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DISCLAIMER

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, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark,
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
necessarily state or reflect those of the United States Government or any agency
thereof.




ABSTRACT

Designs for advanced integrated gasification combined cycle (IGCC) power systems call for
desulfurization of carbonaceous fuel-derived synthesis gas (syngas) using regenerable
sorbents at high-temperature, high pressure (HTHP) conditions. Regeneration of the
sulfided sorbent using an oxygen-containing gas stream or air results in a sulfur dioxide
(S0O,)-containing offgas at HTHP conditions. The patented Direct Sulfur Recovery Process
(DSRP) developed by RTI with support from the National Energy Technology Laboratory
(NETL) and its precursor organizations [Federal Energy Technology Center (FETC) and
Morgantown Energy Technology Center (METC)] efficiently converts the SO, in this offgas
to elemental sulfur. Under development since 1988, the original work was conducted in a
laboratory with simulated laboratory gas mixtures.

The Direct Sulfur Recovery Process is a catalytic reduction process for efficiently converting
to elemental sulfur up to 98% or more of the sulfur dioxide (SO,) contained in the
regeneration offgas streams produced in advanced integrated gasification combined cycle
(IGCC) power systems. The DSRP reacts the regeneration offgas with a small slipstream of
syngas to effect the desired reduction. In this project, the DSRP was demonstrated with
actual coal-derived syngas (as opposed to the simulated laboratory mixtures used in
previous projects for the original development work) in 75-mm (3-in) and 125-mm (5-in)
fixed- and fluid-bed reactors.

This report focuses primarily on the slipstream testing of a skid-mounted DSRP field-test
unit that utilized the 125 mm (5-in) fluid-bed reactor. This slipstream testing was conducted
at the U.S. Department of Energy’s (DOE’s) Power System Development Facility (PSDF) in
Wilsonville, Alabama in conjunction with their coal gasification tests. The earlier work with
75 mm (3-in) reactors has been previously reported in detail. Thus, only the highlights of
this earlier work will be reported in the main body of this report. Previous reports will be
included in the Appendices for reference.

The field testing of DSRP at DOE’s Morgantown site used a bench-scale (75-mm) reactor
installed inside RTI's Mobile Laboratory. These tests were conducted in conjunction with
METC fluidized-bed gasifier tests that supplied actual coal gas to the RTI’'s Mobile
laboratory. The testing was highly successful with SO, conversion in a regeneration off-gas
at 98% at the beginning and end of the 160 hour slip-stream test.

The logical path to potential commercialization of the process led to the construction of a
larger DSRP unit to demonstrate longer on-stream times, higher inlet SO, concentrations,
and effective automatic process control to maintain the optimal reactor feed stoichiometry.
Originally designed and fabricated in 1995 for Enviropower’s European test site, the skid-
mounted DSRP field-test unit was later substantially modified and enhanced (over the
period 1997-2000) for the test at PSDF. The fixed-bed reactor was modified to operate also
in a fluid-bed mode, and the Mobile Laboratory was remodeled to serve as the control room
and analytical support facility for the adjacent, outdoor equipment skid. Equipment was
added to the skid to generate a simulated regeneration offgas of any desired concentration
by vaporizing liquid SO, into a heated nitrogen stream.



During the commissioning activities in March 2001, the skid-mounted DSRP at PSDF
received coal gas for 53.5 hours, during which time liquid SO, was charged for 30 hours.
Major accomplishments were successfully transferred coal gas through a long, heat-traced
line; successfully measuring the flow rate and composition of the actual syngas; safely
generating a flow of simulated regeneration offgas by vaporizing liquid SO2; and controlling
the DSRP unit remotely using computer-based process control hardware and software that
included automatic control of the reactor feed stoichiometry.

The commissioning run accomplished an important objective of a “shakedown” run—
identifying needed improvements for future operation, including eliminating of plugging of
sample and impulse lines caused by “tars” (primarily naphthalene) present in the coal gas,
improving heat tracing to eliminate cold spots and sulfur plugging, fine-tuning of control
system instrument parameters to smooth out responses, and improving collection efficiency
of the elemental sulfur.
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EXECUTIVE SUMMARY

BACKGROUND

Designs for advanced integrated gasification combined cycle (IGCC) power systems call for
desulfurization of carbonaceous fuel-derived synthesis gas (syngas) using regenerable
sorbents at high-temperature, high-pressure (HTHP) conditions. Regeneration of the
sulfided sorbent using an oxygen-containing gas stream or air results in a sulfur dioxide
(SO,)-containing off-gas at HTHP conditions. The patented Direct Sulfur Recovery Process
(DSRP) developed by RTI with support from the National Energy Technology Laboratory
(NETL) and its precursor organizations uses a slipstream of syngas as a reducing agent to
convert the SO, to elemental sulfur. Under development since 1988, the original work for
DSRP was conducted in a laboratory using simulated laboratory gas mixtures. It has now
moved to the field with a slipstream of syngas from a demonstration-scale coal gasifier.

SUMMARY OF PRIOR WORK

The Direct Sulfur Recovery Process (DSRP) is a catalytic reduction process for efficiently
converting to sulfur up to 98% or more of the sulfur dioxide (SO,) contained in the
regeneration off-gas streams produced in advanced IGCC power systems. The DSRP
reacts the regeneration off-gas with a small slipstream of syngas to effect the desired
reduction.

In the original work (DOE Contract No. DE-AC21-80MC23260) the DSRP was
demonstrated with simulated syngas and off-gas using 25 to 50 cc of catalyst in a 1-in
diameter fixed-bed reactor. More than 50 tests were conducted with 7 different catalysts.
Effect of space velocity, temperature, steam content and pressure was evaluated. These
results showed that 99.2 to 99.9% sulfur recovery could be obtained in a 2-stage DSRP
reactor system. An economic study using these results showed that the DSRP had the
potential to produce sulfur at costs about 10 to 13% of conventional processes (such as
Wellman-Lord/Augmented Claus) from regeneration off-gas.

Based on these encouraging results, the DSRP was scaled up to a 2-stage 3-in reactor
system with 1 liter of catalyst in each reactor and demonstrated with up to 13% SO,
containing off-gas (Contract NO. DE-AC21-MC27224). Thermal degradation of DSRP
catalyst was not observed at these high concentrations. It was shown that reversal of sulfur
conversion could occur in the second stage of reaction if sulfur is not effectively removed in
interstage condensers. By removing additional sulfur with the water at the interstage level,
sulfur conversion did increase to 98.5% to 99.1%.

FIELD TEST CONDUCTED IN MORGANTOWN, WV

Detailed description of the work during the first five tasks of this project is provided in
Appendices A and B. Under these tasks, RTI designed and fabricated a Mobile Laboratory,
using a modified office trailer, containing an integrated hot-gas desulfurization/ DSRP unit.
The trailer was moved to Morgantown, West Virginia, and temporarily installed at the DOE



facility there (the former Morgantown Energy Technology Center [METC]) in order to
receive a slipstream of actual coal gas from a pilot-scale gasifier.

In field testing in 1994, the 3-in diameter, fluidized-bed, desulfurization reactor was used to
test a zinc titanate-based sorbent formulation and to produce a regeneration offgas (ROG)
stream that was fed to the two-stage, 3-in diameter, fixed-bed DSRP reactors. The DSRP
achieved 95% to 99% conversion of the SO, to elemental sulfur after the first stage. For the
1995 testing, the DSRP apparatus was modified to be a single-stage unit; testing was
conducted with a synthesized ROG and actual gasifier gas. The conversion of SO, to
elemental sulfur was 98% at both the beginning and the end of a 160-hour run.

The fixed-bed catalyst used in the 1995 test was removed from the reactor in the Mobile
Laboratory and subsequently exposed for another 10 days to tar-containing coal gas in a
General Electric pilot gasifier. Further testing of the exposed catalyst in a bench-scale
DSRP unit in RTI's laboratory (using synthetic gas mixtures) demonstrated 96% conversion
to elemental sulfur.

PLANNING FOR FIELD TEST AT WILSONVILLE, AL

The main body of this report is devoted to Task 6 which called for DSRP to be
demonstrated at a larger scale and with actual coal gas. In 1995, RTI designed and
fabricated a fixed-bed, single-stage unit with 6 times the capacity of the reactor in the
Mobile Laboratory (hence, the designation “6X DSRP”) for integration and testing at
Enviropower’s European pilot plant. However, that test program never took place. The test
site was changed to DOE’s facility in Wilsonville, Alabama—the Power Systems
Development Facility (PSDF). The main attraction at that site is a commercial
demonstration-scale, air-blown, transport reactor coal gasifier. The objectives of the DSRP
field test were to conduct an extended run with actual coal gas and high concentrations of
SO, in the field.

Previous DSRP development efforts had focused on a process to treat the low
concentration ROG (1-3% SO,) that results from diluted-air regeneration. With a growing
interest in regenerating hot-gas desulfurization sorbents using pure air, the DSRP
development focus was directed toward processing higher concentrations. Up to 14% SO,
is contained in ROG from “neat” air regeneration. Because of its potential for greater heat
transfer, a fluid-bed reactor is more suited for the high heats of reaction that result from
processing a concentrated feed stream. Thus the 6-in fixed-bed reactor on the “6X” unit was
rebuilt to accommodate a 5-in diameter fluid-bed sorbent cage. Reflecting this change in
design capability, the apparatus was renamed the “Skid-Mounted DSRP Field-Test Unit.”

In parallel, testing was carried out in RTI’s 3-in reactor system and an active and attrition-
resistant fluid-bed catalyst was developed. The details of this testing and catalyst
development are provided in Appendix B with a summary in Section 5.

For testing at the PSDF site, the scope of RTI's efforts included refitting the Mobile
Laboratory (trailer) for use as a control room and analytical space. As the skid-mounted
DSRP field-test unit was too large to be mounted inside the trailer, it was set up outdoors
(under a carport-type shed roof) with the trailer adjacent. A simulated ROG stream was



synthesized by vaporizing liquid SO, into a heated nitrogen stream. Planning for this test
started in earnest in 1997; construction of the modified, skid-mounted DSRP and
remodeling of the Mobile Laboratory took place from 1998 to 2000. The trailer and skid
were moved to the PSDF site in December of 2000 for an early 2001 commissioning and
“shakedown” run.

An important aspect of the design of the skid-mounted DSRP field-test unit was the
inclusion of an automatic process control system to maintain the reactor feed stoichiometry.
The control system monitors the composition and flow rate of both the coal gas and the
simulated ROG so that the reducing components can be kept in the precise 2:1
stoichiometric ratio with the SO, content.

COMMISSIONING OF SKID-MOUNTED DSRP FIELD-TEST UNIT AT PSDF

The commissioning of the skid-mounted DSRP field-test unit took place in March 2001 in
conjunction with the scheduled PSDF gasifier run identified as GTC-4. After several false
starts earlier in the month, the PSDF gasifier was lined-out on coal feed, and the heated
slipstream line was also operational. In the course of a 4-day “shakedown” run, the DSRP
unit received coal gas for 53.5 hours and processed SO- for 30 hours. At the end of that
time, the field crew discovered that only a small amount of elemental sulfur had been
formed. The causes of the shortfall are not completely understood, but the unstable
operation during much of the shakedown period is at least partly responsible. The important
results from the commissioning experience were as follows:

= successfully transferred coal gas through a long, heat-traced line that PSDF
provided.

» successfully measured the flow rate and composition of the coal gas that was
received at the RTI skid and Mobile Laboratory control room/analyzer room.

= safely generated a flow of simulated ROG by vaporizing liquid SO..

= controlled the DSRP unit remotely using computer-based process control hardware
and software that included automatic control of the reactor feed stoichiometry.

The commissioning run demonstrated aspects of the design and construction of the DSRP
field-test unit that will need to be improved for future operation:

* eliminating the plugging of sample and impulse lines caused by “tars” (primarily
naphthalene) that are present in the coal gas.

* improving heat tracing to eliminate cold spots and sulfur plugging.
* fine-tuning control system instrument parameters to smooth out responses.
= improving collection efficiency of the elemental sulfur.

CATALYST CANISTER EXPOSURE TESTING

In parallel with the field test of the skid-mounted DSRP field-test unit (equipped with a fluid-
bed reactor), two samples of fixed-bed catalyst were placed in perforated canisters inside
the Westinghouse candle filter in PSDF gasifier main train. After approximately 1000 hours
of exposure to the rugged PSDF conditions— both oxidizing and reducing at high

Xi



temperatures 600°C (1100+°F), the canisters were removed and shipped to RTI. Testing of
the catalyst at RTI indicated that the catalyst converted approximately 90% of the SO to
elemental sulfur, which was lower than normal DSRP catalyst performance of 98%
conversion. Characterization of the PSDF-exposed catalyst indicated that its reduced
activity may have been caused by its lower surface area, lower pore volume, and lower
level of active ingredient. It is believed that this was due to exposure of the catalyst to
oxygen at high temperature.

CONCLUSIONS AND RECOMMENDATIONS

DSRP is an efficient regeneration off-gas treatment process for sorbent based treatment
processes that remove H,S and COS from coal gasifier gas. In this project, the process has
been developed to a small pilot-scale. Sulfur conversions as high as 98% have been
demonstrated with a single-stage reactor with simulated and actual coal gases in both fixed-
bed and fluidized-bed modes. Catalyst durability has been verified by canister exposure
tests of over 1,000 hours.

As DSRP is a tail-end process, its further scale-up and demonstration needs to be carried
out in parallel to the development of the front-end hot-gas desulfurization process. To this
end, discussions are currently ongoing with ChevronTexaco to demonstrate the DSRP in
conjunction with their gasifier-quench system that is to be coupled to a hot-gas
desulfurization process at 250°C (482°F).

Xii



SECTION 1
BACKGROUND AND PRIOR WORK

Designs for advanced integrated-gasification-combined-cycle (IGCC) power systems call for
desulfurization of coal gasifier gas at high-temperature, high-pressure (HTHP) conditions
using highly efficient, regenerable metal oxides such as zinc titanate. Regeneration of the
sulfided sorbent using an oxygen-containing gas stream results in a sulfur dioxide (SO,)-
containing offgas at HTHP conditions. The patented Direct Sulfur Recovery Process
(DSRP) (USP 5,366,717 and USP 5,798,088) developed by the Research Triangle Institute
(RTI) with support from the National Energy Technology Laboratory (NETL) and its
precursor organizations (Morgantown Energy Technology Center [METC] and Federal
Energy Technology Center [FETC]), is an attractive option for treating this regeneration
offgas (ROG). Using a slipstream of coal gas as a reducing agent, it efficiently converts the
SO. to elemental sulfur, an essential industrial commodity that is easily stored and
transported. Figure 1 is a schematic diagram showing a proposed commercial embodiment
of DSRP.

—_ Desulfurization ~ Filter », Desulfurized
Coal Gas [=, Reactor . G Coal Gas
! f Slipstream Tail Gas
| Sorbent| Sorbent Recycle Compressor
i TransferI Fines — 1
] |
) |
Sorbent .| DSRP _._. Sulfur
Regeneration Reactor g Condenser 0 Steam
Gas
| I Cooler
Air
Preheater R
. eactor
Air =) - Cooler
Air
Compressor

Figure 1. Hot-Gas Desulfurization/DSRP Integration

Prior to the current contract, the DSRP was developed in a laboratory setting, using
synthetic gas mixtures to simulate the ROG and coal gas feeds (See McMichael &
Gangwal, 1991; Gangwal & Chen, 1994). Work done in the first five tasks for this contract is
described in detail in Appendices A and B. Under these tasks, the DSRP was tested using
actual coal gas and actual ROG. One of the main objectives was to test the integrated
system over an extended period with actual coal gas from an operating gasifier to quantify
the degradative effect, if any, of the trace contaminants present in coal gas.

In order to test with actual coal gas, RTI designed and fabricated a mobile laboratory
containing a bench-scale, integrated hot-gas desulfurization/DSRP unit. The 75-mm (3-in)
fluidized-bed desulfurization reactor was used to test the U.S. Department of Energy
(DOE)/RTI-patented zinc titanate-based fluidizable sorbent formulation, ZT-4L, and to
produce an “actual” ROG stream. The mobile lab was installed at the NETL-Morgantown
site and testing was conducted with a slipstream of coal gas from the pilot-scale gasifier



located there. Three separate slipstream test campaigns plus an additional exposure test
took place over a period of two years:

September 1994:

October 1994:

July 1995:

March-April 1996:

April-May 1996:

Initial shakedown test of mobile laboratory at
Morgantown with integrated desulfurization reactor
and two-stage DSRP

Test run of integrated desulfurization reactor and
two-stage DSRP at Morgantown

Long-duration run (160 h) slipstream test of single-
stage DSRP at Morgantown

DSRP catalyst exposure to pure coal gas at the
General Electric (GE) pilot plant in Schenectady,

New York

Operation of RTI laboratory DSRP unit to test the
exposed DSRP catalyst.

The 1994 slipstream testing included testing of the ZT-4L sorbent. During a run of 4 days’
duration in October 1994, the ZT-4L was subjected to three sulfidations and two
regenerations. The ZT-4L consistently removed H,S from coal gas down to <20 ppmv at
873 K (1110 °F) and 21.89 MPa (260 psig). The DSRP was very effective in converting SO;
in actual or in synthetic ROG to elemental sulfur, achieving 95% to 99% conversion after the
first stage of the two-stage bench unit DSRP test rig. The overall conversion of the two-
stage unit was less than that achieved in the first stage alone; the undesirable “reverse

Claus” reaction was
believed to be the
problem. The results of
the initial 1994 tests were
encouraging and led to
the decision to refit the
mobile laboratory with a
single-stage DSRP unit
(Figure 2) and with new
control hardware and
software to improve the
stoichiometric flow control
of the coal gas stream.
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Figure 2. Single-Stage DSRP

In the 1995 slipstream test campaign, the single-stage unit produced 98% conversion of
SO, to elemental sulfur at both the beginning and end of the run. Thus, 160 h of exposure
of the catalyst to coal gas resulted in no detrimental effect. The apparatus used in that field
test included a “first generation” automatic coal gas flow control system, designed to
maintain the coal gas at the desired stoichiometric ratio to the SO, in the ROG. Though



insufficiently rugged for long-term use, that scheme greatly enhanced the operators’ ability
to attain and maintain steady-state operation of the DSRP reaction.

To accelerate the exposure of the catalyst to the trace contaminants present in actual coal
gas, the “used” catalyst was removed from the Mobile Laboratory (then at Morgantown) and
shipped to the GE pilot plant for placement in a coal gas line throughout a 10-day pilot plant
run. This action resulted in additional exposure of the catalyst during March-April, 1996 to
about 200 h of coal gas, roughly equivalent to 1,330 h of exposure at the DSRP conditions
used at the Morgantown site. Thus, total exposure of the catalyst including the Morgantown
testing was approximately 1,500 h.

The exposed catalyst was tested in April-May, 1996 in a 75-mm (3-in) bench-scale reactor
using synthetic mixtures of feed gases and simulated coal gas. During the laboratory
testing, an “induction period” was observed, as the conversion steadily improved with
increasing run time. It appeared that a surface-cleaning phenomenon was occurring,
leading to removal of impurities and improved activity. The conversion to sulfur was 96%
after approximately 22 h of testing, compared to 98% during the slipstream testing. It was
hypothesized that the induction period was due to removal of tar and soot buildup on the
catalyst as received from GE. Subsequent testing of the catalyst showed that the bench-unit
test program had indeed reduced the carbon content. The overall conclusion is that the
DSRP catalyst is quite rugged in the presence of tar-laden actual coal gas, even after 1,330
equivalent hours of exposure.

Task 6 of this contract involved the design and construction of a DSRP test unit that had six
times the capacity of the bench-scale unit. Designated the 6X DSRP, this unit was initially
designed for use at Enviropower’s European test site, and the design was strongly
influenced by the specific site requirements. Subsequent to the start of construction, the
partner’s cooperative research and development agreement (CRADA) with DOE dissolved;
a search for an alternate test site commenced.

As originally conceived, the 6X DSRP was skid-mounted and sized to accommodate
shipping in a standard overseas shipping container. When it became clear that the
DOE/NETL Power Systems Development Facility (PSDF) in Wilsonville, Alabama, would be
the chosen test site and that over-the-road shipping would be possible, design changes had
to be incorporated. The major impact was that the Mobile Laboratory (described above)
would be remodeled to be used as a control and analytical space and the 6X DSRP would
be positioned adjacently, but outdoors. With these design changes, the nomenclature for
the apparatus also changed, from 6X DSRP to “skid-mounted DSRP field-test unit.”

This report describes the completion of fabrication of the skid-mounted DSRP field-test unit
and its subsequent commissioning at PSDF.



SECTION 2
OBJECTIVES

The overall goal of the DSRP development program was to operate a “pilot” unit at a large
enough scale and for long enough duration to establish commercial credibility of the
process. Furthermore, additional, confirming data on the effects, if any, of trace components
in coal gas were desired. The overall contract objectives are summarized below:

Develop and test an integrated, skid-mounted, bench-scale zinc titanate fluidized-
bed desulfurization (ZTFBD)/DSRP reactor system with a slipstream of actual coal
gas.

Test the bench-scale DSRP over an extended period with a slipstream of actual coal
gas to quantify the degradation in performance, if any, caused by the trace
contaminants present in coal gas (including heavy metals, chlorides, fluorides, and
ammonia).

Expose the DSRP catalyst to actual coal gas for extended periods (about 400 hours)
and then test its activity in a laboratory reactor to quantify the degradation in
performance, if any, caused by static exposure to the trace contaminants in coal gas.

Design and fabricate a six-fold-larger-scale DSRP reactor system for future
slipstream testing.

Further develop the fluidized-bed DSRP to handle high concentrations (up to 14%)
of SO, that are likely to be encountered when pure air is used for regeneration of
desulfurization sorbents.

Expose the DSRP catalyst further (about 1,000 hours) and then test its activity in a
laboratory reactor to quantify the degradation in performance, if any.

Conduct an extended field test of the 6X DSRP reactor with actual coal gas and high
concentrations of SO..

The work to satisfactorily meet the first three objectives is covered in detail in Appendices A
and B. The main body of this report details the work towards the last four objectives.



SECTION 3
FIELD TESTING OF THE SKID-MOUNTED DSRP UNIT AT PSDF

3.1 CHRONOLOGY OF EVENTS LEADING UP TO THE PSDF TESTING

The concept of testing the skid-mounted DSRP unit at DOE’s PSDF was first seriously
discussed at a meeting at the PSDF site in July 1996. This was the first visit by RTI
personnel to that location, and several options for establishing a working arrangement were
proposed and discussed. The idea of canister exposure testing of the fixed-bed catalyst
pellets was also considered and scheduled for immediate implementation.

PSDF and RTI staff worked out the specifics of the exposure test plan from February to
April 1997. RTI staff fabricated the two canisters that would be placed inside the
Westinghouse particulate control device (PCD) on the downstream (clean) side. Two
batches of fixed-bed DSRP catalyst were pre-sulfided, following two different protocols, and
stored in evacuated, sealed containers in preparation for placing in the gasifier later that
year.

In September 1997, RTI conducted bench-scale, laboratory tests of several formulations of
fluid-bed catalysts. Using a simulated coal gas mixture and a simulated ROG with 14% SO,
content, the testing identified one particular material—Catalyst B, as referenced in the paper
presented at the Advanced Coal-Based Power and Environmental Systems 98 Conference,
included as Appendix A.

The planned August 1997 startup of the PSDF gasifier did not take place as scheduled,
causing installation of the exposure canisters to be postponed. However, plans for the field
test of the DSRP skid did proceed. The kick-off meeting for that activity took place in
December 1997 at the PSDF site, at which the requirements for field test equipment at that
site were defined.

Because the gasifier startup schedule was delayed, the DSRP skid modifications to
accommodate the PSDF field test proceeded at a modest pace. In April 1999, a rigging
contractor moved the process equipment skid out of the RTI shop, into the parking lot. The
crew joined the heater control panel (previously intended to be installed at a remote
location) to the equipment skid to make a single, larger skid.

With the initial startup of the gasifier finally scheduled for the fall of 1999, RTI shipped the
canisters and sealed containers of catalyst in July 1999. On August 16, 1999, PSDF loaded
the canisters and placed them on the support ring of the opened Westinghouse PCD.
Several days later, that unit was closed up in preparation for the gasifier run.

A second field test kick-off meeting took place in February 2000 at PSDF. The construction
of the supporting infrastructure was accelerated to accommodate commissioning schedule
for November-December. The exact requirements for the field test were discussed, and the
safety standards to be met were more carefully delineated. To meet those requirements,
RTI scheduled a design hazard review (DHR) of the RTl-supplied equipment, to be
facilitated by an outside consultant. This DHR was conducted during July-August 2000 in
coordination with the DHR activities at PSDF. An intensive fabrication and construction



effort ensued in order to incorporate the required design changes and still meet the
proposed project schedule.

Finally, in November 2000, contract haulers moved the trailer and the DSRP skid to the
PSDF site. December 2000 to March 2001 marked an intensive period of field work, during
which RTI personnel made multiple trips to Alabama to set up the equipment for the field
test. The commissioning (“shakedown”) of the unit took place in March 2001. At the end of
the gasifier run, the exposure test canisters were removed from the PCD, and the catalyst
pellets were taken out of the perforated exposure canisters and returned to RTI.

3.2 FEATURES OF THE PSDF FACILITY

The major attraction of the PSDF site in relation to DSRP testing is the “demonstration”
scale transport reactor gasifier. This air-blown gasifier has a coal feed rate of approximately
2.5 tons per hour, and a syngas production rate of 15,000-20,000 Ib/hr. This gasifier is
much larger than the one at Morgantown and has the potential for longer campaigns and,
thus, longer on-stream time for the DSRP test unit.

On the other hand, there is no hot-gas desulfurization equipment at the PSDF; therefore,
there is no stream of ROG available to feed to the DSRP. A simulated ROG stream
(SIimROG) had to be provided as part of the DSRP test skid. This was accomplished by
including equipment to vaporize liquid sulfur dioxide (LSOy) into a heated nitrogen stream.

3.3 LIAISON AND SCOPES OF RESPONSIBILITY FOR PSDF AND RTI

RTI personnel interfaced primarily with Southern Company Services (SCS) personnel at the
PSDF site, although other organizations were present. The basic philosophy established for
the field test was that SCS (and other entities, as required) would provide a place for RTI to
set up the equipment, and would provide a heated slipstream of coal gas. RTI would

provide all the test

equipment, support
equipment (Mobile
Laboratory), and
personnel to operate the
equipment.

Figure 3 shows the
proposed concept,
including the routing of
the slipstream line from
the fifth floor of the
gasifier structure down

to the ground-level
DSRP skid.
Figure 3. Slipstream Route



Figure 4 shows the final definition of the scopes of responsibility in some detail. In addition
to the coal gas line, SCS also provided:

heated process vent line back to the thermal oxidizer
cooling water supply and return

medium pressure nitrogen

instrument air

construction assistance to assemble the carport-type roof and to install the trailer
and skid

telephone line
computer network connection (including e-mail and Internet access)

access to the gasifier process control system (for monitoring-only of process
conditions)

electrical hookups of the skid and trailer.
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Figure 4. Scope Definition Diagram

In addition to providing the DSRP skid and the Mobile Laboratory, RTl was responsible for

carport/shed parts

interconnections between the skid and the trailer
unpacking and re-assembly of all equipment at the site
all work on the skid and/or in the trailer

operating staff.

During the planning and liaison meetings, the possibility of exposing canisters of fixed-bed
DSRP catalyst to the PSDF gasifier coal gas was discussed. All parties agreed that it would
be fairly straightforward to provide that service, and informal arrangements were made to do
so0. Section 4, Catalyst Canister Exposure Testing, describes this activity more fully.




3.4 MODIFICATIONS TO DSRP FIELD-TEST UNIT REQUIRED FOR PSDF SITE
TESTING

The decision to test the DSRP skid at PSDF meant that the equipment had to be modified
considerably from its original design. As initially fabricated for the European site test, the
DSRP process equipment skid was a stand-alone device without process control
equipment. The heater control panel was to be located remotely from the process
equipment, and process control was to be provided by the site’s distributed control system.
Furthermore, at that site, both actual coal gas and actual ROG were to be provided.
Because the ROG was expected to have a low concentration of SO, (1-3%), a fixed-bed
DSRP reactor was designed and fabricated.

As described in Section 3.3 above, RTI was responsible for the complete operation of the
DSRP at PSDF and for providing a SImROG stream. Also at this time (1996-97), greater
interest lay with testing ROG streams with higher SO, concentrations (up to 14%). As a
fluid-bed reactor was expected to be better able to handle the higher heat of reaction of the
more concentrated feed stream, the reactor on the skid-mounted DSRP field-test unit had to
be rebuilt for use in the fluid-bed mode. Table 1 shows the design material balance for the
PSDF testing. The flow rates were specified to achieve the optimum fluidization velocity with
a 5-in diameter fluid bed inside the 6-in diameter reactor vessel.

As ROG was not available from PSDF, a system for generating a SimROG stream at high
SO, concentrations (up to 14%) was incorporated into the skid-mounted equipment using
the technique that was used successfully during the Morgantown field tests—vaporization of
pressurized liquid SO, into a preheated nitrogen stream. An additional furnace, preheater
coil, and liquid flow metering controls had to be added, and the relatively large inventory of
LSO, that would be required caused some safety concerns (described below).

Figure 5 is a process flow diagram showing the final configuration of the skid-mounted
DSRP field-test unit tested at PSDF. This diagram includes the changes made to the
process (described above) as well as the changes made due to safety-related issues
described in the following section.



