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EERC DISCLAIMER 
 
 LEGAL NOTICE This research report was prepared by the Energy & Environmental 
Research Center (EERC), an agency of the University of North Dakota, as an account of work 
sponsored by the U.S. Department of Energy. Because of the research nature of the work 
performed, neither the EERC nor any of its 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 or recommendation by the EERC. 
 
 
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. 
 
 This report is available to the public from the National Technical Information Service, U.S. 
Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161; phone orders 
accepted at (703) 487-4650. 
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SUBTASK 4.4 – NORTH DAKOTA LIGNITE FUEL UPGRADING 
 
 
ABSTRACT 
 
 This project will add the capability for the Energy & Environmental Research Center 
(EERC) to conduct Fischer–Tropsch (FT) catalyst testing at a scale consistent with the bench-
scale continuous fluid-bed reactor. This capability will enable various vendors to test their FT 
catalysts on actual coal-derived syngas. The project goals were to also develop some EERC 
expertise with issues associated with FT liquid production. A study by Dr. Calvin Bartholmew at 
Brigham Young University (BYU) is further apparent that it is possible to build a single reactor 
(rather than multiple reactors of different sizes) consisting of three 1-inch-diameter, 10 foot-long 
tubes to accommodate the anticipated range of catalytic activities and process conditions. However, 
this single reactor should ideally be designed to operate over a significant range of recycle ratio (e.g., 
1–10), temperature (25°–400°C), pressure (10–25 bar), flow rate (1–6 scfm), and cooling duty (0.2–
1.5 kW). It should have the flexibility of flowing gas to one, two, or three tubes. Based on the 
recommended design specifications provided by BYU while staying within the approved budget, 
the EERC decided to build a two fixed-bed reactor system with the capability to add a third 
reactor at a later time. This system was constructed to be modular and sized such that it can fit 
into the area around the EERC continuous fluid-bed reactor or also be located in explosion-rated 
areas such as the gasification tower next to the EERC pilot-scale transport reactor or in the 
National Center for Hydrogen Technology building high-bay area. 
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SUBTASK 4.4 – NORTH DAKOTA LIGNITE FUEL UPGRADING 
 
 
EXECUTIVE SUMMARY 

 
 This project will add the capability for the Energy & Environmental Research Center 
(EERC) to conduct Fischer–Tropsch (FT) catalyst testing at a scale consistent with the bench-
scale continuous fluid-bed reactor. This capability will enable various vendors to test their FT 
catalysts on actual coal-derived syngas. The project goals were to also develop some EERC 
expertise with issues associated with FT liquid production. A study by Dr. Calvin Bartholmew at 
Brigham Young University (BYU) is further apparent that it is possible to build a single reactor 
(rather than multiple reactors of different sizes) consisting of three 1-inch-diameter, 10 foot-long 
tubes to accommodate the anticipated range of catalytic activities and process conditions. However, 
this single reactor should ideally be designed to operate over a significant range of recycle ratio (e.g., 
1–10), temperature (25°–400°C), pressure (10–25 bar), flow rate (1–6 scfm), and cooling duty (0.2–
1.5 kW). It should have the flexibility of flowing gas to one, two, or three tubes. Based on the 
recommended design specifications provided by BYU while staying within the approved budget, 
the EERC decided to build a two fixed-bed reactor system with the capability to add a third 
reactor at a later time. This system was constructed to be modular and sized such that it can fit 
into the area around the EERC continuous fluid-bed reactor or also be located in explosion-rated 
areas such as the gasification tower next to the EERC pilot-scale transport reactor or in the 
National Center for Hydrogen Technology building high-bay area. 
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SUBTASK 4.4 – NORTH DAKOTA LIGNITE FUEL UPGRADING 
 
 
INTRODUCTION AND BACKGROUND 
 
 Numerous companies are actively looking at Fischer-Tropsch (FT) to provide low-sulfur, 
highly aliphatic diesel and petroleum products from coal. In addition to SASOL, WMPY is 
actively pursuing an indirect gasification project utilizing a Shell gasifier to gasify anthracite 
kulm into syngas and then utilizing SASOL FT technology to make diesel fuel. Headwaters, Inc., 
is still pursuing plans to develop a 10,000 barrel/day FT project as part of the American Lignite 
Energy consortium at the Great River Energy (GRE) site near Underwood, North Dakota. This 
site would utilize a North Dakota lignite to produce 480 MW of power in addition to utilizing 
Headwaters’ iron-based catalyst to produce FT liquids at temperatures around 250°C and 28 bar 
(406 psig) in a slurry-phase continuously stirred tank reactor (CSTR)-type reactor. 
 
