appropriate if the catalyst system
development can be completed successfully. An implementation decision, made mutually by the DOE's Clean
Coal Technology LPMEOH™ project participants, and by the DOE's Liquid Fusls Program participants, should
be made (by July of 1997) to implement testing at LaPorte in earlv 1998. (Final dates should be recommended
by"the DOE's Liquid Fuels Program, based on progress in developing the LPDME catalyst system).

Liquid Phase Dimethyl Ether (LPDME) Design Verification Testing (DVT)

From the Statement of Work, DOE's CCT LPMEOH™ project (Cooperative Agreement No. DE-F(C22-
92PC80643): "Subject to Design Verification Testing (DVT), the Partnership proposes to enhance the Project by
including the demonstration of the slurry reactor's capability to produce DME as a mixed co-product with
methanol. The production of DME from synthesis gas is a natural extension of the LPMEOH™ process in that
three reactions occur concurrently in a single liquid phase reactor, methanol synthesis, methanol dehydration
and water-gas shift. This process enhancement can significantly improve the overall conversion of coal derived
synthesis gas to a storable blend of methanol and DME. -- -- -- the enhanced (DME production demonstration is
complementary to ongoing studies being sponsored by DOE's Liquid Fuels Program --) -- . -- At the conelusion
of each of the DVT steps, a joint Partnership/DOE decision will be made regarding continuation of

methanol/DME demonstration..”
The first DVT step (Phase 1, Task 5), to address issues such as catalyst activity and stability, tc nrovide data for

engineering design, and to verify the market through engine tests and through market and economic study, is

now complete.
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LPDME Recommendation
The LPDME Process Concent: - Three Concurrent Reactions:

« 2 CO+ 4Hg = 2 CH30H (Methanol Synthesis).
« 2 (CHs0H 1 CH3-O-CHg + 1 H90 (Methanol Dehydration).
«+ 1 06O + 1H90= 1 COg + 1Ho» (Water-gas Shift).

The overall reaction, with carbon monoxide (CO)-rich synthesis gas (syngas), in a single liquid phase (slun'}';)

reactor:

+ 3C0 + 3Hg = 1 CH3-0-CHg + 1 CO9 (DME from CO-rich syngas)

This is the "once-through" CO-rich syngas concept for the LPDME process utilizing a single slurry reactor.
Conversion per pass, with CO-rich syngas, can be higher than for the LPMEOH™ pracess. Methanol may also

be produced, as a mixed co-product with the DME, and can easily be separated and recovered. The separation

of DME from carbon dioxide (COg) will be necessary for certain market applications.

Status of the LPDME DVT Work

The status of a) the LPDME process e;conomics/market study work, and of b) the LPDME catalyst system
R&D work, follows:

A-1. The market applications for DME are extensive. DME is, or may be, used as:
» Aerosol - Small, but established market. High purity DME is required.
] Cooking Fuel - Potentially a large market, to replace imported Lquefied petroleum gas (LPG).
Theze is a lot of interest in China, and DME is on the agez_}da for DOE's Pittshurgh Coal
Conference in China (Sept. of 1997). Purity, of about >95% DME, with <2% methanol, < 3%

COg is estimated. An unresolved application issue is CO emissions during cooking. How does

DME purity impact this? Use testing is needed.

Our contacts with representatives from the Institute of Coal Chemistry of the Chinese Academy
of Sciences in Shanxi has provided the following assessment of the potential market for DME as
a cooking fuel:

Of the 1.2 billion people‘in China, 0.3 billion live in cities. Of these, 1/3 currently use natural
gas or LPG. Assuming 4 people per family, the 0.2 billion people who do not use gas or LPG
converts to 50 million families. If DME capturss 20-30% of the market share for these new
applications, and the DME consumption is 200 kg per family per year, the demand for DME

would be 2.4-3.0 million tons per year.

° Diesel Replacement Fuel. DME is an ultra clean (high Cetane) diesel fuel; and an 80% DME
mixture with methanol and water is now being engine-tested by others (Amoco, et. al). Market
development (at least in the U.S.) faces a fuel distribution infrastructure problem. DME mighst
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LPDME Recommendation

more easily replace LPG in countries where LPG is already an engine fuel. Diesel use in the
U.S. is projected to increase by 1.5 percent a year, assuming an economic growth of 1.9 percent
a 'year. This will raise consumption from over 4 quadrillion BTU to approaching 6 quadrillion
BTU (Reference 1), This corresponds to an annual inerease of almost 1.4 million gallons per
year of diesel consumption.