Table 1. Design Material Balance for DSRP Field Test at PSDF

Stream
1
Molar CG 2 3 4 5 5A 5B 6 7
Weight Slip- Liquid Nitro- Sim- Feed to Reactor Cond. Sulfur  DSRP Tail
Compound (MW)  stream S0 gen ROG DSRP Make Outlet Make Gas

COMPOSITION IN MOLE FRACTION
CHs 16.043 | 0.0000
Cco 28.0134 | 0.1850 0.0812
CO: 44.01 0.0800 0.0351 0.1163 0.1163 0.1258
H.0 18 0.0800 0.0351 0.0966 0.0966 0.1044
Hz 2,016 | 0.1400 0.0614 0.0000
HaS 34.08 0.0005 0.0002 0.0021 | 0.0021 0.002274
SOz 64.063 1.0000 0.1401 0.0786 0.0011 0.0011 0.001137
S 32.064 0.0000 0.0755 0.0755 | 1.0000 | 0.0000
0, 31.9988
N2 28.0134 | 0.5145 1.0000 | 0.8599 0.7083 0.7085 0.7085 0.7663
Total 1.0000 | 1.0000 | 1.0000 | 1.0000 1.0000 1.0000 1.0000 | 1.0000 1.0000
MW of mixture 2486 | 64.06 28.01 33.06 29.46 29.26 29.26 32.06 | 29.03
FLOW RATE IN GRAMS PER HOUR
CHs 16.043 0 0 0 0 0
co 28.0134 | 576 576 0 0 0
CO: 4401 391 391 1296 1296 1296
H.0 18 160 160 440 440 440
Hz 2.016 31 31 0 0 0
HaS 34.08 2 2 18 18 18
SOz 64.063 1275 1275 1275 17 17 17
S 32.064 613 613 613 0
0: 31.9988 0 0 0
N2 28.0134 | 1,601 3423 3423 5024 5024 5024 5024
Flow rate (kg/h) 2.761 1.275 3.42 4,70 7.46 7.41 7.41 0.613 | 6.79
Flow rate (g/s) 0.77 0.35 0.95 1.30 2.07 2.06 2.06 0.17 1.89
Flow rate (Ib/hr) 6.09 2.81 7.55 10.36 16.45 16.33 16.33 1.35 14.98
FLOW RATE IN VOLUMETRIC UNITS
SLPM 41 46 53 95 94 94 87
SCFH 94 104 120 215 215 215 198
SCFM 1.57 1.73 2.01 3.58 3.58 3.58 3.31
gal/hr 0.25 0.091
gal/day 2.18
cc/min 15.41 5.66
Temperature (°C) 538 21 21. 599. 599. 427. 135. 21, 204.
Temperature (°F) 1000 70 70 1110 1110 800 275 70 400
Pressure, atm, abs 19.98 24.82 21.41 19.98 19.98 19.71 19.51 1.00 2.02
Pressure, psig 279 350 300 279 279 275 272 0 15
Density, g/cc 1.379 | 0.02486 | 0.00924 0.00823 0.0101 0.0171 1.80
Density, Ib/ft* 1.5581 | 05794 | 0.5163 0.6303 1.0692
ALPM 2.29 8.47 15.10 12.28 7.24
ACFH 4.84 17.88 31.86 25.91 15.28
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3.5 DESIGN HAZARD REVIEW (DHR)

At the request of the SCS personnel at PSDF charged with insuring its safe operation, RTI
conducted a detailed DHR of the DSRP field-test unit and the Mobile Laboratory. A rigorous
approach was used, such as might be followed for a full-scale process plant. Although
research units are legally exempt from the process safety requirement contained in the
Occupational Safety and Health Administration (OSHA) rules, SCS personnel felt it prudent
to take a detailed look at this relatively unknown equipment to be operated on their site.
Thus, RTI was held to the same safety standards as their own personnel. Appendix C
reproduces the final report that was generated from the review process.

As a result of the analysis, a number of equipment modifications had to be incorporated for
the RTI equipment to be approved for operation at PSDF. The main items are summarized
as follows:

1. The pressure relief valves (PSVs) were required to vent to a safe location; therefore,
a low-pressure vent header, ducted to trailer roof blower, was added.

2. PSVs on the steam side of the heat exchangers (which might contain water during a
pressure relief) were directed to a separate vent header, in which a knockout pot
was incorporated.

3. The total height of the test skid was sufficient that OSHA rules governing elevated
work platforms came into play, and scaffolding-type permanent platforms with
railings were added.

4. The back-pressure in the process vent (to syngas combustor) required additional
isolation valves to protect RTI personnel during set-up and maintenance operations.

5. The potential for excessively high pressure in the medium-pressure N, supplied from
PSDF to RTI meant that additional safety relief valves had to be added in several
locations.

6. The potential for exposure to toxic gases from the unit resulted in the need for
additional sensor heads to be added to the existing alarm system in the trailer.

7. PSVs had to be added to the analytical system inside the trailer to protect the plastic
sample tubing lines.

With these required process and equipment changes, the need for which was only made
clear as the dates for field testing approached, RTI staff had to exert a concerted effort to
meet the schedule. Appendix D contains the final Piping and Instrumentation Diagrams
(P&IDs) for the DSRP field-test unit, including the analytical equipment that was installed
inside the Mobile Laboratory trailer. Figure 6 shows the final fabricated DSRP skid with the
canopy removed during packing for shipment, and Figure 7 shows the skid and trailer in
place at the PSDF in Wilsonville, Alabama.
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3.6 DSRP PROCESS CONTROL

As stated above and as described in the 1998 Topical Report (Appendix D), the 6X DSRP
test unit did not include process control equipment (hardware and software); for the PSDF
testing, a complete, self-contained system was needed. RTI staff spent considerable effort
designing and fabricating (including supervising vendor-supplied labor and materials) a

control system for the skid-
mounted DSRP field-test
unit. The core of the system
is a programmable logic
controller (PLC) with
National Instruments’
Lookout™ software on a
connected personal
computer to provide the
human-machine interface
(HMI). This hardware-
software combination is
commonly referred to in the
process control industry as
a Supervisory Control and

Data Acquisition (SCADA)
system.
Figure 6. DSRP Skid Without Canopy

Figure 7. Trailer and Canopy at the PSDF in Wilsonville, AL
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The field-test unit SCADA system performs the following functions:
* monitoring (and alarming) of process temperatures and pressures
= remote actuation of three air-operated shutoff valves for ROG, CG, and LSO,

= modulation of the flow of two streams, ROG and coal gas (CG), through two air-
operated flow control valves

= gtoichiometric ratio flow control.

The separate heater control panel, mounted on the skid, controls the temperature set points
of the furnaces and the heat tracing.

The trickiest control function is that the CG mass flow going to the DSRP reactor must be
maintained in precise stoichiometric ratio (i.e., ratio of the chemical components) with the
ROG mass flow, taking into account changing chemical composition of both, as well as
changing pressure and temperature at the orifice flow meters.

3.6.1 Need for Control of Reaction Stoichiometry

In the early stages of DSRP development, the researchers recognized the need to maintain
the reactants in the proper stoichiometric ratio of 2.0. The final report on the bench-scale
unit project (DOE Contract No. DE-AC21-90MC27224) makes this point graphically
(Gangwal & Chen, p. 17, Figure 6). For example, the percent conversion to sulfur at

14.6 atm was 90% at a H,S to SO, ratio of 1.87 and 84.5% when this ratio was reduced to
1.77.

From an apparatus design standpoint, achieving the correct feed stoichiometry with actual
process streams (both ROG and CG), rather than synthetic mixtures prepared from
compressed gas cylinders, is challenging. One expects a fair degree of natural fluctuation in
composition, temperature, and pressure of actual process streams. Thus, a control system
that automatically compensates for these changes (without active operator intervention) is
required. As fabricated, the control scheme on the DSRP field-test unit achieves the desired
functionality:

= When the operator increases the ROG flow rate, the control system automatically
increases the CG flow rate in proportion.

=  When the SO, content of the ROG decreases randomly, the CG flow rate decreases
in proportion.

=  When the CO or H; content of the coal gas decreases randomly, the CG flow rate
increases.

= When the tail gas composition shows less than optimum composition, the operator
can change the stoichiometric ratio to change the ratio of CG to ROG flow rate.

= When the temperature and/or pressure of the ROG or CG streams flowing through
their respective orifice flow meters change, the flow control valves modulate
automatically to maintain the set points based on a mass flow rate value.

13



3.6.2 Automatic Stoichiometric Ratio Control

The design of the automatic stoichiometric ratio flow control scheme provides the desired
functionality by achieving three objectives:

» continuous measurement and control of the mass flow of SO, in the ROG (either
simulated or actual) to the DSRP reactor

» continuous measurement of the concentration of the reactants in the coal gas (Hz
and CO)

» continuous, automatic adjustment of the mass flow of the coal gas so that the
reactants will be introduced into the DSRP reactor in the desired ratio (2:1 mole ratio
of reducing components to SO,) for maximum conversion. This mass flow rate
control compensates for any fluctuations in the concentrations of the SO,, CO, and
H,, as well as fluctuations in the flow rate.

Figure 8 graphically shows the stoichiometric control system logic in a simplified P&ID
format.
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Figure 8. Stoichiometric Ratio PFD

For the purposes of programming the SCADA system, the control system logic can be
described stepwise, as follows:

1. Measure the pressure drop across an orifice flow meter in the ROG line.
2. Measure the gas temperature and pressure at the orifice.

3. Based on an approximate molecular weight (keyboard entry by the operator) and
pre-defined coefficients for the orifice plate, calculate the mass flow rate of the
ROG.

4. Control the mass flow rate of the ROG to the set point value.
5. Measure the volumetric concentration of SO, in the ROG.

14



6. From the mass flow rate and concentration values, calculate the molar flow rate of
SO..
7. Calculate the required molar flow of reducing components to achieve the desired

stoichiometric ratio. (Nominally this value is 2.0, but the operator can input a
different value to fine tune the reactor performance.)

8. Measure the volumetric concentrations of H, and CO in the coal gas.

9. Calculate the required mass flow rate of coal gas (using a keyboard input value of
the approximate molecular weight) to achieve the required molar flow. This value
becomes the set point.

10. Measure the pressure drop across an orifice flow meter in the coal gas line.
11. Measure the gas temperature and pressure at the orifice.

12. Calculate coal gas mass flow rate. This value becomes the “process value” or PV
input to a proportional control algorithm.

13. Use the control algorithm to modulate the coal gas flow control valve to change the
PV in order to satisfy the set point.

Fine-tuning the process control scheme requires operator intervention; in order to determine
if the optimum reactant ratio in the reactor feed has been achieved, the operator monitors
the composition of the sulfur components in the tail gas.

Appendix E describes in detail the calculations and logic that were programmed into the
PLC and HMI of the SCADA system.

3.6.3 Analytical Equipment

The analytical equipment installed in the trailer serves two functions: Process control and

process evaluation. In terms of process control, the stoichiometric flow ratio control system
(as explained above) requires composition data of the reactor feed streams in order to set

the flow rates. The operator needs information on the tail gas composition to fine-tune the

stoichiometric ratio.

Determination of the composition of the reducing components of the coal gas requires both
a continuous analyzer and a gas chromatograph (GC). The infrared (IR) continuous
analyzer measures the CO content, a reducing component, and feeds a continuous analog
input signal to the PLC. The IR analyzer also measures the CO, content, but that is for
interest only; it is not required for process control.

A GC equipped with a thermal conductivity detector (TCD) measures the hydrogen content
of the coal gas. This measurement is intermittent (~15-minute cycle); additional software
and hardware in the GC’s control computer convert the data point into a continuous (but
stepwise) analog input.

Another IR-based analyzer measures the concentration of SO, in the SImROG and supplies
a continuous analog input to the PLC. This is the third analysis input to the process control
scheme.
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Two separate instruments monitor the tail gas from the DSRP, but neither is directly
connected to the process control logic. An ultraviolet-based analyzer continuously
measures the H,S and SO, content. This measurement is very useful for observing trends
and catching process upsets, but the absolute accuracy is low because the COS present in
the tail gas causes an interference. For accurate measurement of all the sulfur species in
the tail gas, a GC equipped with a TCD monitors H,S, COS, and SO, on a 10-minute cycle.

3.6.4 Chronology of the Shakedown/Commissioning Test

The test campaign of the PSDF gasifier, designated as GCT-4, was anticipated to start in
early March 2001. This date had been rescheduled several times, but by mid-February it
was considered fairly firm. In addition to a lined-out gasifier operating on coal feed, the RTI
test program also required that the heated slipstream line be functioning properly. Several
false starts occurred during March before both of these requirements were satisfied. Finally,
on March 24 the coal feed was started for the beginning of a period of several days of
gasification. RTI staff immediately traveled to the site and commenced the start-up
procedure.

On Monday, March 26, 2001, the field crew attempted to flow coal gas through the
slipstream line. After a few start-up glitches, flow was achieved 4 hours later and checkout
of the RTI coal gas analytical equipment commenced. Twelve hours later, in the early
morning of March 27, the coal gas sample regulator had to be replaced due to plugging.

Following several hours of successful flow control and analysis of the coal gas slipstream,
the crew started up the SImROG flow. The DSRP reaction could not be lined out, apparently
due to coal gas flow control problems that surfaced. That afternoon it was discovered that
the impulse lines on the coal gas flow orifice meter had become plugged; naphthalene was
suspected. Both coal gas and SImROG flows were restarted late that afternoon and the
process was run continuously but with erratic tail gas compositions.

In an effort to smooth out the composition changes of the SimROG, a design change was
incorporated: During the early morning of March 28, the night shift staff relocated the LSO
needle valve flow controller to be downstream of the rotameter. They took the opportunity to
unplug the coal gas sample regulator again at this time, and restarted the process after only
a few hours of downtime. Control of the process definitely improved.

Later in the morning of March 28, the process tail gas sample line became plugged,
presumably with elemental sulfur. That line was re-routed and better analyses of the tail gas
ensued. At this time, the best period of operation began.

By late morning of March 28, it seemed that enough LSO, had run into the process that a
sizeable quantity of elemental sulfur should have collected. The collection canister was
isolated and opened to reveal only a very small quantity of elemental sulfur. Apparently, the
sulfur condenser and separator pot, as designed, had failed to capture the sulfur mist. One
hypothesis was that the vessel heat tracing temperature was too high, causing the
condensed sulfur to be re-vaporized. Therefore, after reassembly of the collection canister,
the set point was lowered.
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The unit continued to operate smoothly during the afternoon, until problems developed in
controlling the coal gas flow and the LSO, flow had to be shut off as the orifice flow meter
was worked on. LSO, flow was restarted that evening, but had to be shut down because the
coal gas differential pressure transmitter impulse lines were once again completely plugged
with naphthalene.

The decision earlier in the day to adjust the set point of the heat tracing had an unintended
consequence. Around 02:00 on March 29, it became apparent that the outlet piping of the
whole system had become plugged. The field crew worked most of that day to disassemble
parts of the apparatus to find the plugs, and no LSO, feed was permitted that day due to
stack testing of the main PSDF stack. The efforts to unplug the system were unsuccessful.
As March 30 was the scheduled end of the gasifier run, no further attempts were made to
operate the DSRP.

3.6.5 Observed Performance of the DSRP Reactor During Shakedown

For the shakedown/ commissioning test, a
generic fluid-bed catalyst was charged to
the reactor. Because it was anticipated

Table 2. Operating Conditions on March 28,
2001, During Period of Best Performance

that potential upsets in operation during General Operating Conditions

the initial runs might cause the loss of Reactor pressure 202 psig

some or all of the catalyst charge, an Reactor temperature

optimized formulation of a fluid-bed DSRP Bottom of reactor (inlet) 275°C

catalyst was not used. Thus, low Catalyst bed (1” above frit) 570 °C

conversion efficiencies of around 80% Catalyst bed (7" above frit) ~ 515°C

were not unexpected. Catalyst bed (14" above frit) 515°C
SimROG

The longest period of continuous operation Flow rate 37 SLPM

was on March 28, 2001, with 13.5 hours of SO, concentration 10 vol%

LSO, feed. The best performance of the Coal Gas

DSRP reaction was during the period from Flow rate 34 SLPM

11:00 to 14:00; Table 2 summarizes the CO concentration 9-10 vol %

operating conditions. H, concentration approx. 8 vol%

During this time period, the tail gas

composition showed H,S to SO, in the preferred 2:1 ratio, indicating that the optimum 2:1
ratio of reducing gas to SO, had been achieved in the feed. As Figure 9 shows, the tail gas
sulfur compound concentrations were somewhat high, however, indicating that the SO,
conversion was lower than expected. As calculated from the gas analyses, approximately
79-82% of the SO, in the inlet was converted to elemental sulfur in the 11:00-14:00 time
period.
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Figure 9. Tail Gas Composition, March 28, 2001

Table 3 presents the material balance derived (in part) from the observed performance of
the field-test unit. The measured syngas compositions are used at the actual operating
pressure, which was lower than design (202 psig [1.39 MPa] compared to 279 psig

[1.92 MPa]). The content of the reducing components in the coal gas, Hz and CO, was also
much lower. To calculate the material balance, the extent of the reaction was inferred from
the measured tail gas composition and was used to calculate the reactor outlet stream. The
overall effect is that the expected yield of elemental sulfur in this material balance (201 g/h)
is considerably lower than the design value (613 g/h).

Because the DSRP reaction is highly exothermic, a significant rise in catalyst bed
temperature is expected when LSO, feed is started. Figure 10 plots the temperatures
logged by the SCADA system for the four thermocouples on the inside of the reactor. A bed
temperature rise of 150 °C (over a period of approximately 3 hours) occurred when the
LSO, feed was re-started at 02:42. Similarly, a 150 °C-drop occurred over a period of about
4 hours when the LSO, feed was cut off at 16:13. Calculations performed during the DHR
suggested that a catalyst bed temperature rise of over 300 °C should be expected, based
on full conversion of the feed SO, and minimal heat leak from the reactor. The less-than-
expected temperature rise is confirming evidence of the low conversion.

An interesting observation with this test run is the importance of the COS in the tail gas,
which accounted for 6 to 7 percentage points of the 20% of the sulfur in the feed that
remained in the tail gas.
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Table 3. Approximate Material Balance During Operation on March 28, 2001

Stream
1
Molar CG 2 3 4 5 5A 5B 6 7
Weight  Slip-  Liquid  Nitro- Sim- Feedto  Reactor Cond.  Sulfur DSRP
Compound (MW)  stream SO, gen ROG DSRP Make Outlet  Make Tail Gas

COMPOSITION IN MOLE FRACTION
CH, 16.043 | 0.0000
co 28.0134 | 0.1100 0.0579 0.0058 0.0058 0.0060
CO, 44.01 0.0800 0.0421 0.0927 0.0927 0.0963
H,0 18 0.0800 0.0421 0.0744 0.0744 0.0773
H, 2,016 | 0.0700 0.0369 0.0037 0.0037 0.0038
H,S 34.08 0.0005 0.0003 0.0003 0.0003 0.000275
SO, 64.063 1.0000 0.1001 | 0.0474 0.0063 0.0063 0.006593
S 32.064 0.0000 0.0381 0.0381 | 1.0000 | 0.0008
COos 60 0.0019 0.0019 0.002015
0, 31.9988
N, 28.0134 | 0.6595 1.0000 | 0.8999 | 0.7733 0.7767 0.7767 0.8068
Total 1.0000 [ 1.0000 | 1.0000 | 1.0000 | 1.0000 1.0000 1.0000 | 1.0000 | 1.0000
MW of mixture 26.68 | 64.06 28.01 31.62 29.02 28.99 28.99 32.06 | 28.87
FLOW RATE IN GRAMS PER HOUR
CH, 16.043 0 0 0 0 0
co 28.0134 274 274 27 27 27
Co, 44.01 313 313 687 687 687
H,0 18 128 128 225 225 225
H, 2.016 13 13 1 1 1
H,S 34.08 2 2 2 2 2
SO, 64.063 513 513 513 68 68 68
S 32.064 205 205 201 4
COos 60 20 20 20
0, 31.9988 0 0 0
N, 28.0134 | 1,644 2017 2017 3661 3661 3661 3661
Flow rate (kg/h) 2374 | 0513 2.02 253 4.90 4.90 4.90 0.201 | 470
Flow rate (g/s) 0.66 0.14 0.56 0.70 1.36 1.36 1.36 0.06 1.30
Flow rate (Ib/hr) 5.23 1.13 4.45 5.58 10.81 10.80 10.80 044 | 10.35
FLOW RATE IN VOLUMETRIC UNITS
SLPM 33 27 30 63 63 63 60
SCFH 75 61 68 143 143 143 137
SCFM 1.26 1.02 1.13 2.39 2.38 2.38 2.29
gal/hr 0.10 0.030
gal/day 0.72
cc/min 6.20 1.86
Temperature (°C) 538 21 21. 599. 599. 427. 135. 21. 204.
Temperature (°F) 1000 70 70 1110 1110 800 275 70 400
Pressure, atm, abs 15.29 | 24.82 21.41 15.29 15.29 14.95 14.75 1.00 2.02
Pressure, psig 210 350 300 210 210 205 202 0 15
Density, g/cc 1.379 | 0.02486 | 0.00676 | 0.00620 0.0076 0.0128 1.80
Density, Ib/ft® 1.5581 | 0.4239 | 0.3890 0.4734 0.8005
ALPM 1.35 6.24 13.17 10.77 6.37
ACFH 2.85 13.16 27.80 22.81 13.49
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3.6.6 Lessons Learned from the Shakedown/Commissioning

Table 4 summarizes the on-stream time for the shakedown test. Syngas was passed
through the fluid-bed reactor in the field-test unit for a total of 54 hours. During that time,
SimROG (from vaporization of liquid SO,) was being fed for 30 hours.

Although the skid-mounted DSRP field-test unit was operated for only a relatively brief
period of time, a great deal of valuable information was gathered. That the unit was able to
be run at all represents the accomplishment of many significant project milestones by both
RTI and Southern Company Services at PSDF:

completed construction of the skid-mounted DSRP field-test unit at RTI

completed modification of the Mobile Laboratory (trailer) for use as the control room
for the skid-mounted DSRP

designed and fabricated a PLC-based SCADA-type process control system

constructed both the skid and the trailer to meet the requirements of the designated
test site, PSDF, in terms of safety and interface/operability

shipped the skid and trailer to the PSDF site in Wilsonville, Alabama
installed the skid and trailer at the PSDF site
connected the systems to the PSDF-supplied process and utility lines

passed coal gas through a long, heat-traced slipstream line and successfully
measured its flow and composition
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Table 4. Summary of On-Stream Times

Syngas LSO,
On Off Elapsed On Off Elapsed

3/26/01 14:05 \

3/26/01 16:15 V 2:10:00

3/26/01 17:00 \

3/27/01 5:25 \ 12:25:00

3/27/01 6:00 V

3/27/01 7:52 V

3/27/01 13:17 \ 5:25:00
3/27/01 13:30 \ 7:30:00

3/27/01 15:50 V

3/27/01 16:25 V

3/28/01 0:35 v 8:10:00
3/28/01 1:50 J

3/28/01 2:24 V 0:34:00
3/28/01 2:42 V

3/28/01 16:13 V 13:31:00
3/28/01 20:10 V ,
3/28/01 23:15 V 3:05:00
3/28/01 23:15 V 31:25:00

TOTAL 53:30:00 30:45:00

Time

= generated a simulated ROG by safely vaporizing LSO,

= controlled the skid-mounted DSRP field-test unit remotely using the SCADA system,
and logged useful process monitoring data.

= demonstrated that the process control system could continuously monitor the reactor
inlet streams and adjust the coal gas flow rate automatically to maintain the required
feed stoichiometry.

The shakedown test achieved its intended purpose of identifying areas of improvement as
follows:

* The major issue to be resolved will be elimination of naphthalene plugging of the
sample and impulse lines.

* The heat tracing in several locations needs to be improved in order to eliminate cold
spots and sulfur plugging.

* The main reactor furnace needs to be changed so that the desired reaction
temperature of 600-630°C can be achieved.

= The control system instrument parameters need fine-tuning to smooth out the
responses.

= The sulfur collection system needs to be improved so that the sulfur mist can be
captured effectively.
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SECTION 4
CATALYST CANISTER EXPOSURE TESTING

As described in Section 1, field testing based on simple exposure of the catalyst to the coal
gas can be an economical means of determining the possible deleterious effects of trace
contaminants. The technique is limited to fixed-bed pellets, however, as the much smaller
particles of the fluid-bed catalyst cannot be contained in a perforated canister.

The primary focus of this phase of the DSRP research program was fluid-bed reactors.
However, the anticipated longer duration operation of the PSDF gasifier presented a good
opportunity to obtain additional exposure data on fixed-bed material.

4.1 CANISTER EXPOSURE

The plan, as with the Morgantown/GE tests described previously to determine if the catalyst
had been degraded, was to test the exposed catalyst pellets in the bench unit in the RTI lab
with SimROG and simulated coal gas. The key performance parameter is the 1-stage
efficiency of conversion of SO, to elemental S, with the following variables:

= Exposed vs. non-exposed
=  Pretreatment technique used (A vs. B).
Two canisters of catalyst pellets were prepared following two different pre-treatment

techniques. These pretreatment techniques are not described here because they are
proprietary.

The canisters were fabricated from
perforated stainless steel, as
Figure 11 shows, and placed on an
interior support ring on the “clean”
side of the Westinghouse PCD
(candle-filter type particulate control
device in the PSDF gasifier main
train). Figure 12 is a photograph
taken during a shutdown of one
canister in place in the partially
disassembled PCD.

Based on information supplied by
SCS (Figure 13), the canisters saw
876 hours of coal gas flow over the

course of two years (August 1999 to

April 2001).
pril 2001) Figure 11. Perforated, Stainless Steel Canister
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Figure 12. Canister and Westinghouse PCD
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Figure 13. Transport Reactor Gasification Operations

23




4.2 BENCH UNIT TEST RESULTS

A 36-h bench-scale test of the PSDF-exposed canister catalyst was conducted using RTI's
HTHP bench-scale unit. One liter of the catalyst was placed in a 3.0-in i.d. cage and loaded
in the reactor. The catalyst was tested for DSRP efficiency at 280 psig, 600°C (1112°F),
and 2000 scc/(cc.h) with a SO,-coal gas mixture containing 2.5 vol% SOy, 2 vol% Ha, 3
vol% CO, 5 vol% steam, 0.1 vol% H,S, and the balance N,. The conversion of the inlet
sulfur compounds to elemental sulfur was 85-90%—as compared to the 98% conversion
performance of freshly activated catalyst—and remained at this level throughout the 36-h
test, indicating negligible carbon burn-off during the test.

To explain the lower Table 5. Analysis of DSRP Catalysts

performance of the PSDF-

exposed catalyst, fresh Fresh, Freshly PSDF
catalyst, freshly activated unactivated  activated exposed
catalyst, and PSDF- Active ingredient (Wt%) 0.04 3.03 1.06
exposed catalyst were Surface area (M2/g) 188.5 168.3 80.8

analyzed as shown in
Table 5. The surface area
and pore volume of the
PSDF-exposed catalyst were lower by about 50% each. In addition, the PSDF-exposed
catalyst contained nearly 67% less active ingredient than the freshly activated catalyst. The
results indicated sintering and removal of active ingredient from the PSDF-exposed catalyst
due to oxygen exposure at PSDF, offering a possible explanation for the lower performance
of the PSDF-exposed catalyst as compared to freshly activated catalyst. The oxygen
exposure at PSDF occurred during startup and in between gasification runs.

Pore volume (cm3/g) 0.59 0.52 0.26
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SECTION 5
FLUID-BED CATALYST DEVELOPMENT

In order to operate the DSRP field-test unit in the fluid-bed mode, it was essential to obtain
a sufficient quantity of a suitable catalyst material. RT| conducted catalyst development
studies during FY98 in preparation for the field test; using synthetic gas mixtures several
candidate fluid-bed catalysts were tested in the bench-scale DSRP unit in the Research
Triangle Park laboratory. Appendix B contains the full report describing the catalyst
development program.

Two candidate catalysts were developed, Catalyst A with an alumina support and

Catalyst C with a proprietary support. Catalyst A was more active than Catalyst C, but had a
lower attrition resistance. Catalyst A achieved 98% single-stage sulfur conversion whereas
Catalyst C achieved only around 90%. The attrition of Catalyst A in a 20 hour ASTM attrition
test was 7.2% whereas that of Catalyst C was estimated to be only around 1%. Although
the higher conversion with Catalyst A is attractive, it needs further development to increase
attrition resistance, thereby reducing catalyst losses in commercial application.
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SECTION 6
CONCLUSIONS AND RECOMMENDATIONS

DSRP is an efficient regeneration off-gas treatment process for sorbent based treatment
processes that remove H,S and COS from coal gasifier gas. In this project, the process has
been developed to a small pilot-scale. Sulfur conversions as high as 98% have been
demonstrated with a single-stage reactor with simulated and actual coal gases in both fixed-
bed and fluidized-bed modes. Catalyst durability has been verified by canister exposure
tests of over 1,000 hours.

As DSRP is a tail-end process, its further scale-up and demonstration needs to be carried
out in parallel to the development of the front-end hot-gas desulfurization process. To this
end, discussions are currently ongoing with ChevronTexaco to demonstrate the DSRP in
conjunction with their gasifier-quench system that is to be coupled to a hot-gas
desulfurization process at 250°C (482°F).
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United States Government. Neither the United States Government nor any agency
| thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, 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 necessarily state or reflect those of the
United States Government or any agency thereof.

A-6




ABSTRACT

The Direct Sulfur Recovery Process (DSRP) is a one- or two-stage catalytic reduction process
for efficiently converting to elemental sulfur up to 98 percent or more of the sulfur dioxide (SO,)
contained in the regeneration offgas streams produced in advanced integrated gasification
combined cycle (IGCC) power systems. The DSRP reacts the regeneration offgas with a small
slipstream of coal gas to effect the desired reduction. In this project the DSRP was demonstrated
with actual coal gas (as opposed to the simulated laboratory mixtures used in previous studies)
in a 75-mm, 1-L size fixed-bed reactor. Integrated with this testing, a U.S. Department of Energy/
Research Triangle Institute (DOE/RTI) patented zinc titanate-based fluidizable sorbent formula-
tion was tested in a 75-mm (3-in.) diameter fluidized-bed reactor, and the regeneration offgas
from that test was treated with the bench-unit DSRP. The testing was conducted at the DOE
Federal Energy Technology Center (FETC)-Morgantown in conjunction with test campaigns of
the pilot-scale gasifier there. The test apparatus was housed in a mobile laboratory built in a
specially equipped office trailer that facilitated moving the equipment from RTI in North Carolina
to the West Virginia test site. A long duration test of the DSRP using actual coal gas and
simulated regeneration offgas showed no degradation in efficiency of conversion to elemental
sulfur after 160 h of catalyst exposure. An additional exposure (200 h) of that same catalyst
charge at the General Electric pilot gasifier showed only a small decline in performance. That
problem is believed to have been caused by tar and soot deposits on the catalyst, which were
caused by the high tar content of the atypical fixed-bed gasifier gas. A six-fold larger, single-
stage skid-mounted DSRP apparatus was fabricated for additional, larger-scale slipstream
testing.
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EXECUTIVE SUMMARY

Designs for advanced integrated gasification combined cycle (IGCC) power systems call for
desulfurization of coal gasifier gas at high-temperature, high-pressure (HTHP) conditions using
highly efficient, regenerable metal oxides such as zinc titanate. Regeneration of the sulfided
sorbent using an oxygen-containing gas stream results in a sulfur dioxide (SO,)-containing offgas
at HTHP conditions. The patented Direct Sulfur Recovery Process (DSRP) developed by the
Research Triangle Institute (RTI) with Federal Energy Technology Center (FETC) support is an
attractive option for treatment of this regeneration offgas. Using a slipstream of coal gas as a
reducing agent, it efficiently converts the SO, to elemental sulfur, an essential industrial
commodity that is easily stored and transported. Figure ES-1 is a schematic diagram showing a
proposed commercial embodiment of DSRP.

Prior to the current contract, the development of the DSRP was done in a laboratory setting,
using synthetic gas mixtures to simulate the regeneration offgas and coal gas feeds. Under this
contract, the DSRP was tested using actual coal gas and actual regeneration offgas. One of the
main objectives was testing the integrated system over an extended period with actual coal gas
from an operating gasifier to quantify the degradative effect, if any, of the trace contaminants
present in coal gas.

