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ABSTRACT 
 

The goal of this project was to evaluate the performance of Illinois No. 6 coal blended 

with biomass in a small-scale entrained-flow gasifier and demonstrate the production of 

liquid fuels under three scenarios. The first scenario used traditional techniques for 

cleaning the syngas prior to Fischer–Tropsch (FT) synthesis, including gas sweetening 

with a physical solvent. In the second scenario, the CO2 was not removed from the gas 

stream prior to FT synthesis. In the third scenario, only warm-gas cleanup techniques 

were used, such that the feed gas to the FT unit contained both moisture and CO2. The 

results of the testing showed that the liquid fuels production from the FT catalyst was 

significantly hindered by the presence of moisture and CO2 in the syngas. Further testing 

would be needed to determine if this thermally efficient process is feasible with other FT 

catalysts. 
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EXECUTIVE SUMMARY 
 

The Energy & Environmental Research Center (EERC) is completing a project with the 

Illinois Clean Coal Institute, the Connecticut Center for Advanced Technology (CCAT), 

and the U.S. Department of Energy to demonstrate advanced coal and biomass-to-liquid 

technologies using Illinois No. 6 coal. The project builds upon Defense Logistics Agency 

Energy-sponsored work that is currently under way with CCAT/Arcadis to evaluate the 

performance of coal and biomass blends in EERC gasifiers. The Illinois No. 6 coal and 

biomass for this test program were gasified in the EERC’s entrained-flow gasifier, as 

high-temperature systems are most suitable for gasification of the selected feedstock. The 

syngas produced is cleaned using warm-gas cleanup techniques, including hot-gas 

filtration and fixed-bed desulfurization. The syngas is synthesized into liquid fuel in the 

EERC’s fixed-bed Fischer–Tropsch (FT) reactor. The overall goal of the testing is to 

determine the impact of warm synthesis gas on the performance and life of a FT catalyst 

and compare the performance to sweetened syngas. 
 

Because of the need for cryogenic cooling, the capital and operating costs for traditional 

cold-gas cleanup are significant. The energy penalty of cooling and reheating both syngas 

and solvent can also be significant. This limits gas sweetening for synthetic fuel 

production to very large installations that can benefit from economies of scale. Small-

scale coal-to-liquid plants may operate profitably by generating higher-value chemicals, 

but given the comparatively low value of transportation fuel, FT synthesis normally 

operates economically at a large scale. 
 

The large energy penalty created by cold-gas cleanup can be mitigated by hot- or warm-

gas techniques. H2S and other key contaminants can be removed using these 

technologies. Warm-gas cleanup is a promising alternative to gas sweetening at the small 

scale because it requires less maintenance, does not have the significant energy penalty 

associated with cooling and reheating gas and liquid streams, and has lower utility costs. 

However, warm-gas cleanup cannot capture all gas contaminants. Some gas cooling is 

required to condense water and gasifier tars. Warm-gas technologies currently cannot 

effectively remove CO2. Gas sweetening with physical or chemical solvents remains the 

only commercially available way to remove CO2 from syngas. 
 

The proposed process will take advantage of commercially available warm-gas cleanup 

sorbents to determine the overall increase in thermal efficiency when using warm-gas 

cleanup versus conventional solvent technology. High levels of moisture and CO2 will 

reduce the overall production efficiency of the catalyst. Iron-based catalysts may be 

susceptible to this reduction because of increased water–gas shift (WGS) activity in the 

presence of moisture. A reduction in FT liquids production is expected because of the 

diluent CO2 and moisture. This paper reviews the results of the testing and compares 

liquid fuel production efficiency with warm-gas cleanup techniques to traditional 

methods. 
 

The EERC has demonstrated the technical feasibility of using coal and biomass blends 

for liquid fuels production using 1) traditional physical solvents and 2) high-temperature 

sorbents for gas cleaning. The EERC’s small pilot-scale entrained-flow gasifier was used 
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to produce syngas from the Illinois No. 6 coal and biomass blends. During testing of FT 

liquids production, fine particulate matter was first removed using a particulate collection 

device, after which bulk sulfur was captured using RVS-1 regenerable sulfur sorbent to 

remove H2S and COS to single-digit ppm levels or lower. One RVS-1 bed was used until 

it became saturated with sulfur, after which the second bed was brought online so that the 

first could be taken off-line and regenerated. A sulfur-polishing bed was also used after 

the RVS-1 beds. The WGS beds were not used for this testing. From this point, gas was 

either sent directly to the FT unit or cooled prior to gas sweetening, as shown in  

Figure ES-1. For the cold-gas testing, gasifier product water and other condensables were 

collected and drained in a series of indirectly water-cooled quench pots. CO2 removal and 

sulfur polishing were achieved using the gas-sweetening adsorption system, a column 

that uses physical solvent to remove acid gas components from a syngas stream. The gas 

was then reheated prior to FT liquids production.  
 

Previous testing on the RVS-1 sorbent has shown that it is capable of reliably removing 

sulfur to single-digit ppm levels in the syngas when Powder River Basin coal is gasified. 

One of the goals for the project was to determine if the RVS-1 sorbent were capable of 

achieving this removal level using Illinois No. 6 coal, which is higher in sulfur. The 

results indicate that sulfur removal down to 1 ppm or less of H2S is possible with the 

RVS-1 and that the beds could be regenerated successfully. Further analysis of the data is 

under way to determine space velocity requirements and, ultimately, sorbent bed size 

requirements. 
 

 

 

 

Figure ES-1. Gas cleanup and FT reactor process scheme. 
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FT liquids were produced during the testing using both warm gas and sweetened gas. 

Figure ES-2 shows the hydrocarbon distribution of the liquids produced using the 

conventional solvent technology for gas cleanup. The distribution shows that the catalyst 

is producing higher hydrocarbons with a peak around C13 and that the catalyst is 

performing reasonably well. It should be noted that the gas-phase catalyst products such 

as methane are not shown here. An analysis of a samples produced using only the warm-

gas cleaning technique is shown in Figure ES-3. As can be seen, the hydrocarbon 

distribution is shifted significantly to the left, and the catalyst is not performing well for 

the production of FT liquids. These data indicate that the catalyst does not perform well 

when exposed to CO2 and moisture, and catalyst productivity is significantly hindered. 

 

Overall, the sulfur removal goal of the project was met. The testing successfully 

demonstrated that sulfur could be removed to below 10 ppm in a single pass using the 

RVS-1 beds. The second goal of a less than 20% productivity reduction during the warm-

gas testing was met from the standpoint of CO conversion. However, the liquids 

generated during this testing were not of sufficient quality, and the production of liquid 

hydrocarbons dropped by more than 20% of the baseline production during the sweetened 

case.  

 

 

 

 

Figure ES-2. Hydrocarbon distribution of FT liquids produced using sweetened feed gas. 
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Figure ES-3. Hydrocarbon distribution of FT liquids produced using warm feed gas. 
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OBJECTIVES 
 

The goal of this project is to demonstrate liquid fuels production technology using  

Illinois No. 6 coal and developing processes that have a higher thermal efficiency than 

traditional methods. Specific project objectives and measurable goals include the 

following: 

 

 Develop data on the gasification performance of Illinois No. 6 coal blended with 

biomass in the entrained-flow gasifier (EFG). 

 

 Evaluate the performance of warm-gas cleanup sulfur sorbents on syngas 

produced from Illinois No. 6 coal and biomass blends. The goal is to reduce 

sulfur to 10 ppm or less in a single stage using commercially available sorbents. 

 

 Determine the production efficiency of Fischer–Tropsch (FT) liquids from warm 

syngas and compare that performance to quenched syngas and syngas that has 

been through a physical solvent acid gas removal step. The goal is to achieve no 

more than a 20% drop in production efficiency, as defined by CO conversion in 

the reactor. 
 

A parametric test campaign and optimization test campaigns was completed for this 

project. Each test campaign demonstrated gasification, warm-gas cleanup, and liquid fuel 

synthesis. The first week of testing focused on parametric testing with varying levels of 

Illinois No. 6 coal and biomass. The second week of testing utilized the initial results to 

optimize the production of liquid fuels in the system. The system was modeled using 

AspenPlus to aid in determination of the optimum operating points. Four separate tasks 

were identified to facilitate the testing and modeling effort:  

 

 Task 1 – Acquisition of Fuels  

 Task 2 – Parametric Testing  

 Task 3 – Process Modeling 

 Task 4 – Optimization Testing 
 

INTRODUCTION AND BACKGROUND 

 

Project Introduction 

 

The Energy & Environmental Research Center (EERC) has completed a project with the 

Illinois Clean Coal Institute, the Connecticut Center for Advanced Technology (CCAT), 

and the U.S. Department of Energy to demonstrate advanced coal and biomass-to-liquids 

technologies using Illinois No. 6 coal. The project has built on past work performed by 

the EERC to evaluate technologies for coal and biomass gasification and liquid fuels 

production. Illinois No. 6 coal and biomass for this test program were gasified in the 

EERC’s EFG, as high-temperature systems are most suitable for gasification of the 

selected feedstock. The syngas produced was cleaned using warm-gas cleanup 

techniques, including hot-gas filtration and fixed-bed desulfurization. The syngas was 
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synthesized into liquid fuel in the EERC’s fixed-bed FT reactor. The overall goal of the 

testing was to determine the impact of warm synthesis gas on the performance of a FT 

catalyst and compare the performance to sweetened syngas produced using conventional 

technologies. 
 

CCAT is under contract to the Defense Logistics Agency Energy to demonstrate how 

liquid fuel can be produced from coal to meet the Energy Independence and Security Act 

(EISA) of 2007 greenhouse gas requirement for U.S. Department of Defense fuel 

purchases of synthetic fuel. Section 526 of EISA requires that any fuel purchases have a 

life cycle CO2 emission less than conventional petroleum fuel. Pursuant to these goals, 

there was significant interest from CCAT in evaluating the Illinois No. 6 fuel with up to 

20% biomass blended into the coal. Previous testing performed by the EERC and CCAT 

has shown that torrefied biomass has great potential for utilization in EFG systems 

because it is easy to pulverize and appears to feed like coal in pressurized systems. 