*  DME Derivatives. as a Diesel Fuel Additive. Quotes from the DOE Liquid Fuels Program
(Contract No. DE-F022;95P093052) quarterly report for April-June 1996: "Initial Cetane
number (CN) testing of a three-component composition of 1,2-dimethoxy ethane, 1,1-dimethoxy
methane and methanol blended with diesel fuel showed a 40% increase in the CN of the diesel

-
by

fuel when the blend was 50/50." "The concept of adding a blend of oxygenated compounds to

diesel fuel in order to enhance the Cetane value and cold start properties is being investigated.
The blend of oxygenated compounds is derived from dimethyl ether chemisti'y, and builds on
work conducted earlier --." The testing of this DME feedstock chemistry is in its early days, but
it is possible that CO9 may not need to be separated from the DME prior to the production of
DME derivatives. The 50/50 blend referenced above would therefore provide a large market
opportunity for the projected U.S. market growth (Reference 1), let alone for the present
consumption. -

o DME Derivatives. as Chemicals/Other Fuels. DME is a key mtermedlate in a commercial

synthesm gas-to-gasoline process, and is heing developed as an intermediate for other chemicals
and fuels as part of the DOE's Liquid Fuels Program. The fit for DME here is long-term.

A-2. The economics studies, for once-through coproduction (with an integrated gasification combined cycle
(IGCC) power plant, for example) on synthesis gas rich in carbon oxides, show that the LPDME process will
have an economic advantage greater than the LPMEOH™ process. A once-through LPDME reactor is able to
convert greater than 50% of such a syngas, whereas a once-through LPMEOH™ reactor can convert only about
30%. The economics, of course, depend upon the end-use (purity) of the DME and upon the gasification plant's
coproduct mix (amount of power, methanol, DME, etc.). The same liquid phase reactor design options to
increase syngas conversion (Reference 2); such as feed gas compression and/or CO-rich gas recycle; are also be
az;p]icable for LPDME. So, the LPDME technology has the potential to improve on the 5-10 cents per gallon
(methanol equivalent) advantage over the LPMEOH™ process for the coproduction of DME to serve local

markets,

As with the LPMEOH™ process, gas phase process technology must be considered as the economic competitor.
The gas phase DME process (Reference 3) mustrun with hydrogen (Hg)-rich syngas. In the IGCC coproduction
flow sheet (shown in Figure 1), gas phase technology is at an economic disadvantage, since separate shift and
COg removal are required. As is the case for methanol, inexpensive remote natural gas would therefore be the
economic plant site choice for gas phase technology, A comparison, of IGCQ/LPDM:E coproduction with DME

imported from remote gas facilities, shows an advaniage of 20-30% for loéally produced DVME relative to
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imported DME. The transportation cost to import DME is much higher than for methanol, and the LPDME

coproduction advantage is even greater than that for LPMEOH™ (vs, methanol import) (Reference 2).
Dehydration of imported methanol to make DME is not competitive either. Therefore, for DME in local
markets, LPDME coproduction should be a winner!

With Ho-rich syngas, the LPDME process loses its (once-through, high conversion per pass) economic
advantage. The overall reaction, with (> 2:1) Ho-rich syngas is:

» 2C0 + 4Hg = 1 CH3-0-CH3 + 1 H90 (DME from Hg-rich syngas)
Since water inhibits the methanol dehydration reaction, the slurry reactor must be staged, with water removal

between stages. Staging could be by high ratio gas recycle, and/or with multiple reactors; but the once-through”

simplicity is lost. Therefore, it is unlikely that the LPDME process would be developed for use in Hg-rich
syngas applications. '

A cost estimate of commercial-scale LPDME plants has been performed. This work has helped quantify the
targets for the laboratory R&D program (summarized in Part B). From these studies, a commercially
successful LPDME system is defined for a Texaco-type synthesis gas (35 mol% Hg, 51 mol% CO, 13 mol% CO2)
availahle at 500 PSIG. At a reactor operating pressure of 950 PSIG and a space velocity of 4,000 Liters/hr-kg
catalyst, the LPDME catalyst system must have a methanol equivalent producﬁvii:y of 14 mol/kg catalyst-hr
after 6 months of operation, producing at least 75% (by heating value) DME and 25% methanol. Figure 2 shows
the effect of plant size on DME cost. These costs are competitive with LPG in China (Section A-1).