In order to accomplish testing with actual coal gas, RTI designed and fabricated a mobile
laboratory containing a bench-scale, integrated hot-gas desulfurization/DSRP unit. The 75-mm
(3-in.) fluidized-bed desuifurization reactor was used to test the U.S.'Department of Energy
(DOE)/RTI patented zinc titanate-based fluidizable sorbent formulation: ZT-4L, and to produce an
“actual” regeneration offgas stream. The mobile lab was installed at the FETC-Morgantown site
and testing was conducted with a slipstream of coal gas from the pilot-scale gasifier located
there. Three separate slipstream test campaigns plus an additional exposure test took place over
a period of 2 years: '

Desulfurized

Desulfurization| {1 ~~ \Ifmer

Coal Gas

Reactor ~ cG Coal Gas
t L Slipstream Tail Gas
%%l’:;g Sgrbent Recyl%lmpressor
ines

“ 1 I\I

Sorbent DSRP Sulfur
Regeneration Reactor . *! Condenser 6 Steam

3

Air
Compressor

Figure ES-1. Hot gas desulfurization/DSRP integration.
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* September 1994 Initial shakedown test of mobile laboratory at FETC-Morgantown with
integrated desulfurization reactor and two-stage DSRP

* October 1994 Test run of integrated desulfurization reactor and two-stage DSRP at
FETC-Morgantown

* July 1995 Long duration run (160 h) slipstream test of sihgle-stage DSRP at
FETC-Morgantown

* March-April 1996 DSRP catalyst exposure to pure coal gas at the General Electric (GE)
. pilot plant in Schenectady, New York

* April-May 1996 Operation of RTI laboratory DSRP unit to test the exposed DSRP
catalyst. '

The 1994 slipstream testing included testing of the ZT-4L sorbent. During a run of 4 days’
duration in October 1994, the ZT-4 was subjected to three sulfidations and two regenerations.
The ZT-4 consistently removed H,S from coal gas down to <20 ppmv at 873 K (1,110 °F) and
1.89 MPa (260 psig). The DSRP was very effective in converting S0, in actual or in synthetic
regeneration offgas to elemental sulfur, achieving 95 to 99 percent conversion after the first
stage of the two-stage bench unit DSRP test rig. The overall conversion of the two-stage unit
was less than that achieved in the first stage alone; the undesirable “reverse Claus” reaction was
believed to be the problem. The resuits of the initial 1994 tests were encouraging and led to the
decision to refit the mobile laboratory with a single-stage DSRP unit (Figure ES-2), and with new
control hardware and software to improve the stoichiometric flow control of the coal gas stream.

In the 1995 slipstream test campaign, the single-stage unit produced 98 percent conversion of
SO, to elemental sulfur at the beginning of the run and at the end. Thus, there was no detri-
mental effect of 160 h of exposure of the catalyst to coal gas. The automatic coal gas flow
control system, designed to maintain that coal gas at the desired stoichiometric ratio to the SO,
in the regeneration offgas, greatly enhanced the ability to attain and maintain steady-state
operation of the DSRP reaction.

In order to accelerate the exposure of the catalyst to the trace contaminants present in actual
coal gas, the “used” catalyst was removed from the Mobile Laboratory at FETC-Morgantown and
shipped to the GE pilot plant for placement in a coal gas line throughout a 10-day pilot plant run.
This resulted in additional exposure of the catalyst to about 200 h of coal gas. The pure gas
exposure of 200 h is roughly .

equivalent to 1,330 h of exposure Steam

at the DSRP conditions used at I

the Morgantown site. Thus, total Hot

exposure of the catalyst including Regeneration bSRP Sul R:g;lzligr:o
the FETC—Morgantown testing is 2%“%83 Roactor Congeg;er S TFED
approximately 1,500 h. The 20 atn Process
exposed catalyst was tested in a

3-in. bench-scale reactor using 1

synthetic mixtures of feed gases Coal Gas Elemental

and simulated coal gas. During the Slipstream Sulfur

laboratory testing an “induction
period” was observed, as the ) ]
conversion steadily improved with Figure ES-2. New single-stage DSRP.
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increasing run time. It appeared that a surface cleaning phenomenon was occurring, leading to
removal of impurities and improved activity. The conversion to sulfur was 96 percent after
approximately 22 h of testing, compared to 98 percent during the slipstream testing. It was
hypothesized that the induction period was due to removal of tar and soot buildup on the catalyst
as received from GE. Subsequent testing of the catalyst showed that the carbon content has
indeed been reduced by the bench-unit test program. The overall conclusion is that the DSRP
catalyst is quite rugged in the presence of tar-laden actual coal gas, even after 1,330 equivalent
hours of exposure.

The second phase of this slipstream test project was the design and construction of a DSRP test
unit that had six times the capacity of the bench-scale unit. Designated the 6X DSRP, this unit
was initially designed for use at an industrial partner’s test site, and the design was strongly
influenced by the specific site requirements. Subsequent to the start of construction, the
cooperative research and development agreement (CRADA) with DOE was dissolved and a non-
site-specific unit was fabricated. This unit is skid-mounted and is sized to be able to be shipped
easily to a test site. Plans for testing the 6X unit with a slipstream of actual coal gas from the
FETC Power Systems Development Facility (PSDF) in Wilsonville, Alabama, are under
discussion. It has been proposed that the mobile laboratory constructed as part of this project be
used as a control and analytical space, and that the 6X unit be positioned adjacently. The
proposed test plan would include both fixed- and fluidized-bed testing of the single-stage DSRP,
at varying SO, concentrations.

Xi
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SECTION 1
INTRODUCTION AND OBJECTIVES

1.1 HOT-GAS DESULFURIZATION IN IGCC POWER SYSTEMS

The U.S. Department of Energy/Federal Energy Technology Center (DOE/FETC) is sponsoring
research in advanced methods for controlling contaminants in hot-coal gasifier gas (coal gas)
streams of integrated gasification combined-cycle (IGCC) power systems. The programs focus
on.hot-gas particulate removal and desulfurization technologies that match or nearly match the
temperatures and pressures of the gasifier, cleanup system, and power generator. The work
seeks to eliminate the need for expensive heat recovery equipment, reduce efficiency losses due
to quenching, and minimize wastewater treatment costs.

Hot-gas desulfurization research has focused on regenerable mixed-metal oxide sorbents which
can reduce the sulfur in coal gas to <20 ppmv and can be regenerated in a cyclic manner with air
for multicycle operation. Zinc titanate (Zn,TiO,4 or ZnTiOj), formed by a solid-state reaction of
zinc oxide (ZnO) and titanium dioxide (TiO,), is currently one of the leading sorbents. Overall
chemical reactions with Zn,TiO, during the desulfurization (sulfidation)-regeneration cycle are
shown below:

Zn,TiO, + 2H,S — 2ZnS + TiO, + 2H,0 Sulfidation

2ZnS + TiO, + 30, — Zn,TiO, + 2S0, . Regeneration

The sulfidation/regeneration cycle can be carried out in fixed-, moving-, or fluidized-bed reactor
configuration, and all three types of reactors are slated for demonstration in the DOE Clean Coal
Technology program. The fluidized-bed reactor configuration is most attractive because of
several potential advantages including faster kinetics and the ability to handle the highly
exothermic regeneration to produce a regeneration offgas containing a constant concentration of
SO,. However, a durable attrition-resistant sorbent in the 100- to 400-um size range is needed
for successful fluidized-bed operation.

The SO, in the regeneration offgas needs to be disposed of in an environmentally acceptable
manner. Options for disposal include recycling to the gasifier in which an in-bed desulfurization
sorbent such as dolomite or limestone is being employed, conversion to sulfuric acid, and
conversion to elemental sulfur. All three options are being pursued and/or proposed in the Clean
Coal Technology program. Elemental sulfur recovery is the most attractive option because sulfur
can be easily transported, stored, or disposed. However, elemental sulfur recovery using
conventional methods from an offgas containing low levels of SO, (typically 3 percent) is an
expensive proposition. An efficient, cost-effective method is needed to convert the SO, in the
regenerator offgas directly to elemental sulfur.

Research Triangle Institute (RTI) with DOE/FETC sponsorship has been developing zinc titanate
sorbent technology since 1986. In addition, RTI has been developing the Direct Sulfur Recovery
Process (DSRP) with DOE/FETC sponsorship since 1988. Fluidized-bed zinc titanate desulfur-
ization coupled to the DSRP is an advanced, attractive technology for sulfur removal/recovery for
IGCC systems, and it was proposed for a Clean Coal Technology project.

1
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RTI has also developed a durable fluidized-bed zinc titanate sorbent, ZT-4, which has shown
excellent durability and reactivity over 100 cycles of testing at 750 to 780 °C. In bench-scale
development tests, it consistently reduced the H,S in simulated coal gas to <20 ppmv and
demonstrated attrition resistance comparable to fluid catalytic cracking (FCC) catalysts. The
sorbent is manufactured by a commercially scalable granulation technique using commercial
equipment available in sizes up to 1,000 L. The raw materials used are relatively inexpensive,
averaging about $2.20/kg ($1.00/Ib). It is anticipated that the impact on cost of electricity (COE)
due to sorbent replacement for attrition will be <0.5 mil/kWh. ZT-4 was tested independently by
the Institute of Gas Technology (IGT) for Enviropower/Tampella Power and showed no reduction
in reactivity and capacity after 10 cycles of testing at 650 °C.

1.2 THE DIRECT SULFUR RECOVERY PROCESS

In the DSRP (Figure 1) SO, is catalytically reduced to elemental sulfur using a small slipstream
of the coal gas at the pressure and temperature conditions of the regenerator offgas. A near
stoichiometric mixture of offgas and raw coal gas (2 to 1 mol ratio of reducing gas to SO,) reacts
in the presence of a selective catalyst to produce elemental sulfur directly:

2H,+ S0, — (1/n)S, + 2H,0
2C0+S0, — (1/n)S, +2CO,
CO+H,0 — CO,+H,.

The above reactions occur in Stage | of the process and based on previous studies (Gangwal
and Chen, 1994) convert up to 96 percent of the inlet SO, to elemental sulfur. The sulfur is
recovered by cooling the outlet gas to condense out the sulfur as another solid. Adjusting the
stoichiometric ratio of coal gas to regenerator offgas to 22.0 at the inlet of the first reactor also
controls the Stage | effluent stoichiometry because any H,S and COS produced (by the reac-
tions: 3H, + SO, — H,S + 2H,0, and 3CO + SO, — COS + 2C0O,) yield an (H,S + COS) to
SO, ratio of 2 to 1. The effluent stoichiometry plays an important role in the Stage || DSRP
reactor (operated at 275 to 300 °C), where 80 to 90 percent of the remaining sulfur species is
converted to elemental sulfur, most probably via COS + H,0 — H,S + CO, and 2H,S +

SO, — (3/n)Sn + 2H,0. The previously referenced work suggested that the overall sulfur
recovery could be projected to be 99.5 percent.

Vent (200 ppm SO5)

Nitrogen-Rich A
s Recycleto <€
team Regenerator
A A Steam
got ti DSRP
e ol Sulfur DSRP Sulfur
Of-Gas Reactor Reactor
2% SO, #1 Condenser 3 Condenser
20 atm
» Sulfur
Coal Gas
Slip Stream H: Steam-Gas Heat Exchanger

Figure 1. Process schematic for the original two-stage DSRP design.
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At the start of this project, the DSRP technology was at the bench-scale development stage with
a skid-mounted system ready for field testing. The process had recently been extended to
fluidized-bed operation in the Stage | reactor. Fluidized-bed operation proved to be very
successful with conversions up to 94 percent at space velocities ranging from 8,000 to 15,000
std cm3/cm3-h. Overall conversion in the two stages following interstage sulfur and water removal
ranged up to 99 percent. ‘

A preliminary economic study for a 100-MW plant in which the two-stage DSRP was compared to
conventional processes indicated the economic attractiveness of the DSRP. For 1 to 3 percent
sulfur coals the installation costs ranged from 25 to 40 $/kW and the operating costs ranged from
1.5 to 2.7 mil/kWh.

Through bench-scale development, it had been shown that both fluidized-bed zinc titanate and
DSRP technologies are technically and economically attractive. The demonstrations prior to the
start of this project, however, had only been conducted using simulated (rather than real) coal
gas and simulated regeneration offgas. Thus, the effect of trace contaminants in real coal gases
on the sorbent and DSRP catalyst was not known. Furthermore, the zinc titanate work had
emphasized sorbent durability development rather than database development to permit design
of large-scale reactors. Discussions with fluidized-bed experts prior to the start of this project
indicated that data from a reactor larger than the then-current one would be required for scaleup,
especially if the material does not have particle sizes similar to FCC catalysts (typically ~80 pm).
The fluidized-bed zinc titanate technology uses 100- to 400-um particles. Finally, the zinc titanate
desulfurization unit and DSRP had not been demonstrated in an integrated manner.

1.3 PROJECT OBJECTIVES

The goal of this project was to continue further development of the zinc titanate desulfurization
and DSRP technologies by

« Scaling up the zinc titanate reactor system
« Developing an integrated skid-mounted zinc titanate desulfurization-DSRP reactor system

+ Testing the integrated system over an extended period with real coal gas from an operating
~ gasifier to quantify the degradative effect, if any, of the trace contaminants present in coal gas

» Developing an engineering database suitable for system scaleup

« Designing, fabricating, and commissioning a larger DSRP reactor sysiem capable of operating
on a six-fold greater volume of gas than the DSRP reactor used in the bench-scale field test.
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SECTION 2
PROJECT DESCRIPTION

The experimental aspect of this project consistéd of testing fluidizable zinc titanate sorbent and
the DSRP using a slipstream of actual coal gas from a working coal gasifier. There were two
distinct phases: :

» Design, engineering, construction, and testing of an integrated bench-scale zinc titanate
fluidized-bed desulfurization unit (ZTFBD) and DSRP with a slipstream of actual coal gas

» Design and construction of a larger scale DSRP (6X) capable of handling a six-fold larger gas
flow or elemental sulfur production rate.

Because RTI lacked the facilities to produce actual coal gas at its main laboratory site, the
challenge of this project was to design and fabricate a portable bench-scale test apparatus that
could be moved to the location of the coal gas slipstream.

2.1 DESIGN CONCEPT/FETC GASIFIER
211 Integrated Operation of ZTFBD and DSRP

In order to demonstrate the DSRP handling the offgas from regeneration of the zinc titanate
sorbent, while using actual coal gas as the reducing gas, the bench-scale ZTFBD and the bench-
scale DSRP had to be close together, and the control systems for the two had to be integrated.
Earlier in this report, Figure 1 showed the process schematic for the two-stage DSRP. Figure 2 is
a general schematic of the integrated bench-scale reactor system including the desulfurization
reactor showing the main control and sampling points.

The ZTFBD/DSRP system consists of a newly constructed bench-scale skid-mounted fluidized-
bed reactor system and a renovated and modified existing skid-mounted bench-scale DSRP
reactor system. The bench-scale DSRP unit has been described previously (McMichael and
Gangwal, 1990). It was initially configured for this project with two stages of reaction using a
fixed bed of catalyst in each stage, with interstage sulfur condensation and removal. The reactor
designs for both the ZTFBD and DSRP reactors are similar. A pipe cylinder, flanged at one end,
is capped with a porous alumina plate to act as a gas distributor. This “Cage” holds the fluidiz-
able sorbent or fixed-bed catalyst, as appropriate. The cages are inserted vertically into reactor
shells made from 10-cm (4-in. nominal) Schedule 160 stainless-steel (SS) pipe. The sorbent and
catalyst cages are made from 7.6-cm. (3-in. nominal) SS tubing. With the ZTFBD reactor utilizing
a 7.6-cm (3-in.) dia sorbent cage, the size is more than a two-fold scaleup from that used for
much of the previous bench-scale sorbent testing.

The ZTFBD reactor system was integrated with the existing renovated DSRP system; i.e., the
regeneration offgas from the ZTFBD becomes the feed to the DSRP reactor system. Additionally,
the DSRP unit can be operated independently of the ZTFBD by using simulated regeneration
offgas—a mixture of nitrogen and (vaporized) liquid SO,. In both DSRP modes of operation, the
reducing gas required from the process is a slipstream of actual coal gas.
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Figure 2. Integrated zinc titanate and DSRP reactor system.

21.2 Mobile Laboratory

The innovative concept that was crucial to the success of this project was the idea of putting the
bench-scale process equipment into a “mobile laboratory.” All of the process equipment, control
equipment, and sampling and analysis equipment for field testing would be housed in a specially
modified office trailer. The experimental apparatus would be fabricated, assembled, installed, and"
commissioned in the mobile laboratory while it was conveniently located at an RTI site. Then the
completed mobile lab would be moved to the source of the coal gas slipstream and be tempo-
rarily installed.

21.3 Site Selection

Of several possibilities investigated, the FETC-Morgantown site was chosen for the bench-scale
slipstream testing. The Morgantown site operates an air-blown, fluidized-bed gasifier capable of
providing ~136 kg/h (300 Ib/h)—~127 Nm*/h (4,750 std ft3h)—of low-Btu coal gas from a
nominal charge rate of 36 kg/h (80 Ib/h) of coal. Table 1 shows the typical coal gas composition
following gasification of a medium-sulfur coal. The raw coal gas is supplied at 538 °C (1,000 °F)
and 3.0 MPa (425 psig) pressure to downstream cleanup devices. The system includes several
particulate removal stages that provide the capability to tailor the particle loading to the cleanup
section. The cleanup test section consists of a closely coupled modular gas cleanup rig (MGCR).
To supply the ZTFBD and DSRP test apparatus, a coal gas slipstream of ~4.95 Nm?®/h (185 std
ft3/h) (equivalent to 3.9 percent of the gasifier flow) at 538 °C (1,000 °F) and 2.5 MPa to 2.8 MPa
(350 to 400 psig) was taken from the MGCR section between the filter vessel and MGCR sorbent

5
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reactor, vessels F100 and V100, respectively.
The particulate-free coal gas slipstream was

transported through an insulated, heat-traced Table 1. FETC Gasifier Coal Gas

process line to the RTI ZTFBD/DSRP system. Composition (vol%)
214  Safety Considerations/Design CH, 1.97
Requirements H, 14.9
co, 1.5
The general safety considerations for the co 9.87
design of the mobile laboratory were based H,0 11.0

on the determination that all general labora-

tory safety criteria would apply. In addition, H,S 0.1-0.75
there were specific FETC-Morgantown site N, Balance
requirements that had to be met relating to HCI 5-80 ppmv
general laboratory design, and specifically to As <10 pyg/m3
high-pressure, high-temperature (HTHP) Se <16 pg/m?®
processes 9mploying toxic cqmpoungg. Thus, Hg <2 pg/m®
the design incorporated special provisions to NH, ~800 ppmv

protect the operating personnel from hazards
associated with high pressure and the use of
toxic gases in enclosed spaces.

The design philosophy followed was that the HTHP reactor systems would be operated semi-
remotely. The equipment would be isolated in the equipment room haif of the mobile lab, and
operating personnel would normally stay in the control room half when the reactor systems were
operating at elevated temperature and pressure. Only occasional hands-on action would be
permitted (such as that action required to turn a valve or to draw liquid samples of condensate
and molten sulfur). Special procedures would be followed during these occasions. Furthermore,
to warn personnel that a hazardous atmosphere may be present, a toxic gas monitoring system
would be installed in the mobile laboratory.

2.2 DESIGN AND CONSTRUCTION
221 Mobile Laboratory

The mobile laboratory consists of a 3.65 m (12 ft) wide x 15.24 m (50 ft) long x 2.44 m (8 ft) high
(open height inside) modified office trailer. The unit was constructed with sufficient load capacity
to carry the ZTFBD system equipment skid, the DSRP reactor system equipment skid, supporting
equipment skid, and supporting analytical and control equipment. An artist's concept of the trailer
(Figure 3) and a floor plan (Figure 4) show the equipment layout. The mobile laboratory was
designed to be occupied continuously throughout any test period by rotating shifts of operators.

The trailer was partitioned into two rooms, with one room housing the reactor systems and the
other acting as the control and instrumentation room. A single door provides access between the
rooms. A window in the access door and another window in the partition provide visual access to
the equipment from the control room. Each room has a separate personnel exit door. In addition,
the equipment room was originally equipped with a roll-up door that provided access for installing
the shop-fabricated, skid-mounted reactor system units. This door was subsequently blocked off
with a plywood closure in which penetrations were made to pipe in the various gases, process
water, and vent lines to the FETC-Morgantown stack and incinerator.

A-23



Figure 3. Artist’s concept of trailer.
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Figure 4. Floor plan showing equipment layout.

Shelving along one wall of the control room holds the analytical instruments, computer data
acquisition system, and toxic gas alarm monitors. The analytical instruments consist of a gas
chromatograph (GC) with flame photometric detector (FPD), a GC with a thermal conductivity
detector (TCD), a continuous SO, analyzer, a continuous H,S/SO, analyzer, and a continuous
trace O, analyzer. On the opposite wall of the control room a counter with base cabinets provides
a sink, a hot water heater, and an eyewash fountain so that simple laboratory procedures can be
undertaken. Compressed gas cylinders are secured to the counters on this side of the control
room. A control panel with automatic controls for the reactor systems is located on the partition
wall.

Also in the control room section of the trailer is a 0.91-m (3-ft) x 0.91-m (3-ft) vented closet to
house the liquid SO, supply system. A cylinder of liquid SO, was secured on the exterior of the

7
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trailer during operation and used to fill a pressurized sample cylinder that is mounted in this
closet. The sample cylinder plus some additional process equipment is used to supply a metered
quantity of SO, (“simulated” regeneration offgas) to the DSRP system during those periods when
the ZTFBD reactor is not being regenerated.

The reactor systems are located along the centerline of the equipment room section of the trailer.
The ZTFBD system is built on an aluminum-framed skid that measures 1.37 m wide x 1.98 m
high x 2.44 m long (4.5 ft x 6.5 ft x 8 ft). The DSRP system is built on an aluminum-framed skid
that measures 1.37 m wide x 1.98 m high x 4.12 m long (4.5 ft x 6.5 ft x 13.5 ft). An electrical
panel that supplies electricity to the equipment is located at one end of the DSRP skid. Power is
supplied from the main trailer panel, also located in the equipment room.

City water, sewer, and electrical supply are piped through the floor of the trailer. All other FETC-
Morgantown-provided lines (coal gas, high-pressure nitrogen, process water supply and return,
and instrument air) are piped through a special section of the trailer wall built where the roll-up
door was located (currently covered with plywood). The two process vent lines—one to the
incinerator and the other to the stack—are also piped through the trailer wall where the roll-up
door was located.

High-pressure air for the process is supplied from compressed gas cylinders. The cylinders are
housed in a temporary storage cabinet adjacent to the trailer where the roll-up door was originally
located. A pressure regulator lowers the pressure of the air from cylinder pressure of 13.75 to 2.5
MPa (2,000 to ~350 psi) for supply to the process which operates at 2.2 MPa (300 psig).

Separate heating, ventilating, and air-conditioning (HVAC) systems were provided for each of the
two rooms in the trailer/mobile laboratory. One unit, with 14 kW (4 tons) of air conditionin%
capacity, serves the control and instrumentation room. It introduces 3.8 Nm?h (135 std ft*/min) of
outside air, which is enough to change the air in the control room four times per hour.

Two units, each with 17.6 kW (5 tons) of air-conditioning capacity, serve the reactor equipment
room. Each unit introduces 3.4 Nm3/h (120 std ft¥min) of outside air, which is enough to change
the air in the equipment room six times per hour. The air-conditioning capacity is based on the
requirement to remove the “skin” heat load from summer weather conditions as well as remove
the excess heat from the reactor system furnaces and heat tracing.

"Two additional vent header systems, independent of the HVAC, were provided to minimize
operator exposure to toxic and combustible gases by removing process and purge gases from
the reactor systems and from the control and equipment rooms. One system, consisting of 7.5-
cm (3-in.) and 10-cm (4-in.) (Schedule 40) polyvinyl chloride (PVC) pipe and a powered exhaust
blower, discharges to the incinerator stack adjacent to the entrained and fluidized-bed cells
situated behind FETC-Morgantown Building B-12. It receives the low-pressure gas vents from the
GCs, the continuous analyzers, the vent in the liquid SO, closet, and gases from flexible,
relocatable ducts (“elephant trunks”) on the DSRP unit. This vent header operates under a
slightly negative pressure. Makeup air comes from the HVAC systems that supply outside air to
the two rooms.

The second system, consisting of 19-mm (3/4-in.) O.D. SS tubing discharges to the inlet of the
incinerator adjacent to the entrained and fluidized-bed cells located behind Building B-12. This
vent header receives the combustible gas vents from the ZTFBD and DSRP reactor systems. It
operates under a small positive pressure in order to force flow to the incinerator. It is a sealed,
“hard-piped” header; there is no makeup air requirement.

A-25



222 Process Equipment/Reactor Systems

A schematic of the integrated reactor system showing the main control and sampling points was
shown earlier in Figure 2 in Section 2.1.1. Detailed piping and instrumentation diagrams (P&IDs)
were developed for construction and permitting purposes. The slipstream of filtered hot coal gas
from the FETC-Morgantown gasifier/MGCR (at 500 °C [932 °F] and in excess of 2.2 MPa [300
psig]) passes through ceramic filter F-101, mounted on the ZTFBD skid, for removal of any
remaining particulate matter. The flow is then split into two lines, one feeding the ZTFBD
desulfurization reactor, and a second, smaller flow feeding the DSRP Stage | reactor. Coal gas
flow to the desulfurization reactor was controlled by a pneumatically operated HTHP control valve
receiving a feedback signal from a downstream mass flow meter. The coal gas flow to the DSRP
reactor was controlled by a pneumatic HTHP control valve that was intended to receive a
feedback signal from downstream analyzers and a ratio controller with the objective of controlling
the ratio of H,S concentration to SO, concentration in the final DSRP effluent. This control
scheme was not operational during the 1994 test campaign, and only manual control of the coal
gas flow to the DSRP was used. A revised, stoichiometric coal gas flow control system was
installed prior to 1995 testing.

The ZTFBD desulfurization reactor has two operating modes—suifidation and regeneration. In
the sorbent sulfidation half cycle (from 1-1/2- to 3-h long, depending on the age of the sorbent),
coal gas will flow through the sorbent bed with the objective of fully sulfiding the sorbent bed. The
desulfurized coal gas is cooled in a water-cooled coil to condense the steam and passes through
a Drierite moisture trap and then through two stages of back-pressure regulation. The flow rate is
measured continuously by an inline mass flow meter (and occasionally by a dry gas meter), and
the desulfurized coal gas vents from the process through the vent header going to the FETC-
Morgantown incinerator. The desulfurized coal gas will normally have very low levels of H,S. In a
commercial embodiment of this process, the operation would be controlled to maintain a low H,S
level by continuously circulating the sorbent between the sulfider and the regenerator. However,
in this experimental bench-scale unit, the H,S levels will be allowed to rise at the end of the
sulfidation cycle in order to more fully sulfide the sorbent. Sulfidation will be continued up to a
500-ppm H,S level in the desulfurized coal gas.

In the sorbent regeneration half cycle (approximately 2-h long) the sulfided sorbent is regen-
erated using a preheated mixture of nitrogen and air typically containing 1 to 3 percent oxygen.
The flow rates of both gases are controlled by mass flow controllers (MFCs) in a feed forward
control scheme. The oxygen content of the regeneration gas is controlled by the operator (by
regulating the airflow), while monitoring the reactor temperature of the exothermic regeneration
reaction. The H,S adsorbed on the sorbent bed is oxidized to SO,; the regeneration half cycle is
complete when the SO, concentration in the offgas declines. The hot regeneration offgas, con-
taining about 2 percent SO,, is directed to the DSRP unit, as described below.

The DSRP reactor system has two operating modes, although the chemical reactions in both
modes are the same. It can be operated in an integrated mode using the actual regeneration
offgas from the ZTFBD unit, or it can be operated independently with a simulated regeneration
‘offgas. When operating integrally with ZTFBD, the hot regeneration offgas is directed, without
cooling, to the DSRP Stage | reactor. There it mixes with the hot coal gas stream and passes up
through a fixed bed of catalyst. The Stage | effluent passes through a steam/hot water-heated
condenser to remove elemental sulfur from the gas stream. The process gas is reheated in a
furnace and passed through a second stage of sulfur condensation. The process gas then enters
the bottom of the Stage Il reactor and goes on to the third sulfur condenser. The outlet gas from
the third condenser is cooled in a water-cooled condenser to remove steam, passes through a
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Drierite moisture trap and then through two stages of back-pressure regulation, and is discharged
from the system through the vent header to the FETC-Morgantown incinerator.

The molten sulfur collects in internal pots in the sulfur condensers; it is manually withdrawn
periodically. Similarly, the steam condensate is collected and withdrawn manually.

Using simulated regeneration offgas, the operation of the DSRP unit is essentially the same, with
the addition of operation of the equipment to generate the simulated offgas. The bulk of the
simulated regeneration offgas is nitrogen that is passed through a packed pressure vessel
heated by an electric furnace. Liquid SO, (LSO,) from a pressurized reservoir is pressure-
transferred into the preheated nitrogen stream through a rotameter, with a manual flow control
needle valve. The LSO, reservoir is refilled occasionally from a supply cylinder during those
periods of operation when the simulated regeneration offgas system is not in use. By operating
alternately with a feed of actual regeneration offgas and of simulated regeneration offgas, the
DSRP unit can be operated almost continuously, even though the ZTFBD is cycling between
sulfidation and regeneration.

223 Process Control Scheme

This section describes the process control strategy that is independent of the remote operator
control and automatic shutdown systems described in Section 2.2.4. In both reactor systems, the
pressure is maintained by a pair of self-regulating back-pressure regulators (BPRs). The coal gas
is supplied hot and at high pressure from the FETC-Morgantown gasifier. The flow to the ZTFBD
unit during the sulfidation half cycle is regulated by a lab-scale pneumatically operated flow
control valve operating at HTHP conditions. The flow rate measurement is made using a mass
flow meter on the desulfurized coal gas prior to venting to the incinerator. A feed-back signal
from the mass flow meter is used to adjust the control valve and maintain the flow at a desired
set point. The mass flow meter operates at ambient temperature.

In the regeneration mode, the ZTFBD requires a hot nitrogen stream containing 2 percent oxygen
as a feed gas. This is accomplished by blending air from compressed gas cylinders with high-
pressure nitrogen supplied by FETC-Morgantown. MFCs are used to meter the flows; the
composition is checked with a GC in order to verify the meter calibration. The blended gas is
heated in a preheater vessel (filled with SS balls for improved heat transfer) mounted in a split
tube furnace.

When the ZTFBD and DSRP are operating in the integrated mode, the DSRP is receiving actual
regeneration gas (100 percent of the ZTFBD gas flow) as the feed gas. In this mode, the
pressure of both systems is controlled by the BPRs on the DSRP unit. The flow through the
system is controlled by the MFCs supplying the regeneration nitrogen/air mixture.

When the DSRP is operating independently of the ZTFBD, using simulated regeneration offgas,
only the pressure of the DSRP is controlled by the DSRP BPRs. The flow through the DSRP is
controlled by the MFC supplying nitrogen to the simulated regeneration offgas system. In this
system, the nitrogen that makes up the bulk of the regeneration offgas (the “SO, carrier” nitro-
gen) is preheated and a small quantity of liquid SO, is mixed with it prior to the first stage reactor.
The LSO, is pressure-transferred from a reservoir equipped with a dip tube by using a metered
quantity of nitrogen flowing into the head space (the “motive” nitrogen). This arrangement was
devised in order to eliminate the operating problems associated with using low boiling point
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liquids in small-scale metering pumps in the laboratory. Periodic analysis of the nitrogen-SO,
mixture using a GC will enable recalibration of flow controllers for the SO, carrier nitrogen and
the SO, motive nitrogen.