Testing of Illinois No. 6 coal with torrefied biomass blends is of significant interest to the 

project team. 
 

Two 5-day test campaigns were anticipated for this project and ultimately were spread 

out over three separate test weeks. Each test campaign was able to demonstrate 

gasification, warm-gas cleanup, and liquid fuel synthesis. The first week of testing 

focused on parametric testing with varying levels of Illinois No. 6 coal and biomass. The 

second week of testing was used to optimize the production of liquid fuels in the system.  
 

The overall plan to complete the project was spread among four tasks: 1) fuel acquisition, 

2) parametric testing, 3) process modeling, and 4) optimization testing. Fuel for the 

project was acquired in the first task, with both coal and biomass having been utilized as 

part of the parametric testing. The second task gasified the Illinois No. 6 coal blended 

with biomass in the EFG. The impurities in the syngas produced, including particulate 

and sulfur, were removed in the EERC’s warm-gas cleanup train. The cleaned syngas 

was sent to the FT reactor, and three scenarios were evaluated for the production of liquid 

fuels. The first scenario drew the hot gas directly from the desulfurization step to the FT 

reactor. This test evaluated the performance of the FT catalyst under the most thermally 

efficient process scheme. The second scenario quenched and reheated the gas prior to FT 

synthesis (FTS). The third scenario ran the syngas through a physical solvent for CO2 

removal prior to FTS. The latter two scenarios were not as thermally efficient as the first 

scenario but provided valuable data points for comparison of the operation of the FT 

catalyst with wet, dry, and concentrated syngas. This comparison was critical to 

understand if warm-gas cleaning techniques can truly be used to improve the thermal 

efficiency of FT processes. 
 

Data derived from the parametric testing were used in the EERC’s existing FT model that 

had been built using Aspen Plus
®
. The data were used to improve model predictions and 

fed directly into the optimization testing. Results from the analysis of liquid fuels 

produced were input directly into the model and used to update and strengthen the 

usefulness of the model. The goal of the optimization testing was to produce liquid fuels 

from Illinois coal using the most thermally efficient process possible while maintaining 
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good catalyst life and durability. This report reviews the results of the parametric testing, 

optimization testing, and modeling effort. 

 

Thermal Efficiency 
 

Because of the need for cryogenic cooling, the capital and operating costs for traditional 

cold-gas cleanup are significant. The energy penalty of cooling and reheating both syngas 

and solvent can also be significant. This limits gas sweetening for synthetic fuel 

production to very large installations that can benefit from economies of scale. Small-

scale coal-to-liquid plants may operate profitably by generating higher-value chemicals, 

but given the comparatively low value of transportation fuel, FTS normally operates 

economically at a large scale. 
 

The large energy penalty created by cold-gas cleanup can be mitigated by hot- or warm-

gas techniques. H2S and other key contaminants can be removed using these technologies 

(1, 2). Warm-gas cleanup is a promising alternative to gas sweetening at the small scale 

because it requires less maintenance, does not have the significant energy penalty 

associated with cooling and reheating gas and liquid streams, and has lower utility costs. 

However, warm-gas cleanup cannot capture all gas contaminants. Some gas cooling is 

required to condense water and gasifier tars. Warm-gas technologies currently cannot 

effectively remove CO2. Gas sweetening with physical or chemical solvents remains the 

only commercially available way to remove CO2 from syngas. 
 

The proposed technology will take advantage of commercially available warm-gas 

cleanup sorbents and determine the overall increase in thermal efficiency when using 

warm-gas cleanup versus conventional solvent technology. High levels of moisture and 

CO2 will reduce the overall production efficiency of the catalyst. Iron-based catalysts 

may be very susceptible to this reduction because of high water–gas shift (WGS) activity 

in the presence of moisture. The expected reduction in FT liquids production will also be 

determined. 
 

FT Synthesis 
 

There has been growing interest in recent years to supplant petroleum-based fuels with 

alternative transportation fuels. One promising route for domestic production of liquid 

fuels is FTS. FTS has at least two advantages over other routes to generate synthetic 

fuels. The first advantage is that the FT process uses gasification, a well-demonstrated 

commercial process for converting carbon-based material to syngas. Gasification relies 

on high-temperature reactions with steam, oxygen, and air to fully decompose carbon-

based molecules into H2, CO, CO2, CH4, and other gases while rejecting unusable 

inorganic material as slag or ashy char. As such, syngas can be produced from any 

carbon-based material with enough energy to sustain gasification temperatures, including 

coal, natural gas, petroleum residues, biomass, or waste. Most other routes to synthetic 

fuels rely on specific chemical characteristics of the feed and do not fully decompose the 

feed material. This limits the types of feed that can be used for those processes and also 

limits what fraction of a given feedstock can be converted to fuel. For instance, ethanol 
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can only be fermented from sugar, and direct coal liquefaction processes tend to excel 

with certain ranks of coal. 

 

The second clear advantage for FTS is that the FT process has been successfully 

demonstrated at the large scale since World War II. The first FT-based reactions were 

performed in 1902 by Sabatier and Senderens. The process was further refined and 

developed by Frans Fischer and Hans Tropsch in the 1920s (3). By 1935, Fischer had 

described processes for generating optimum syngas compositions, removing sulfur, and 

achieving high FTS conversion (4–6). The process was developed at an industrial scale 

by Germany and used to generate diesel fuel throughout World War II using cobalt-based 

catalyst and coal-derived syngas (7). In the decades since, FTS has been practiced on an 

even larger scale in South Africa by Sasol and PetroSA. CTL processes similar to FTS 

for generating chemicals such as methanol from syngas have been practiced 

commercially in the United States for many years. The long history of successful 

commercial operation with FTS and related CTL processes offers assurance of its large-

scale technical feasibility. The challenges that remain are improving the economics and 

efficiency of the process while reducing the carbon footprint. 
 

FTS can generate a number of organic compounds, the most prevalent of which are 

normal or n-paraffins (Equation 1), olefins (Equation 2), and primary alcohols (Equation 

3). The primary by-product of FTS is water. Iron-based catalysts can catalyze the WGS 

reaction, which converts some of the FT product water into H2 and CO2 by Equation 4. 

The WGS reaction is reversible, so extra product water could also be generated at high 

CO2 concentrations and low CO concentrations. Cobalt-based catalysts have no WGS 

activity and do not consume FT product water or generate extra water. 

 

      (    )                    [Eq. 1] 

 

                          [Eq. 2] 
 

                        (   )      [Eq. 3] 
 

                  [Eq. 4] 
 

While FTS is well-established and understood, several obstacles have hindered its 

widespread adoption for synthetic fuel production. The first, and perhaps most important, 

factor is cost. At a minimum, FT plants require pressurized gasification, deep gas 

sweetening to remove contaminants, and large FT reactors. Gasifiers and FT reactors are 

obviously necessary costs, but the gas-sweetening process is also a very expensive part of 

a FT plant. Large-scale gas sweetening is often done today using physical solvents such 

as Rectisol
®

 or Selexol™. Such solvent-based processes cool the syngas to subzero 

temperatures so that the solvent can physically absorb carbon dioxide, hydrogen sulfide, 

volatile matter, and other syngas contaminants. H2S is of special concern in the FT 

process because it has been known from the time FTS was first discovered that H2S will 

rapidly and permanently poison FT catalysts (3, 6). Advanced hot- or warm-gas cleanup 

technologies may be an effective way to improve the efficiency of the FTS process. 
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CO2 Emissions 
 

While high energy costs can potentially be overcome using warm-gas cleanup, another 

factor that hinders widespread adoption of FTS for liquid fuel production is its 

environmental impact. CO2 captured by gas sweetening is often released into the 

atmosphere, and FTS over iron-based catalyst generates further CO2 via the WGS 

reaction (Equation 4). The carbon footprint of a large-scale FT plant is thus higher than 

that of a conventional petroleum refinery. 
 

The CO2 footprint can be reduced by cofeeding biomass in the gasification step. Because 

plant matter consumes as much CO2 as it releases when burned, the use of biomass is 

considered a net-zero CO2 emitter. However, at least two major issues limit the use of 

biomass for FTS. First, many biomass types are rich in alkali and chlorine, species that 

cause agglomeration and corrosion, respectively. Finding ways to remove or minimize 

the impact of these species will be critical to incorporating biomass into gasifiers 

designed for coal or petroleum residues (8, 9). Second, as described above, gasification 

and FTS do not readily scale down. Biomass gasification plants are likely to be limited in 

scale to the amount of biomass available in the immediate area (10, 11). Given the 

massive infrastructure required to not only gasify biomass but then to shift the gas 

chemistry, sweeten the syngas, and convert the gas to liquid fuels, commercial 

gasification and FTS will likely require more biomass than can be supplied at a 

reasonable collection radius in order to operate at a profit. 
 

Biomass Pretreatment 
 

One way to make biomass gasification more economical while also reducing the impact 

of alkali and chlorine is by biomass pretreatment. Leaching is an effective pretreatment 

method for removing water-soluble salts (8, 9, 12). Other pretreatment methods can 

densify biomass at the collection site, making it more energy dense and cheaper to 

transport. Numerous densification options are available, including drying, pelletizing, 

pyrolysis, and torrefaction. Torrefaction offers a unique advantage in that the torrefied 

product is similar in energy density and physical characteristics to coal, allowing it to 

achieve similar bed temperatures and to be fed similarly (13, 14). Cofeeding torrefied 

biomass with coal will likely be an easier proposition than cofeeding raw biomass or 

pyrolysis oil into a gasifier. 

 

The economics of a smaller-scale FT plant may be more attractive if one can minimize its 

CO2 emissions, reduce capital and operating costs by using warm-gas cleanup, and blend 

a mixture of torrefied biomass and coal. The net effect of CO2 in the syngas that is fed to 

the FT reactor is still somewhat unknown. 

 

A number of researchers have studied the effects of CO2 on FTS and have shown that 

iron-based FT catalysts can synthesize liquids from CO2 (15–22). The studies referenced 

used exclusively bottled gas for FTS in laboratory-scale reactors. Given the promising 

nature of these results, it may not be necessary to remove CO2 for FTS over iron, and 

warm-gas cleanup using modern sorbents may be sufficient. However, it is not certain 

from the laboratory results whether gas sweetening might still be needed to remove other 
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trace contaminants (gasifier tar, ammonia, chlorides, metals, etc.). All of these factors 

warrant further study.  