B. Laboratorv R&D Results

Summary of work through end of funding by CCT LPMEOH™ Project (9/96); An LPDME catalyst system, with
reasonable long-term activity (57% of initial activity after 1000 hours), productivity (equivalent methanol
productivity of 29 mol/kg catalyst-hr), and selectivity (79% carbon selectivity to DME, COq-free basis), was
identified and tested. The system exhibits best activity under CO-rich syngas conditions, i.e. those most likely
for IGCC) coproduction. Accelerated aging of the catalyst system is a remaining issue. Water concentrations

in the liquid phase reacior are higher with syngases richer in Ho, and its effect needs to be evaluated.

Laboratory work has continued under the DOE's Liquid Fuels Program. The issues, to be addressed in the lab

before a decision on a test run at the DOE's AFDU in LaPorte, are:

1) Understanding the LPDME catalyst system's accelerated aging; and modifying the catalyst and/or
the system operating conditions; and

2) Manufacturing gcale-up of catalyst for a LaPorte AFDU run,
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Progress has been made in the laboratory effort. Figure 3 shows the performance for the first DME catalyst
which was tested; 'goals from the Liquid Fuels Program are provided for reference. After further study, an
improved DME catalyst (AB-05) was tested with two LPMEOH™ catalysts (S3-86 and MK-101); the results of a

700 hour life study are presented in Figure 4. When compared with the program goals (summarized in Figure

6), the catalyst performance of the newer catalyst is approaching the commercial targets defined in Section A,

The status of the laboratory program is summarized in the following table:

Liquid Fuels Program Commercial Targets Laboratory Results
Goals
Catalyst Productivity, | > 28 (Initial Productivity) > 14 (productivity for 28 (Initial Productivity) *
mol’kg catalyst-hr 4 aged catalyst)
(MeOH-equivalent)
DME Selectivity > 80% DME =75%, DME Selectivity = 79%
Catalyst Selectivity (% Carbon, COz-free) Methanol = 25% (% Carbon, COs-free)
' (heating value basis) .
Catalyst Life > 50% Remaining Activity | Target Productivity affer | 57% Remaining Activity
after 1000 hours 6 months of operation after 1000 hours

Initial discussions with catalyst manufacturers have been held. Once a manufacturer is selected, a laboratory-
scale catalyst batch will be produced and tested in thé autoclave to verify the production technique developed at
Air Products. An interim 1 lb batch will then be produced and tested. Once the catalyst praduction techniques
have been verified at this scale, the 200 Ib LaPorte batch will be produced using the same methodology as for a
full commercial batch. An autoclave check of this material will be performed prior to the start of the LaPorte
AFDU run.

Recommendations’

]

The catalyst system and the market applications/opportunities are sufficiently promising that proof-of-concept
testing at the LaPorte AFDU is recommended. Kingsport is an unlikely site for the commercial size
demonstration of LPDME, since there are limited times for CO-rich syngas testing; and Hg-rich syngas would

create water buildup. Therefore, the basis for commercializing LPDME must come from:

1) catalyst performance (productivity, selectivity, and life) for the LPDME catalyst system under CO-
rich syngas from the proof-of-concept testing at the LaPorte AFDU:

Dmerev6.dac 5 ech - 6/30/97



LPDME Recommendation

2) continuing work in hydrodynamics of slurry reactors (other ongoing DOE programs); and

3) reactor performance (methanol catalyst activity and life, hydrodynamics, and heat transfer) from the
LPMEQOH™ Process Demonstration Unit.

The tie-in between the laboratory and the LaPorte AFDU is important. Historically, the rate of deactivation of
methanol synthesis catalyst has been greater in the autoclave than at the AFDU; this may be a result of loss of

-

catalyst from the autoclave, or due to greater carbonyl poisoning as a result of the higher surface-to -volume

ratio at the laboratory scale. Testing at the engineering scale of the LaPorte AFDU can eliminate this variable.
Operation of the LPMEOH™ Process Demonstration Unit will provide data on catalyst life under coal-derived

syngas and at the larger engineering scale (the tie-in to the LaPorte AFDU for commercialization).