An innovative scheme was conceptualized for controlling the flow of coal gas to the DSRP (for
use as the reducing gas). As with the ZTFBD, the flow is adjusted by a lab-scale control valve
operating at HTHP conditions. The valve position was to be set by a flow ratio controller receiving
feedback signals from a continuous analysis of the composition of the exit gas. The goal was to
maintain the ratio of H,S to SO, at 2:1 at the exit of the DSRP reactor system. Increasing the
flow of reducing gas will tend to increase the conversion of SO, to elemental sulfur and H,S, thus
raising the H,S:S0, ratio. Similarly, decreasing the flow of reducing gas will decrease the conver-
sion, lowering the H,S:SO, ratio. The ratio controller was intended to adjust the flow of coal gas,
in response to changing operation, so that composition ratio is maintained at the set point. In
practice, the stand-alone, panel-mounted controller was not capable of performing the necessary
calculations for this application. A more elaborate computer-based system was installed, as
described below, for the 1995 field test.

In order to operate the reducing gas flow control scheme, continuous analysis of the DSRP exit
gas was required. Separate analyzers were installed in the control room to measure the H,S and
SO, concentrations in the DSRP exit gas. A small sample stream was bled continuously off the
process in order to feed these instruments. Their electrical output signals go to the flow
controller.

To monitor the progress of the zinc titanate sorbent regeneration, continuous SO, and oxygen
analyzers were installed. When the regeneration half cycle is complete, the oxygen concentration
in the offgas will increase fairly rapidly and the SO, concentration will decrease. Because the off-
gas feeds directly to the DSRP unit, it is undesirable to have oxygen in the offgas mixing with hot
coal gas in Stage |. The oxygen analyzer provides the necessary safety precautions through the
interlock system.

To provide a more detailed understanding of the process operation, additional gas analyses are
done by GC. One objective is a complete sulfur balance around the system, so that the conver-
sion efficiency can be tracked at optimum conditions for designated periods.

A GC with a TCD is set up to analyze for the “fixed” gases—H,, CO, CO,, N,, CH,—and for high
levels of H,S in the coal gas (raw or desulfurized). It is also set up to analyze the regeneration
gas (dilute oxygen in nitrogen) and the DSRP inlet gas (either real or simulated regeneratlon
offgases) that has percent Ievels of SO,.

Another GC with a TCD is set up to measure the concentration (at high levels) of the sulfur
gases—H,S, COS, SO,—in the outlet gases from the DSRP Stage | reactor. This analysis was
to measure the Stage | conversion to sulfur. The second GC was also equipped with an FPD.
That half of the machine is set up to sample and analyze H,S and COS at low levels. The ZTFBD
desulfurized coal gas during the sulfidation half cycle was analyzed at 6-min intervals in order to
determine the sorbent breakthrough point.

As the test runs in this project use actual coal gas, it is expected that trace contaminants would
be present. A scheme was incorporated in the design of the process equipment and the layout of
the mobile laboratory to permit sampling of the process streams for heavy metals, fluoride,
chlorides, and ammonia (NH,). There are several sampling points located throughout the process
to identify the input levels and potentially to identify any sequestering or removal of the trace
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compounds by the sorbent, the catalyst, or the filters. The heavy metal compounds—As, Be, Cd,
Co, Hg, Se, Sb, V, Zn—are analyzed using a modification of U.S. Environmental Protection
Agency (EPA) Reference Method 29. The chloride and fluoride species are analyzed from 0.1 N
NaOH solution through which the sample has been passed NH, is captured in a 1.0 N H,SO,
solution.

224 Safefy Equipment/Automatic Shutdown/Control Panel

A toxic gas monitoring system was installed in the mobile laboratory to warn personnel that a
hazardous atmosphere may exist. There are duplicate gas monitors for H,S and SO, in the
equipment room, CO monitors in both the equipment room and the control room, and an SO,
monitor in the liquid SO, closet. The monitors send a signal continuously to the toxic gas alarm
panels. The two set points in the panel controller for each monitor correspond to the Occupa-
tional Safety and Health Administration (OSHA) 8-h permissible exposure level (PEL) for a
warning alarm, and to the 15-min short-term exposure limit (STEL) value for an evacuation alarm.
If the STEL value is exceeded and the alarm sounds, the operators will evacuate the trailer,
shutting down the system using the emergency stop buttons, as described below.

To conduct the routine operations of the ZTFBD/DSRP reactor systems remotely, the process
units were equipped with 15 pneumatically operated control and shutoff valves. The coal gas
feed line from the Morgantown site was also controlled by two pneumatically operated shutoff
valves on the outside of the trailer and interlocked with the RTI control system. The pneumatic
valves could be operated with operator intervention from the control panel, or they could be
placed in automatic mode where their operation was controlled by a programmable logic
controller (PLC). The PLC will shut down part or all of the reactor system process units in
response to inputs from the process pressure sensors, oxygen analyzers, and flow meters. In
addition, the operators can activate one of the three emergency stop (E-stop) buttons, located at
each of the two trailer exit doors and on the control panel, to shut down the process. The
automatic shutdown procedure includes purging of process gases from the system by passing
high-pressure nitrogen through the equipment.

The pneumatic valves were specified and ordered to be spring-operated into a “fail-safe” condi-
tion of normally open or normally closed. Thus, with a loss of air pressure or a loss of power to
the PLC, the valves will automatically open or close, as appropriate, to ensure safety.

The furnaces that heat the reactor vessels have their own controllers that are independent of the
process PLC. Sensing of a high-temperature limit in any zone will result in shutdown of the
furnace which would be indicated on the control panel in the control room with a warning light.

For safe control of the slipstream of combustible coal gas, there is the additional administrative
requirement for voice communication with the gasifier/MGCR control room. When it is determined
by telephone or voice intercom with the FETC-Morgantown gasifier/MGCR operator that coal gas
is available, then RTI operating personnel will remotely open the coal gas shutoff valve. This
valve is interlocked with another valve that directs the coal gas through a pressure-reduction
orifice and on to the incinerator. The concept is that if the RTI control panel causes the coal gas
flow to be shut off, then the unneeded gas continues to flow, directed to the orifice run and from
there to the incinerator. Thus, the gasifier at the Morgantown site does not experience an upset
due to a sudden change in the downstream conditions. These valves are mounted on the outside
of the trailer and away from the HVAC fresh air intake louvers. Thus, if a leak develops, toxic,
combustible gases will not be discharged into the personnel space inside the trailer.
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Communication to the FETC-Morgantown gasifier/MGCR control room from RTl is by intercom.
The MGCR control room notifies the RT! operators in the trailer when startup may occur. When-
ever there is an upset condition in the operation of the gasifier, the operators notify the RTI per-
sonnel in the trailer using the intercom, and, similarly, whenever an upset condition has forced
the closure of the coal gas supply valve, the RTI operators notify the gasifier/MGCR control
room. Also, if the RTI trailer had to be evacuated, the intercom would be used to notify the
MGCR control room if emergency action is required.

As described above, the control panel that interfaces with the air-operated shutoff valves
contains a PLC to provide automatic shutdown features. Table 2 presents the safety interlock
strategy used to program the PLC.

The automatic shutdown logic associated with the coal gas supply is as follows:

1. When the differential pressure across the coal gas filter drops below a set point, it indicates
that the coal gas flow has dropped off (due to a loss of coal gas from the gasifier at the
Morgantown site, a failure of the HTHP coal gas flow control valve, or because the system
pressure is too high). High differential pressure indicates that the filter element has become
plugged. In either case, the PLC will cause the coal gas supply valve [YV-176] to close and the
coal gas flow to be routed to the incinerator [ YV-177] without entering the interior of the mobile
laboratory.

2. If the system pressure decreases to below a set point, it suggests that there is a large leak in
the system. In this case, the PLC will cause the coal gas supply valve system [YV-16 and
YV-17] to close, and the liquid SO, feed line shutoff valve [ YV-9] to close, thereby isolating the
process equipment from toxic gases.

There are two possible shutdown scenarios associated with the use of nitrogen-diluted air as the
regeneration gas:

1. To prevent the oxygen concentration from rising in the event that the diluent nitrogen supply
fails, the air supply will be isolated [ YV-1] if low nitrogen flow is detected.

2. Similarly, if the oxygen concentration, as measured by an online analyzer, in the regeneration
gas rises above a set point (1,000 ppm), the air supply will be isolated.

To prevent the possibility of accidentally feeding air and combustible coal gas to the ZT reactor at
the same time, there are features in the PLC logic:

1. The shutoff valves on the air supply [YV-1] and the coal gas [YV-5] are interlocked so that
only one can be open at a time.

2. The coal gas shutoff valve [ YV-5] is interlocked to stay closed at any time there is a
measurable airflow in the regeneration gas system. :

Finally, to limit the potential concentration of SO, in the simulated regeneration gas, the liquid

S0, delivery system will be isolated [YV-] in the event that the carrier nitrogen flow declines
below a set point. ‘
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Table 2. Safety Interlock Strategy

Situation

Interlock

System pressure exceeds
inlet coal gas pressure

Any furnace temperature
exceeds high-high-limit set
temperature

Oxygen concentration
exceeds 1,000 ppm in
regeneration offgas during
sorbent regeneration

YV-5 is open (coal gas flowing
to desulfurizer)

N, flow in regeneration gas
lower than preset value

N, flow in liquid SO, delivery
system lower than present
value

Airflow in regeneration gas
higher than preset value.

System pressure drops below
a prescribed value indicating
aleak

CO, H,S, or SO, monitors
detect concentration above
the level | set value

CO, H,S, or SO, monitors
detect concentration above
the level Il set value

Any other panic situation, e.g.,
fire or smoke alarm

Power failure

D/P gauge digital indicator will show low alarm (indicating
probable loss of flow); PLC sends signal to close coal gas valve
YV-16. YV-17 will open automatically to discharge coal gas
slipstream to the incinerator.

High-high-limit switch in the furnace controller panel shuts off the
furnace and illuminates red light on control panel indicating which
furnace is off.

Oxygen content digital indicator will show high alarm; PLC sends
signal to close air valve YV-1.

YV-1 (air valve) will be closed and cannot be opened until YV-5 is
closed. (Both valves are fail-closed type.)

Digital indicator shows low flow; PLC sends signal to close air
valve YV-1.

Digital indicator shows low flow; PLC sends signal to close liquid
SO, valve YV-9.

Digital indicator shows high flow; PLC locks out coal gas valve
YV-5 in closed position.

Digital pressure indicator shows low alarm; PLC closes coal gas
valve YV-16 and liquid SO, valve YV-9.

Appropriate alarm sounds to allow corrective action to be taken.

Operators leave trailer, activating one of the emergency stop (E-
stop) buttons inside the trailer. This action closes valves YV-1,
YV-2, YV-4, YV-5, YV-8, YV-9, YV-10, and YV-16, thus cutting off
air and coal gas supply but opens valves YV-3 and YV-7 to .
ensure N, flow into the system, and opens YV-11, YV-12, YV-13,
YV-14, YV-15, and YV-17 to dump system contents into the
incinerator. Signal is sent to FETC-Morgantown MGCR control
room indicating E-stop condition.

Same as above.

Same as above.
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If the power fails, or the instrument air supply fails, or if one of the E-stop buttons is activated,
the entire process will shut down. All shutoff valves will go to their fail state (shown in Table 3),
and the following scenario will unfold:

* The slipstream of coal gas will be routed to the incinerator through a flow restricting orifice,

rather than enter the mobile laboratory [YV-16 and YV-17].

» The nitrogen flows for the regeneration gas and the simulated offgas will be cut off [YV-2 and

YV-8.

+ The liquid SO, feed to the process will be cut off [ YV-9].

« The air supply to the regeneration cycle will be cut off [YV-17].

+ Both the ZTFBD and DSRP reactor systems will be isolated from the coal gas supply lines

[YV-4 and YV-5§], and the two systems will be isolated from each other [YV-10].

« The process preésure will be relieved by dumping the gas in the system to the incinerator vent
header [YV-11, YV-12, YV-13, YV-14, and YV-15].

Table 3. Mechanical Fail State of Pneumatic Valves

Control panel

Valve switch label Control panel label Fail position
YV-1 V-1 Regen Air Closed
YV-2 V-2 Regen N, Closed
YV-3 V-3 Safety N, to FBD Open
YV-4 V-4 Coal gas to DSRP Closed
YV-5 V-5 Coal gas to FBD Closed
YV-7 V-7 Safety N, to DSRP Open
YV-8 V-8 N, to DSRP Closed
YV-9 V-9 Liquid SO, Closed
YV-10 V-10 Regen Offgas Closed
YV-11 V-1 FBD dump Open
YV-12 V-12 FBD dump Open
YV-13 V-13 De-S coal gas Open
YV-14 V-14 DSRP dump Open
YV-15 V-15 DSRP dump Open
YV-16 HCV-C Coal gas supply Closed
YV-17 None Coal gas dump Open
FCV-1 FIC-101 Coal gas flow to FBD Closed
FCV-2 AFC-201 Closed

Coal gas flow to DSRP
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« In order to purge toxic and combustible gases from the process, nitrogen will be introduced
into both reactor systems, bypassing any metering valves (YV-3 and YV-7) and will purge
through the equipment, exiting through the dump valves into the incinerator header.

Table 3 shows the mechanical fail state (loss of instrument air, loss of electrical power) of the
pneumatic valves used on the process equipment.

The electric furnaces used to heat the reactor and preheater vessels have independent control
systems which are equipped with high level temperature switches that cut power to all zones if
the set point is exceeded.

2.2.5 Construction Chronology

The project began in July 1993, with discussions of the proposed sites and the specific project
and safety requirements of the site that was ultimately selected—FETC-Morgantown. By
December 1993 the design had been finalized and formal application for safety review was
made. With the design approved, a customized office trailer was ordered in January 1994,

The fabrication of the ZTFBD skid began in December 1993 and continued through March 1994,
along with the remodeling of the existing DSRP skid. The custom trailer was received in April
1994 and temporarily installed at RTI. The two equipment skids were loaded inside by contract
riggers, as shown in Figure 5.

With the skids in place, the ouffitting of the mobile laboratory began in earnest. This activity
continued through the summer of 1994.

Figure 5. Equipment skids being loaded inside.
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All equipment had been installed and checked out by early August. The smaller items were

disassembled and stowed in the mobile laboratory. The temporary electrical power was dis-
connected and the trailer left the RTI site bound for FETC in Morgantown, West Virginia on

August 14, 1994, Figure 6 shows the truck leaving RTI with the trailer.

23 FIELD TESTING IN 1994

The conduct of the slipstream tests undertaken in the ZTFBD/DSRP mobile laboratory was
coordinated with the test campaigns of the FETC-Morgantown 10-in. gasifier. A short (5-day
duration) campaign was run in September, during which shakedown trials were conducted in the
mobile lab. A longer (10-day duration) campaign was conducted in October during which a long
duration run was made in the mobile lab.

231 Shakedown Testing/Trial Run of ZTFBD/DSRP Mobile Laboratory

Construction and preliminary checkout of the mobile laboratory unit (trailer) at RTI were com-
pleted in August 1994. The trailer weighed about 16 tons with the equipment in place. It was
transported to the Morgantown site and parked in place August 15-17, 1994. A commercial crane
company, assisted by FETC personnel, lifted the trailer into place near the FETC-Morgantown
fluidized-bed gasifier (B-12) location. Once the trailer was in position, intense activity by FETC
personnel followed to hook up the utilities (cooling water, city water, sewer, electricity, incinerator
vent line, stack vent line) and the heated coal gas delivery line to the trailer. The photograph
(Figure 7) shows the mobile laboratory in position at the Morgantown site.

Figure 6. Truck leaving RTI with trailer.
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Figure 7. Trailer in position at FETC-Morgantown.

Preparations were made for shakedown testing of the RTI trailer in mid-September. Parallel to
these preparations, the final application for the operating plan along with final design drawings
was submitted. Pressure testing of the reactors at operating temperature and 1.5 times the
operating pressures was conducted on site.

The operating plan application was successfully defended on August 25,1994. Comments
provided by the safety committee were incorporated into the final operating plan. All indicated
corrective actions to comply with OSHA and Environmental Safety & Health (ES&H) were
successfully implemented in time for shakedown testing. FETC personnel provided excellent
support to RTI throughout this critical period.

After obtaining an operating permit, the shakedown testing was ready to begin during the week of
September 12,1994. Five hundred grams (g) of sorbent was loaded in the ZTFBD reactor. One
thousand cubic centimeters (cm®) of catalyst was loaded in the Stage | DSRP reactor and 1,500
cm?® in Stage lll DSRP reactor. Nitrogen flow was established through the coal gas line and the
reactors at the desired set point. Heaters and furnaces were turned on and adjusted to obtain the
desired temperature in each reactor and BPRs were used to control the reactor pressures.

Two cycles, each consisting of a sulfidation and a regeneration/integrated DSRP operation, were
conducted during the shakedown test. Problems were experienced in the testing due to plugging

of the coal gas control valves for both sulfidation and DSRP reactors. It was discovered later that
entrained sorbent particles escaped the Morgantown site MGCR and made their way to the RTI
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system through the 3/8-in. coal gas line. The ceramic filter in the RTI trailer did not perform as
well as expected and allowed some of these particles to get into the valves. The problem was
likely caused by different thermal expansion coefficients of the alumina ceramic filter and the SS
housing.

The shakedown testing was successful in that promising results were demonstrated with the
sorbent and DSRP even though the integrated regeneration-DSRP operation was carried out with
erratic system pressure and coal gas flow. The objective of the testing was met because
problems that would be corrected prior to the formal 160-h test were identified. The main problem
identified, of course, was the plugging of the coal gas control valves.-

Test conditions and the main results of the two cycles of shakedown testing are shown in Tables
4 to 7 and Figures 8 to 10. Table 4 shows the conditions and results of the first sulfidation on
September 13,1994. The following points should be noted:

« Flow was erratic due to plugged control valve, and system pressure had to be reduced down
to 1.2 MPa (165 psig) to maintain adequate flow (3 Nm?3h [50 std L/min]).

Table 4. Conditions and Results of First Sulfidation

Sulfidation #1 (09/13/94; 10:23-18:15)

" Reactor ID: 3.0 in. Pressure: 165-210 psig
Sorbent loading: ZT-4L, 500 g Temperature 600-620 °C
Pressure drop: 24 in. H,0 Flow: 50-70 std L/min
Inlet gas (vol%) (dry basis)
Time 12:55% 13:40 14:03 15:45 16:05 16:06
CH, 3.99 2.00 2.85 NAP 2.90 NA
H,S 0.11 0.14 0.07 0.14 0.10 0.09
H, 17.64 15.6 17.37 NA NA NA
CO, 13.20 147 10.87 . NA 12.00 NA
CcO 10.18 9.4 10.96 NA - 10.1 NA
N, 56.60 53.5 57.7 NA 59.0 NA
Outlet gas (vol%) (dry basis)

Time 10:23 11:10 11:40 12:10 12:40 13:10
CH, 2.60 2.66 2.77 274 278 275
H,S (ppm) <25 <25 <25 <25 <25 <25
H, 16.33 17.28 17.10 18.12 18.10 17.03
Co, 12.80 13.36 13.20 13.05 13.03 13.12
co 10.92 11.25 10.80 10.67 10.72 10.84
N, ' 56.46 54.76 55.72 56.30 55.54 55.53

Sulfur loading at 370 ppm H,S =9.7 Ib S/100 Ib sorbent in outlet gas.
Average vol% H,0 in gas = 11.5.

3FETC online mass spectrometry (MS) analys»s

PNA = Not available.
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Table 5. Results of First Integrated Regeneration/DSRP Operation

Regeneration offgas flow = 68 std L/min
Regeneration temperature = 730 °C
System pressure = 255 psig

Regeneration DSRP #1 (9/14/94; 15:04-15:44)

DSRP coal gas flow = erratic

0, in offgas = 60 ppmv

Run terminated at O, breakthrough of 500 ppmv

SO0, in offgas = 13,000 ppmv (fairly stable) '

‘ Percent SO,
Run Percent SO, Percent SO,* conversion to sulfur
time (min) conversion conversion to H,S (by difference)

10 >99 28 97.2

14 >99 4.2 95.8

18 >99 6.2 93.8

Coal-gas valve is stuck

22 83 0.6 824

26 - 50 0 50

30 27 0 27

34 14 0 14

38 10 0 10

42 8 0 8

3No COS detected.

« FETC online mass spectrometry analysis of inlet coal gas agreed with RTI's analysis except

for methane.

« Inlet H,S was quite low due to a low-S coal.

The sulfidation H,S breakthrough is shown in Figure 8. During this cycle, water got into the
sample line of RTI's sensitive GC for H,S (Varian GC-FPD). Thus, analysis was carried out using
a less sensitive TCD whose lower H,S detection limit was 70 ppmv. The inlet H,S ranged from
about 1,000 to 1,400 ppm and the sulfidation was terminated at a breakthrough of about 400 ppm

with a loading of about 10 g S/100 g sorbent (10 Ib S/100 Ib sorbent).

Table 5 shows the results of the first integrated regeneration/DSRP operation. High apparent
sulfur conversion efficiencies were achieved initially, but then the coal gas flow control valve
plugged. The regeneration of the sorbent went smoothly with no evidence of sulfate formation at
730 °C. Table 6 and Figure 9 show the results for the second sulfidation. The sulfidation inlet
H,S data, shown in Figure 9, demonstrate the high sulfur variability of the coal used by FETC.
The H,S breakthrough curve is also shown in Figure 9. Initially, nearly all the H,S is removed

even with high inlet H,S. However, breakthrough to 200 ppm comes quickly (in just 100 min). A
second breakthrough curve is seen due to the peaks and valleys in the inlet H,S. Sulfur loading

of 21 g S/100 g sorbent (21 Ib S/100 Ib) sorbent was achieved at 1,000 ppm H,S in the outlet.
This is close to the theoretical sorbent capacity.

Table 7 and Figure 10 show the results of the second regeneration/integrated DSRP operation.

The SO, elusion profile shows a quick rise and stabilization of the SO, level at the expected level
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Table 6. Results of Second Sulfidation

Sulfidation #2 (9/14/94: 17:09-22:26)
Pressure: 160 psig; flow: 51 std L/min; temperature: 625 °C

Inlet gas (vol%) (dry basis)®

Time 17:42 18:00 18:32 19:00 20:00 21:30
CH, 3.20 3.27 2.81 3.20 3.20 3.30
H,S 0.385 0.334 0.757 0.434 0.58 0.488
H, 16.69 16.51 16.51 16.81 17.06 16.71
CO, 12.63 12.61 13.24 12.79 12.96 12.96
CcO 10.19 9.63 8.85 9.42 9.20 8.99
N, 58.57 59.23 59.43 59.11 58.79 59.23
Iinlet gas (vol%) (dry basis)® Outlet gas (vol%) (dry basis)
Time 18:38 17:58 19:19 20:17 21:16 21:55
CH, 1.92 215 2.18 2.30 2.28 2.31
H,S 0.60 NA® NA NA NA 0.11
H, 15.51 15.82 16.27 16.96 16.17 16.51
Cco, 12.88 12.88 12.77 12.95 12.85 12.85
co 9.76 10.44 10.67 10.37, 10.34 10.324
N, 57.53 56.85 56.25 56.00 56.39 56.13

Sulfur loading at breakthrough = ~21 1b/100 Ib sorbent (1,000 ppm H,S in outlet).
Average percent H,0 in gas = 11.0.

8FETC MS.

PRTI Carle GC-TCD.

°NA = Not available.

of about 11,000 ppm. The sulfur conversions, however, were erratic due to the problem of coal
gas flow control.

The shakedown test results indicated the need for
« Better filtration
» Better coal gas ﬂ6w control

- Stabilization of DSRP operation first using a simulated SO,-actual coal gas in the appropriate
ratio.

These ideas were implemented in the formal test conducted in October.
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Table 7. Results of Second Regeneration/Integrated DSRP Operation

Regeneration DSRP #2 (9/15/94; 9:46-11:04)

Regeneration offgas flow = 68 std L/min

Regeneration temperature = 725 °C

System pressure = 245 psig

S0, in offgas = 12,000 ppmv (steady)

0, in regeneration gas = 1.85% (vol)

DSRP coal gas flow = erratic

0, in offgas = ~60 ppmv

Run terminated at O, breakthrough of 600 ppmv

Percent SO,
Run Percent SO, Percent SO, conversion to sulfur
time (min) conversion conversion to H,S (by difference)

20 87 0 87

24 46 0 46

28 33 0 33

32 69 0.3 68.7

36 99.7 19.3 784

40 99.6 85 14.6

44 100 100 0

48 100 100 0

52 100 43 57

56 100 25 75

60 100 12 88

64 100 4.1 95.9

68 85 0 85

72 56 0 56

76 68 0 68

23.2 Long-Duration Run Overview

This section summarizes the highlights and accomplishments of the October 1994 slipstream test

run of the ZTFBD/DSRP mobile laboratory at FETC-Morgantown. The excellent cooperation and

assistance by FETC personnel to RTI field staff contributed significantly to the success of the
test. Although the run had to be shortened due to mechanical problems with gasifier at FETC-
Morgantown, there was sufficient onstream time to demonstrate highly successful operation of
both ZTFBD and DSRP with actual coal gas. Also, the multimetals, NH;, and HCI/HF impinger
trains were successfully used during the run to determine the level of trace contaminants. No

significant effect of the contaminants was detected on either the ZTFBD or DSRP over the 70 h

of the run.

The process equipment in the ZTFBD unit worked smoothly in both the sulfidation and regenera-
tion modes. The fluidizable zinc titanate formulation ZT-4L demonstrated 99+ percent removal of

hydrogen sulfide (H,S) from actual coal gas over three cycles, and up to 20 g S/100 g sorbent
(20 Ib $/100 Ib sorbent) loading capacity. It also demonstrated consistent, smooth regeneration

behavior. For the most part the DSRP unit also ran smoothly with actual coal gas. As planned, to

obtain extended operation of the DSRP, provisions were made to produce simulated regenera-
tion offgas using LSO,. This equipment worked very well. During periods of steady-state

operation, the DSRP had concentrations of sulfur compounds in the exit gas corresponding to up
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Figure 9. Sorbent sulfidation curves (9/14/94).
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Figure 10. Sorbent sulfidation curves (9/15/94).

to 99+ percent conversion in Stage | and 95 to 96 percent overall conversion for the two-stage
system. The decrease in conversion following the second stage suggested problems of “reverse
Claus” reactions in Stage Il. For a commercial system one stage may be sufficient, thus further
improving the already attractive economics of DSRP.

The DSRP unit was also successfully run in a fully integrated mode using actual regeneration
offgas. However, the ZTFBD run times in this mode were fairly short (due to a limited capacity to
produce actual offgas) and, because of the longer time constants of the DSRP, unit steady-state
operation could not be achieved.

The DSRP unit did experience some plugging problems that resulted in unscheduled outages.
The very small flow of coal gas used by the DSRP means that the HTHP control valve that is
required is very small. It tended to plug if there were any particulate matter in the coal gas. The
high-temperature ceramic filter on the RTI equipment was apparently not completely effective
and suggests that for small equipment a SS filter may be better. There were also some problems
with sulfur plugging in the cold end of the unit that required depressurization and disassembly to
unblock, suggesting that keeping the exit gases hot will be necessary for continuous operation,
free of plugs.

There was one time period when it appeared that the “RT! Interface Line” that FETC-Morgantown
had installed between the MGCR and the RTI trailer had become plugged. Efforts to clear the line

while maintaining system pressures were not effective. Subsequently, the line was taken out of
service and some particulates were removed from the line when it was depressurized and
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disassembled. Because this cleanup did not reveal any large amount of solids, it remains unclear
as to why there was apparently no flow for awhile.

By RTI's calculations, summarized below, there was coal gas available at the RTI trailer for a
total of 70 h during the shortened October run. RTI was taking coal gas for 39.5 of those hours,
for a utilization factor of 56 percent.

233

Chronology of Run

Highlights of the day-to-day operation of the bench-scale process equipment are shown below.

Monday, October 24,1994

00:01
08:45
16:00
16:40
22:30

23:14

Startup sequence initiated by FETC-Morgantown.

RTI personnel started heating up furnaces, etc., in RTI trailer.

The operators for the MGCR started hot nitrogen flowing through their unit, and also
into the RTI Interface line connected to the RTI trailer. Hot nitrogen began flowing into
RTI's ZTFBD unit.

Coal gas started flowing into the MGCR and simultaneously into the interface line.
Started Sulfidation Run #1.

H,S breakthrough at 1,100 ppm (according to the Carle GC on sample point A-2).
Stopped Sulfidation Run #1 (total time was 5:50).

Started Regeneration Run #1 with integrated operation of the DSRP.

Tuesday, October 25,1994

00:32
02:05
09:08

12:20
12:30

13:46

18:13
18:43
23:30

End of Regeneration Run #1 (total time 1:18).

_Began Sulfidation Run #2.

H,S breakthrough at approximately 1,000 ppm. End Sulfidation Run #2 (total time was
7:03). Set up trace contaminant sampling trains.

Started coal gas flowing for Regeneration Run #2.

Started air flowing for Regeneration Run #2. The acid gas trace contaminant sampling
train was used on Stage | offgas (TCT-5) and the multimetals sampling train was used
on the regeneration offgas (TCT-3).

End of Regeneration Run #2 (total time 1:16). At this pount, the DSRP was
depressurized and hardware modifications were made to move the sample point for the
Western SO, analyzer from A-4 to A-5A (which is more suitable when DSRP is run
using LSO,). In order that both sample points would be available in the future without
depressurization again,sample conditioning equipment was cannibalized from sample
point A-5 for use with A-5A. During this time period it was also determined that the
Omega MFC (being used as a flow meter) installed on the DSRP (designated FT-240
on the P&ID) was no longer functioning properly and it was removed from the system.
Started LSO, flowing and adjusted controller by comparing with Western SO, analyzer.
Started coal gas flowing into DSRP for start of DSRP/LSO, Run #1.

Problems with maintaining coal gas flow were noted; assumed problem was plugging of
Badger control valve FCV-2.
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Wednesday, October 26, 1994

00:12

01:15
10:10

11:10
11:30

12:11
14:10

16:10

17:49

Stopped coal gas flow; took nitrogen through interface line. End of DSRP/LSO, Run #1
(total time 6 h).

Started Sulfidation Run #3.

Continuing Sulfidation Run #3; some irregularity noted in automatic control of Badger
valve FCV-1. Coincident with plugging problems noted by MGCR operators. Nitrogen
was substituted for coal gas in MGCR (and, hence, in interface line) for approximately 1
h. During this time the multimetals trace contaminant sampling train was running on raw
coal gas (TCT-1), and the acid gas train was running on the Stage | offgas (TCT-5).
MGCR advised RTI that coal gas was flowing in MGCR again, and that the gasifier had
started taking chioride-doped coal.

Coal gas flow through the interface line was interrupted at RTI's request so that
maintenance could be performed on FCV-2 (DSRP).

Coal gas flow to sulfidation run restarted.

End of Sulfidation Run #3 with H,S breakthrough of >3,000 ppm H,S (total time: 13 h).
Set up trace contaminant sampling trains.

Coal gas flow to DSRP started for DSRP/LSO, Run #2. The ammonia trace
contaminant sampling train was run on Stage | offgas (TCT-5), and the acid gas train
was run on Stage Il offgas (TCT-6).

Run was stopped when it was determined that little or no coal gas was actually flowing.
Various means were attempted to clear the line; evidence suggested.that the FETC-
Morgantown interface line (or orifice) was plugged. DSRP was left hot with 67 std L/min
of nitrogen flowing through it.

Thursday, October 27,1994

AM

12:00

16:26
16:27

20:10

23:19

FETC at the Morgantown site and EG&G staff worked to clear the Interface Line. RTI
worked to re-install sample conditioning equipment at Sample Point A-5 (cannibalized
from Point A-3) in order to run Carle GC on mixture of regeneration gas and coal gas as
an additional aid to determination of coal gas flow rate.