 

EXPERIMENTAL PROCEDURES 

 

Overall System Setup 

 

The EERC’s small pilot-scale EFG was used to produce syngas from the Illinois No. 6 

coal and biomass blends. During testing of FT liquids production, fine particulate matter 

was first removed using a hot-gas filter vessel (HGFV), after which bulk sulfur was 

captured using RVS-1 regenerable sulfur sorbent to remove H2S and COS to single-digit 

ppm levels or lower. RVS-1 is a commercially available, regenerable sulfur sorbent 

produced by Clariant. One RVS-1 bed was used until it became saturated with sulfur, 

after which the second bed was brought online so that the first could be taken off-line and 

regenerated. A sulfur-polishing bed consisting of Actisorb S2 also produced by Clariant 

was used after the RVS-1 beds. Gasifier product water and other condensables were 

condensed and drained in a series of six water-cooled quench pots. CO2 removal and 

sulfur polishing were achieved using the gas-sweetening adsorption system, a column 

that uses physical solvent to remove acid gas components from a sour syngas stream. The 

WGS beds were not used for this testing. 

 

Entrained-Flow Gasifier 

 

Figure 1 shows cross-sectional and pictorial views of the EFG. The EFG is a dry feed, 

downfired system. The reactor tube is vertically housed in a pressure vessel 

approximately 24 inches in diameter and 7 feet in length. The EFG fires nominally 8 lb/hr 

of fuel and produces up to 20 scfm of fuel gas. The maximum working pressure is  

300 psig. The reactor has the capability to operate in an oxygen- or air-blown mode. A 

supplemental electrical heating system is capable of attaining a nominal temperature of 

1500°C (2732°F) and is separated into four independent zones so that a consistent 

temperature can be maintained throughout the length of the furnace. The radially spaced 

heating elements provide the initial heat for the centrally located alumina reactor tube, 

and refractory walls outside the heating elements provide insulation. Type S 

thermocouples are used to monitor and control the temperatures of the heating zones and 

reactor tube. All of the gasification reactions occur inside the reactor tube, and slag is 

able to flow on the tube walls. Pressure inside the alumina reactor tube is balanced with a 

slight positive nitrogen pressure outside of the alumina reactor tube. 

 

Pulverized fuel is metered via a twin-screw feeder and scale contained in a pressurized 

vessel. A rotating brush added to the exit of the feeder screws breaks up fuels prone to 

compaction and clumping in the metering screws of the feeder. Nitrogen or syngas is 

used to convey the pulverized fuel from the feeder’s screws into the gasifier. A lock 

hopper enables the system to be refilled while running, thereby facilitating continuous-

mode operation. Feed rates are calculated in real time. The feed system can be operated 

in either volumetric mode or gravimetric mode. 
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Figure 1. Schematic and photograph of the bench-scale EFG. 

 

 

Product gas exits at the bottom of the furnace tube and enters a reducing section that 

houses a quench system capable of injecting water, syngas, or nitrogen as the quench 

fluid as needed. For the testing conducted in this quarter, quench flow was not needed to 

cool the gas or freeze the slag. The product gas then enters a cross, making a 90° turn, 

then exits the main unit through a horizontal pass on its way to the back-end control 

devices. The original horizontal pass was a simple refractory-lined pipe with an opening 

of about 3 inches in diameter. This has often proved to provide too much residence time 

for solids to settle and gas to cool, so prior to EFG046, a ½-inch stainless steel tube was 

run through the existing horizontal pass from the cross to the filter vessel to minimize the 

gas and fine particulate residence time. Slag and coarse ash or char drop through the cross 

and are collected in a refractory-lined slag trap. The system must be depressurized and 

cooled for slag samples to be collected or for solids to be removed from the refractory-

lined portion of the horizontal pass. 

 

The EFG uses an externally heated, rigid candle filter system as its particulate control 

device (PCD) for the testing. The PCD has near-absolute filtration ability. The PCD is 

operated by back-pulsing the candle and then discharging ash through lock hopper valves 

into a collection vessel.  

 

A series of fixed beds downstream of the PCD may be loaded with catalysts and sorbents 

for WGS, warm-gas desulfurization, and/or trace metal removal. Each fixed bed is 

temperature-controlled independently with externally mounted heaters. For this testing, 

gas-sweetening and FT liquid production skids were also used. Figure 2 shows the overall 

layout of the process. 
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Figure 2. Schematic of EFG and back-end cleanup equipment. 

 

 

The EFG uses a high-speed data acquisition and control system based on National 

Instruments LabVIEW. The control system is highly reconfigurable to meet specific 

testing needs. Data are postprocessed for reporting purposes. 

 

The typical EFG product gas is similar to that produced at many commercial gas turbine 

facilities. The EFG is capable of achieving a wide range of H2/CO ratios (0.5–2.0) with 

proper selection of fuel, operating conditions, and WGS catalyst(s). The inherent 

limitation of small-scale systems such as this is significant nitrogen dilution due to 

cooling needs.  

 

Gas-Sweetening Absorption System 

 

For FT production of liquid fuels, it is desirable to reduce the acid gas component (CO2) 

of the gasifier product gas. The EERC has designed, built, and tested a skid-mounted CO2 

and H2S absorption system for gas sweetening. This absorption system uses physical 

solvents to remove CO2 and various contaminants from dry syngas at pressures of up to 

1000 psig. The gas-sweetening system allows the EERC to produce syngas that more 

closely resembles that generated in full-scale commercial gasification, and it also allows 

the EERC to test solvents and technologies for natural gas sweetening and liquids 

capture. The ability to remove CO2 from gas streams further allows the EERC to test 

processes incorporating carbon capture and storage. Moreover, removal of CO2 combined 

with deep sweetening improves catalyst performance in the EERC’s pilot-scale FT 

reactor. 
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As shown in Figure 3, in the first step of CO2 capture, up to 1000 scfh of pressure-

regulated gas enters an absorption column. In the case of gasification, this gas can be fed 

either directly from the gasifier quench system or the compressor. As gas rises through 

the packed column, downward-flowing solvent absorbs CO2 and other gas components. 

The sweetened gas passes through a demister to drop entrained solvent out of suspension 

before the gas exits the column. Sweetened gas can then go to a number of downstream 

applications, including FT synthesis, materials testing, pressure swing absorption, syngas 

bottling, back to the gasifier as a recycle stream, or steam reforming and other 

applications in the case of natural gas. 

 

Having absorbed most CO2 and various other components from the sour gas, rich solvent 

collects in the bottom disengager, where gas bubbles have sufficient residence time to 

escape from the liquid. Solvent then flows through a control valve, a heat exchanger, and 

a flow constrictor before passing into a flash drum. The flow constrictor maintains some 

pressure upstream of the flash drum, preventing excessive cavitation in the control valve 

and heat exchanger. 

 

As solvent warms and depressurizes inside the heated flash drum, CO2 and other gases 

vaporize from the solvent. A flowmeter records the rate of acid gas exiting the flash 

drum, while a continuous gas analyzer records the gas composition. These measurements 

permit online mass and carbon balance calculations. 

 

 

 
 

Figure 3. Cold-gas-sweetening process configuration when using compressed syngas for 

FT synthesis. 
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Lean solvent exits the flash drum through a level-controlling valve and then passes 

through a water-cooled heat exchanger on its way to a storage tank. A pump pulls solvent 

from the bottom of this tank and sends it through a glycol-cooled heat exchanger. The 

chilled, lean solvent then sprays through a nozzle into the top of the absorption column, 

completing the solvent loop. A photo of the system is shown in Figure 4. 

 

Based on Aspen Plus- and ChemCAD
®
-based modeling, the gas-sweetening system was 

expected to remove around 95% of CO2 under typical operation without measurable 

solvent loss.  

 

Initial testing utilizing coal-derived syngas achieved closer to 98% CO2 capture and even 

better H2S removal. Modeling and experience suggest that untreated sour gas can be 

effectively treated using the flash drum for solvent regeneration; however, if required to 

meet the needs of future clients, the skid design allows upgrading the flash drum to a 

stripper column for improved gas sweetening and extended solvent life. 

 

 

 
 

Figure 4. Photograph of gas-sweetening skid. 
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FT Reactor 

 

Pressurized syngas exiting the EFG system can be routed to several back-end systems, 

one of which is a pilot-scale FT reactor with an estimated maximum liquid production 

rate of roughly 4 L (1 gal) a day for each reactor bed. The FT reactor system meters up to 

3.5 scfm a bed of clean, pressure-regulated syngas from the EFG through a preheater and 

then into a set of downflow, parallel, packed shell-and-tube reactor beds. Two reactor 

beds are currently installed on the system, with room for expansion to four. The reactor 

beds can operate at up to 1000 psig and 570°F, allowing the possibility of methanol or 

mixed-alcohol synthesis in future tests. 

 

Figure 5 provides a process flow diagram for the FT reactor skid. The shell-and-tube 

reactor beds are initially heated to temperature using a countercurrent flow of Dowtherm 

through the external (shell-side) tube. Syngas passing through the beds is then slowly 

brought to operating pressure, which begins the exothermic FT reaction. As pressure 

builds and the beds begin to heat under exothermic reaction, the Dowtherm heater is 

turned down and the Dowtherm begins to function as a coolant. Because the packed-bed 

design lends itself to runaway exotherms, single-pass conversion is kept low, and product 

gas exiting the beds is recycled through preheater coils to the bed inlets. This dilutes  

 

 

 
 

Figure 5. Process layout for pilot-scale FT system (LGA means laser gas analyzer). 
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incoming syngas and achieves higher overall conversion efficiencies. Liquid exiting the 

bottom of the packed beds is collected in a heated wax trap before passing through a set 

of water-cooled condensers to remove lighter organic material and water. Hot liquid in 

the wax trap can be recycled to the top of the reactor to provide further syngas dilution 

and catalyst cooling, thus bringing the inlet to the packed beds closer to outlet conditions. 