 
GOALS AND OBJECTIVES 
 
 This project will add the capability for the Energy & Environmental Research Center 
(EERC) to conduct FT catalyst testing at a scale consistent with the bench-scale continuous 
fluid-bed reactor. This capability will enable various vendors to test their FT catalysts on actual 
coal-derived syngas. The project goals were to also develop some EERC expertise with issues 
associated with FT liquid production. Initially, this project was to allow us to establish a 
working relationship with Headwaters as it tried to develop a FT plant at the GRE site near 
Underwood, North Dakota. However, when Headwaters decided not to pursue this opportunity, 
the EERC developed a working relationship with the Brigham Young University (BYU) FT 
consortium instead. 
 
 The main project objectives were to utilize the continuous fluid-bed reactor (CFBR) as a 
small syngas generator for providing the necessary cleaned syngas to adequately test the desired 
FT catalyst that were under consideration for the North Dakota plant. This project also adds to 
U.S. Department of Energy (DOE) secondary goals by integrating existing warm-gas cleanup 
technologies such as barrier filters, warm-gas desulfurization reactors, and warm-gas trace metal 
control fixed-bed reactors with an actual FT reactor instead of utilizing more conventional cold-
gas cleanup systems such as Rectisol or Selexol scrubbers and activated carbon beds. 
 
 
STATEMENT OF WORK 
 
 Phase 1 – System Design and Installation 
 
 The original scope of work would utilize a high-temperature sorbent for sulfur if sufficient 
levels of sulfur removal have been demonstrated under a separate program. If this high-
temperature sulfur removal could not be demonstrated, the scope of work would then include 
purchasing and installing the necessary cold-gas cleanup technology such as a small Rectisol or 
Selexol scrubbing system. This project also originally planned to modify and install an existing 
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electrically heated 1-gallon autoclave to act as the slurry-phase CSTR for the FT reactor. The 
first phase would incorporate all of the necessary modifications including the syngas cleanup and 
slurry-phase FT CSTR. At this time, a relatively time consuming direct filtration of the slurry-
phase catalyst from the FT waxes was planned in order to recycle the catalyst to the CSTR. This 
modification was not expected to need much for equipment costs, since most of the needed 
equipment was available. However, once Headwaters was no longer participating, the potential 
catalyst formulations available from the BYU FT consortium were designed for fixed-bed 
reactors, including both recycle tail gas and liquid capabilities. This switch in reactor design 
required a subcontract to BYU for some modeling design work and significantly more equipment 
expenditures than were originally anticipated. Under the modified scope of work, a fixed-bed 
reactor FT system was to be designed and constructed. 
 
 Phase 2 – System Shakedown and Operation on Actual Coal-Derived Syngas 
 
 Up to 48 hours (2 days) of shakedown testing with actual coal-derived syngas from Falkirk 
lignite would be completed on the FT catalyst as a part of the project. Baseline test conditions 
would be determined based on suggestions from Dr. Calvin Bartholomew at BYU. The effect of 
operating conditions and the ultralow sulfur levels with other impurities on the catalyst 
performance will be determined over the short-term shakedown testing. 
 
 
PROJECT ACCOMPLISHMENTS 
 
 Under this project, a subcontract to BYU was issued to conduct a modeling design project 
based on its iron-based fixed catalyst materials. A summary of this work is presented here. 
 
 Model Inputs and Specifics 
 
 Ranges of inlet flow rates and compositions specified by the EERC for dry and wet gasifier 
feeds are summarized in Table 1. Specified inlet flow rates are in the range of 1.5–3.0 standard cubic 
feet per minute (scfm), inlet CO concentrations are in the range of 30–35 mol%, pressures in the 
range of 11–20 bar, inlet temperatures in the range of 180°–260°C, and outlet temperatures in the 
range of 260°–275°C. 
 