Coal gas was available again, through the interface line. RT! could not operate DSRP,
however, due to sulfur plugging in cold end. Attempted to clear the plug; eventually
switched to alternative flow path in cold end train #2. Drained sulfur condenser #1. No
sulfur was collected in condensers #2 and #3.

Started LSO, flowing for DSRP/LSO, Run 3.

Started coal gas flowing. The muitimetals trace contaminant sampling train was run on
the first stage offgas (TCT-5). »

Plugging in DSRP noted; stopped DSRP/LSO, Run 3. Determined that cold end train #2
had plugged. Worked to clear plugging from cold end.

Started LSO, and coal gas flowing for DSRP/LSO, Run 4.

. Friday, October 28, 1994

05:12

10:00

Safety relief valve on Sulfur Condenser #1 popped. Coal gas released to equipment
room; detected by toxic gas monitoring system. Coal gas flow stopped; end of
DSRP/LSO, Run 4.

MGCR advised that they were going off coal gas for approximately 24 h. Also, gasifier
operators decided to stop feeding coal and go into a “hot hold” with no coal gas
production for approximately 24 h. RTl determined that the #1 sulfur condenser was
leaking process gas into the water jacket. The condenser was drained of sulfur,
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removed from service, and disassembled. The leak was determined to be in the coil; a
new coil was fabricated and the condenser was reassembled and reinstalled by 18:00.
Sulfur was also drained from condenser #3; none was collected in condenser #2.

21:00 FETC-Morgantown advised RTI that the gasifier team had decided to stop the run due
to the discovery of a heat-deformed pipe in the ash-removal system. RTI turned off heat
to furnaces and heat tracing. Left a small nitrogen purge through the equipment. Bled
off the unused LSO, to the incinerator stack.

Saturday, October 29, 1994

AllDay FETC operating crews at Morgantown had finished up during the night. RT! staff
cleaned up and put away equipment. Finished purging SO,. Diluted reagents from the
trace sampling project were disposed of. Sorbent, catalyst, and recovered sulfur
samples were removed and packed for transport back to RTI. Some instruments and
tools were removed and packed for transport. Cooling water was removed from the
system. All equipment was depressurized; cylinders were capped, power to the control
panel and the equipment skids was shut off. The HVAC units were left on with set
points of 55 and 80 °F for heating and cooling, respectively.

Table 8 shows the summary of total hours.

Highlights of results of the tests are described in Section 2.3.4.

234 Results

During the October test, three sulfidation cycles (~25 h), two integrated DSRP tests (2.5 h), and
four simulated DSRP tests (18 h) were conducted. The test conditions and the main results of the
testing are presented. A typical FETC coal gas composition is shown in Table 9.

Points to note in Table 9 are that H,S and HCI are quite variable because of the coal’s variability
and because at times the FETC staff at Morgantown doped coal with salt to increase the HCI
level (needed for a concurrent Shell slipstream test on chloride removal). The ammonia analysis

is an estimated value because of coal gas line plugging during the sampling. The trace
contaminant values were below or near the detection limit of our sampling system.

Table 8. Summary of Total Hours

Coal gas availability RTI onstream operation (taking coal gas)
Hours Hours Hours
Monday 7:20 Sulfidation Run #1 5:50 Sulfidation Run #3 7:00
Tuesday 24:00 Regeneration Run#1  1:15 DSRP/LSO, Run #2 1:30
Wednesday 17.00 Sulfidation Run #2 7:00 DSRP/LSO, Run #3 3:40
Thursday 12:00 Regeneration Run#2  1:15 DSRP/LSO, Run#4 _ 6:00
Friday 10:00 DSRP/LSO, Run #1 6:00 Total 39.5
Total 70:20
27
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Test conditions for sulfidation and
regeneration of ZT-4L over the 2.5
cycles are shown in Table 10.
Under these conditions, an H,S
breakthrough curve during Cycle 3
is shown in Figure 11. The sorbent
- exhibited excellent removal effi-
ciency and capacity even with
highly variable inlet H,S values.
Sorbent regeneration, which went
very smoothly, is shown in Figure
12. Note that with 2.25 percent O,
in the inlet, nearly two-thirds, i.e.
~1.5 percent SO, is obtained in
the offgas during the October run
indicating essentially no sulfida-
tion. The properties of the fresh
and three-cycle (sulfided) mate-
rials are compared in Table 11.
The surface area of the sulfided
material is higher and the pore
volume is lower. The material
significantly improved in attrition
resistance over the three cycles.
The thermogravimetric analysis
(TGA) capacity showed only a
small change from fresh to used
material and was at 20 g S/100 g
sorbent (20 Ib S/100 Ib sorbent).
The trace contaminants were
below the detection limit, although
chloride up to 38 ppmv and
possibly some selenium up to 15

Table 9. FETC Gasifier Coal Gas
Composition (vol%)

CH, 1.97

H, 14.9
CO, 11.5
co 9.87
H,O 11.0
H,S 0.1-0.75
N, Balance
HCI 5-80 ppmv
As <10 pg/m3
Se 16 pug/m?
Hg <2 pg/m?
NH4 ~800 ppmv

Table 10. ZT-4 Reactor Conditions?

Sulfidation Regeneration
Temperature (°C) 600 730
Pressure (psig) 260 260
U (cm/s) 4.3 4.9
Gas Coal gas 2.25% O, in N,

23.0-in. Reactor; 600 g sorbent loaded.

ppmv do appear to accumulate on the sorbent. Preliminary indications are that the sorbent
sulfided with actual coal gas required a somewhat higher temperature for regeneration than a
sorbent sulfided with simulated coal gas. This may be due to reactions of one or more of the
contaminants in coal gas with the sorbent. This problem needs further investigation.

The test conditions for the DSRP Stage | reactor are shown in Table 12. As indicated earlier, two
integrated ZTFBD-DSRP and four simulated regeneration offgas (ROG) (N, + SO,)-DSRP tests
were conducted using the FETC gasifier coal gas. During the integrated tests, it was not possible
to obtain steady-state operation in the short duration of the regeneration half-cycle due to the
larger time constant (~2 h) of the DSRP. However, three of the simulated SO,-DSRP tests were
highly successful. One of the simulated SO,-DSRP tests was not successful due to plugging of
the coal gas line from FETC's gasifier. The results of the successful DSRP tests are shown in
Table 13. Note that in Run 1, with fresh catalyst, an extremely high sulfur conversion (up to 99.7
percent) is achieved. Some selectivity toward H,S is seen in later runs, although even in these
tests a 96 percent sulfur conversion level is achieved.
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Figure 12. Sorbent regeneration curves.
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Table 11. Properties of Fresh and Reacted ZT-4L

Fresh Three-cycle sulfidated

Exposure time (h) 0 Coal gas (25); temperature (>100)
Surface area (m?/g) : 3.2 7.56
Pore volume (cm3/g) 0.234 0.11
Pore diameter (A) 2,500 1,800
Particle size (um) 112 95
Air-jet attrition (%)

5-h loss 16 14

20-h loss 36 6.2
Compacted density (Ib/ft?) 91.6 107
Zn/Ti 1.35+ 0.05 1.42 £ 0.05
TGA capacity (9/100 g) -21.0 20.5
As (ug/g) NMm? <10
Se (ug/g) NM 15
Cl (ug/g) NM 38

2NM = Not measured.

Table 12. DSRP Stage | Reactor

The overall conversion to ele- Conditions
mental sulfur, Stage | plus Stage
11, was 95 to 96 percent when the Temperature (°C) 550-610
Stage | conversion was 99+ per- P .

- . . ressure (psig) 260
cent. This observation suggested - 3,3
that the “reverse Claus” reaction Space velocity (std cm“/cm™h) 4,560
may have been occurring in Stage Reactor diameter (in.) 3.0
I B Inlet SO, (%) 1.8

2H,0 + (3/n)S, — 2H,S + SO, .

For a commercial system, one stage may be sufficient, and a single-stage process would have
improved economies.

The fresh and used catalyst properties are shown in Table 14. The used catalyst showed better
crush strength but a lower surface area. Chloride is picked up by the catalyst but does not
appear to affect its activity significantly even at a 300-ppmv level. No other trace contaminants
were detected in the catalyst.

To conclude, both ZT-4L and DSRP showed very promising results in short-term testing with
actual coal gas. The test of 160 h needs to be completed to evaluate longer-term effects.

The TGA of reacted ZT-4L from the ZTFBD/DSRP Mobile Laboratory showed some reduction in
sulfur capacity, up to 10 percent. To further evaluate the influence of trace contaminants, several
metals were analyzed in the ZT-4L sorbent used in the mobile lab, tested in the MGCR at FETC-
Morgantown, and tested at the Enviropower (Finland) pilot plant. The purity of the DSRP sulfur
was also examined using a differential scanning calorimeter (DSC).
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2.3.4.1 Trace Contaminants in
ZT-4L

The sulfided ZT-4 sorbent from the
RTI trailer was subjected to regen-
eration using RTI's standard
regeneration procedure of 2 per-
cent O, at 650 °C in an atmo-
spheric pressure TGA. Compared
to a typical ZT-4L, sulfided using
simulated coal gas, it appeared
that the mobile lab ZT-4L, sulfided
using actual coal gas, regenerated
slower. Some poisoning of the
regeneration active sites due to
trace contaminants was sus-
pected. Several trace contami-
nants were measured on the
sulfided ZT-4L and the results are
compared in Table 15.

The increase in concentration of
As, Pb, or other metals in the
sulfided materials is noteworthy
and could have contributed to the
slower regenerability. However,
controlled tests on ZT-4L with H,S
and metal vapor addition are
needed to ascertain this. The
estimated gaseous concentrations
based on the measurements are
about 100 pg/m? for As and 10 to
40 ug/m? for Se. No Hg was
detected in the gas or sorbents.

2.3.4.2 Sulfur Purity

The sulfur purity of the DSRP
sulfur was examined using a DSC.
Figure 13 compares the DSC
profile of pure sulfur obtained from
the drugstore with that of sulfur
obtained from the DSRP con-
densers. There are three phase

Table 13. Stage | DSRP Results During Steady-State
Operation with Simulated Regeneration Offgas

SO, SO, S0,
Run time conversion conversion conversion to
(min) (%) to H,S (%) sulfur (%)
Run No. 1
32 99.4 0.0 99.4
36 99.4 0.0 99.4
40 99.5 0.0 99.5
44 997 0.0 99.7
48 99.5 0.0 99.5
52 98.5 - 0.0 98.5
56 98.0 0.0 98.0
Run No. 3 A
117 99.6 1.2 98.4
121 100.0 4.1 95.9
125 100.0 4.9 95.1
129 100.0 - 24 97.6
Run No. 4 .
175 100.0 4.9 95.1
179 100.0 4.1 95.9
183 100.0 49 95.1
199 100.0 4.7 95.3

Table 14. DSRP Stage | Catalyst

Fresh Used

Size (in.) ' 1/8 1/8

Crush strength (Ib/mm) 20 25

Surface area (m?/g) 208 158
Exposure (h) 0 Coal gas (20);
temp. (>100)

Cl (ppmw) 21 300

As (ppmw) <11 <10

Se (ppmw) <10 <10

transitions that are typical of sulfur. The middle transition, due to melting, occurs at the same
temperature for all samples. There is a slight shift in the other two transitions for the “DSRP”
sulfur versus the “drugstore” sulfur. This could be due to small amounts of undissolved metal
impurities in the DSRP sulfur caused by corrosion of the SS vessel or due to metal vapor in the
coal gas (such as AsH; or H,Se) dissolving in the sulfur. A more likely possibility can be
ascertained by melting a relatively large sample of the sulfur and examining the melted sulfur for

undissolved impurities.
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Table 15. Trace Contaminants in ZT-4L Sulfided with Actual Gas (ug/g)

Trace ZT-4L  ZT-4L sulfided ZT-4L sulfided (600 °C) MGC-10, ZT4-94
contaminants fresh Enviropower . RTI trailer (10/26/94) (sulfided FETC-MGCR)
As 0.7 5.1 8.4 NA2
Ba 127 NA 19.8 354
Be 1.4 NA 2.0 27
cd 106 NA 116 10.2
Cr <10 NA <10.0 <10.0
Pb <30 NA 49.6 45.2
Mn 4.2 NA 11.2 9.4
\% 192 NA 192 171
Se <0.57 29 0.72 NA
Cl NA NA 38 NA
aNA = Not available.
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Figure 13. DSC test of pure sulfur and sulfur from DSRP.
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2.4 DESIGN/CONSTRUCTION FOR 1995 FIELD TEST

Based on the interrupted October 1994 field test, a decision was made to conduct a 160-h
slipstream test in 1995. This test was scheduled to begin on July 17, 1995, to coincide with a
planned gasifier campaign with the experiment design to include

* A 160-h test of single-stage DSRP with actual coal gas and simulated regeneration

* A 100-h test of NH; decomposition at 850 °C and 1.1 MPa (150 psia).

The ZTFBD system was modified for the NH; decomposition testing. The two-stage DSRP
system was modified to a single stage with improved control of the stoichiometric ratio of
reducing gas to SO, entering the reactor. Figure 14 is a block diagram of the simplified, single-
stage DSRP.

241 Equipment Modifications

Based on the experience gained in the interrupted October 1994 field test, the following
modifications were undertaken in order to increase the possibility of a successful 160-h test:

» Convert DSRP system to single stage and run continuously on simulated SO, with actual coal
gas. :

» Temperature/pressure corrected orifice flow meter for coal gas

 Process control computer to input SO, mass flow and hydrogen and CO concentrations and
output required coal gas flow set point to the coal gas flow control valve

» Modify sulfur condenser to have a separate external separator pot with a heating jacket and
nonfreezing drain valve

+ Install Pall metal HTHP filter on coal gas I_ine to trailer
« Install HTHP back-pressure control valve system
+ Install heating system for DSRP offgas vent

» Install dedicated DDAS terminal

to obtain H,, CO signals from Steam
FETC T
Hot
» Install large knockout pot for Regeneration DSRP Sulf Rﬁé;'in'ﬁ.’io
Offgas ulfur
DSRP offgas vent. 2% SO, Reactor Condenser > ZTFBD
) 20 atm Process
24.2 Construction ,
Chronology l
Qoal Gas Elemental
The mobile lab was de-winterized Slipstream Sulfur

in early April 1995 and active

modification of the process- i .

equipment was started. RTI ' Figure 14. New single-stage DSRP.
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technical and supervisory personnel traveled to Morgantown, West Virginia, usually biweekly, in
order to accomplish the required modifications.

* The DSRP bench-scale unit was modified to have

— Single reaction stage (the second stage reactor and furnace, plus two sulfur condensers
were removed).

— Improved sulfur condenser (an external, electric heat-jacketed separator pot with drain
valve was fabricated and installed on the No. 1 condenser. The coil inside the steam-
jacketed condenser shell was replaced with a longer, annealed/stress-relieved coil.
Immersion heaters were installed in the shell to replace external heat tapes.)

— Better coal gas filter (the ceramic thimble-type filter in a large metal housing was replaced
with an off-the-shelf porous metal disposable filter: Mott “Gas Shield” rated for 99.9999999
percent removal of particles down to 0.1 ym).

— Improved offgas piping design (the gas exiting from the external separator pot was
reheated with a small furnace, and exited from the system through heated lines to the back
pressure control valve. Downstream of the control valve, an unheated 36-gal knock-out pot
was installed to collect sulfur particles prior to venting to the FETC incinerator stack.)

— Automatic back pressure control replaced the mechanical BPR (the hot exit gas was routed
to a “Badger-Research” HTHP control valve controlled by a pressure transducer and solid-
state “P-I-D” controller.)

« Orifice flow meter and automatic control of the “Badger-Research” coal gas control valve were
added.

.» Process control computer and software were added for stoichiometric control of coal gas (with
temperature and pressure compensation to give true mass flow basis) to DSRP.

- The ZTFBD unit was modified slightly to permit fixed-bed testing of ammonia decomposition
catalyst. :

To meet the test program objectives, provision had to be made for trace contaminant sampling
and analysis. Several sampling trains were prepared and shipped to the RTI trailer at the
Morgantown site. The trains consisted of “mini” impingers immersed in ice-water baths. Separate
trains were designed to measure the trace metals (following a modification of EPA Reference
Method 29), volatile chlorides, and ammonia. Sample points on the ZT unit were set up before
and after the catalyst bed, and after the DSRP reactor on the DSRP unit.

A staffing plan was developed to provide at least three-person coverage on a 24-h basis. This
would allow for one individual to be dedicated to operating the trace contaminant sampling trains,
while another individual operated the process equipment. A third individual was designated as
the shift supervisor. A fairly nontraditional schedule rotation was devised in order to optimize
coverage by experienced personnel, provide adequate supervision of student assistants
(summer interns), and allow for transportation needs to and from the hotel.

To meet the FETC site requirements of their Safety Analysis and Review System (SARS) an
application for a modification to an operating permit was prepared. This information was
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presented in writing to the site process safety committee on July 6, 1995, and was defended
orally on July 13,1995. Permission to operate was granted, in preparation for the scheduled start
of the gasifier run.

2.5 FIELD TESTING IN 1995
2.5.1 Actual Operating Parameters

» DSRP unit operated at |
- 1.3 to 1.9 MPa (180 to 260 psig)
580 to 630 °C
4.2 Nm3/h (70 std L/m|n) of synthetic regeneration offgas with 1.4 to 4.9 percent SO,
0.45 Nm3/h to 0.96 Nm>/h (7.5 to 16 std L/min) of actual coal gas
Space velocity of 5,100 std cm3/cm>h.

« ZTFBD unit operated at
— 1.1 MPa (150 psig)
- 780 °C
— 4.1 Nm3h (68 std L/min) of actual coal gas
— Space velocity of 5,000 std cm®/cm®h.
« DSRP catalyst exposed to coal gas for 160 h.
« DSRP took coal gas 91 percent of the time it was available from FETC-Morgantown.

» DSRP operated with simulated regeneration offgas (LSO, flowing; producing molten sulfur) for
nine periods during run, totaling 44 h.

» NH; decomposition catalyst exposed to coal gas for 102 h.
252 Summary of Results

» Single-stage DSRP design resulted in high conversion of sulfur compounds to elemental
sulfur—98+ percent during steady-state operation.

* No effect on DSRP of the trace contaminants in actual coal gas over duration of run;
conversion at end was as high as at beginning.

» Measured NH; decomposition ranged from 85 to 95 percent (depending on analytical
technique).

* No effect of exposure time on NH; decomposition.

253 Chronology of July 1995 Run

On Monday, July 17, 1995, the FETC gasifier at Morgantown started up on schedule, and in
parallel RTI personnel heated up reactors and heat tracing in the RTI trailer in preparation for

receiving coal gas.

The initial operating strategy was to operate the DSRP for 160 h continuously with coal gas feed
and simulated regeneration offgas (using vaporized LSO,). In parallel, the ZTFBD unit was to

35
A-52



operate for 100 h. Startup of both units was smooth, and after about 3 h of operation, steady-
state performance of the DSRP was achieved. Unfortunately, after the DSRP had been operating
with coal gas for only 4 h, the FETC gasifier shut down. This initial period of operation was
designated as Run #1.

Coal gas was available again on the morning of Tuesday, July 18, 1995. This next period of
operation was designated as Run #2; the same operating parameters were chosen as were used
for Run #1. During this period, the filter on the RTI end of the coal gas slipstream line started to
plug up. The differential pressure transmitter across the filter went overrange. Also, sulfur
plugging in the sample line at the outlet of the DSRP was noted, so that some of the analysis
data are unreliable. A-period of steady-state operation was achieved, however.

For Run #3, which was contiguous with Run #2 and started about noon on July 18, the DSRP
reactor furnace setpoint was raised 20 °C. This caused the reaction temperature (the bottom
catalyst bed temperature) to increase from 612 to 622 °C. The sulfur plugging in the low-
temperature DSRP outlet piping was first noticed during this run. The flow of LSO, was stopped
briefly several times during this run in order to allow time for clearing plugs.

In the late afternoon of July 18, the DSRP reactor furnace temperature setpoint was lowered (by
40 °C) to 580 °C and was designated the start of Run #4. This caused the reaction temperature
(the bottom catalyst bed temperature) to decrease from 622 to 588 °C. During this run the
plugging of the coal gas filter became more severe. The DSRP system pressure had to be
reduced from 1.91 to 1.77 MPa (262 to 242 psig) in order to maintain flow of coal gas into the
unit. At midnight on July 18 the reactor furnace temperature was raised 20 °C back to the original
setpoint, and the temperature experiment series ended.

The pressure drop across the coal gas filter continued to increase, so that Run #5 (early morning
of July 19) became a de facto reduced pressure run. The DSRP system pressure was reduced to
1.5 MPa (202 psig). Also, severe plugging of the outlet of DSRP was noticed. The coal gas flow
to both the ZT unit and the DSRP was stopped so the equipment could be worked on to remove
plugs in the DSRP outlet piping.

The morning of July 19 was spent clearing sulfur plugs from the outlet piping and devising a
temporary piping arrangement that would permit back-pulsing of the coal gas (Mott) filter. At this
point in the test program it became apparent that with continuous operation of the DSRP with
LSO, feed, the production rate of sulfur by the reactor system was overwhelming the capacity of
the offgas system (including the knock-out pot) to handle it. It was surmised that not all of the
condensed sulfur was being removed from the gas stream by the separator pot. The presumed
“mist” was then being vaporized in the reheater, passing through the back-pressure control valve
as a vapor, and finally condensing elsewhere in the cool offgas system either as a crystalline
form or as a sublimed “flowers of sulfur” form. A decision was made to modify the operating
strategy for the remainder of the test program.

The new operating plan was to run coal gas through the DSRP at all times in order to expose the
catalyst for 160 h. The nitrogen portion of the simulated regeneration offgas would also be flow-
ing through the DSRP reactor. The LSO, would only be run at selected times to observe how the
catalyst was continuing to perform. The coal gas flow was restarted the afternoon of July 19 with
the revised operating plan.

The coal gas filter back-pulsing procedure was followed for the first time, and it successfully
reduced the pressure drop across the Mott filter from 517 to 69 KPa (75 to <10 psi). At this time
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the small Balston filters were removed from trace contaminant sampling points TCT-1 and TCT-2
(on the ZT unit). It was decided that gas from those sample points would not have large amounts
of particulate that would clog the sampling apparatus and so would need to be filtered out in
order to get reliability. Furthermore, any small amount of particulate should preferably be col-
lected as part of the sample in order to get a valid reading of the trace contaminants present.

Unfortunately, after several hours of coal gas and nitrogen flow, the DSRP outlet piping plugged
up again. It appeared that residual sulfur in the offgas lines was “migrating” along and forming
new plugs. Plugging of the lines outside the RTI trailer was also noted, and the critical flow orifice
in the bypass line was cleared by FETC personnel. Coal gas flow was interrupted for several
hours to permit line-clearing efforts. A copper coil for cooling water was fabricated for installation
in the knock-out pot.

Coal gas flow was restarted the evening of July 19 and continued to flow through the night. The
flow was interrupted in the late morning in order to install the cooling coil inside the knock-out
pot. LSO, was not used again until the afternoon of July 20, the start of Run #6. There were a
number of control problems encountered during this run. The pressure had to be continually
decreased due to rising pressure drop across the coal gas filter. The output of the Western SO,
analyzer appeared to be at odds with the reading on the LSO, rotameter. A brief experiment in
which the automatic valve on the LSO, supply was closed showed an immediate effect on the
rotameter but no effect on the Western reading. Only a very brief period of steady-state operation
was achieved during this run. The LSO, flow was stopped in the late afternoon of July 20, and
coal gas continued to flow.

A modification was made to the DSRP equipment to add heat tracing to the LSO, feed line where
it intersected the nitrogen line upstream of the preheater. This modification was expected to
prevaporize the liquid and ensure more complete mixing of the stream before the sample point
for the Western SO, analyzer. The results were apparent during Run #7 on the afternoon of July
21. The analyzer output was steady and consistent with the rotameter reading. Steady-state
operation was achieved easily.

On July 22, the FETC gasifier was shut down in order to make a repair of the incinerator stack.
Coal gas would not be available to the MGCR (and hence to the RTI trailer) from that afternoon
until the evening of July 25. At this time the test run of the ammonia decomposition catalyst in the
ZT unit was ended. Also, it was decided to end the trace contaminant sampling program. The
total staffing of the RTI trailer was reduced. The ZT and DSRP reactors were maintained hot with
a small nitrogen purge.

During the outage, some minor maintenance activities of the process equipment were accom-
plished. A stainless steel coil was installed in the knock-out pot, replacing the copper coil (which
had corroded substantially). The Mott filter was replaced with a fresh spare. The used filter was
dumped out and found to be plugged with a large quantity of what looked like pure carbon (soot).

In the early evening of Tuesday, July 25, coal gas flow was restored to the DSRP unit. Coal gas
also flowed to the ZT unit (in order to maintain a sufficiently large coal gas flow through the
slipstream line), although that reactor was not maintained at the high test temperature.

Early Wednesday morning, July 26, the coal gas flow from the gasifier was interrupted once

again and was not available until that evening. During this outage the mechanical BPRs on the
ZT unit were removed and replaced to correct a problem noted the previous day.
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During this second half of the test program, the pressure drop across the replaced Mott filter was
greater than the range of the differential pressure (DP) transmitter, but unlike the first day of the
test, no continued large increase was observed. The back-pulsing procedure was not used.

With the coal gas flow restored on the evening of July 26, Run #8 was started. A higher SO,
concentration (3.6 percent compared to 2.5 percent typically for the previous runs) was used,
with the same DSRP furnace set points, so that the reaction temperature was slightly higher.
Some experimentation with controllability of the process was attempted, as described below.

Following several hours of operation of Run #8 with LSO, flowing, the flow of coal gas into the

. DSRP unit was stopped briefly, in order to clear sulfur plugs. Even with the additional cooling
inside the knock-out pot, sulfur (vapor or aerosol) apparently passed through and into the outlet
piping. Plugging continued to be observed at tees and elbows in the 19-mm (3/4-in.) outlet piping.

- Plugging in the 1-in. line outside the trailer was also suspected. Coal gas flow through the DSRP
unit was restored to continue exposing DSRP catalyst to coal gas.

Later in the morning of July 27 a problem was noted with coal gas flow through the ZT unit. A
plug in the condensate receiver was cleared. But then later that afternoon a plug developed in
the ZT outlet piping so that coal gas would no longer flow. The hypothesis was that with a
reduced temperature in the ZT reactor (but not a cold reactor) the nickel-based ammonia
decomposition catalyst was causing a dissociation of the CO in the coal gas to carbon and CO,.
The soot particles could then plug up the outlet piping. The outlet lines were not disassembled,
though, to test this hypothesis.

With the ammonia decomposition experiment no longer being conducted, the only effect of the
plugging problem was that total coal gas flow through the slipstream line was now reduced to just
that small quantity needed by the DSRP unit. The ZT reactor furnace temperature setpoints were
reduced to allow the reactor to cool down.

Early in the morning of July 28, the toxic gas alarm went off; a high CO concentration in the
equipment room was noted. This was identified to be a flange leak on the ZT reactor. Even
though coal gas was not supposed to be flowing through this unit, the isolation valve was
evidently allowing some flow, and the cooling reactor flange sprang a leak. The coal gas line was
capped off to stop this problem.

The final DSRP runs were started during the late evening of July 28. For Run #9A the goal was
to achieve the best operation possible, with operating conditions the same as earlier in the run.
This was achieved with an operating temperature of 620 °C, 1.8 MPa (250 psig), and 3.5 percent
SO, in the simulated regeneration offgas. For Run #9B the system pressure was raised to 1.9
MPa (265 psig)—the maximum that could be achieved given the pressure of the coal gas, and
the observed pressure drop through the Mott coal gas filter. Steady-state operation was easily
achieved. '

For the final experiment of the 160-h DSRP test run, Run #9C, the nitrogen flow making up the
simulated regeneration offgas, was reduced, thereby increasing the SO, concentration. A distinct
increase in reactor temperature was noted. There was some difficulty getting the proper coal gas
flow to line out the unit. During this time the LSO, in the supply tank was exhausted, so the
DSRP runs were ended.
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The FETC gasifier continued to operate to conduct other tests, but early in the morning of July 29
the RTI process equipment stopped taking coal gas. Hot purging was followed by cooldown and
shutdown procedures.

DSRP Engineering/Design Success Stories

* Automatic/stoichiometric computer control of coal gas resulted in smooth operation of DSRP
for extended periods.

* Automatic control of DSRP system pressure using HTHP control valve improved the stability
of the system pressure.

* LSO, delivery system worked smoothly, as previously; consistency of measured gas
composition was improved with addition of preheating of liquid line.

 Sintered metal filter on coal gas élipstream line completely eliminated particles from entering
the RTI process equipment.

 Coal gas flow control valves and orifice flow meter worked perfectly throughout the duration of
the run.

| * The addition of more temperature controllers on heat tracing simplified long-duration operation
of the units.

* Improved design of sulfur condenser (immersion heaters, separate collection pot, annealed
coil, new drain valve) worked smoothly and leak free.

+ Draining of molten sulfur occurred routinely with no plugging.

* Heated DSRP offgas outlet line did not plug up with carryover sulfur.
+ Continuous online analyzers and GC worked smoothly and reliably.
Areas Requiring Further Development

+ Process control software running under Windows® 3.1 was not rugged enough for continuous
operation; “General Protection Faults” and other Windows®-based errors resulted in temporary
loss of process control.

+ Laboratory-type heat tapes are not rugged enough for continuous operation of bench- and
pilot-scale equipment. In order to achieve sufficient heating, an overwrap of insulation was
used. In those cases where the heat tapes could receive full line voltage from the temperature
controllers, there were problems with burned-out tapes. Variacs had to be inserted into the
circuit.

* A second problem also occurred with the laboratory-type heat tapes. Due to concern that the
tapes could short out to the metal tubing, an insulation underwrap was also typically used.
This was done even though it would result in reduced efficiency of heat transfer and even
though the manufacturer claims that direct contact with metal would be acceptable. Neverthe-
less, one incident of a short to-ground through the insulation (and resultant overheating) did
occur. The problems with heat tapes threatened to impact the onstream time of the unit. No
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such problems occurred with the lines traced with Temptrace® metal-sheathed mineral-
insulated heat tracing.

+ The operating conditions of the DSRP unit condensation loop (low sulfur concentration; large
temperature drop) seem to favor production of a sulfur aerosol or “smoke.” Not all the molten
sulfur was captured in the separator pot, as designed. Additional improvement in solid/liquid
sulfur recovery is required.

« Unheated vent line to FETC incinerator was troublesome; untrapped sulfur particles tended to
collect and plug all unheated lines.

- Improved tuning of the control loop (i.e., selection of appropriate P-I-D constants) would be
needed in order to make DSRP responsive to rapid changes in SO, inlet concentration.

+ The SO, response time from sample point A6 probably needs to be improved. An apparent lag
time was suspected, perhaps caused by the Drierite trap. An alternative sample preparation
approach could probably be devised.

- More alarms are needed to alert operators who are monitoring a continuous process for long
hours. A relay board with annunciator could be interfaced with existing process monitoring and
control software.

« The MFC used as a meter for the ZTFBD unit was ruined when water inadvertently was drawn
backwards through it from the vent header. A similar problem occurred in the 1994 test
program. A more rugged flow metering scheme (e.g., orifice flow meter) would be required to
make the process immune from this type of problem.