This design allows the packed beds to function similarly to slurry bed designs more 

commonly used in large-scale FT synthesis. Unrecycled product gas is depressurized and 

measured through a dry gas meter, and a slipstream is passed to an LGA and gas 

chromatograph (GC) to provide online comparison of inlet syngas and outlet product gas 

composition. 

 

To date, the FT reactor has processed gas from a variety of coal and biomass types, 

including subbituminous, lignite, switchgrass, corn stover, dried distiller grain solids (a 

by-product of ethanol production), and olive pits. Gas feed has been processed both with 

only warm-gas cleanup and with deep gas sweetening. Because the entire unit is compact 

and skid-mounted, it can be readily moved to any of the different gasification systems 

located at the EERC or can be loaded into a truck and coupled to an off-site gasifier. This 

design flexibility in terms of recycle ratio, operating conditions, heat load or heat 

removal, and placement makes the FT reactor system a valuable tool for testing catalysts 

under a wide variety of scenarios.  

 

Fuel Analyses 

 

Proximate, ultimate, and heating value analyses were performed on the as-received 

Illinois No. 6 coal and raw and torrefied corn stover using ASTM Methods D3172, 

D5142, and D3176. The fuel ashes were also chemically analyzed by wavelength-

dispersive x-ray fluorescence (WDXRF), as described in ASTM Method D4326.  

 

Slag, Fly Ash, and Quench Water Analyses 

 

Samples of HGFV ash taken during each test period were analyzed for moisture, loss on 

ignition (LOI), and particle-size distribution (PSD). PSD was estimated both by a dry 

sieve method and using a Malvern 2600 laser diffraction particle sizer. Selected samples 

of slag and HGFV ash were analyzed using WDXRF to determine elemental oxide 

composition. Quench water samples were analyzed for total carbon (TC), total inorganic 

carbon, chemical oxygen demand (COD), and ammonium. 

 

Gas Analyses 

 

A slipstream of dry gas may be fed to LGAs and GCs for online analysis of major gas 

components and for low-level (ppb) analysis of sulfur species. The EERC has four 

Atmosphere Recovery, Inc., LGAs for use with the gasifiers. The LGAs employ Ramen 

detectors to stimulate sample gas and emit distinct light spectra. The LGAs use 

designations LGA35 and LGA39. The LGAs are each capable of measuring the real-time 

concentrations of eight gases at once. Seven of those gases are H2, CO, CO2, N2, H2S, 

CH4, and total hydrocarbons. LGA39 is capable of measuring O2, in addition to the suite 
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of aforementioned gases, and is normally dedicated to gasifier control and operation. In 

comparison, LGA35 is capable of measuring H2O instead of O2. It is generally used to 

measure the gas compositions from various sample ports. 

 

A Yokogawa GC is paired with LGA39 to provide redundancy and expansion of the 

EFG’s constituent gas analysis. The Yokogawa GC is capable of measuring H2, CO, CO2, 

N2, O2, H2S, COS, CH4, ethane, ethene, propane, and propene. As shown in Table 1, the 

Yokogawa has high-level H2S measurement capabilities and is better-suited to syngas 

that has not had the H2S removed. LGA35 is normally paired with a Varian 450 GC, 

which is better-suited for low-level H2S measurement.  

 

The Varian GC is equipped with two TC detectors for bulk and trace gas measurement 

and a pulsed-flame photometric detector for ultralow sulfur detection. The first TC 

detector is dedicated solely to analyzing H2 and provides three H2 measurements for each 

15-minute analysis cycle. The second detector is configured to analyze the gas stream for 

CO, CO2, N2, O2, H2S, COS, CH4, C3H6, C3H8, C2H4, and C2H6. A measurement is 

provided every 15 minutes for each of the gases. The third detector is able to detect 

ultralow H2S levels, down to 0.02–1 ppm. 

 

The analyzers are calibrated prior to the start of and after each test program. Sample gas 

streams are manually switched via selector valves. Sample gas tubing from sample ports 

to the analyzers is polyethylene, with no line longer than 50 feet. Sample gas transit times 

to the analyzers are estimated to be less than 1 minute, depending on the individual 

sample gas flow rate. Gas is cooled and quenched before transport to the analyzers, so 

measurements are on a dry basis.  

 

In addition to analyzer sampling from various points throughout the system, Dräger tubes 

are used to sample gases that cannot be detected by the online analyzers. H2S, HCl, HCN, 

NH3, and other trace gases can be checked to supplement or verify low-level 

chromatograph data.  

 

Coal Preparation and Torrefaction 

 

The EERC performed all of the fuel preparation processes on-site including fuel grinding 

and sizing. The coal was pulverized to <200 mesh. A portion of the corn stover was 

hammer-milled and then sent to Earth Care Products, Inc., in Independence, Kansas, for 

 

 

Table 1. H2S Detection Ranges 

Analyzer H2S Detection Limits 

LGA35 50–5000 ppm 

LGA39 50–5000 ppm 

Varian 450 GC 0.02–1 ppm and 50–3000 ppm 

Yokogawa GC >50 ppm 

Dräger Tubes 0.2–6 ppm, 1–200 ppm, 100–2000 ppm 
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torrefaction. The torrefied material was then pulverized to <200 mesh at the EERC. The 

raw corn stover was hammer-milled, and then blended at an 80/20 ratio with hammer-

milled Illinois No. 6 coal, and then the blend was pulverized together. 

 

FT Catalyst Production 

 

The iron-based FT catalyst for testing was produced at the EERC. The catalyst consists 

mainly of iron precipitated on 1/8-inch alumina beads. Three promoters are also added to 

the catalyst: lanthanum, potassium, and copper. Copper helps prevent sintering and 

enhances reduction of iron oxide to iron at low temperatures. Potassium lowers the 

acidity of the support, which increases selectivity to heavy hydrocarbons. Lanthanum 

also reduces the acidity of the support and may slow deactivation. 

 

Overall System Configuration for Sweetened, Quenched, and Warm Tests 

 

In order to facilitate the overall scope of work, the system was set up so that syngas sent 

to the FT unit could run through the quench pots and gas-sweetening system or bypass 

each. Three FT process configurations were developed that were referred to as 

sweetened, quenched, and warm. Figure 6 shows these configurations. For all scenarios, 

the sour shift was not used, and the syngas passed through the bed of RVS-1 desulfurizer 

and a sulfur-polishing bed (not shown in the schematic). In the sweetened configuration, 

the syngas passes through the quench pots and the physical solvent system prior to 

entering the FT reactor. These steps removed most of the moisture and CO2 from the 

syngas and concentrated the hydrogen and CO. In the quenched case, the syngas passed 

through the quench pots but then bypassed the physical solvent system, such that the gas 

stream still contained significant amounts of CO2. In the warm-gas case, the syngas 

bypassed both the quench pots and physical solvent system. This syngas stream still 

contained significant amounts of both CO2 and moisture. 

 

Test Plan 

 

The original test plan divided the experiments into two separate test campaigns. The first 

campaign was developed to perform the initial parametric testing on the system and 

determine where improvements could be made to optimize the overall process. Several 

improvements were identified and implemented throughout the course of testing and 

aided in the successful operation of the optimization tests. Each of the test campaigns is 

described below. 

 

The purpose of the parametric campaign was to evaluate the overall FT process and make 

improvements as deemed necessary. The FT performance with syngas produced by the 

EFG fired with Illinois No. 6 coal with various blends of raw and torrefied corn stover 

was evaluated in detail. The test plan for the parametric tests is shown in Table 2. The 

testing was planned to start with 100% Illinois 6 coal and then transition to the blend 

testing with 80/20 and 90/10 coal/torrefied corn stover. This transition was to be followed 

by the raw corn stover blend testing. Ultimately feed issues with the blended fuel caused  

 



 

20 

 
 

Figure 6. Process layout for sweet, quenched, and warm conditions. 

 

 

the parametric test matrix to be divided into separate test weeks, and the raw corn stover 

testing was held off until the optimization test week. The 80/20 torrefied corn stover 

blend tests were completed in the first portion of the parametrics, and the 90/10 tests were 

completed in the second portion. The feed rate was also reduced from 10 lb/hr to 8 lb/hr. 

The FT reactor was planned to be run under the sweetened, quenched, and warm-gas 

scenarios as the feedstock was also varied. It was assumed that because of the level of gas 

cleanup, the feedstock would not have an impact on the performance of the FT unit. 

 

Based on the results of the parametric testing, several changes were made to the system 

for the optimization tests. The most pronounced change was a change to the injector 

nozzle configuration to prevent swelling of the fuel. The test plan is shown in Table 3. 

Longer-duration testing was planned on the system with coal only and with the warm-

syngas FT configuration. Then, the sweetened FT configuration was planned to be 

brought online again with coal only, followed by raw corn stover testing. 
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Table 2. Test Plan for Parametric Test Runs 

Test Number P-1 P-2 P-3 P-4 P-5 P-6 P-7 

Coal Type IL 6* IL 6 IL 6 IL 6 IL 6 IL 6 IL 6 

Biomass Type None 

Torr. 

Corn 

Stover 

Torr. 

Corn 

Stover 

Torr. 

Corn 

Stover 

Torr. 