 Model runs were made for three different sets of kinetics for a standard set of inlet conditions 
as well as several variations of the standard conditions within the specified range, e.g., flow rates of 
1.5 and 3 scfm, pressures of 11 and 20 bar, inlet temperatures of 240° and 260°C, number of tubes 
ranging from 1 to 5, and tube length of 3 m (9.8 ft). Standard conditions included 60% conversion of 
CO, a total feed rate of 1.5 scfm; a total pressure of 20 bar; a recycle ratio of 4; and a composition of 
30% CO, 40% H2, 15% CO2, and 15% H2O. Table 2 lists the inlet and outlet molar flow rates for 
the standard set of conditions. Outlet flow rates were determined using a 3 selectivity model for 
the conversion of CO in which 5% of the CO goes to methane, 35% goes to CO2 via the water-
gas shift reaction, and the remaining 60% becomes hydrocarbon products. Of the hydrocarbon 
products, it was assumed that 20% were light gaseous species and the remaining 80% were heavy 
liquid waxes. It was assumed that the overall average hydrocarbon product had the molecular weight 
and physical properties of C

20
H

42
. 
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  Table 1. Inlet Flow Rates and Compositions Specified by the EERC for Dry and Wet 
  Gasifier Feeds 

Parameter  Range  Most Likely Value  
Flow Rate, scfm 
O

2
-Blown Gasifier  1.5–3  2.5  

Air-Blown Gasifier  3–5  5.0  
Composition  40%–45% H

2
, 30%–35% CO, 

15%–30% CO
2
, 15%–35% H

2
O 

30% CO, 40% H
2
, 15% 

CO
2
, 15% H

2
O  

Pressure In, bar  11–25 11 
Inlet Temperature, °C 180– 250 240  
Max Temperature, °C  260–270 270  
Number of Tubes  1–3 3  
Tube Length, feet  6–10 (10 max) 8  
Tube Diameter, inch  1–2  1 

 
 
 Calculated results in Table 2 indicate that it is possible to design fixed-bed, recycle 
reactors consisting of one to three 1-inch-diameter tubes of 3–10 feet in length for testing a 
variety of FT catalysts having a range of low to high activities over a fairly wide range of 
conditions, i.e., inlet temperatures and cooling temperatures of 240°–260°C, pressures of 11 to 
20 bar, and recycle ratios of 2 to 10 at a CO conversion of 0.60 and a H2/CO ratio of 1.3. In the 
context of the nine calculations of this study, it is further apparent that it is possible to build a 
single reactor (rather than multiple reactors of different sizes) consisting of three 1-inch-
diameter, 10 foot-long tubes to accommodate the anticipated range of catalytic activities and 
process conditions. However, this single reactor should ideally be designed to operate over a 
significant range of recycle ratio (e.g., 1–10), temperature (25°–400°C), pressure (10–25 bar), 
flow rate (1–6 scfm and cooling duty (0.2 to 1.5 kW). It should have the flexibility of flowing 
gas to one, two, or three tubes. Moreover, a set of operating guidelines must be established to 
accommodate variations in catalyst activity and in desired conditions for testing. Recommended 
reactor specifications are summarized in Table 2, and a simple flow schematic of the reactor 
system is provided in Figure 1. 
 
 
Table 2. Recommended Specifications for a Tube Shell, Recycle, Fixed-Bed Minipilot 
Reactor for Testing FT Catalysts 
Parameter  Range Parameter Units/Materials  
Number of Tubes  3 316 stainless steel or Al alloy 
Tube Diameter  1.0 Inch, i.d. 
Tube Length  10 feet 

Temperature* 25–450 °C 

Pressure  10–25 bar 
Flow Rate  1–6 scfm 
Cooling Capacity  0.2–1.5 kW 

* Upper temperature limit required for in situ reduction of a catalyst. 
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Figure 1. Piping and instrumentation diagrams (P&ID) schematic of the FT reactor skid. 
 