« The mechanical BPRs used on the ZTFBD unit experienced a small amount of plugging (for
no apparent reasons). This may be corrosion-induced; the concept of using BPRs in a flow
stream that is potentially moist needs to be reevaluated.

« The “Mott” porous metal filter was very effective at eliminating plugging in the coal gas control
valve. However, since the filter itself plugged up, a proper back-pulsing system needs to be
designed into the piping layout.

254 Details of Results/Parametric Studies
2.5.4.1 Data Reduction

The critical parameter used to judge the performance of the DSRP is the conversion of the
incoming gaseous sulfur compounds to elemental sulfur. The conversions shown in this report
are rigorous calculations based on gas concentrations, as obtained from the continuous
analyzers and GCs. The calculations take into account the incoming sulfur species in both the
regeneration offgas (sulfur dioxide) and the coal gas used as the reducing gas (hydrogen
sulfide). Volume changes in the flow rates due to the formation of, and eventual condensation of,
water are included. Specifically, the calculations are discussed below.

The flow rate of nitrogen making up the synthetic regeneration offgas was known from the
electronic MFC. The concentration of SO, in the mixture of nitrogen and vaporized LSO, was

measured by a continuous SO, analyzer, so that the molar flow rate of SO, into the reactor could
be calculated. The coal gas flow into the reactor was measured on a wet basis by the orifice flow
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meter used as part of the flow control instrumentation. The composition of the coal gas (H,S, H,,
and CO) on a dry sample basis was measured by an online GC/MS operated by FETC and
located near the gasifier. The water content of the coal gas was determined gravimetrically from
timed condensate samples, by FETC (with confirming information from RTI condensate
sampling). The wet basis coal gas composition was then calculated, and the molar flow rates of
H,S, H,, CO and H,O were determined.

An RTI GC was used to measure the sulfur species in the DSRP outlet gas stream (H,S, COS,
and SO,) on a water-free basis. The flow rate of this stream was not measured directly, however.
Rather, it was derived from the stoichiometry of the reactions that occurred. For purposes of the
flow rate calculations, complete reaction of the sulfur dioxide and the active components of coal
gas was assumed. Thus, all the inlet sulfur dioxide disappears and all the moles of hydrogen in
the coal gas are converted to the same number of moles of water. That water, plus the water
coming in with the coal gas, was condensed before the sample was analyzed for sulfur com-
pounds. The CO in the coal gas is converted to CO, with no change in the number of moles.
Thus, the dry basis outlet flow rate was calculated as the sum of the nitrogen flow in and the coal
gas flow in, less the water in the coal gas and the water produced.

Knowing the dry basis total outlet flow rate, the individual sulfur species flow rates could be
calculated from the GC concentrations. All inlet sulfur molecules (from the regeneration offgas
and from the coal gas) that were not still present in the outlet gas as one of the three measured
species—H,S, COS, and SO,—were assumed to be converted to elemental sulfur. The percent
conversion was thus calculated as inlet molar flows minus outlet molar flows divided by inlet
molar flows.

The instrumentation in the RTI Mobile Laboratory also included an Ametek analyzer (operating
on an ultraviolet photometric principle) for continuous, online measurement of H,S and SO,
concentrations in the DSRP offgas. This instrument provided continuous feedback to the
operator to optimize the coal gas flow rate, but it did not accurately measure the absolute
concentrations of the gaseous sulfur species in the outlet gas. Carbonyl! sulfide (COS) is not
detected by the Ametek unit; however, its presence interferes with an accurate measure of the
H,S concentration. According to information from Ametek, the COS parts-per-million value adds
to the H,S parts-per-million value according to:

(HyS)Ametex = [H2S]+ [COS)/2 .
This relationship did not seem to be completely accurate, though, as it was not substantiated by
the GC analyses of the same stream. The elemental sulfur yield can be calculated from the
Ametek values; but because the total concentration of gaseous sulfur compounds in the offgas is
underreported (there is not a one-to-one correspondence between COS and H,S concentra-
tions), calculations based on Ametek data overstate the conversion to elemental sulfur.
2.54.2 Summary of Results

Table 16 summarizes the conditions in each of the designated run periods and reports the
calculations of the conversion to elemental sulfur made according to the description above.

2.5.4.3 Parametric Studies

Although the basic concept of the July 1995 run was to operate continuously at steady state,
there were some opportunities to make small changes in some operating parameters to observe
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their effect on the DSRP reactions. Table 16 summarizes the operating conditions during all of
the times that LSO, was being fed to the reaction system. The parameters that were changed to
form a series of independent variables were

» Reactor catalyst bed temperature
+ System pressure
+ SO, concentration in the simulated regeneration offgas.

Examining the results, the apparent dependent variables that were measured were

« Percent conversion to elemental sulfur (when the coal gas flow was optimized to minimize the
H,S and SO, content of the offgas)

» COS concentration in the offgas.

During the operation of the various runs, it was noted that the COS concentration could not be
affected by changing the coal gas flow rate. Therefore, some other variable of operation was
influencing that value.

With three independent variables and two dependent variables, six combinations are possible.
Figures 15 through 20 are plots of the results. In previous work, higher conversions were
achieved with higher bed temperatures. In these runs, however, Figure 15 shows that the higher
temperatures appeared to result in slightly lower conversions. There is a great deal of scatter in
the data, though, and the range of temperatures covered is narrow. Probably no conclusion
should be drawn about the effect of temperature.
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‘Figure 15. Effect of catalyst bed temperature on yield of elemental sulfur.
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Figure 20. Effect of inlet SO, concentration on COS concentration.

In previous work, higher conversions were also achieved with higher system pressure (Gangwal
and Chen, 1994). Figure 16, reporting the data from the July 1995 runs, suggests that this
conclusion held true. However, all but two data points were in a very narrow pressure range.

Figure 17 reports the effect of inlet SO, concentration on conversion. The data cover a good
range of concentrations: from 1 to 5 percent. Most of the conversions to sulfur range from 97.5 to
98.3 percent. The three data points around 2.5 percent SO, that lie below this value were taken
at lower pressures. Conversion at 5 percent inlet SO, concentration was also slightly lower, at
96.6 percent. This was the last run and during this run it was not clear if the conditions had been
fully optimized.

Figure 18 reports the effect of catalyst bed temperature on COS concentration in the offgas. An
apparent increase in COS formation with higher temperature is observed. However, it should be
noted that reactor temperature is not entirely an isolated, independent variable. Figure 21 shows
the relationship of reactor temperature to inlet SO, concentration, a variable suspected of
influencing COS formation. It can be seen that the higher reactor temperatures are associated
with higher SO, concentrations. .

Figure 19 reports the effect of system pressure on COS concentration in the offgas. The data
seem widely scattered. Thus, there does not appear to be an effect of pressure on COS concen-
tration, at least over the narrow range of pressures studied.

Finally, Figure 20 reports the effect of inlet SO, concentration on. COS concentration in the

offgas. This is the clearest trend observed in this series of parametric studies, with COS
increasing with increasing SO,. This trend is consistent with the understanding of the chemistry
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Figure 21. Relationship of inlet SO, concentration to catalyst bed temperature.

of the DSRP where COS is produced from the
reaction of SO, with CO. Very little steam was
-present in the gas mixture inlet to the DSRP. As
has been predicted previously by experimental
and modeling methods, it is believed that the

Table 17. Trace Metal Content of
FETC Coal Gas (1995 Test)

presence of more steam will increase the degree Trace metal Concentration (ug/L)
of the shift reaction, thereby increasing hydrogen, As 0.0015
vincreas_sing sulfur conversion, and reducing COS Hg 0.0075
formation. Pb o 0.0075

Se 0.0015

A major goal of the long duration testing of the
DSRP was to determine if the presence of trace
contaminants (principally volatile heavy metals)
affects performance over time. Table 17 reports
the results of sampling of the FETC coal gas for trace metals. It is apparent that the heavy
metals of concern—As, Hg, Pb and Se—are present, although at low levels, in the coal gas
being fed to the DSRP. The fact that performance of the process did not seem to deteriorate with
160 h of exposure at FETC suggests that trace metals are not a factor. However, some
additional analysis was undertaken to determine if the DSRP catalysts act to sequester trace

contaminants.

Table 18 reports the results of the analysis of the DSRP catalyst. No sequestering of mercury
was detected. The arsenic and selenium analyses were confounded by the background signals
from the matrix of the catalyst components and only rough values were obtained. Lead was not
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Table 18. Results of Trace Metal Testing

Concentration on catalyst (ug/g)

After 160 h After 200 h After testing in
Trace metal Fresh @FETC additional @QGE DSRP
As? <1 ~5 10 to 100 10 to 100
Hg <0.005 <0.005 <0.005 <0.005
Pb 25 3.0 167 144
Se? <0.5 <0.5 <0.5 <0.5

aAs and Se analyses are unreliable. See text.

found after exposure at FETC, but an appreciable amount was found after the General Electric
(GE) exposure test described in Section 2.6.

2.6 CANISTER EXPOSURE TESTING IN 1996
2.6.1 Concept and Experimental Plan

The 160-h test of the DSRP at FETC-Morgantown was a significant undertaking, but compared to
the expected duration of continuous operation in a commercial system it was a relatively short
time. One technique suggested by representatives of M.W. Kellogg to obtain additional
information on the effect on the catalyst of long-term operation in an actual coal gas environment
would be merely to expose a canister of catalyst to actual coal gas. The exact same catalyst that
was used for the FETC slipstream test could be used for a canister test and gain additional
exposure time. This concept was implemented in 1996.

In early March 1996, several months following completion of the 160-h slipstream run, the DSRP
catalyst was removed from the reactor, placed in a canister, and installed in a coal gas line at the
GE pilot gasifier in Schenectady, New York. The canister was a simple fabrication of perforated
SS with a capacity of approximately 850 mL. Thus, the entire charge of 1 L of catalyst could not
be subjected to this additional exposure. The canister was placed in the piping prior to the start
of a 200-h gasifier campaign and was removed following completion of the campaign. No trace
contaminant sampling of the GE gasifier gas was performed. Table 19 summarizes the exposure
conditions. The canister and catalyst were shipped in tightly closed bottles that had been purged
with dry nitrogen prior to filling; however, the bottles were not hermetically sealed.

The idea of the canister exposure test was that
the DSRP catalyst would have 200 h of additional Table 19. GE Exposure Test
exposure to actual coal gas (beyond what was Conditions
achieved during the FETC 160-h campaign) so
that the effect, if any, of the trace contaminants
could be determined. In normal DSRP operation,
the catalyst is exposed to a mixture of gases

20 atm (294 psia)
482 to 538 °C (900 to 1,000 °F)

containing about 15 percent coal gas. Assuming Illinois #6 coal gas
that concentration and exposure time are directly 200 h
related, 200 h of pure coal gas would be equiva- Downstream of absorber

lent to 1,330 h of diluted (15 percent) coal gas.
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The most effective way to demonstrate the continued activity of the DSRP catalyst is to install it
in an HTHP reactor and actually conduct the SO, reduction reaction using a reducing gas
mixture. Thus, to determine if additional coal gas exposure of the catalyst had any deleterious
effects, the doubly exposed catalyst was tested in a bench-scale DSRP unit set up in a
laboratory in RTI's main campus in Research Triangle Park, North Carolina. The reactor design
was essentially identical to that of the trailer-mounted unit; the sulfur condenser design was
identical. The coal gas was simulated by using a purchased custom gas mixture, and the
simulated regeneration offgas was generated similar to the method used in the slipstream testing
at FETC: vaporization of LSO, under pressure. The continuous H,S/SO, tail gas analyzer used in
the mobile laboratory was moved to RTI for the duration of the bench-scale testing.

26.2 Results of Bench Unit Testing

Following 200 h of additional coal gas exposure in early 1996, the catalyst charge was tested in
the RTI laboratory DSRP bench unit using simulated ROG and simulated coal gas. Table 20
summarizes the operating conditions of the DSRP reactor in the mobile laboratory (1995
slipstream test) and compares them to the conditions used for the followup testing of the
exposed catalyst (1996 testing) in the RTI laboratory. The conditions are very similar, with the
exception that less catalyst was available for the laboratory tests (due to a limitation of canister
volume, as described). However, the gas flow rate was reduced to maintain the same space

velocity

Table 21 summarizes the results
from operating the DSRP bench
unit with the “canister” catalyst.
Several test runs were made, with
a total operating time (with SO,
feed) of 22 h. Known optimum
conditions, as well as less-than-
optimum conditions were used.
The single number in the table that
is most interesting is the con-
version to elemental sulfur,
expressed as percent of inlet
sulfur dioxide. While only 86
percent conversion was obtained
initially, by the end of the series
the conversion was up to 96
percent. This value compares to
98 percent that was achieved
using the same catalyst during the
July 1995 FETC campaign.

Examining the data, it is difficult to
determine the effect of any of the
operating variables, because of
the overwhelming effect of an
uncontrolled variable—operating
time. Figure 22 plots the con-
version to elemental sulfur from
each run, in chronological order.

Table 20. Reactor Test Conditions

1995 Field test 1996 Lab test
Temperature (°C) 590-630 575-640
Pressure (psig) 210-265 275
Space velocity 5,100 2,700-8,200
(std cm¥cm3h)
Reactor diameter 3.0 3.0
(in.)
Catalyst volume 1,000 600
(cm®)
Inlet SO, (%) 2449 21-54

Table 21. Results of Carbon Testing

Percent
Fresh DSRP catalyst 0.036
After 160+ h at FETC 0.037
After 200 additional h at GE 31.32
After testing in RTI bench unit 5.70
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Figure 22. Conversion improvement with operating time.

Run #1 was a shakedown run conducted with an unoptimized fresh catalyst, whereas Runs #2
through #6 were carried out with the “canister” catalyst. One can see that, independent of the
changes of the controlled variables, the conversion to elemental sulfur improves steadily with
increasing operating time. This effect was especially noted on day 4 where the conditions were
quite similar between Runs #4B and #4D, yet Run #4D had more than 3 percent greater conver-
sion to sulfur. This improved operation was noted with no change in operating parameters.

The improvement in conversion with increased operating time suggests that some sort of
“induction period,” not previously observed with the DSRP, was involved with the doubly exposed
DSRP catalyst. It was planned that the coal gas would be relatively particulate-free, and to that
end the canister was installed downstream of the desulfurizer at the GE pilot plant. Nevertheless,
when the catalyst was received back from GE, it was covered with soot and tar (a possible
experimental artifact that is also related to the specifics of the fixed-bed gasifier used at GE). It is
possible that the tar has had an effect on conversion, as noted below.

The hypothesis is that the soot and tar buildup on the catalyst pellets initially inhibited the sulfur
reduction reactions. With additional exposure time to the SO, reaction mixture, however, there
was a gradual removal, and the catalyst regained some lost activity. The highest activity (96
percent conversion) was somewhat lower than the previous level achieved in the trailer runs (98
percent). It is possible that with more run time the activity would improve further and reach its
original value.

Table 22 reports the results of carbon analysis of the DSRP catalyst. Normally, carbon is not a
factor with the DSRP process, as the fresh catalyst and that used at FETC-Morgantown are both
essentially carbon free. However, the catalyst exposed at GE had over 30 wt% carbon clinging to
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Table 22. Summary of “Canister Test” Results

Outlet gas composition (dry)

Inlet SO,
Run Bedtemp. Press. Inlet space  Conc'n H,S SO, SO, Conv. to
no. (°C) (atm. abs.) velocity (h')  (vol%) (ppmv) (ppmv) (ppmv) sulfur (%)
2 575 19.7 4,858 2.15 1,995 361 717 85.69
3A 618 19.7 4,907 2.46 1,528 276 731 89.76
3B 610 19.7 8,187 2.24 1,130 1,008 1,484 83.72
4A 630 19.7 5,114 3.84 1,377 491 1,627 90.84
4B 632 19.7 3,963 3.7 1,987 457 1,101 90.40
4C 628 19.7 3,905 3.09 2,272 390 1,033 87.86
4D 628 19.7 3,914 - 3.7 798 385 698 93.95
5A 638 19.7 5,137 3.57 538 1,111 1,104 92.09
5B 633 19.7 3,983 3.49 810 587 504 94.45
6A 642 19.7 2.789 5.42 896 680 1,054 94.88
6B 630 19.7 2,692 5.39 656 632 864 95.90

- the pellets, and even after testing in the reactor in the RTI lab it still had nearly 6 percent carbon.
The carbon presence is believed to be the reason for the conversion shortfall experienced by the
doubly exposed catalyst. It is interesting to note that even with 5.7 percent carbon contamination,
the DSRP performance is nearly as good as that obtained with fresh catalyst.

2.6.3 Conclusions and Future Work

There was an apparent loss of catalyst activity after 200 h of exposure to coal gas in the GE pilot
plant. The pure coal gas exposure of 200 h is equivalent to exposure at DSRP conditions of
around 1,330 h. Thus, total exposure of the catalyst including the 160-h test at FETC-
Morgantown is approximately 1,500 h.

The loss of activity is believed to be due to the tar and soot covering the catalyst as received
from GE. However, following an induction period, a significant portion of the activity was restored.
The data taken after five DSRP runs of approximately 4 h each with the canister catalyst indicate
that the induction period was not complete even after nearly 22 h of tests in the bench-scale unit.
The activity is likely to improve to its original value of 98 percent sulfur recovery with further run
time. A surface cleaning phenomenon is apparently occurring, leading to removal of impurities
and improved activity. This run demonstrates that the DSRP catalyst is quite rugged in the
presence of tar laden coal gas even after 1,330 equivalent hours of exposure.

Additional canister exposure testing is warranted, to gain even more hours and increase the
confidence in the ruggedness of the process for future commercialization. Ideally, this exposure
testing should be with a coal gas that is lower in tar content, and more typical of what would be
encountered with IGCC coal gas.

2.7 DESIGN AND CONSTRUCTION OF SIX-FOLD LARGER DSRP UNIT

The second phase of this slipstream test project called for the design and construction of a
DSRP test unit that would have substantially higher capacity than the bench-scale unit. Early in
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the design period the pilot plant operated by Enviropower, Inc. (subsidiary of Tampella Power), a
DOE Cooperative Research and Development Agreement (CRADA) partner, was identified as a
potential site for testing. Enviropower operates a 10-MW (thermal) U-Gas gasifier coupled to a
fluidized-bed hot-gas desulfurization system at the pilot plant near Tampere, Finland. This site
offered the advantage of a steady supply of actual regeneration offgas, as well as actual coal
gas. Balancing the desire for a larger unit, and practical limitations on the size of a coal gas
slipstream from this unit, the six-fold larger size was arrived at. Therefore, the design of the six-
fold larger (6X) DSRP was initially influenced by the requirements of that particular site.
Subsequently, the CRADA agreement between DOE and Enviropower was dissolved, and a non-
site-specific unit was constructed, as described in more detail below.

271 Design Concept

At the March 1994 Enviropower CRADA review meeting held at FETC-Morgantown, RTI
presented a block flow diagram and preliminary material balance for the initial design concept for
a six-fold larger DSRP. A two-stage design was proposed, consistent with the bench-scale unit
that was at that point being remodeled for use in the mobile laboratory. The concept of the
CRADA test program was that DOE, with RTI as the contractor, would supply the items of
process equipment necessary for a 6X DSRP, and that Enviropower would assemble them in an
appropriate place and test them. Enviropower personnel described the conditions at which the
coal gas slipstream and actual regeneration offgas would be available to the DSRP, and also
what utilities (steam, hot water, cooling water, etc.) would be available at the pilot plant.

With the specific process gas conditions in mind, RTI calculated the preliminary equipment sizes
and a revised block flow diagram. Then, in June 1994, RTI met again with Enviropower personnel
in conjunction with the annual contractors conference at FETC. RTI presented the preliminary
equipment designs and discussed possible arrangements of the individual items in the Enviro-
power pilot plant. The concept remained for “loose pieces” to be supplied, although those and
subsequent discussions suggested that a skid-mounted unit might be more practical. With that
thought in mind, RTI also prepared a preliminary design for the skid.

In the September to October 1994 time frame RTI conducted the bench-scale slipstream tests at
FETC-Morgantown described elsewhere in this report. Excellent performance of the first stage of
the DSRP was observed. At a meeting with Enviropower in November of that year, it was
decided, based on the FETC field test results, to develop a single-stage fixed-bed 6X DSRP
reactor system rather than a two-stage system. Also, the unit would be skid-mounted. At this
point the design concept was essentially finalized. Table 23 compares the key parameters of the
bench-scale and the “6X” DSRP units.

2.7.2 Construction Chronology

By December 1994, significant accomplishments had been made toward the goal of supplying
the reactor system for slipstream testing at Enviropower. These are highlighted below:

« Preliminary schedule for system delivery was prepared.

- A meeting was planned and scheduled at the Enviropower pilot plant on January 9 and 10,
1995.

- Prior to the end of the calendar year, the following documents were delivered to Enviropower
in preparation of a detailed face-to-face meeting:
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Table 23. 6X “Pilot” DSRP Unit

1X “Bench-scale” 6X “Pilot” unit
Flow rate (ROG + CG), stdL/min (std ft3/h) 75 (170) 460 (1,050)
Catalyst volume 1L 6L
Space velocity (std cm3/cm®h) 5,000 , 5,000
Reactor 1.D. (in.) 3.0 576
Tubing O.D. (in.) 3/8 3/4
Elemental sulfur production rate, based on 115 690

2% SO, in ROG (g/h)

— Draft process flow diagram (PFD)
— Process material balance
— Draft P&IDs.

 Preliminary mechanical designs for reactors and other vessels and preliminary electrical -
diagrams were prepared.

« Vendors for long lead items were contacted and preliminary quotes were obtained.

In January 1995, RTI staff visited the Enviropower pilot plant in Finland to discuss the proposed
design. The team viewed the proposed location of the skid and discussed in detail interfacing the
DSRP with the pilot plant process lines, utilities, and process control system. A joint decision was
made during that meeting to use the site’s distributed control system (DCS) as the process
control computer. This represented a change from the original concept, in which the DSRP was
an independent unit (analogous to the approach taken with the mobile laboratory). The special
requirements for electrically heated furnaces and the special design requirements for pressure
vessels were clarified. The DOE/RTI scope would include a stand-alone furnace and heat tracing
control panel and a separate stand-alone analyzer panel. These would be located remotely from
the DSRP process equipment skid.

A second detailed meeting with FETC and Enviropower personnel was held in March 1995 at the
Tampella Power offices in Atlanta, Georgia. As a result of the two meetings, the following
milestones were accomplished:

+ The PFD (Figure 23) and P&ID were completed and frozen. Material balances were
completed.

« Preliminary pressure vessel drawings were completed.

- Heater and analyzer control panels underwent preliminary design and a potential vendor was
identified to supply the panels.

» Operating procedures were developed to enable Enviropower to successfully conduct a
hazard and operability (HAZOP) analysis of the process.

» The responsibilities of DOE/RTI and Enviropower were clearly defined.
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Figure 23. Process flow diagram for 6X DSRP unit.

A preliminary schedule was developed for supply of the DSRP system. Delays had been
experienced up to this point due to the highly stringent and detailed pressure vessel and
safety requirements at Enviropower.

In late spring and summer of 1995 the detailed process design was completed, equipment
specifications were finalized, and all equipment was ordered. The vessel design calculations
were prepared to be consistent with the requirements of the Finnish authorities, who would
review them. Throughout this period an active communication with the key Enviropower
personnel in Finland took place using e-mail and fax machines.

By September 1995, the following milestones had been reached:

The special furnace designs (to satisfy the Enviropower site safety requirements) had been
approved and fabrication was under way.

The steel skid support frame had been fabricated and painted in preparation for having the
equipment mounted.

The electrical control panel was essentially complete and was being stored temporarily at the
subcontractor's facility. :

The design check and minor redesign of the pressure vessels had been completed and all
parts are on hand for the final welding.

Except for the furnaces and the pressure vessels, all other long equipment items, such as
valves, filters, and orifice flow meters, had been received.
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In October 1995, RTI relocated the fabrication shop facilities from an annex location to facilities
on the main campus. During this time it became known that the CRADA between DOE and
Enviropower had been discontinued, so the construction of the 6X facility was temporarily put on
hold. In January 1996, RTI received direction from DOE that construction of the 6X should
proceed, and to make that unit as “flexible” as possible to be used at any future test site. Thus,
site-specific equipment that had been envisioned for the Enviropower site (e.g., special heat
tracing; interfaces to the distributed control system [DCS]) was not installed.

After an unexpected delay at the vendor, the furnaces arrived at RTI in March 1996. Although
these items had special construction provisions that had originally been dictated by the
Enviropower site requirements, they could be used at other locations without modification. Thus,
construction of the six-fold larger DSRP equipment skid began in earnest. The final versions of
the first two sheets of the P&ID were issued for fabrication. The sampling and analysis PID was
not issued for construction, and the analyzer control panel order was canceled due to the
requirement of making the 6X unit non-site-specific. '

A gantry crane and hoist assembly were installed in the RTI shop so that furnaces and heavy
reactors could be lifted and positioned by one person. The final assembly and welding of the
pressure vessels was started in April 1996. Throughout the remainder of FY 1996 (through
August 1996) construction proceeded with these major activities:

« The furnaces were mounted on custom-fabricated brackets and frames.

» The pressure vessels were welded up and mounted in the furnaces, again with custom-
fabricated brackets, as required.

» The pneumatically operated shutoff and control valves were mounted, as were the flowmeter
orifice runs. :

« The field instrumentation (pressure transducers, pressure gauges) along with the impulse lines
was installed.

« Major runs of process tubing runs were put in place.

« All items of process equipment, automatic valves, instruments, and major hand valves that
had been ordered during 1995 were installed on the equipment skid.

273 Status of 6X DSRP Unit

Figures 24 through 28 are photographs of the 6X unit as it now exists. The process vessels and
process tubing are essentially complete. The separate heater control panel, shown in Figure 29
at the vendor’s shop, is also complete and in storage at RTI. The major remaining items to be
acquired and installed for the 6X unit to be a fully functioning test unit would be the heat tracing,
insulation, thermocouples, instrument air lines, and cooling water lines. Also, because the unit
had been designed for interfacing with a DCS, there is no separate, stand-alone process control
system.
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Figure 24. Skid-mounted 6X DSRP unit in Figure 25. Gas outlet end of 6X unit.
fabrication shop at RTI (gas inlet end).
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SECTION 3
CONCLUSIONS AND FUTURE WORK

The fluidizable zinc titanate sorbent, ZT-4L, was tested in a 3-in. fluidized-bed reactor with actual
coal gas and demonstrated 99+ percent removal of H,S over three cycles, with consistent,
smooth regeneration behavior. The sorbent loading capacity was up to 20 Ib S/100 Ib sorbent.

The integration of hot gas desulfurization/regeneration with the DSRP was demonstrated, as the
bench-scale DSRP operated with actual coal gas and actual regeneration offgas. More extended
operation of the DSRP was obtained using simulated regeneration offgas (by vaporizing LSO,
into nitrogen): 99+ conversion of the SO, in the inlet gas was obtained in the first stage of the
two-stage process, with 95 to 96 percent overall conversion for the two-stage system. These
results suggested problems of an undesired side reaction in the second stage and led to the
decision to conduct future tests with a single-stage system.

A longer duration test of the bench-scale DSRP with actual coal gas confirmed the high expected
conversions using only a single reaction stage. Conversion of the total inlet sulfur compounds
(both the SO, in the regeneration gas and the H,S in the reducing gas) to elemental sulfur was
98 percent at the beginning and at the end of 160 h of operation. Thus, there was no detrimental
effect of exposure of the DSRP catalyst to actual coal gas.

Subsequent exposure of the catalyst to 200 h of a second coal gas stream showed a slight loss
of activity—the best observed conversion to elemental sulfur in a laboratory bench unit (using
simulated regeneration offgas and simulated coal gas) was 96 percent, compared to 98 percent
previously. It was believed that the decline in conversion was caused by deposition of tars from
the coal gas onto the catalyst—a unique situation caused by high-tar coal coming from an
atypical fixed bed gasifier.

In expectation of additional slipstream testing, a six-fold larger, single-stage DSRP unit was
designed and constructed. This unit is skid-mounted and is sized to be able to be shipped easily
to a test site. Plans for testing the 6X unit with a slipstream of actual coal gas from the FETC
Power Systems Development Facility (PSDF) in Wilsonville, Alabama, are under discussion. It
has been proposed that the mobile laboratory constructed as part of this project be used as a-
control and analytical space, and that the 6X unit be positioned adjacently. The proposed test
plan would include both fixed- and fluidized-bed testing of the single-stage DSRP, at varying SO,
concentrations.

The interest in the fluidized-bed DSRP, and in higher SO, concentrations, derives from the
favorable commercialization discussions that have been held with DOE and the M.W. Kellogg

Company. The potential application of a scaled-up DSRP to the Sierra-Pacific Pifion Pine project
has been discussed.
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Introduction

Designs for advanced integrated gasification combined cycle IGCC) power systems call for
desulfurization of coal gasifier gas at high-temperature, high-pressure (HTHP) conditions using
highly efficient, regenerable metal oxides such as zinc titanate. Regeneration of the sulfided
sorbent using an oxygen-containing gas stream results in a sulfur dioxide (SO,)-containing off-
gas at HTHP conditions. Over the past 10 years, the U.S. Department of Energy/Federal Energy
Technology Center (DOE/FETC) has sponsored a number of approaches for ultimate disposal of
this off-gas. The patented Direct Sulfur Recovery Process (DSRP) being developed by Research
Triangle Institute (RTI) is a highly attractive option for recovery of sulfur from this regeneration
off-gas. Using a slipstream of coal gas as a reducing agent, it efficiently converts the SO, to
elemental sulfur, an essential industrial commodity that is easily stored and transported.

In the DSRP (Dorchak et al., 1991), the SO, tail gas is reacted with a slipstream of coal gas over
a fixed bed of a selective catalyst to directly produce elemental sulfur at the HTHP conditions of
the tail gas and coal gas. Overall reactions involved are shown below:

2H,+S0O,~ (1/m)S,+2H,0

2CO+S0,~ (1/m) S, +2 CO,

CO +H,0 ~ H, + CO,
H, + (1/n) S, -~ H,S
2H,S+S0O,~ (3Mm)S,+2H,0.

Slipstream tests with actual coal gas (Portzer and Gangwal, 1995; Portzer et al., 1996) demon-
strated that, with careful control of the stoichiometric ratio of the gas input, sulfur recovery of 96
to 98 percent can be consistently achieved in a single DSRP stage. The single-stage process,

integrated with a metal oxide sorbent regenerator, is shown in Figure 1. Since the tail gas from
the DSRP can be recycled as shown in this figure, there are no sulfur emissions from the DSRP.
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Figure 1. Hot-gas desulfurization with DSRP.