Corn 

Stover 

Raw 

Corn 

Stover 

Raw 

Corn 

Stover 

Blend Ratio 100/0 80/20 90/10 90/10 90/10 90/10 80/20 

        

Fuel Feed Rate, lb/hr 10 10 10 10 10 10 10 

O2 Feed Rate, scfh 138 129 129 129 133 128 119 

Steam Rate, scfh 226 214 214 214 223 215 205 

N2 Feed Rate, scfh 0 0 0 0 0 0 0 

Recycle N2 Rate, scfh 98 98 98 98 98 98 98 

Purge N2 Rate, scfh 56 56 56 56 56 56 56 

Gasifier Max. Temp., °F 2800 2800 2800 2800 2800 2800 2800 

Gasifier Avg. Temp., °F 2700 2700 2700 2700 2700 2700 2700 

Pressure, psig 250 250 250 250 250 250 250 

O/C, mole basis 1.41 1.41 1.41 1.41 1.41 1.41 1.41 

Steam/C, mass basis 1.61 1.61 1.61 1.61 1.61 1.61 1.61 

        

Predictions        

Flame Temp, °F 3390 3324 3324 3324 3357 3324 3255 

Residence Time, s 2.29 2.39 2.39 2.39 2.34 2.36 2.43 

        

Dry Gas Composition        

H2, mol% 16.2 16 16 16 16.1 16.5 16.8 

CO, mol% 27.2 26.4 26.4 26.4 26.8 26.5 25.8 

CO2, mol% 17.1 16.9 16.9 16.9 17 16.6 16.1 

N2, mol% 38.5 39.8 39.8 39.8 39.1 39.4 40.4 

H2S, ppm 8561 7150 7150 7150 7867 7946 7288 

Dry Syngas Flow, acfh 282.7 266.8 266.8 266.8 274.7 270.2 257.8 

        

FT Feed Sweet Sweet Sweet Quench Warm Sweet Sweet 

* IL 6 stands for Illinois No. 6. 
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Table 3. Optimization Test Plan 

Test Number 1 2 3 4 

Coal Type IL 6 IL 6 IL 6 IL 6 

Biomass Type None None 

Raw Corn 

Stover 

Raw Corn 

Stover 

Blend Ratio 100/0 100/0 90/10 80/20 

 

    Fuel Feed Rate, lb/hr 8 8 8 8 

O2 Feed Rate, scfh 129 129 119 110 

Steam Rate, scfh 185 185 175 166 

N2 Feed Rate, scfh 0 0 0 0 

Recycle N2 Rate, scfh 98 98 98 98 

Purge N2 Rate, scfh 56 56 56 56 

Gasifier Max. Temp., °F 2800 2800 2800 2800 

Gasifier Avg. Temp., °F 2700 2700 2700 2700 

Pressure, psig 275 275 275 275 

O/C, mole basis 1.41 1.41 1.41 1.41 

Steam/C, mass basis 1.61 1.61 1.61 1.61 

 

    Predictions 

    Flame Temp., °F 3255 3255 3185 3110 

Residence Time, s 2.7 2.7 2.77 2.85 

 

    Dry Gas Composition 

    H2, mol% 15 15 15.3 15.4 

CO, mol% 24.4 24.4 23.8 23.1 

CO2, mol% 15.8 15.8 15.4 14.9 

N2, mol% 43.7 43.7 44.6 45.6 

H2S, ppm 7847 7847 7259 6635 

Dry Syngas Flow, acfh 231.5 231.5 221.2 210.9 

 

    FT Feed Warm Sweetened Sweetened Sweetened 

 

 

  



 

23 

RESULTS AND DISCUSSION 

 

Fuels Analysis 

 

Illinois No. 6 coal from the Gateway Mine near Coulerville, Illinois, was used for all of 

the testing in this project. Table 4 shows the proximate, ultimate, and heating value 

analysis of the fuel. The properties of the fuel are very typical of a bituminous coal with 

high fixed-carbon content and low moisture. The sulfur content was around 3.5% which 

is also typical of a fuel from this region. Analysis of the raw and torrefied corn stover is 

shown in Table 5. The fuel moisture was reduced from about 16.5% to 7.5% in the 

torrefaction process, and the heating value was increased significantly. The fuel would be 

more economical to transport in a torrefied form versus a raw form. Sulfur is very low in 

the corn stover, under 0.1%. The raw corn stover also contains very high levels of 

oxygen, suggesting high reactivity and also impacting the oxygen needs in the gasifier. 

 

 

Table 4. Gateway Coal Analysis 

 

As-Received Dry Dry/Ash-Free 

Proximate Analysis, wt% 

   Moisture 5.87 N/A* N/A 

Volatile Matter 37.07 39.38 44.79 

Fixed Carbon (index) 45.69 48.54 55.21 

Ash 11.37 12.08 N/A 

    Ultimate Analysis, wt% 

   Hydrogen 5.10 4.72 5.37 

Carbon 64.77 68.81 78.26 

Nitrogen 1.30 1.38 1.57 

Sulfur 3.66 3.88 4.42 

Oxygen (index) 13.81 9.13 10.38 

Ash 11.37 12.08 N/A 

    Heating Value, Btu/lb 11,361 12,069 13,728 
* Not applicable. 
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Table 5. As-Received Corn Stover Analysis 

 

Raw Torrefied 

Proximate Analysis, wt%   

Moisture 16.42 7.66 

Volatile Matter 57.75 30.34 

Fixed Carbon (index) 11.46 36.59 

Ash 14.37 25.41 

   Ultimate Analysis, wt% 

  Hydrogen 6.04 3.90 

Carbon 33.21 47.16 

Nitrogen 0.61 0.95 

Sulfur 0.05 0.07 

Oxygen (index) 45.72 22.51 

Ash 14.37 25.41 

Heating Value, Btu/lb 5589 7611 

 

 

Gasifier Operational Data 

 

Table 6 presents average EFG operating parameters for the parametric tests. Fuel feed 

rate was calculated using two different methods. The first method uses the loss in weight 

of the feeder scale over time. The second method evaluates the time between fuel refills 

and the scale weight reading at each of those refill points. The average of the two feed 

estimates was used for all calculations of oxygen/carbon and steam/carbon ratio as well 

as for estimating carbon conversion. The coal feed rate was set at 10 lb/hour for the 

February tests but was reduced to 8 lb/hr for the March tests as this was thought to aid in 

operational stability. The main gasifier temperature was maintained near 2740°F, and the 

system pressure was set at 275 psi. The oxygen and steam ratios were maintained as 

consistent as possible throughout the test run. 

 

Start-Up 

 

Testing commenced on February 4, 2014. The gasifier was pressurized and heated to its 

operating temperature over a 48-hour period. During this time, the FT reactor was heated 

up to its operating temperature, and the catalyst was reduced with CO until no additional 

exothermic reaction was observed. Before testing could begin, a fault occurred with a 

component in the feeder system. This resulted in a complete disassembly of the feeder 

vessel for repair. Testing continued on February 4, 2014. For the first baseline test 

condition, the EFG was fired with 100% Illinois No. 6. Coal feed was established, and 

operating parameters were adjusted to meet the test conditions. The fixed beds containing 

the regenerable sulfur sorbent and final sulfur-polishing sorbent were brought online and 

sulfur levels were checked on the back-end dry gas meter. When the system was 

stabilized, the gas-sweetening and FT systems were brought online. 
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Table 6. Average Operating Conditions for the Parametric Testing 

Test No. P-1 P-2 

P-1 

(March) P-3 P-4 

Date 2/4/14 2/4/14 3/17/14 3/19/14 3/19/14 

Coal IL 6 IL 6 IL 6 IL 6 IL 6 

Biomass None Torr. CS* None Torr. CS Torr. CS 

Blend (coal/biomass), wt% 100/0 80/20 100/0 90/10 90/10 

EFG Temp., °F 

  

      

Coal Feeder 85 87 86 87 88 

O2/N2/Steam Inlet 673 685 663 539 536 

Recycle Inlet 663 665 634 663 663 

Zone 1 2738 2738 2737 2737 2737 

Zone 2 2740 2738 2739 2738 2737 

Zone 3 2731 2691 2729 2692 2652 

Zone 4 2107 1957 2047 1860 1750 

EFG Outlet (postquench zone) 1813 1692 1693 1701 1672 

EFG Outlet (horizontal pass) 1180 1193 1064 1083 1067 

EFG Outlet (final) 510 681 296 343 417 

Filter Vessel Temp., °F 

  

      

Filter Vessel Inlet 781 716 853 837 841 

Filter Vessel Outlet 426 400 295 267 281 

Quench Pot Temp., °F 

  

      

West Pot 1 Inlet 458 482 308 294 303 

West Pot 2 Inlet 232 235 195 187 201 

West Pot 3 Inlet 137 142 85 89 93 

West Pot 3 Outlet 79 82 68 70 70 

Feeds, Flows, and Residence Time 

  

      

Fuel Feed Rate (scale), lb/hr 9.3 9.4 6.5 7.6 6.7 

Fuel Feed Rate (refills), lb/hr 10.1 9.9 7.8 9.1 7.7 

Fuel Feed Rate (average), lb/hr 9.7 9.6 7.2 8.4 7.2 

Oxygen Flow, scfh 138 129 109 110 107 

O2/Fuel (lb/lb) 1.20 1.13 1.29 1.11 1.25 

Nitrogen Flow, scfh 34 34 33 34 34 

Steam Flow, lb/hr 10.8 10.3 8.7 8.6 8.7 

Steam/C (weight basis) 1.82 1.86 1.88 1.67 1.96 

Syngas Recycle Flow, lb/hr 0.0 0.0 0.0 0.0 0.0 

Total Purge N2 Flow, scfh 137 145 141 115 118 

Product Gas Flow, scfh 583 596 456 419 382 

Filter Ash, wt% LOI 0.4 1.0 9.3 0.5 3.0 

Carbon Conversion 99.95 99.82 98.87 99.93 99.60 

Calculated Gas Residence Time, s 2.4 2.4 3.1 3.3 3.6 

Pressure, psi 

  

      

EFG Top Pressure 275 275 275 275 275 

EFG Bottom Pressure 275 275 275 275 275 

Filter Vessel Pressure 274 273 274 274 274 

Quench Pot Pressure 266 266 271 269 241 
* Corn stover. 
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Test P-1 

 

Test P-1 was performed with the gas-sweetening system online, the sweetened gas was 

sent to the FT. FT reactor inlet flows were controlled by manual valves on the skid, the 

flows were monitored and adjusted to maintain a 3-to-1 recycle to fresh-gas ratio. During 

FT operation, Dräger tube readings were taken just after the regenerable sulfur sorbent be 

to detect the onset of saturation, when sulfur levels were detected after Fixed Bed 2 flow 

was bypassed and Fixed Bed 3 was brought online while Fixed Bed 2 was regenerated. 

Test 1 FT continued for 3 hours before the fuel blend was changed in preparation for  

Test 2. 