 
 EERC Fixed-Bed Reactor Design 
 
 Based on the recommended design specifications provided by BYU while staying within 
the approved budget, the EERC decided to build a two fixed-bed reactor system with the 
capability to add a third reactor at a later time. This system was constructed to be modular and 
sized such that it can fit into the area around the EERC CFBR, or also be located in explosion-
rated areas such as the gasification tower next to the EERC pilot-scale transport reactor or in the 
National Center for Hydrogen Technology high-bay area. The system utilizes a pair of air-driven 
MaxPro Technology DLE-5 double-acting gas boosters to recycle the syngas to the reactors. The 
use of an air-driven gas booster makes the system much more mobile. A Micropump® GAH gear 
pump is utilized to recycle some of the liquid product back to the inlet of each fixed-bed reactor. 
Yokogawa pressure transmitters and variable-area metal rotameters are utilized to measure and 
record the operating pressures and flow rates for the inlet syngas, recycle syngas, and the recycle 
liquid for each reactor. To reduce equipment costs, the EERC elected to combine all of the 
reactor liquids in a single hot trap and combine all FT tail gas cooling before recycling the tail 
gas and liquid streams. In addition, the control of the flow rates to each tubular fixed-bed reactor 
is controlled by hand-adjusted metering valves. 
 
 This FT reactor system has the capability to operate at pressures as high as 1000 psig with 
room temperature syngas and can operate as high as 600 psig with warm syngas at 500°F. The 
reactor is made of 1.5 inch by 1.12 inch i.d. 316L stainless tubing approximately 118 inches 
long. The outside cooling jacket is made with 2 inch by 1.62 inch i.d. 316L stainless tubing 
approximately 108 inches long. The FT reactor and catalyst temperature is measured with an 
eight-point thermocouple 9 feet long that measures the centerline temperature at every 1-foot 
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interval. Reactor temperatures will be controlled with a Dowtherm heater and cooling system in 
order to avoid using high pressure (>600 psig) steam cooling. The Dowtherm, a liquid heat 
transfer fluid, is capable of operating at temperatures as high as 760°F; however, the fluid 
temperature should only have to operate around 500°F for the FT testing. The Dowtherm heat 
system will allow the reactor to be heated to near-operating conditions before starting the flow of 
syngas to the reactor. The system is set to pressurize with inert nitrogen before starting the 
syngas flow. The start-up procedure is to start at a low syngas flow and high Dowtherm flow 
rates to ensure that any temperature excursion as a result of the FT reaction is avoided. Once heat 
is being generated by the FT reaction, then the air or water cooling (as appropriate) of the 
Dowtherm liquid is started to remove the extra heat. 
 
 Figure 2 is a photograph of the FT reactor system. The black vessel in the front is the 
Dowtherm heater/cooler, the gray vessel is the Dowtherm surge vessel, the tall pipes are the 
tubular fixed-bed reactor heaters, and near the reactor top is the syngas and recycle syngas 
preheater. Figure 3 is a photograph of the FT reactor from the other side where the FT liquid hot 
trap (lower heated vessel) and the tail gas cooling vessels are shown along with the recycle FT 
liquid pump and the tail gas dry gas meter. Figures 1 and 4 are schematics showing the reactor 
design and the P&ID layout for the reactor system. This fixed-bed reactor system is capable of 
operating two fixed-bed reactors in parallel under similar operating conditions. Either two 
different sets of catalyst can be tested (although both reactors will share the same recycled 
syngas) or the same catalyst and operating conditions can be run to maximize liquid yield. Liquid 
production rates have been calculated to be slightly over 1 liter per hour. The capability to 
expand the skid with a third fixed-bed reactor has been incorporated into the skid layout and data 
acquisition system. 
 
 Because of the higher-than-expected construction costs, the 2 days of shakedown testing 
was dropped, and the shakedown is to occur under DOE Cooperative Agreement DE-FC26-
98FT40321, EERC-DOE Joint Program on Research and Development for Fossil Energy-
Related Resources Subtask 3.4 Fischer–Tropsch Fuels Development. The most uncertainty about 
this system will probably involve whether the Dowtherm system will be adequate to control the 
system temperature. 
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Figure 2. West view of the fixed-bed FT reactor. 
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Figure 3. East view of the fixed-bed FT reactor system. 
 

 
 
 

 
 

 
Figure 4. Schematic showing the FT reactor skid layout. 

 