Objectives

Prior to the current project, development of the DSRP was only done in a laboratory setting,
using synthetic gas mixtures to simulate the regeneration off-gas and the coal gas feed. The aim
of the current work is to further the development of zinc titanate fluidized-bed desulfurization
(ZTFBD) and the DSRP for hot-gas cleanup by testing with actual coal gas. The objectives of
this project are to:

» Develop and test an integrated, skid-mounted, bench-scale ZTFBD/DSRP reactor system
with a slipstream of actual coal gas

o Test the bench-scale DSRP over an extended period with a slipstream of actual coal gas to
quantify the degradation in performance, if any, caused by the trace contaminants present in
coal gas (including heavy metals, chlorides, fluorides, and ammonia)

» Expose the DSRP catalyst to actual coal gas for extended periods and then test its activity in a
laboratory reactor to quantify the degradation in performance, if any, caused by static
exposure to the trace contaminants in coal gas

» Design and fabricate a six-fold larger-scale DSRP reactor system for future slipstream testing
 Further develop the fluidized-bed DSRP to handle high concentrations (up to 14 percent) of

SO, that are likely to be encountered when pure air is used for regeneration of desulfurization
sorbents



» Conduct extended field testing of the 6X DSRP reactor with actual coal gas and high
concentrations of SO,. ‘

The accomplishment of the first four objectives—testing the DSRP with actual coal gas,
integration with hot-gas desulfurization, catalyst exposure testing, and fabrication of the 6X
DSRP—was described previously (Portzer and Gangwal, 1994, 1995; Portzer et al., 1996;
Portzer and Gangwal, 1997).

This paper reports the results of further development of the fluidized-bed DSRP, describes the
current activities, and presents plans to accomplish the remaining objective-the extended field
testing of the 6X DSRP unit.

Fluidized-Bed DSRP Background

The early development work and scaleup of the DSRP focused on treating a regeneration off-gas
stream that would have a relatively low concentration of sulfur dioxide, say 1 to 3 vol%. With the
desulfurization sorbents and regenerator reactor designs being considered at the time, dilute air
regeneration was required and resulted in low SO, concentrations. Subsequently, improvements
in the sorbents, and the introduction of other regenerator reactor designs (notably the Kellogg
transport reactor as implemented in the Sierra Pacific Power Company’s Pifion Pine plant) have
suggested that “neat air” is a preferred commercial embodiment for hot gas desulfurization. Thus,
there is a need for the DSRP to be able to treat high-SO, concentration regeneration off-gas.

The DSRP reactions are highly exothermic, and for optimum conversion need to be conducted at
a fairly high temperature (550 to 600 °C). Although a fixed-bed reactor design is possible,
alternative designs, such as a bubbling fluidized-bed or transport reactor, are likely to be more
feasible for dealing with the high exothermicity of the high SO, concentration feed streams. The
idea of using a fluidized-bed reactor for DSRP had been explored in previous work, but because
the catalyst that was used then was simply a crushed material, and had not been optimized for
fluidized-bed operation, the single-stage conversion (94 percent) was relatively low and the
catalyst was prone to attrition. These preliminary findings suggested the need for the additional
catalyst development and testing that was conducted in this task.

Task Objectives

The specific objectives of this task were defined as follows:

e Obtaining and characterizing a suitable fluidizable catalyst for fluid-bed DSRP
» Preparing the catalyst for use in the fluidized-bed reactor

* Conducting shake-down runs with typical SO, concentrations to establish operating
conditions.
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* Conducting an experiment design set looking at the effects of SO, concentration, fluidization
velocity (space time), oxygen contamination of the regeneration off-gas, reactor pressure, and
catalyst bed temperature on SO, conversion efficiency.

Approach /Project Description

The approach taken was to use a multipurpose bench-scale test apparatus at the RTI laboratory
with a nominal 4-in. diameter HTHP reactor. The regeneration off-gas feed was simulated by
evaporating liquid SO, into a preheated nitrogen stream. The reducing coal gas was simulated
using a synthetic gas mixture. A 3-in. diameter stainless steel cage with an alumina frit was fitted
inside the reactor to hold the fluidized bed of catalyst.

Two different alumina-based fluidized-bed catalysts—a proprietary catalyst, and a nonalumina
catalyst—were tested. Because the exact formulations contain proprietary information, the
candidate catalysts are identified by letters in this report. Table 1 shows the key physical
characteristics of the fresh materials.

In Table 1, Catalysts A and B, with moderate attrition resistance, were selected as candidates for
a bubbling fluidized-bed reactor. Catalyst C was identified as a candidate for a transport or riser-
type fluidized-bed reactor. Catalyst D was selected as an intentional choice of a poor DSRP
catalyst to be a “blank” run.

The tests were conducted with a synthetic gas mixture simulating the composition of a coal gas
from an air-blown gasifier. The coal gas produced by the 10-in. pilot gasifier at FETC-
Morgantown was used as the basis, as shown in Table 2. It should be noted that a simplification
in the experiment protocol introduces a complication in data analysis and interpretation. Because
the coal gas feed to the DSRP reactor and the simulated regeneration off-gas (ROG) contain
nitrogen, a single nitrogen feed line was used for both, and the synthetic coal gas mixture that
was actually fed to the reactor did not contain any nitrogen. The SO, was mixed with this
nitrogen stream that represents both the ROG nitrogen and the coal gas nitrogen so that the

Table 1. Catalyst Physical Characteristics

Catalyst A Catalyst B CatalystC Catalyst D

Base material Alumina Alumina Proprietary Nonalumina
BET surface area (m?/g) 227 212 103 10
Attrition loss per RTI 20-h test (%) 7.2 7.2 (estd) 1.0 (est'd)

Hg porosimetry pore volume (mL/g) 0.62 0.41 0.32

Particle size, weighted average 168 168 (est'd) 100

diameter (um) (approx.)

Bulk Density (g/mL) 0.81 0.94 0.90 0.85
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experimentally measured concentration
is not the same as the nominal SO,
concentration that is being simulated
with the experiment. Table 3, based on
material balance calculations, relates
the two values, and for interest shows
the approximate rotameter setting for
the supply of liquid SO, to the
preheater.

A typical test run was conducted in one
day, with the reactor heated with a
low-pressure nitrogen purge overnight.
Following calibration of the analyzers,
the unit was pressurized with nitrogen,
and a stable flow was established. The
coal gas flow and the liquid SO,
(LSO,) flows were started essentially
simultaneously at given flow rates that
were established from material balance
calculations. The LSO, flow was
controlled with a needle valve and a
rotameter to get the desired SO,
concentration in the reactor feed to
simulate the ROG composition. The
coal gas flow rate, controlled by a mass
flow controller (MFC), was fine-tuned
from observation of the tail gas

Table 2. Coal Gas Composition

Component Volume %
CcO 14.4%
Co, 13.0%
H,O 10.0%
H, 17.5%

H,S 1,400 ppm
N, 45.0%

Table 3. Simulated ROG Concentrations

SO, content of  Calculated
actual feed to LSO, flow
bench-scale rate

SO, content
of simulated

ROG (%) reactor (%) (cc/min)
7.2 6 3.2
14 10 5.8
18 12 6.9

analyzer output. A shortage of coal gas results in a high outlet SO, concentration; conversely, an
excess of coal gas results in high outlet H,S concentration.

Once stable outlet concentrations had been achieved, the unit was allowed to run for 20 min or
more so that several gas chromatograph (GC) data points could be collected. The reactor
temperatures, pressure, flow rates, and analyzer outputs were logged using a personal computer-
based data logger. Two or three different operating conditions could be set and lined-out

conditions obtained in a good day’s run.

For two of the runs, air was introduced into the DSRP reactor along with the simulated ROG and
the coal gas. This was done to represent the situation in commercial practice when oxygen “slip”
occurs in the regenerator. That is, if the air-blown regenerator is not in perfect control, it would
be possible for excess air to be fed to that unit, so that some unconsumed oxygen would be
discharged along with the SO,/N, stream. The experiments were run to see what the effect would
be of having oxygen in the SO, stream that goes to the DSRP reactor.
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At the end of each day’s run, molten sulfur was withdrawn from the pot downstream of the
steam-heated sulfur condenser. Due to the variety of operating conditions that was used, no
attempt was made to verify a sulfur material balance.

Results

A single number is used to report the results of each run: the “percent reduction of sulfur
compounds,” by gas analysis. By material balance, all gaseous sulfur compounds that disappear
must have been converted to elemental sulfur, so therefore this number represents the percent
conversion. The laboratory bench-scale DSRP unit is equipped with a continuous gas analyzer to
measure H,S and SO, in the tail gas. By a simple calculation, the output of this analyzer gives an
instantaneous measure of the degree of conversion. However, the analyzer does not correctly
account for the presence of COS in the tail gas. A GC equipped with a thermal conductivity
detector (TCD) samples the outlet gas approximately every 8 min, and the results of that analysis,
which include COS concentration, are used in this report to calculate the percent reduction value.
Furthermore, the calculation takes into account the fact that H,S is introduced in the coal gas (in
addition to the SO, of the regeneration off-gas) as a sulfur compound that must be converted to
elemental sulfur.

Figure 2 summarizes the results of all the test runs, reporting conversion as a function of catalyst
type. Catalyst D clearly has unacceptably low conversion, as expected, and Catalyst B showed
the best performance, although it was only slightly better than Catalyst A.
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Figure 2. Effect of catalyst type.
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Most of the runs were conducted at either of two pressure levels. The higher pressure—250
psig—represents a typical operating pressure that would expect to be encountered in a commer-
cial embodiment of the DSRP. The lower pressure—150 psig—was chosen because that may be
the coal gas pressure at the Power Systems Development Facility (PSDF) at Wilsonville,
Alabama, during the slipstream testing under certain operating scenarios. Figure 3 shows a
slightly favorable trend with increased pressure, as has also been shown in previous work.

The operating conditions selected for the test series intentionally span only a narrow range of
temperature. The test protocol called for adjustment of the furnace temperature to attempt to
maintain the same catalyst bed temperature for all runs. Nonetheless, there was some variation in
actual bed temperature. As Figure 4 shows, a higher catalyst temperature results in greater
conversion to elemental sulfur. This result is consistent with previous experience.

Figure 5 shows the effect of inlet concentration of SO, on the conversion; the runs made with the
higher SO, concentrations have higher conversions. This particular response is well known in
Claus technology and Selectox technology. Figure 6 plots the actual measured concentration of
sulfur compounds in the outlet as a function of inlet concentration. From those data it appears
that outlet concentration is independent of inlet concentration. Thus, by material balance con-
siderations, higher apparent reduction efficiencies are achieved when the inlet concentration is
higher, as Figure 5 shows.
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Figure 3. Effect of pressure.
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The introduction of approximately 1 percent Reamorake
oxygen along with the ROG into the DSRP Catalyst to S Condenser
reactor did not seem to have any deleterious Ci'°“'ati°"><_“'|

effects. Without any adjustment of the coal gas (r_-*—' Cyclone
flow, the outlet concentrations of sulfur

compounds increased dramatically, as was Flu':gged —> Steam
expected. Increasing the coal gas flow rate to Reactor Solids Cooler
correct for consumption by oxygen returned Heat Exchanger
the outlet sulfur compound concentrations to

their previous values. Similarly, with Catalyst
shutdown of the oxygen flow (after 3 h of Bed
operation in one case), and subsequent
reduction in coal gas flow, the outlet sulfur
concentrations returned to original values,
indicating no change in the performance of the
catalyst.

Regeneration Off-Gas |
+ Coal Gas

Figure 7. Conceptualized fast
Applications/Benefits fluidized-bed reactor.

To address the need for the DSRP to process

sorbent regeneration off-gases containing high concentrations of SO, (up to 14 vol%), the
commercial embodiment of the process is likely to be based on some type of fluidized-bed
reactor that incorporates a heat exchanger to remove the high heat of reaction. A bubbling bed
reactor, a fast fluidized-bed reactor, and a transport (entrained bed) reactor have all been
considered. Figure 7 is a schematic representation of a fast fluidized-bed reactor incorporating a
solids cooler that has been conceptualized for DSRP.

From the experimental work described in this paper, a good bubbling bed catalyst—designated
“B”—has been developed, using a commercially available alumina. Conversions were 98 percent
in a single stage, based on GC data. Attrition is low with this material, but probably not low
enough for this catalyst to be affordable for commercial-scale transport reactor use, especially
considering that the alumina material is fairly expensive. To address the need for a lower cost,
highly attrition-resistant material for transport reactor use, catalyst C was developed and tested.
Although the activity was disappointing—single-stage conversion was 90 to 92 percent—it has
low enough attrition for use in a transport reactor, and it is much less costly than Catalyst B or A.

Even as the technology for the sorbent-based gas desulfurization develops, and the characteristics

of the resulting regeneration off-gas change, the DSRP continues to look favorable as a feasible
commercial process for the production of elemental sulfur.
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Future Activities

The planning is nearly complete, and construction/fabrication activities are underway for the
future field test of the DSRP with actual coal gas at FETC’s PSDF field test using the skid-
mounted six-fold larger (6X) DSRP with a slipstream of actual coal gas at PSDF. Modification of
the 6X unit will be completed, consistent with specific site requirements. The mobile laboratory
will be refitted at RTI as a control room for the 6X unit and will be moved along with the skid-
mounted 6X unit to Wilsonville, Alabama, for the testing to be conducted in FY 1999-2000.
Figure 8 shows an artist’s conception of how the mobile laboratory will be used in conjunction
with the 6X unit at that field test site. The proposed route of the coal gas slipstream line is
overlaid on the photograph.
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Summary:

A design hazard review (DHR) was conducted at the Research Triangle Institute (RTI) Research
Triangle Park, North Carolina, from July 31, 2000 through August 8, 2000.

The review was conducted using piping and instrumentation drawings (P&ID) for two process
test units at various stages of modifications. The slipstream test units designed by RTI consist of
a direct sulfur recovery process (DSRP) pilot test unit and an advanced hot gas process (AHGP)
bench test unit. The process test units were redesigned for field slipstream testing to be
integrated with the operation of the Kellogg Brown & Root (KBR) gasification test unit located
at the Southern Company Services (SCS) power system development facility (PSDF) in
Wilsonville, Alabama.

For reference, an overview of the two hot-gas desulfurization processes is.described in Appendix
A. The development of these processes are being directed and sponsored by the U.S.
Department of Energy (DOE), National Energy Technology Laboratory, Morgantown, West
Virginia.

This report summarizes the results of DHR and includes the following reference documents:

e DHR Work Sheets - Appendix I
e Reference P&IDs - Appendix 1T
e Process Description - Appendix A
1 C-8



Meeting Objectives and Review Documents: :

The objectives, assumptions, and constraints for the review sessions are identified in Table L.
The P&IDs developed by RTI for the DSRP Pilot test unit and AHGP bench units were the
primary review documents. Table II lists the P&IDs subjected to the review. Other reference
documents were required in support of review and these are listed in Table III.
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TABLE I - MEETING OUTLINE

Meeting Objectives:

o Identify safety and operability hazards during the review of P&IDs and team
discussions and develop recommendations for project implementation.

e Develop recommendations for any identified deviations that could significantly affect
operability. :

Assumptions:
e Designis finalized and necessary design reviews have been completed.
Constraints:

e Review team will refrain from redesign efforts at the meetmg and will limit
discussions to meet the review meeting objectives.
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TABLE II - REVIEW DRAWINGS

Drawing No. Title
DSRP Field Test Pilot Unit

PID-0010 SIM ROG System
PID-0011 Filters and Reactor
PID-0012 ‘ Sulfur Collection
PID-0013 Analytical

AHGP Field Test Bench Unit

PID-0014 Feed Gases and Preheaters
PID-0015 Reactor and Product Recovery
PID-0016 Analytical
PSDF Field Test
_ PID-0017 SCS-RTI Interface
PID-0018 LSO; Delivery System
PID-0020 _ Instrument Air
4

Revision

Qoo asfianfasiics)

(wlies!

C-11



Drawing No.
Sketch BER 02/11/00

E-M-D0002

DSRP RTR 1

V-188
V-150
HX-140
R-130
HTR-131
R-130 FLG
1

HX-090
V-190

HX-160

TABLE III - REFERENCE DRAWINGS

Title

SCS Piping for RTI’s

-~ DSRP/AHGP Process

PSDF General Arrangement
Plant Site

Design & Assembly
R-101, R-201, and R-211

V-188 Sulfur Canister

Sulfur Separator Pot

Sulfur Condenser

DSRP Reactor

HTR-131 DSRP Reactor Furnz;ce
R-130 Flange and Cage Detail
Sorbent Cage

SIM ROG PHTR Coil
Condeﬁser Head Tank

Design and Assembly Reheater

Revision

02/08/00

0

> Qoo »
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Methodology:

The procedure selected for this review used an abbreviated guideword approach that
incorporated guidewords used in classical HAZOP studies. Using selected guidewords (Table
IV), the facilitator directed the discussions to identify operating deviation that was the most
likely scenarios for each guideword. The discussions reviewed the failure modes to identify
potential hazards or operability problems. Based on the developed scenarios, probability of
occurrence and risk consequences were discussed and assessed for the identified hazards or
operational problems. Only events and/or issues that resulted in recommendations were recorded
on the worksheets. The suggested recommendations are included in Column 7 of the DHR
worksheets in Appendix I. The guidelines for the each of the worksheet columns are defined in
Table V. The DSRP P&IDs listed in Table II were the subject of the review first. The P&IDs
were divided into nodes. The modes generally were separated in two categories, feed streams to
the reactors and reactor/product streams. In some cases, the reactors were individually evaluated
and product streams divided into functional subsystems. Table VI outlines the review modes
used for this study. Two exceptions were the review of PSDF/RTI interfacing and test protocol
(study reference E) and analytical P&ID (study reference F).

Study reference number E-1 through E-6 was developed from the plot plan of site shown on
drawing E-M-D0002. This review was other than an operating deviation and was reviewed to
the following potential interfacing issues.

Safety and Restriction Zones
Personnel Access and Egress Routes

~ Event Alarms and Personnel Assembly Areas
Construction/Equipment Access and Egress Routes.

Study reference numbers F-1 through F-3 was conducted on the planned analytical sampling
system and required the expertise from RTI’s engineer who participated in similar sampling of
test units.
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TABLE 1V - GUIDEWORD CHECKLIST

Flow

Level

Leak

Pressure

Temperature

Contaminants

Concentrations

Power
Instrument Air

Operation

Maintenance

Exposure

Operating Deviation
-No

-High

-Low

-Reverse
-Misdirected
-Plugged

-High
-Low
-No

-Oxidation
-Corrosion
-Seal

-Connector

-High
-Low

-High
-Low

-Process
-Disposal
-Handling

-High
-Low

-Loss
-Loss

-Startup

-Shutdown
-Emergency/Evacuation Plan
-Integrated Test

-Sampling

-On-line
-Off-line

-Fire

-Toxic Release
-Heat
-Explosion
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TABLE V - DESIGN HAZARD REVIEW
GUIDELINES FOR WORK SHEET COLUMNS

Column 1: Study Reference Number

Identifier that will be located on each of the review P&IDs for easy recall and
reference during corrective action and implementation phases.

Column 2: Line Number or Equipment Number or other Identifier

Item identified with subject of deviation and guideword.

Column 3: Guideword and Operating Deviation
Refer to checklist guidewords (Table IV).

Column 4: Possible Causes of Deviation or Problem

Identified failure mode or process upset condition or operability event in
reference to Column 3.

Column §: Consequences and Reasons for Action

Categorize the potential effect of Column 4. “S” for safety, “O” for an operability
problem, and include the potential consequences of the event if necessary for
added clarification.

Column 6: Existing Precaution

Identify instrumentation and control devices and/or operator action and/or
equipment items and/or procedures that prevents or minimize the effect of the
event.

Column 7: Recommended Action or Notes/Queries

Review teams recommendations or inquiries with reference to Columns 4, 5, and

6. The recommendations from the team are only suggestions for subsequent
evaluation by projects in developing the final corrective action plan. The team’s
recommendations may be subject to change based on follow-up engineering reviews
and/or studies.

Column 8: Action By
To be assigned by project following the review.

Column 9: Further Implications or Follow-up Reviews or Comments

Optional. If applicable, identify other related study reference numbers having similar
event conditions or identify specific follow-up review requirements or specific
information comments for further clarification.
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TABLE VI - PROCESS REVIEW MODES I
DSRP Pilot Test Units l
Drawing Node Identifier Process Nodes l
PID-0011 Al ’ Coal Gas Feed to Reactor
PID-0011 A2 F-120 Blow Back
PID-0011 A3 Nitrogen Feed l
PID-0011 A4 F-110.Blow Back '
PID-0011 A5 R-130 Reactor
PID-0012 A6 Sulfur Removal System l
PID-0012 A7 Reheated Off-gas System
AHGP Bench Test Units l
PID-0014 B1 Coal Gas Feed to Reactor
PID-0014 B2 H,S/Nitrogen Feed I
PID-0014 B3 REGEN SO»/Nitrogen Feed
PID-0014 B4 REGEN Air/Nitrogen Feed
PID-0015 B5 'Reactor/Sulfidation Off-gas l
PID-0015 B6 Reactor/ SO, REGEN Off-gas
PID-0015 B7 Reactor/Air REGEN Off-gas l
PID-0017 C1 Instrument Air
PID-0018 D1 LSO, Delivery System l
E-M-D0002 E PSDF/RTI Test Protocol .
PID-0013/PID-0016 F1 Analytical Sampling
9 C-16 l



Review Team:

The review team consisted of several representatives from the Research Triangle Institute at the
Center for Engineering and Environmental Technology, Process Research Program, Research
Triangle Park, North Carolina and one safety engineer from Southern Company Services at the
Power System Development Facility, Wilsonville, Alabama. A hired consultant familiar with
conducting hazard review for pilot scale operations facilitated the meeting and directed the team
discussions.

Members of the review team are identified in Table VII. Other participants attended part-time
and are also listed as attendees on the worksheets.
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TABLE VII - DESIGN HAZARD REVIEW TEAM

Jeffrey Portzer . RTI Process Engineer

Daryl Smith RTI Operation/Construction

Brandon Russell* SCS Safety/Engineering

Gary Howe RTI Analytical Sampling (part-time only)
Peter Cherish** Consultant Facilitator

*Scribe for meeting.
**Developed document worksheets based on scribes recorded information and follow-up
discussion.
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Results:

The results of the Design Hazard Review are documented in Appendix I and Appendix II.
Appendix I documents the results of the meeting discussions and tabulates the event
scenario, consequence, and existing precautions on the worksheets. Appendix II further
identifies a study reference number for the event scenario on each corresponding P&ID.
Also included in Appendix I is a column with suggested recommendations for each of the
study reference numbers. These suggested recommendations are to be reviewed by the
SCS/RTI project team subsequent resolution and implementation.
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Follow-up Requirements:

A follow-up action plan for implementation is required to close out the items identified in
the review. The following is offered for consideration.

e RTI/SCS project team reviews the event scenarios for each of the study
reference numbers and address the validity of each recommendation on a “to-
do” or “no-to-do” basis.

e From the results of the above review, develop a corrective action/status list finalizing
the recommendations. For reference, a sample of a DHR action item/status form is
shown in Attachment I. :

NOTE:  Study reference items requiring no follow-up implementation or that are
deemed not applicable should be so identified in the status column of the
listing.

e [t is recommended that prior to startup, the status of each item of the DHR action item

list be reviewed by SCS/RTI project/operations team to assess status of completion
and operational readiness.
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ATTACHMENT I
DHR Action Items

Study Action Recommended Status Estimated
Ref. # By Action Completion
Date
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APPENDIX II

DHR REVIEW P&IDs

-0 C-44




F-080

LO-P PURGE N2 FILTER

NUPRO 60u
25" ING  3/4° 0D
100 PSA 25C

SIM. ROG N2 FILTER

25" NG 3/4° 0D

F-085
LS02 ROTAM. FILTER

NUPRO 7u
TG 1100
350 PSA 25 C

_HX-090_
SIM ROG PHIR COIL

HIR-031
SiM ROG PHTR FURNACE

SPUT TUBE FURNACE

REVISIONS
COMMENTS

REVISED LINE ID'S AND LABELS

REVISED CNTRLS; CHANGED 10 1~2 FURNACE

B §AnNNEN @an (naT toarc®

JWP

A_|5/20/8] o9 | INCORPORATES CHECKER'S
B [02/11/%0| JWP | ADDED Yv-081
E_Jo4/05/00] WP | ADDED TE-095: REVISED LOOP 094

C |5/20/99] JwP
£ 7 /s mal

l
. FC fov
. F-092 . : HX-090
Lr .‘ PR e TSP =SS T

FROM PCV-612 . | _HTR-091

\

&‘
i
o

OWG. NO.

4/6/98
8/8/%8

DATE

w.0.: 5666

ENGINEEAING RECORD
DRN:JWP
CHK:BST

F lecar. noNrF

AL

Wilsonvile,

DOE—FETC

rocess

SRP FIELD TEST PILOT UNIT
P&ID — SIM ROG SYSTEM

Direct Suifur Recovery P

=

™% PID0010

§
\ S
\ o L
\ / ‘
N=' -
F—080 \ / |
@ 140-LOW-P N2 TO S ROG-1/4" T-SS TUBE s A \ / ! -
' ' A \\ / I | \0ss/
FROM POV-165 & UNE f111 - N A TV
| w-000 18" 1 Run 1 Run 2 -
o /8T W-083 101-REGEN OFF-GAS-3/8" T-SS TUBE i s 3/4' T 171
HV-038

T %8
FROM WE-S10_ 4 i R\ ! : * DHR RE\“E\N
Lscz yeoH 1) _* e R gt | AUG 2000
(PID0018) (s] F-085

- N é)@‘ﬁ’/a. T st

: P T 02/1 =
‘::mooma BITHK 3 139150 T0 DSRP=1/8" T-55 TUBE e
FROM F-540 & HV-512 @ % '@c

H [\, L
peig @18 &

[P0 > : Run | (OTZ=ReG RO AGP=3/B TS5 TOBE)>— éﬁ?g?%gm
ROG FROM AP UNE NUMBERS USED

138-140

Amenolx T, TC-|

HIR-091
HX~-090
F-80,85,92
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F-110 F-111 _HX-180 HTR—181 R-130_ HIR-131 ¢ .
REGEN OFF-GAS FILTER ROG BLOWBACK FILTER ROG PREHEATER COIL ROG PREHEATER DSRP REACTOR  REACTOR FURNACE g 4
BALSTON TYPE 37/25 w/CERAMIC ELEM. BALSTON TYPE 85 w/CERAMIC ELEMENT .mool FURNACE nuo-mm/mgn,wssc FURNACE giggé
10—1/4' 2-3/4'0 5.04" 246" 44" ING 5—1/2'0 49" ING 6-5/8 E ilé <
275 PSIG 200 C S0P HC 275 PSIG 500 C . 275 PSIG 600 C §§§3'§§
LRk
=R P18 TS T PIDO013 E ERER
“A-1" ROG TO ANAL SYS. §§¥§§;
T T TS ! _ [roz_ > g §!§|§ 8l
- & @ [rRma SyeT_en sr MEEEERE
& . S -
- 8 . MEEEREE
L TO \ | | 8] X

ol \ §
I gy R ;~@—4>—~5 iR g @
PID0014 : = - 7=2 =
T0 F-308 & FOV-309 ¢ %t 2 § FROM ] = —; 5 @ E 3 ;

SCS-2-MTER P 2-1/7" WPI-CS PPE '/t!} E‘/z. TM RE . A : X,

: [ \ e ar SET AT 20 P36 8 i
B of W :
B, | e . g Y - S
242 wou ] - s
z» z I :

(]

(] .
378X 7 PWER 7 X R

Vo N3]

DRN: WP
CHK:
APP:

o W.0.: 5666

M ISCALE: NONE

@_ DHR REVIEW
L = | JuLY 2000 B
<;> ®'® = 3\ ALG 2000
i % FLIR'D COAL GAS-3/8" T-SS ‘ 2 A’ UG 2000

3 AVG 2000

1
[l
113-MIXED RXTR FEED-3/4" T

bedDo.

P&ID — FILTERS & REACTOR

DSRP FIELD TEST PILOT UNIT

5

(T00T=CG 10 ARGP=3/8" 155 TUBE ) SEE PID0017 Q

£ (> :
A= ST =S T 1' PIDO013 > 3

“A=3" CG TO ANAL SYS.

:
F-120 F-121 o it
COAL GAS FILTER 0G BLOWBACK FILTER Avperpi X T8 | TE-3 gg 1
POROUS METR. FRTER ELETOR WMOUS CRAUC ELENENT CARTRIOGE FILTER Last No. Used: 183 AT H 5§g
18 NG 3-1/2"0 S04 245 Not Used: 142,145,162,166,168 ! o<

75 PS6 540 C % nc Lost Line No. Used: 121 i %%
Line No. Not Used: 118-120 ~130 §

F-120,121 C-46

F-110,111 —




HX-140
SULFUR CONDENSER

COIL N VERT CYL FLANGED VESSEL
2" 8-1/2°0
50 PSG 130 °C

HIR-141
CONDENSER HEATER

MMERSION HEATERS W/INSULATION

o>

VENT SYSTEM

rmunnoo17<>.___||
[oohu] [Sea]
AWEEAN

I PD00T1 >

|-

114-REACTOR MAKE-3/4” T-ALONIZED §

1/ 10200 SUPPLY-1/27"-5S TUBY
De]

RTI SKID uM#‘%‘
@—@E

.