 

Test P-2 

 

Shortly after the conclusion of Test 1, a feed line plug caused a loss of coal feed. The FT 

system was taken off-line and switched to pressurized nitrogen to maintain flows during 

the down time. The feed line plug was cleared in the gasifier and testing resumed. Test 2 

utilized a blend of 80% Illinois No. 6 and 20% torrefied corn stover. When the feed rate 

was verified and the back-end systems verified, the gas-sweetening system and FT 

reactor were brought back online. The FT reactor and sweetening system continued 

operation for 7 hours and 45 minutes until another feed line plug cause the systems to be 

taken off-line. During much of Test 2, feed rates were difficult to maintain, and the 

addition of biomass to the coal seemed to cause some instability in the EFG feed system. 

Additional testing was attempted with coal only after these issues were resolved, but the 

prior instability in the system caused some plugging with a slag deposit that had to be 

cleaned out. At this time, it was decided to perform a complete turn-around on the unit 

and resume parametric testing at a later date. 

 

Test P-1 (March) 

 

Coal feed rate was reduced for this test and all subsequent tests. Oxygen and steam rates 

were also adjusted accordingly. Testing commenced on March 17, 2014. The gasifier was 

pressurized and heated to its operating temperature over a 48-hour period. The feeder and 

steam injection systems were calibrated. Coal feed was started and slowly increased to  

8 lb/hr. The feedstock used was Illinois No. 6 coal. The gas-sweetening system and FT 

reactor were bought online, and the system was allowed to stabilize at operating 

conditions for Test P-1 to reestablish the baseline from prior testing.  

 

Test P-3 

 

A mixture of 10% torrefied biomass was introduced and the system stabilized at 

operating conditions for Test P-3. The gas-sweetening system and the FT reactor were 

brought online and the system adjusted to meet operating conditions for Test P-3. During 

Test 2, Dräger tube readings indicated sorbent in Fixed Bed 2 was beginning to allow 

some sulfur breakthrough to the polishing bed. Fixed Bed 3 (also containing regenerable 

sorbent) was brought online, and Fixed Bed 2 was isolated and heated to start 

regeneration.  
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Test P-4 

 

The gas-sweetening skid was bypassed and the slipstream sent from the quench system to 

the FT reactor for Test 3. Feed rates remained stable and the “unsweetened” gasifier 

product was sent to the FT reactor for the duration of the test. Regeneration continued on 

Fixed Bed 2. The system was prepared to bypass the quench system and send gasifier 

product from the fixed beds directly to the FT reactor for Test P-5. 

 

Test P-5 

 

The quench system was bypassed and the slipstream was sent via a heated line to the FT 

reactor. Some data were gathered on this test condition. Early in the test, an increase was 

observed in the EFG reactor and tube differential pressures. This indicated an ash or slag 

obstruction in the bottom of the gasifier. Coal feed was stopped, and the system was 

depressurized for inspection. The slag pot was removed, and a slag deposit was found 

near the bottom of the reactor tube. The molten material was rodded and scraped out, and 

the bottom of the reactor tube was cleaned at temperature. The ash was vacuumed out of 

the slag pot, and the feed line was disassembled and cleaned. The system was 

reassembled and pressurized. At this point, the Zone 1 heaters in the top of the reactor 

failed, and the system had to be shut down for repair. 

 

EFG Turnaround and Modification 

 

In order to alleviate concerns with coal feed plugging, which in turn was thought to cause 

slag and ash buildup in the system, the injection nozzle was modified before the start of 

the optimization tests. The steam/oxygen injection was moved to a different annulus to 

prevent heatup of the coal prior to injection in the system. This appeared to alleviate the 

coal-swelling issues observed in the previous tests and resulted in more consistent feed. 

 

Test O-1 

 

Table 7 shows the average EFG operating parameters for the optimization tests. The fuel 

feed rate was set at 8 lb/hr for the testing. System temperatures were again maintained at 

around 2740°F, and system pressure was set at 275 psi. Testing commenced on April 21, 

2014. Coal feed was established, and the FT reactor brought online with warm-gas feed. 

EFG product gas was routed from the fixed beds directly the FT reactor, bypassing the 

quench and physical solvent systems. The system was operated in this configuration from 

April 21 to April 23, with a couple of interruptions due to a filter backpulse issue.  

 

Test O-2 

 

The product gas quench and sweetening systems were brought online for Test O-2, and 

the feed continued with 100% coal. Sweetened syngas was supplied to the FT under 

stable conditions for several hours. The end of Test 2 was determined by observing for 

changes in product gas indicating that the 10% corn stover blend for Test O-3 was  
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Table 7. Average EFG Operating Conditions for the Optimization Testing 
EFG Run No. EFG054 EFG054 EFG054 EFG054 

Test No. O-1 O-2 O-3 O-4 

Date 4/21/14 4/23/14 4/23/14 4/23/14 

Coal IL 6 IL 6 IL 6 IL 6 

Biomass None None Raw CS Raw CS 

Blend (coal/biomass), wt% 100/0 100/0 90/10 80/20 

EFG Temp., °F         

Coal Feeder 85 85 85 86 

O2/N2/Steam Inlet 752 749 752 753 

Recycle Inlet 216 216 217 217 

Zone 1 2737 2742 2740 2740 

Zone 2 2734 2735 2732 2732 

Zone 3 2588 2559 2533 2527 

Zone 4 1586 1546 1517 1520 

EFG Outlet (postquench zone) 1568 1510 1479 1461 

EFG Outlet (horizontal pass) 1077 1114 1091 1065 

EFG Outlet (final) 341 370 384 391 

Filter Vessel Temp., °F         

Filter Vessel Inlet 894 816 835 831 

Filter Vessel Outlet 265 272 268 269 

Quench Pot Temp., °F         

West Pot 1 Inlet 70 427 411 427 

West Pot 2 Inlet 69 224 206 220 

West Pot 3 Inlet 68 96 89 93 

West Pot 3 Outlet 67 67 68 69 

Feeds, Flows, and Residence Time       

Fuel Feed Rate (scale), lb/hr 7.3 6.5 7.0 6.6 

Fuel Feed Rate (refills), lb/hr 9.1 8.2 8.7 8.2 

Fuel Feed Rate (average), lb/hr 8.2 7.3 7.8 7.4 

Oxygen Flow, scfh 105 127 117 110 

O2/Fuel, lb/lb 1.08 1.46 1.26 1.25 

Nitrogen Flow, scfh 94 94 94 94 

Steam Flow, lb/hr 8.6 8.7 8.3 7.9 

Steam/C (weight basis) 1.63 1.91 1.64 1.66 

Syngas Recycle Flow, lb/hr 0.0 0.0 0.0 0.0 

Total Purge N2 Flow, scfh 135 135 139 138 

Product Gas Flow, scfh 467 452 479 449 

Filter Ash, wt% LOI 2.4 1.1 1.3 0.7 

Carbon Conversion 99.71 99.80 99.85 99.92 

Calculated Gas Residence Time, s 3.1 3.2 3.1 3.3 

Pressure, psi         

EFG Top Pressure 275 275 275 275 

EFG Bottom Pressure 275 275 275 275 

Filter Vessel Pressure 274 273 273 273 

Quench Pot Pressure 263 266 268 267 
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entering the lower portion of the feeder. After Test 2 was completed, Dräger tube 

readings indicated that Fixed Bed 2 was allowing some sulfur breakthrough to the 

polishing bed. Bed 3 was brought online, and Bed 2 was taken off-line to regenerate.  

 

Test O-3 

 

After the transition to the 10% raw corn stover blend was completed, Test O-3 continued 

FT operation with the gas-sweetening skid. Operation remained stable for several hours 

until changes were observed in the product gas indicating that the next fuel blend was 

reaching the lower portion of the feeder for Test O-4. 

 

Test O-4 

 

Test O-4 was started when the system stabilized after transitioning to the 20% raw corn 

stover blend. Gas sweetening and FT operation continued for several hours. The system 

was shut down on April 24 after adequate data were obtained on both the warm and 

sweetened gas cases, and feeds with both coal only and coal/corn stover blends were 

tested. 

 

Syngas Composition 

 

The average syngas composition for the tests is given in Table 8. The compositions are 

also presented normalized on a nitrogen-free basis to eliminate variations in flow of 

nitrogen purge or nitrogen to the feeder nozzle. During the test campaign, a total of six 

analyzers were used (Varian GC, Yokogawa GC, LGA39, LGA35, LGA105, and 

LGA106). LGA39 and the Yokogawa GC sampled the gasifier product at the dry gas 

meter. Table 8 shows the product gas composition produced during the testing. 

 

LGA105 was used to analyze the sweetened gas supplied to the FT reactor. LGA105 

sampled at the exit of the gas-sweetening system. LGA106 was used to sample the acid 

gas produced by flashing the CO2 solvent. LGA35 and the Varian GC were used to 

analyze the tail gas product from the FT reactor. These analyzers were fed with a sample 

pump and sampled from the exit of the FT reactor vent line. During Test P-1, the sample 

flow rate was too low for the analyzers to work correctly. The problem was corrected 

during Test P-2. LGA105 did not function properly during the March parametric tests. 

Table 9 shows the average compositions of these process streams for the testing. 