The recommendations for proceeding with DVT of the LPDME catalyst system are:

. An LPDME test run at the LaPorte AFDU, in conjunction with the DOE's Liquid Fuels Program, would be
appropriate if the LPDME catalyst system development can be completed successfully. Up to $875,000 of
CCT LPMEOH™ Project budget support, from the Cost Plan (22 October 1996), should be made available
to support a suitable LPDME test run at LaPorte. o

o An implementation decision, made mutually by the DOE's CCT (DE-FC22 92P0905i3) LPNEOI‘TTM
Project participants, and by the DOE's Liquid Fuels (DE-FC22-96PC93052) Program participants, should
be made (by July of 1997) in time to implement testing at LaPorte in early 71998. (Final dates should be
recommended by the DOE’s Liquid Fuels Program, based on progress in developing the LPDME catalyst
system). The CCT LPMEOH™! Project participants shall be kept informed (via review meetings and
status reports) by Air Products of the development by the DOE Liquid Fuels Program pariicipants of the
LaPorte AFDU LPDME test-run plans, so that a timely final approval can be made .

. In the interim, some DME product-use testing may be appropriate for the LPMEOH™ Demonstration
Project's off-site product-use testing.

The schedule for the proposed LPDME testing af the LaPorte AFDU and possible implementation at the
Kingsport LPMEOH™ Process Demonstration Facility is summarized below:

3

DME DVT Decision Made  July 1997
Commercial-Scale DME Catalyst Produced/Tested
in Laboratory Autoclave  January 1998
LaPorte AFDU Test  February/March 1898
Kingsport Decision Made ~ March/April 1998
Kingsport Implementation (Provisional) Plan  July 1998 - Maxch 2001
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Impact on CCT Project

Technical: The coﬁmercia]ization of the LPDME Process can be successfully achieved by the combination of
the activities at the LaPorte AFDU and the LPMEOH™ Process Demonstration Unit described

previously.

Cost: Up to $875, 000 of Project funds would be available to support a suitable LPDME run. An update of the
CCT Project’s Cost Plan (22 October 1996), based upon the DVT Recommendation, will be performed

following the joint Partnership/DOE decision.

Schedule: If the DVT Recommendation is approved by the Partnership and DOE, the operating schedule for
the LPMEOH™ Process Demonstration Unit will remain unchanged from the current

Demonstration Test Plan (September 1996). The DVT would proceed according to the September
1996 DME Milestone Plan (included in the Demonstration Test Plan) and the schedule of the Liquid

Fuels Program.

References

‘1. Transportation energy consumption by fuel, 1975, 1995 and 2015: History: Energy Imormanon
Administration, Short-Term Energy Outlook, DOE/EIA- -0202(96/4Q) (Washington, DC, October 1996), and
State Energy Data Report 1994, DOE/EIA-0214(98). Projections: Table A2. Internet access at
hti@:7/www/eia.doe.gov/oiaf/ae097/ﬁg'ure.html#ﬁg46.

2.  "Fuel and Power Conroduc'_cion - The Liquid Phase Methanol™ Process Demonstration at Kingsport”,

paper presented at Fifth Annual DOE Clean Coal Technology Conference, Tampa, FL, January 7-9, 1997.

8." Haldor Topsoe AS, “Preparation of Fuel Grade Dimethyl Ether”, International Publication Number
W09623755, World International Property Organization, 08 August 1996.
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APPENDIX F - RESULTS OF DEMONSTRATION PLANT OPERATION

Table 1 - Summary of LPMEOH™ Demonstration Unit Outages -
April/June 1998
Table 2 - Summary of Catalyst Samples - Second Catalyst Batch

Figure 1 - Catalyst Age () vs. Days Onstream - Second Catalyst Batch

Figure 2 - Sparger Resistance Coefficient vs. Days Onstream
(Post-19 December 1997 Restart)
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APPENDIX G - MILESTONE SCHEDULE STATUS AND COST MANAGEMENT
REPORTS
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