REACTOR MAKE

-l
B ==

-

><

 —

o~

(@]
127-CONDENSATE-1° T

FB%AS 128-SULFUR + DSRP 0G-1/2°
—_f ‘{-

NOTE: SERIES CONNECON § | - -~

REQD BETWEEN 2 PCS OF HEAY
TRACE CABLE*

V-150
SULFUR SEPARATOR

VERTICAL CYL, FLANGED TOP
6-5/8" 28"
275 150 C

POT

SEPARATOR POT HEATER

T-CRAFT FURNACE

SULFUR CANISTER

VERT. CYL P-VESSEL W/UMER

28" LOA x 12° 0.D.
300 PSIG 150 °C

Last Line No. Used: 139

V-190 HX-160 HTR-161 F-195 t
CONDENSER HEAD TANK REHEATER COIL REHEATER  DSRP OFF-GAS FILTER g
FLANGED PRESSURE VESSEL TUBING COLL FURNACE CERAMIC ELEMENT CARTRIOGE FILTER -
6-5/8" 24" 2-1/2" 4-1/2°D §3L é
50 PSIG 130 °C 275 PSIG 200 °C 260 PSIG 200 °C §§§§y‘
g%gag
COZ=STER VENT RO T77 =SS T ELER
iLg ﬁg!l
S— _ B
§+ 5 "ECEEE
X URN- =55 108 § 1
> HBEEEE
Ay mp?ao::::tm 131-REHEATED DSRP 0G-3/4 T° _F_._]ﬁfl_ Q\ . ..‘“
A e e e M
T2 b eeeo U L. :
4 — KAT-| D[ o | o - =
(&) “ 2 B @ ® i
).\> § Y SET AT 260 PSIG
HTR—1§ \ I
CONSTRUCTION NOTE: 5 RTI SKID LIMIT —-——- > g
v-wonq‘onx-mm ﬁ g
y @ 130-DSRP 06-1/2° @ = . 3
@ { ¥ @ g Run 1 §§
’ 3 a (AL TS SRPE=T74 T=55 TR {x::m»im | 5 “
—-@—|-® ® b A
HR-151 | | N Hlalde |
\% =Tz p
—® i
f_-@“@ ; 134-0SRP 0G-PRESSURIZING-1/4"-SS TUBE DH R RE\’ \Ew §§
@ | — 2 ALG 2000 ES =
= | 5 197 'sg)Psmné 2 AVG %OOO ho &
,...SI_[w {1/ ' 198 4 AVG 000 ;glg
i ™ = 5312,
196 ©o g é
0..9’,? o
V=18 28y |
A8 | 3' lz‘
HTR—1 51 V 188 Last Tag No. Used: 199

v-190
v-188
HX-160,HTR—14
V-150,HTR-151,

Prp()afrfsx 3,03

-

HX~140,HTR~—14
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HX-210 v HX-225 F-225 CYL-288 - OYL-290 F-214 AE-215 AE-240 ¢
A-1 SAMPLE COIL CG SAMPLE COOLER COLD CG SAMPLE FLTR CO ANAL CAL GAS SO2 ANAL. CAL GAS S02 ANAL. INLET FLTR ROG SO2 ANALYZER  COAL GAS H2 ANALYSIS 8
o DY ELECTRONC WAER G CARTRIDGE AILTER, PLASTIC 16%C0/8%C02/N2 N __SZE C1L 5% S02/N2 IN __SZE CILINDER Tmmmj;;.w BOVAR MOD. 921 S02 ANALYZER CARLE GC MODEL 400 :sl §§
275 PSG 500 C 2% PG 200 NP6 ¢ . CYL-289 0P 257 _ Egsih 8
@) Sew | I CARLE GC CAL GAS ! COAL G AL THELE
1 =7 DSRPSKID |  cummconssh o |  MOBILE LAB CONTROL / HECEE
T 7 I I ROOM HARTMANN & BRAUN URAS 14 ;ﬁ.;si
Hv-21 l .
' snaew | LADDERRACK 1 r__@_ §|§ g ggi
= D — 215 s ;’3 o
— S | BovAR NOD. 921 S02 AWLYZER BERLEI
HE=210{ i | | N REE R
- I ' i x o wi
REVISION “H® CHANGES ARE IN THIS | |
SECTION OF THE DRAMNG. " O
T7-R0C SAWPLE=1/B" 1-S5 TUBE 1 |
A-1: ROG SAMPLE @ ' l ;
P x1. v N — I I
T = ) | | E
@ @ 7 LA ‘z> : PID00T7 :
1/ Run 3 @j i FROM EQUIPT ROOM i
g T L g | I, i ¥
73 NOTE: THSS VERTIGAL SECTION OF BISULATION i 1 - 49-CRLE CC VENT-1/4" T-PLASTIC TV
L[] A 2! I I | .E AE-40 | (pememmen T,
S| ToFoRRE S i . \225/ I | RS . CARLE GC MODEL 400 CARLE GC VENT §
§ 3 — - ME_Z:ZQ . /Bl. 'Q¥ ';% 104-CMRLE GC ET-1/2° T-TFE TWBE
REZES SHOUD 6 SR 1o SHOmN _ B 116-06 SWRLE-1/8" T-TFE { | =
i . H)j 225 @ [Tj ) 1/|4' mygr Rl 1 ® :,é%“ [:$$ % %
[Pooon , =[- p = ' & L3 N
A-3: COAL GAS SAMPLE : | I e AL-270 @ g
[ pooviz~—E2 _ﬁ o = - ! ﬂ et | e —@ LT sl | o
A-2: DSRP TAL GAS Yi | I o ..|- n wﬁm 3 VAT gggc i:
) : y . P P P (2 =) L L
yy_ ] Y T wiY g
& (2w R e e EEEEE G R ]
- CONSTRUCTION MOTE:  FELAINE VERICAL ) ‘E’ () : i g i E 1851 T8 T, ¢ B & 2 . 4 | 08 Z
POSTIONS OF (200, F-203, NO J ¥ 1 ¥ o 2 ol 180T -
: %‘mgwﬁm " n .'? SS TUBE | TFE TUBE ! o 4 : ; ) ; L g, \;é' u - = ",’7%-49“,/3- ; AE—ZSOA —l 150-AMETEK VENT-1/4" T g é
D C=TAC TS SAPLE=T75 T=TFE TUBE = S I - Y =
F-203 SET AT 20 PSG 1/4° TX 1/8" T i CYL-282 I P . g ;% 33 | AMETEK WOD. 4000 e ‘—z" E
JOANY PR ' cctep oL oas gl wmey s Ez A= o s [ I
r T L I | ek | ogE g 3a)°
142-TAL GAS SMMPLE-1/4" T-SS TUBE |yyyuy 1000PPY H2S/__ 005/ S02/ N2 3 » @ e "
: : i i 31 AE-250A 2] [
T8 CYL-283 2 2 = e
= E’ l TA“_ CAS st CAL GAS l 2 ! X TA"_ GAS 502 ANALYZR g’ § e
Y 1000 PPM H2S/N2 IN __SZE OTL = - aYaYa A"Emz”sm(’jgw D H'qR REVIEW ) ;
HX=202 F-203 CYL-281A ANNE IR ER TR FU& 2000
A-2 (TG) SAMPLE COIL A-2 (TG) SAMPLE FLTR N2 ZERO GAS CYL-284 N TAL G5 N3 JNALYZR ¥ !
5-FOOT TUBING COL BALSTON ASB-2 MEMERANE COALESCER  UHP NITROGEN IN A" SIZE O1L. TAIL GAS SO2 CAL GAS WX—I[ -4 ;
FL 3D L 25D S5°ING 9" 0D 1000 PPM SO2/N2 N _ SZE O1L CYL-285B AE=270 ; ) g
275 PSG 200 C 275 PS6 20°C CYL-281B AL 264D LTl 1208 210218, g 1 ¥
L2010 CYL-285A CYL-285B CYL-286 CYL-287 TAIL GAS GC ANALYSIS  220-225, 225, 26-s, .§§ 3
N2 ZERO GAS W |yM SUPPORT GAS He SUPPORT GASH2 SUPPORT GAS AIR SUPPORT GAS ~  Wewvec-towmso 2028 to-dm. 2zt 20 g 4
UHP NTROGEN N A SIZE CTL. UHP HELWM W A" SIZE CYL UHP HEUUM N A" SZE CYL  UMP HYDROGEN IN A" SZE CYL  ORY GRADE AR N A" SIZE C1L %E
557N 9" 0 557 NG 9" DiA 55 NG 9 0D S5 NG 9" 0D 55" NG 9" 0D NE NUMBERS VS C-48 §




CYL-3502 F-307 F-308 F-310 V=320 HTR-321 HX=325 HTR-326

10% H2S/N2 CYL. HZS/NZ FILTER PROC. N2 FILTER PROC. AR FILTER AIR REGEN PHIR #1 PHTR FURNACE SO2 REGEN PHTR COIL  #2 PHTR FURNACE
H2s/N2 OTL NUPRO 7u (SS—4F-7) NUPRO Tu (SS—4F-7) NUPRO 2u (SS-4F-2) VERT CYL PACKED VESSEL THERMCRAFT S/N 90008 TUBING COIL IN FURNACE THERMCRAFT S/N 90146
® 7 2-15/16"  3/4 2-15/16" 34" 2-15/15" 3/4" w190 00
1800 P8I 25 C
CYL-301

PROC. AIR CYLINDER

Run 6 (Byp) 1005-PROCESS N2-1/4" TUBE

S __

SET AT 350 PSIS m—:m

y Bun § =
el s
PROC N2 FROM PCY-602 . - - _ //
e S 11E T]-‘ n ~ TN T -i
@a @:,.:> ::E HIB—\}\Z] 3/5/ . Z//,Z %\_.% — ———— .@ 1 i
e ” § 3207 '},i:%’ % el bl
\

ADDED T/C READOUTS
CLEANED UP PIPE RUN DOCUMENTATION

¢ [10/8/08] ywp | GENERAL REISIONS

/] e | ADoED YV-9

a2/
€ |oym/o| o

NO. | OATE
A _[5/21/96] JWP | INCORPORATED CHECKER'S COMMENTS

8 _|o/e/e8] JwP
D @

fett e e e e (] D e e -4
wl __ ! [}
& His | m.% R
o7z .
i g | ' % }%- ————— »@-i’-@-i
= _%_ 7 = ! |
3 : T e , SO Nl N
8 3 RS 7 3//// _(®) L
; K / - r .
g é g w 77777 %‘ - 4 | ;
; 2 5 1
= 2 - RG]
) = R z
3; = f 2 1007-502 REGEN GAS-3/8" g §1§
: 5Py — [
g -@ ¥ ———-=T0 PI0015 N S02 REGEN GAS TO R-330 g
E LI _______ BT ___mou PID0015 (TE-372AA8) g X g

T : Lm%w§7
|
"1@1@ ‘ " %_ (50

AT 350 P38 e T0 R-330
LIS/ . i L___ DHR REVIEW
- = S 4 AUG 2000
HV-392A

Hv-3928 /) _ 7 _
| a
Y @ A
-1/ -7
BF U (] =390 > [ >
s/a msm/s' NPT \ COAL GAS
/ @ 1/8" NPT-1001-SS PIPE

// S __‘/;L ) ; ‘
A %:_-}% _ F-390 F-540 F-389 |
X%

N
3

COAL GAS FILTER LO—-P PURGE N2 FILTER LSO2 FILTER

g L

Wisonvile, AL
DOE-FETC

AHGP FIELD TEST BENCH UNIT
P&ID — FEED GASES + PREHEATERS

Advanced Hot Gos Desulfurization

'W M. pInAN1 A

NOTT "GAS SHIELD” FILTER NUPRO 7u (SS-4F-7) NUPRO 7u (SS-4F-T7) ';o’fgg ‘;Ssg’m 72, 77-379
-1/87 -1/ 2-15/16"  3/4° 2-15/16"  3/4" 387-309, 610-611 HTR-326
275 P51 540 C OP PRESS OP TEMP OP PRESS OP TEMP HX-325
UNE NOS. USED: HTR-321
1001-1008 V=320
CYL-301,302
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R-330 _HIR=331 F=335 F-355 HX-370 HX-340 V=350 V-360 F-365 ¢

FLUID-BED REACTOR RXTR FURNACE ~ REGEN. FILTER SULF’'N FILTER  WATER CONDENSER SULFUR CONDENSER  HEAD TANK SULFUR TRAP S02 RE&MSWCS%ECTOR }
"m;?“m:‘%yg& THERMCRAFT S/N 92192 , S e , ik PARKER TUBE-TUBE COL VERT CYL. VESSEL W/COIL Vﬂ‘:s?'lmm%,vgom — Stgfg © ey A § § §
Br-i 3/8° ™X3/4" 7| Run 4 o 3/4° TX1/4" TUBE ) - g § g 2
38T e ———— ~ /1 E § g
350 P9 D\ T so s N \2-8 g g
- | @ Famrao ) 1010-502 REGEN PATH-3/8" TUBE-SS TUBE 'L_O’i”j__g—_!gzg 7 P o R ST AW 3 %‘ gﬂ
il LI W | €G> SEEEE
_ 1010-502 REGEN PATH-3/8” TUBE T =TT -7/
——= &S5 G m{% m TRy T H_—_—— e
E-335 FIBERFRAX @ @ TO H-34A g| <|=| 0]
N«
r \1-6
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APPENDIX A

PROCESS DESCRIPTION :
(Direct Sulfur Recovery Process/Advanced Hot Gas Process)
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Direct Sulfur Recovery Process

Sponsor: Department of Energy

The DSRP was originally developed to treat the
regeneration off-gas from metal oxide
sorbent-based coal gas desulfurization processes. In
these processes, the regeneration of the sorbent
produces a diluted sulfur dioxide off-gas that is
available at elevated pressure and temperature.
Depending on the specifics of the regeneration
conditions, the SO, content can vary. Simplified

chemistry is as follows, where MO represents a
generic metal oxide sorbent:

ADOTONHDIL

Desulfurizatio_n: MO + HZS -->MS +
H20

Regeneration: MS + O, --> MO + SO,

;'wsuns‘svmvna 0 HIIVIH

The DSRP uses a stream of a reducing gas -- typically a slipstream of coal
gas containing CO and H, in the case of coal gas desulfurization -- to

convert sulfur dioxide to elemental sulfur. The feed gas is at elevated
temperature and pressure, and the following (simplified) reaction takes
place in a gas phase, single-stage catalytic reactor:

SO, + 2H, (or 2 CO) --> 2H,0 (or 2CO,) + S

Figure 1, a simplified process flow diagram, shows how the DSRP can be
integrated with hot gas desulfurization to produce a clean process gas and
an elemental sulfur by-product.

C-58
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Figure 1. Conceptual DSRP integrated with hot coal gas desulfurization. -

A main advantage of the DSRP is that it is a simple (single-stage)
stand-alone process. It can be adapted to a variety of SO,-containing feed

gas compositions and, combined with sorbent-based desulfurization, can
process a variety of H,S-containing process gases. The disadvantage is that

a valuable synthesis gas (H, and CO) is consumed in proportion to the

amount of elemental sulfur produced. The DSRP has been extensively
tested at the bench scale in the laboratory and in the field, using both
simulated and actual coal gas streams. Rugged catalysts for the reaction are
commercially available.

DSRP Process Development

¢ Lab-scale proof-of-concept
* Laboratory testing - bench scale

¢ Fiel ing -- scale
¢ Field testing -- pilot scale.
bo = f-of-Conce

In the late 1980s, the U.S. Department of Energy (DOE) initiated a program

to develop the hot coal gas desulfurization concept. The most promising
results were obtained with mixed metal oxide-based refractory sorbents.
Regeneration of those sorbents with air resulted in the production of a
dilute, SO,-containing off-gas. While investigating several process concepts
for the treatment of that stream, RTI’s discoveries led to the concept of the
Direct Sulfur Recovery Process. 4

The initial proof-of-concept studies were conducted in a 1-inch diameter,
fixed-bed, tubular reactor ("laboratory" scale) containing 25 to 50 cim® of
catalyst. The focus of these studies was on optimizing the operating
conditions of temperature, pressure, space velocity, gas composition, and
feed stoichiometry. Pressure was the most important variable, with higher
pressures (over the range of 1.5 to 20 atmospheres) leading to significantly
greater single-stage conversions of SO, to elemental sulfur. Higher

temperatures (over the range of 675 to 925 K) also led to higher
conversions. The DSRP reaction, unlike similar reactions encountered with
the well-known Claus process for sulfur recovery, was insensitive to the
steam content of the reaction mixture over the range studied.

La Testing -- Bench

A-2
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Figure 2. Artist’s Conception of Mobile
Laboratory showing Analytical/Control Room
and Process Equipment Room.

Following the success with laboratory-scale testing, a larger apparatus was
built in the early 1990s to include two stages of reaction with intermediate
cooling and condensate removal. With 4-inch diameter reactor vessels
holding 2-inch or 3-inch catalyst "cages," this apparatus could
accommodate up to 1000 cm?® of catalyst per reactor. It was used to screen
several different catalyst formulations and to further refine the operating
parameters. Various molten sulfur recovery strategies were evaluated
empirically. The two reaction stages, with a different catalyst in the second
stage, were integrated on the same process equipment skid, and runs of
several hours’ duration were achieved. In addition to the fixed-bed
configuration, fluidized-bed concepts were tested.

Field Testing -- Bench

Figure 3. Mobile Laboratory in place at
DOE-FETC (Morgantown).

To meet the objective of testing the DSRP catalyst and process concept with
actual coal gas (from a working gasifier) RTI built a Mobile Laboratory to
house the already-constructed bench-scale test apparatus, control system,
and gas analyzers. Constructed in a modified office trailer, the portable unit
was outfitted at RTT’s site in North Carolina, then transported to DOE’s pilot
gasifier in Morgantown, West Virginia. Testing was conducted during
several gasifier campaigns, over a period of two years, and led to two
important conclusions: ~

A-3
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* asimple, single-stage process provided acceptable conversion of SC,

to elemental sulfur (>98%)
¢ the presence of trace contaminants in coal gas had no deleterious
effect on catalyst activity (over the time period studied).

Field Testing -- Pilot Scale

To accomplish larger scale testing of the DSRP, a skid-mounted unit with a
6.0-inch diameter reactor was designed and fabricated, as the photographs
show. The current emphasis is on development of a fluid-bed reactor-based
process to handle the highly exothermic DSRP reactions. The SO,

concentration in the sorbent regeneration off-gas in the more-recent hot gas
desulfurization process designs is higher, resulting in higher heat densities
in the DSRP reaction. In addition, demonstration of extended operation
with actual coal gas and consistent production of elemental sulfur is
necessary to gain commercial acceptance of the technology.

Figure 4. DSRP Field Test Figure 5. DSRP Field Test
Pilot Unit being fabricated in Pilot Unit being fabricated in
RTI shop: gas inlet end of unit. RTI shop: gas outlet end of
unit.

For field testing it is planned that the DSRP skid, under a shed roof, will sit
alongside the Mobile Laboratory, which is being refitted to be used as a
control room, shown below in Figure 6.

Preparations are actively under way for conducting a long-duration field test
of the skid-mounted DSRP in the fluid-bed mode, with a slipstream of
actual coal gas at the Power Systems Development Facility (PSDF) in
Wilsonville, Alabama. Modifications of the skid-mounted DSRP unit are

A-4
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being made

in the RTI shop, consistent with specific site requirements. The

Mobile Laboratory refitting is also being done at RTI, and it, along with the
skid-mounted DSRP will be moved to Wilsonville, Alabama, for the testing
to be conducted in the 1999 - 2000 time frame.

Figure 6. Planned field test of the DSRP at DOE’s Power System
Development Facility in Wilsonville, AL.

Contacts:
e Santosh Gangwal, phone:(919) 541-8033, fax:(919)541-8000,
skg@rti.org ‘
¢ Jeffrey Portzer, phone:(919)541-8025, fax:(919)541-8000,
WD @rti.or
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Advanced Hot Gas Process

Specifically oriented to H,S-containing process gas
streams, such as coal gas in an IGCC power plant,
the Advanced Hot Gas Process (AHGP) combines
metal oxide sorbent-based desulfurization with
special sorbent regeneration for direct production
of elemental sulfur. The intermediate, dilute SO,

stream -- which arises from oxygen regeneration of
the sulfided sorbent -- that the DSRP is designed to
treat is eliminated, as is the slipstream of coal gas
needed for the reduction reaction. In the AHGP a
recycle stream of high concentration SO, oxidizes

the absorbed hydrogen sulfide directly to elemental
sulfur. In addition, a portion of the sorbentis  ’
regenerated with oxygen (introduced into the
recycle SO, stream) in a "polishing" regeneration
that also produces sulfur dioxide to balance the consumption. The
simplified overall reactions are as follows (where MO represents a generic
metal oxide sorbent):

Desulfurization: MO + H,S --> MS + H,0
SO, regeneration: 2 MS + SO, -->2 MO+ 3 S

O, regeneration: MS + 3/2 O, --> MO + SO,

Figure 7 shows a conceptual process design for the AHGP to regenerate the
desulfurization sorbent directly to elemental sulfur with minimal

consumption of coal gas. In this process, a zinc-iron sorbent is used and the
regeneration is carried out in two stages with SG, and O,, respectively. The

iron sulfide is regenerated by SO, in one stage to elemental sulfur. In the

other stage, zinc sulfide and any remaining iron sulfide are regenerated by |
0O, to provide the required SO,. The sorbent is then returned to the

desulfurizer.
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Figure 7. AHGP Conceptual Process Flow Diagram.

The key chemical reactions of interest are as follows:
1. Sulfidation
Fe,0; + 2H,S + H, --> 2FeS + 3H20
ZnO +H,S -->ZnS + H,0
2. SO, regeneration
4FeS + 380, _ 2Fe,0,+7/2 S,
3. O, regeneration
2FeS +7/2 O, --> Fe,04 + 280,
ZnS + 320, _, ZnO + SO,.

AHGP ss Development

e Jab-scal f-of-concept
¢ laboratory testing -- bench scale

¢ engineering analysi

Laboratory-Scale Proof-of-Concept

The feasibility of SO, regeneration of combined zinc-iron sorbents was

demonstrated using a thermogravimetric analyzer and high-pressure
microreactor. Zinc sulfide shows essentially no SO, regeneration at

temperatures of interest (500 to 600 degrees C), but zinc is needed to act as
a polishing agent in the desulfurizer.

Laboratory Testing -- Bench

2y B.9%50 D



vanced Hot Gas Process http://www.rti.org/process/ahgp.c

A number of sorbents were prepared and tested at the bench scale ove;
multiple cycles. Based on these tests, a highly attrition-resistant sorbent
(R-5-58) was prepared and the process was demonstrated over 50 cycles in
a 7.5-cm LD. bench-scale fluidized bed reactor.

The results showed that R-5-58 removed H,S down to 50- to 100-ppm

levels with stable desulfurization activity over the duration. The surface
area and pore volume of the sorbent did not change appreciably and the
attrition index before and after the test was 3.6% and 1.2%, respectively.
Sulfur balances were adequate and the SO, regeneration step accounted for

up to 70% of the total regeneration of the sorbent. This compares to a
theoretical limit of approximately 80%, assuming complete regeneration by
SO, of the iron component

Engineerin lysi

An engineering and economic evaluation of the DSRP and AHGP for
large-scale IGCC plants was conducted in partnership with the Chemical
Engineering Department at North Carolina State University (NCSU) using

ASPEN PLUS® computer process simulation software and published
generalized cost estimating methods (Gangwalet al. 1998) . For both
processes the scope of the equipment and process steps included in the
simulations were the same: coal gas desulfurization (but not the high
temperature particulate removal), regeneration of the desulfurizing sorbent,
and production, isolation, and short term storage of elemental sulfur.

The recovered sulfur was assumed to have a market value, and thus generate
a cost credit. Coal gas consumed in the process was evaluated at a cost
based on the potential power generation that was lost. High pressure steam
generated in the process was assumed to provide a cost credit based on the
power that could be recovered from it. Base case simulations of both
processes assumed 0.85 mol% H,S in the coal-gas feed. Such an H,S

concentration in the coal gas would be produced by an oxygen-blown

Texaco gasification using a roughly 3.6 wt% sulfur-containing coal. Both
base cases generate 260 MWe from the clean coal gas.

Figure 8 summarizes the results of the engineering analysis. The ASPEN
simulations of DSRP and AHGP revealed the complexity of both hot gas
desulfurization processes.
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The AHGP appears t0 . ¢opi Gas Consumption| = N
be the more difficult o i
process to operate and  OPe=ing Uos (e — —

may require more R
employees than the Compraesor Horsepowet | ® .

DSRP. Capital costs for Feactor Caphal Cosl

the AHGP are higher

than those for the Tolal Capital Cost S —
DSRP--development of o . ,

DSRP is also much NoSloam Procuead ) - N
closer to 00 08 16 15 20 25
commercialization than Rstative Voo to DERP Vakse 04 1
AHGP. However, Figure 8. Comparison of key elements of AHGP
annual operating costs and DSRP.

for the AHGP appear to

be considerably less than those of the DSRP. Preliminary economic
comparison shows that the total cost (capital plus cumulative operating cost)
of implementing AHGP will be less than that of implementing DSRP after
as little as 2 years of operation. Thus, despite its greater complexity, the
potential savings with the AHGP encourage further development and
scaleup of this advanced process.
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Appendix E

Stoichiometric Flow Control
Calculations
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Orifice Flow Meters (FIC-115 and FIC-116)

Principle of Operation: The basis of the orifice flow meter calculation is defined by the following “practical
working equation for weight rate of discharge, adopted by the ASME Research Committee on Fluid
Meters for use with either gases or liquids,” as quoted in Perry’s Chemical Engineers’ Handbook (6th Ed.,
Eqn. 5-14):

w= KYA2,2g:(p1- p2) p1
w = weight rate of discharge, Ib/sec

K;? Y are special coefficients, defined belowA; = cross sectional area of the orifice,
ft

g. = the gravitational constant (32.2 ft/sec?)
p1 = pressure at upstream static pressure tap, Ib/ft?
p2 = pressure at downstream static pressure tap, Ib/t?

p1 = density of flowing fluid at upstream pressure and temperature, Ib/t3

For the process control logic, the weight rate must be converted to “molar” or volumetric flow. The
following equation applies:

O=wk/MW
w = weight rate of discharge, Ib/sec
k = conversion factor constants

MW is the molecular weight of the sample gas.

Application: The field instruments provide 3 measurements: the upstream gas temperature in degrees
Fahrenheit (TE-115 and 116 for the regeneration offgas and coal gas loops, respectively), the upstream
pressure in pounds per square inch (PT-115 and 116), and the pressure drop across the orifice in inches
of water (PDT-115 and 116). With the appropriate conversion factors, these measurements can be
plugged into the equation above.

Coefficients:

The K term is defined as follows:

K =CN (I1-f°), where
C = coefficient of discharge, dimensionless

B = ratio of the orifice diameter to the pipe diameter, dimensionless

C is the discharge coefficient and is empirically determined. From Figure 5-20 in Perry’s, it appears that a
typical value for the flow conditions that exist around the orifices on the DSRP skid should be 0.62.
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B is the diameter ratio, and when raised to the fourth power, is a small number. Subtracting that value
from 1.0, and then taking the square root results in a correction factor that is not much different from 1.0,
so the algorithms that are programmed in the SCADA system ignore it. Similarly, the Y correction factor
(for expansion of the gas across the orifice) is approximately 1.0 since this is a high pressure system with
a very low orifice meter pressure drop. Thus, the KY term is approximately equal to C, which was stated
above to be 0.62. This is an operator-adjustable term, as discussed in more detail below.

Constants:

A, comes from the mechanical design of the orifice. We have the following information about the orifice
plates that are currently installed, but bear in mind that we may want to change out the plates, and enter
new information into the calculation algorithms:

FZE-1 15 Regenerable Offgas 0.2776 inches dia. 0.00042031
ft
FE-116 Coal Gas 0.1595 inches

0.00013875 ft?

The 2g, term is also a constant: 64.4 ft/sec’.

Variables:

The DP transmitter directly measures the (p; - p,) term, except that the engineering units of the output
(inches of water) has to have a conversion constant applied to get Ib/ft? (multiply inches of water by 5.20).

The final step to complete the input to the mass flow calculation is to calculate the gas density. The gas
density calculation utilizes the upstream pressure measurement, the gas temperature, and the molecular
weight (MW). The molecular weight is not calculated continuously from field data; it is a keyboard input
value and only needs to be changed by the operator if, during operation, the coal gas composition
changes significantly from the design value.

The equation that applies is as follows:

p1=MW *P[(10.73 * (T + 459.6))

where p; is the density in Ib/ft®, P is the pressure in PSIA (the transmitter reading + 14.7), and T is the gas
temperature in degrees Fahrenheit.

With the mass flow calculation complete, the final step is to convert the weight rate of discharge (w,
calculated above) into volumetric (also called molar) flow. This calculation changes the units from “lb/sec”
to “standard liters per minute” (SLPM) by applying the following equation:

w * (454 g/Ib) * (60 sec/min) *(22.4 std L / mole) / (MW, g/mole) = w * 610,176 / MW

The calculated mass flow rate in SLPM becomes the “PV” or process value for feedback to the P-I-D
controllers (FIC-115 and FIC-116, for regeneration off gas and coal gas respectively).

One final consideration in programming the mass flow calculation was providing the functionality to
calibrate the orifice flow meter in the field by changing the value of the discharge coefficient. What the
field crew successfully did during the commissioning activities was pass a known flow rate of nitrogen
(measured in SLPM by an electronic mass flow controller) through the flow orifice and note the output
value from the orifice meter calculations (after inputting the correct molecular weight). If the values did not
match, the operator adjusted the orifice coefficient constant in order to force the values to match.

Stoichiometric Flow Ratio Calculation (FFC-260)

Principle of Operation: The flow ratio calculation starts with the output from the ROG orifice meter (FE-
115) calculation, and applies a field instrument value to it to calculate the SO, component flow rate. Then
the flow ratio controller applies a user-defined constant (the stoichiometric ratio; keyboard entry) to
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determine the required flow rate of the “reducing” components of the coal gas. Using two other field
instrument values to define the current concentration of reducing components, the flow ratio controller
determines the new set point for the coal gas flow controller (FIC-116).

Application: Figure A-1 diagrams the information flow for the flow ratio calculations that must be carried
out to define the set point of the coal gas flow controller. Relevant equations are as follows:

SO,FLOW = ROGFLOW * %SO,
%REDCOMP = %H, + %CO
REDCOMPF = STOICHR * SO,FLOW
CGFLOW = REDCOMPF / %REDCOMP
where the terms, above, are defined as follows:
SO,FLOW Flow rate (in SLPM) of the sulfur dioxide component of the regeneration offgas.

ROGFLOW Flow rate (in SLPM) of the regeneration offgas stream; output of the mass flow
calculations of FIC-115

%S0, Volume % sulfur dioxide in the ROG; output of AIT-215.
%REDCOMP % of reducing components of the coal gas.

%H | Volume % hydrogen in the coal gas; output of AR-240. [NOTE: this is a special
signal and required special logical treatment, as described below.]

%CO Volume % carbon monoxide in the coal gas; output of AIT-230.
REDCOMPF  Desired flow rate of reducing components (in SLPM).
STOICHR The stoichiometric ratio of reducing components to SO,; approximately equal to

2.0. THIS VALUE IS THE SET POINT OF FFC-260.

CGFLOW Required coal gas flow to meet stoichiometry requirements. THIS VALUE IS THE
OUTPUT OF FFC-260, and becomes the "floating” set point of FIC-116.

The data acquisition and processing of the signals for all of the above was quite straightforward, with the
exception of the %Hj, signal. A gas chromatograph measures the hydrogen concentration (GC; AE-240).
A GC is a "batch” device, in that it receives a small sample of the process gas (the "injection”), and then
for a period of 20 or 30 minutes, passes that gas through a long, thin, heated (temperature-programmed)
tube and past a detector. The detector generates a constantly varying voltage output that must have a
considerable degree of signal processing in order to be made useful. A freestanding PC, running Hewlett-
Packard Chemstations® software processes (i.e., "integrates”) that signal. Then a Labview® program
extracts a single number - the H, concentration - from the Chemstation files, and outputs that number to
a National Instruments analog-out board. That analog signal (4-20 mA) goes into the PLC of the DSRP
control system. The whole combination of computer, two different software packages, and analog board
is designated on the P&ID by the single bubble, AR-240.

The Labview® program generates a signal such that the H, concentration will have a fixed value for the
duration of each sample. At the end of the injection, the integration calculations will take place, and a new
H, concentration value will be calculated. That new value will be held for the duration of the next injection,
and so on. During this time the carbon monoxide concentration in the coal gas could be changing,
however, and the continuous CO analyzer will pick that up.

The concern in building a rugged control system for the field test, is that the GC can potentially (and, in
fact, is somewhat likely to) generate spurious signals that will be integrated to give unlikely answers for
the H, concentration. There is "error trapping” to check that the calculated value is reasonable, before
letting FFC-260 use that value in a fully automatic mode to determine the new value for the set point for
the coal gas flow rate.
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The overall process control has three levels of automatic control, as follows:

MANUAL

SEMI-AUTOMATIC

FULL AUTOMATIC

E-6

Valves FCV-115 and FCV-116 will have their position determined by the operator
inputting “% open” values into FIC-115 and 116.

The PID loops for FCV-115 and FCV-116 will be operational, with the mass flow
calculations operating, so that the operator can input a set point value (in SLPM)
and the valve controller will strive to maintain that value. This mode of operation
is equivalent to turning OFF the FFC-260.

In this mode, the FFC-260 calculations will continue to be displayed on the
screen, for de-bugging purposes, but the set point of FIC-116 will not be
changed.

The stoichiometric flow ratio controller (FFC-260) is turned ON, and the coal gas
set point is constantly modulated in response to the changing compositions of the
ROG and CG so that the ratio of reducing gas components to the SO2 content is
equal to the set point.
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