 

Ash Analysis 

 

Particle-Size Distribution 

 

Particulate samples were collected from the particulate control device (PCD) and slag 

pot. Multiple samples were collected from each test, and the data are presented here. PSD 

of the ash was estimated by two methods. The first was the dry sieve method, in which 

ash is screened through a column of vibrating sieves and the amount retained at each 

mesh size is weighed and reported. The fines passing through the 325 mesh screen of the  
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Table 8. Gasifier Product Gas Composition 
Test No. P-1 P-2 P-1 (March) P-3 P-4 O-1 O-2 O-3 O-4 

Start Date 2/4/14 2/4/14 3/17/14 3/19/14 3/19/14 4/21/14 4/23/14 4/23/14 4/23/14 

Coal IL 6 IL 6 IL 6 IL 6 IL 6 IL 6 IL 6 IL 6 IL 6 

Biomass None Torr. CS None Torr. CS Torr. CS None None Raw CS Raw CS 

Blend (coal/biomass), wt% 100/0 80/20 100/0 90/10 90/10 100/0 100/0 90/10 80/20 

Gasifier Outlet 

     
        

Product Gas Composition, vol% (LGA39) 
 

        

H2 14.3 8.6 16.1 19.5 16.2 19.3 13.6 16.6 15.2 

CO 10.1 6.9 13.4 16.9 13.6 17.0 12.0 15.4 13.8 

CO2 18.6 10.1 18.0 16.6 18.7 15.5 21.6 18.3 18.5 

N2 41.9 56.7 49.4 44.0 50.5 48.1 51.6 48.9 51.8 

CH4 ND
1
 ND ND ND ND ND ND ND ND 

H2S 0.50 0.40 0.50 0.52 0.48 0.53 0.55 0.51 0.45 

Total 84.9 82.4 97.4 97.5 99.5 99.9 98.9 99.2 99.3 

Product Gas Composition, vol% (Yokogawa GC) 
 

        

H2 17.7 14.8 27.3 22.6 19.2 18.7 14.2 17.1 15.4 

CO 10.9 11.2 13.3 10.8 10.3 16.6 10.7 12.9 11.0 

CO2 20.5 17.9 17.6 16.4 19.4 14.9 20.8 17.8 17.9 

N2 37.7 40.0 46.2 41.2 48.7 53.3 59.5 56.6 60.1 

CH4 ND ND ND ND ND ND ND ND ND 

H2S NA NA 0.47 0.50 0.47 0.50 0.53 0.49 0.42 

COS ND ND ND ND ND ND ND ND ND 

C3H6 ND ND ND ND ND ND ND ND ND 

C2H4 ND ND ND ND ND ND ND ND ND 

C2H6 ND ND ND ND ND ND ND ND ND 

C3H8 ND ND ND ND ND ND ND ND ND 

Total 87.0 84.0 105.0 91.5 98.2 104.2 105.7 104.9 104.8 
1
 Not detected.  Continued . . . 
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Table 8. Gasifier Product Gas Composition (continued) 

Test No. P-1 P-2 P-1 (March) P-3 P-4 O-1 O-2 O-3 O-4 

Start Date 2/4/14 2/4/14 3/17/14 3/19/14 3/19/14 4/21/14 4/23/14 4/23/14 4/23/14 

Coal IL 6 IL 6 IL 6 IL 6 IL 6 IL 6 IL 6 IL 6 IL 6 

Biomass None Torr. CS None Torr. CS Torr. CS None None Raw CS Raw CS 

Blend (coal/biomass), wt % 100/0 80/20 100/0 90/10 90/10 100/0 100/0 90/10 80/20 

Gasifier Outlet 

     

        

Product Gas Composition, vol% (averaged LGA39, Yokogawa GC)        

H2 16.0 11.7 21.7 22.6 15.0 19.0 13.9 17.1 15.4 

CO 10.5 9.0 13.3 10.8 10.2 16.8 11.4 12.9 11.0 

CO2 19.6 14.0 17.8 16.4 20.9 15.2 21.2 17.8 17.9 

CH4 ND ND ND ND ND ND ND ND ND 

N2 39.8 48.4 47.8 41.2 51.3 50.7 55.5 56.6 60.1 

Total 86.0 83.2 101.2 94.5 98.8 102.0 102.3 104.9 104.8 

Product Gas Composition N2-Free, vol%      

H2 26.6 22.6 41.7 38.5 30.7 38.6 31.3 39.3 38.6 

CO 17.5 17.5 25.6 18.3 21.0 34.1 25.6 29.8 27.5 

CO2 32.5 27.2 34.1 27.8 42.8 30.8 47.7 41.0 44.8 

CH4 ND ND ND ND ND ND ND ND ND 

  

         H2/CO Ratio, dry basis 1.41 1.25 1.21 1.15 1.20 1.14 1.13 1.08 1.10 

CO/CO2 Ratio, dry basis 0.54 0.68 0.74 1.02 0.73 1.10 0.56 0.84 0.75 

Higher Heating Value, Btu/scf 86 67 113 108 82 116 82 97 85 

Higher Heating Value (N2-free), Btu/scf 142 130 217 184 167 235 184 223 214 

HHV (N2-free): O2/Fuel Ratio 119 115 169 166 134 217 126 177 171 
1 Not detected. 
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Table 9. Sweetened and Acid Gas Compositions 

Test No. P-1 P-2 P-1 (March) P-3 P-4 O-1 O-2 O-3 O-4 

Start Date 2/4/14 2/4/14 3/17/14 3/19/14 3/19/14 4/21/14 4/23/14 4/23/14 4/23/14 

Coal IL 6 IL 6 IL 6 IL 6 IL 6 IL 6 IL 6 IL 6 IL 6 

Biomass None Torr. CS None Torr. CS Torr. CS None None Raw CS Raw CS 

Blend (coal/ 

biomass), 

wt% 

100/0 80/20 100/0 90/10 90/10 100/0 100/0 90/10 80/20 

FT Product Gas Composition, vol% (Varian GC) 

 

        

H2 NA
1
 12.1 11.9 11.6 9.4 NA 11.4 NA 9.8 

CO NA 11.0 8.8 9.3 6.9 NA 8.4 NA 7.0 

CO2 NA 9.7 8.0 11.0 24.5 NA 8.3 NA 9.7 

N2 NA 60.6 65.2 61.0 54.6 NA 64.3 NA 65.5 

CH4 NA 0.58 0.48 0.74 0.41 NA 0.72 NA 0.88 

H2S NA ND
2
 ND ND ND NA ND NA ND 

COS NA ND ND ND ND NA ND NA ND 

C3H6 NA 0.15 0.16 0.23 0.12 NA 0.17 NA 0.19 

C2H4 NA 0.06 0.07 0.08 0.05 NA 0.06 NA 0.06 

C2H6 NA 0.15 0.15 0.23 0.12 NA 0.21 NA 0.25 

C3H8 NA 0.03 0.04 0.09 0.03 NA 0.07 NA 0.11 

Total NA 94.4 94.8 94.9 96.3 NA 93.6 NA 93.5 

FT Product Gas Composition, vol% (LGA35) 

H2 NA NA NA 11.4 8.8 17.6 8.5 9.0 7.7 

CO NA NA NA 6.9 5.4 7.6 5.7 6.4 5.0 

CO2 NA NA NA 11.7 23.7 21.3 8.9 10.3 10.2 

N2 NA NA NA 55.3 52.6 45.3 63.7 61.5 64.0 

CH4 NA NA NA ND ND ND ND ND ND 
Total NA NA NA 85.3 90.5 91.9 86.8 87.2 86.8 

Sweet Gas Composition, vol% (LGA106)    

    H2 23.0 20.0 19.8 24.2 NA NA 19.0 20.5 19.7 

CO 16.9 17.5 14.8 18.7 NA NA 12.6 14.9 13.8 

CO2 4.8 5.8 4.7 5.7 NA NA 4.1 4.9 4.8 

N2 53.6 56.0 60.3 51.7 NA NA 63.0 59.0 60.7 

CH4 ND ND ND ND NA NA ND ND ND 

Total 98.3 99.3 99.5 100.3 NA NA 98.7 99.2 98.9 

Acid Gas Composition, vol% (LGA105) 

    H2 2.7 2.7 NA NA NA NA 3.7 4.4 4.5 

CO 2.5 3.1 NA NA NA NA 3.2 4.0 3.8 

CO2 88.9 86.9 NA NA NA NA 85.0 82.0 81.9 

N2 5.5 5.3 NA NA NA NA 7.5 7.7 8.1 

CH4 ND ND NA NA NA NA ND ND ND 

Total 99.9 98.2 NA NA NA NA 99.5 98.3 98.6 
1
 Not available. 

2
 Not detected. 
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dry sieve were analyzed in a Malvern 2600 laser diffraction particle size to estimate 

particle size by light scattering. With this instrument, the ash sample is suspended in a 

liquid that flows past a laser transmitter. A detector records the diffraction patterns over 

time, and using appropriate algorithms, the PSD of the ash sample is estimated. The 

Malvern was not able to analyze the complete composite sample because of the 

significant fraction of larger particles. The two results together make up the complete size 

distribution of ash particles. 

 

As can be seen from the data shown in Figures 7–9, the PSD of samples collected in the 

PCD was relatively consistent. The PSD of the slag pot samples was significantly 

courser, indicating these larger particles settle out in the slag pot and to not reach the 

PCD. 

 

Ash Composition 

 

Tables 10 and 11 show the ash composition from samples collected during the parametric 

and optimization tests, respectively. The ash composition in both the PCD and the slag 

pot remained fairly consistent throughout the test runs. The silica, alumina, and iron 

contents were maintained at approximately 50%, 20%, and 15% for the duration of the 

testing. The potassium level in the PCD did not seem to significantly change with the 

introduction of biomass. 

 

 

 
 

Figure 7. Parametric Malvern PSD results (EOT is end of test). 
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Figure 8. Parametric Malvern PSD results (March tests). 

 

 

 

 

 

 

 
 

Figure 9. Optimization test Malvern PSD results. 
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Table 10. Ash Composition from the Parametric Tests 

Test No.: 

PCD 

Test P-1 

PCD 

Test P-2 

PCD 

Test P-2 

PCD 

Test P-2 

PCD 

Test P-3 

PCD 

Test P-4 

Slag Pot 

Ash 

Ash Composition, wt% as oxides 

Silica, SiO2 51.9 52.8 54.2 54.7 54.6 54.0 53.2 

Aluminum, Al2O3 21.1 20.1 18.3 19.0 18.8 19.1 18.5 

Ferric, Fe2O3 14.1 13.0 11.9 11.9 12.1 12.0 15.0 

Titanium, TiO2 1.2 1.1 1.1 1.2 1.0 1.2 1.0 

Phosphorus, P2O5 0.2 0.2 0.4 0.3 0.3 0.3 0.2 

Calcium, CaO 5.3 5.2 5.1 4.8 5.1 5.4 4.7 

Magnesium, MgO 1.1 1.5 2.0 1.9 2.1 2.1 1.4 

Sodium, Na2O 1.1 1.1 0.9 0.9 0.9 0.9 0.9 

Potassium, K2O 2.8 3.2 4.1 4.0 3.9 3.7 3.2 

Sulfur, SO3 1.3 1.8 2.1 1.3 1.3 1.3 1.9 

 

 

Table 11. Ash Composition from the Optimization Tests 

Test No.: 

PCD 

Test  

O-1 

PCD 

Test  

O-1 

PCD 

Test  

O-1 

PCD 

Test  

O-2 

PCD 

Test  

O-3 

PCD 

Test  

O-4 

PCD 

Test  

O-4 

Slag 

Pot 

Ash 

Ash Composition, wt% as oxides 

Silica, SiO2 49.8 52.6 52.4 52.2 52.1 51.9 51.4 52.8 

Aluminum, Al2O3 18.6 20.3 20.2 20.6 21.0 20.7 20.3 18.0 

Ferric, Fe2O3 18.5 13.2 16.3 14.8 14.9 14.0 13.6 16.7 

Titanium, TiO2 1.1 1.4 1.4 1.3 1.3 1.3 1.3 1.1 

Phosphorus, P2O5 0.2 0.2 0.1 0.2 0.2 0.3 0.4 0.1 

Calcium, CaO 4.5 4.8 3.3 3.9 4.0 4.6 5.6 4.5 

Magnesium, MgO 1.4 1.5 1.1 1.2 1.1 1.2 1.4 1.3 

Sodium, Na2O 0.9 1.1 1.2 1.3 1.2 1.3 1.2 1.0 

Potassium, K2O 3.2 3.1 2.8 2.8 2.7 3.0 3.1 2.9 

Sulfur, SO3 1.8 1.7 1.3 1.7 1.5 1.8 1.8 1.7 

 

 

SEM Analysis of Slag Samples 

 

Sample 118195 is a slag sample from the slag pot from the February parametric test run. 

A scanning electron microscopy (SEM) image of an area of the interface of the slag 

deposit with the tube is shown in Figure 10. The brightness of areas in the image is 

proportional to atomic number, with darker areas indicating concentrations of elements 

with lower atomic number.  

 

This slag was produced from an Illinois No. 6 bituminous coal and has a quite different 

appearance from the EFG049 and EFG050 samples, which were produced from an 

Antelope Mine subbituminous coal. The slag composition is generally quite uniform, 

containing 53% silica, 15.7% alumina, and 14% iron with only 6% calcium and 4% 

magnesium. The surface is rough, with numerous voids, indicating that the slag did not 

reach a temperature enough to completely melt the ash particles. This is consistent with  

 



 

36 

 
 

Figure 10. SEM image of a typical area of Sample 118195. 

 

 

the high silica content, which would raise the slag melting point. At higher magnification, 

extensive areas of small crystal growth are seen in the slag, as shown in Figure 11. The 

composition is approximately 14% alumina, 43% silica, and 24% iron, and represents an 

iron aluminosilicate phase separating from the bulk slag.  

 

Quench Water Analysis 

 

The water drained from the quench pots was analyzed to determine COD, TOC, chlorine, 

and ammonia concentrations. Table 12 presents the results from each test condition. After 

the first set of parametric test, the feed rate was stabilized and the TOC observed was 

what is expected from the EFG. Variable levels of chlorine and ammonia were observed 

throughout the tests with no clear pattern as to why the variability exists in the data. 

 

Performance of Sulfur Removal Sorbent 

 

A regenerable sulfur sorbent called RVS-1 from Clariant was used for bulk sulfur 

removal during this testing, followed by a polishing bed of actisorb S. The RVS-1 sorbent 

had been used successfully during previous tests at the EERC with Powder River Basin 

(PRB) coal but had not yet been tested using Illinois No. 6 coal. The Illinois No. 6 fuel 

typically has significantly higher levels of sulfur than the PRB coals; therefore, the 

performance of the sorbent with these levels of sulfur was unknown prior to this testing. 

The sorbent is zinc-based and the regenerative properties allow it to be used for multiple  
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Figure 11. SEM image of small crystals present in Sample 118195. 

 

 

Table 12. Quench Water Composition During the 

Test Campaign 

  Water Concentration 

  COD, TOC, Cl, NH3, 

Test No. mg/L mg/L mg/L mg/L 

P-1 60 196 1 464 

P-2 80 934 1 2100 

          

P-1 (March) 40 17.5 633 229 

P-3 40 4 95 65 

P-3 40 25.5 458 120 

P-4 40 54.8 17 99 

P-4 40 35.6 366 234 

          

Test O-1 50 43 757 1690 

Test O-1 50 87 394 918 

Test O-2 40 4.9 9.8 121 

Test O-4 60 59 64.9 250 
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cycles. The sorbent is set up in two beds, such that one sorbent is capturing H2S and 

COS, while the other is regenerating. The sulfur was captured at about 600°F, and 

regeneration takes place at 1000°F in the presence of oxygen. 

 

Table 13 shows the performance data of the sorbent over three selected test periods that 

had variation in the operation of the fixed beds. During the initial testing, the sorbent was 

set up to take the full stream of syngas from the EFG. This resulted in a breakthrough 

time of about 5 hours. Considering it takes about 12 hours to regenerate the beds, this 

setup was not feasible for continuous operation. In subsequent tests, the system was 

rerouted such that only the syngas feed to the FT unit was run through the RVS-1 beds. 

This significantly reduced the amount of sulfur fed to the fixed beds and allowed for 

continuous operation. The bed operated for 14 hours before breakthrough during Test 2, 

and the bed operated for 35 hours under Test 3 before breakthrough occurred. Under all 

cases, the bed was capable of reducing H2S to about 2 ppm prior to breakthrough, which 

represents a percent removal >99.9%. The sulfur loadings achieved varied significantly, 

and Test 1 is likely showing a higher loading than would be observed at the 20 ppm 

breakthrough point. The longer residence time in Test 3 was shown to increase loading 

capacity over Test 2, from 2.5% to 4.1%. These capacities could be further optimized 

with further study and design concepts. Overall, it was demonstrated that the sorbent is 

capable of removing sulfur from Illinois No. 6 coal-derived syngas streams to levels that 

are suitable for FT synthesis. 

 

FT Unit Operating Conditions and Performance 

 

The average FT operating conditions and key performance metrics during the parametric 

testing are shown in Table 14. Reactor pressure was maintained around 225 psi and the 

operating temperature was held at about 465°F. Flows were maintained at 110 scfh for 

the first few tests, but dropped to 87 scfh for the quenched test. Recycle ratio was held at 

around 2:1. The CO conversion peaked during the end of Test 2 where it hit about 70% 

but then fell off considerably during the quenched test. This was also reflected in the oils 

 

 

Table 13. RVS-1 Performance Data 

 

Test 1 Test 2 Test 3 

Sorbent Weight, lb 27.1 27.1 27.1 

Syngas Flow, scfh 555 110 68 

Time to Breakthrough, hr 5.0 14.1 35.0 

Weight of Sulfur Fed, lb 2.7 0.68 1.1 

Loading, % 10.0 2.5 4.1 

Residence Time, s 1.9 9.7 15.6 

Prebreakthrough H2S Conc., ppm <2 <2 <2 

Prebreakthrough Capture, % >99.9 >99.9 >99.9 

Breakthrough H2S Conc., ppm 220 19 27 
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Table 14. Average FT Operating Conditions During the Parametric Testing 

Test Period P-1 (March) P-3 P-3 P-4 

Date 3/17/14 3/18/14 3/19/14 3/19/14 

Coal 100% Gateway 90% Gateway 90% Gateway 90% Gateway 

Biomass None 10%Torrefied CS 10% Torrefied CS 10% Torrefied CS 

Test Type Sweetened Sweetened Sweetened Quenched 

Reactor Pressure, psi 229.3 233.9 219.7 219.4 

Average Temperature, °F 463.8 464.8 469.5 463.3 

Sweet Gas Inlet Flow, 

scfh 

110.2 110.8 103.8 86.8 

Recycle Flow, scfh 195.9 205.5 204.0 187.3 

Product Gas Flow, scfh 84.9 81.2 71.7 76.7 

CO Conversion, vol% 54.0 52.8 70.0 47.2 

Oils Production, g/hr N/A 3.5 27.8 8.9 

 

 

production, as FT liquids production peaked during the second half of Test 2 and then 

dropped considerably during the quenched test. The distribution of products produced is 

discussed in the next section.  

 

Table 15 shows the average FT operating conditions during the optimization testing. 

Similar operating conditions were targeted for this testing as compared to the parametric 

tests, with flows slightly decreased. The CO conversion was near 70% for all of the 

testing, but a significant change was observed in the oils production rates for the warm 

versus sweetened gas testing. High production rates could not be achieved in the warm 

testing but were later achieved after the sweet gas was brought back online. This 

indicates that a significant level of light components was likely being produced by the 

catalyst that were not being collected in the collection pots. 

 

Liquid Fuels Analysis 

 

Liquid fuels samples from each of the test periods were submitted for detailed analysis 

using GC/mass spectroscopy (MS). Some of the samples collected are shown in  

Figure 12. The samples on the left were generally collected during the warm-gas testing 

and are, therefore, diluted with process water. The samples on the right were collected 

during the sweet gas testing and have a higher concentration of hydrocarbons. The 

samples were intended to be shipped out for additional analysis at an outside laboratory; 

therefore, a sampling technique was developed that did not impact the integrity of the 

samples. The original samples typically consisted of two phases. The bottom phase was a 

milky aqueous phase and upper phase was light yellow oil. A few FT liquids were 

contained in a clear aqueous phase. In order to pull out a representative sample for 

analysis, the product was homogenized by vigorous stirring and a known volume of the 

homogenized liquid was removed. The sample was mixed with internal standard and 

extracted with methylene chloride. The aqueous samples remaining after removing 

methylene chloride extract were analyzed by calibrated GC and GC–MS.  
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Table 15. Average FT Operating Conditions During the Optimization Testing 

Test Period O-1a O-1b O-1c O-2 O-3 O-4a O-4b 

Date 4/21/14 4/22/14 4/23/14 4/23/14 4/23/14 4/23/14 4/24/14 

Coal IL 6 IL 6 IL 6 IL 6 IL 6 IL 6 IL 6 
Biomass None None None None 10% raw CS 20% raw CS 20% raw CS 

Test Type Warm Warm Warm Sweet Sweet Sweet Sweet 

Reactor Pressure, 

psi 

227.9 223.7 228.0 226.8 226.3 227.0 226.6 

Average 

Temperature, °F 

490.0 493.0 487.0 498.0 502.0 501.0 501.0 

Sweet Gas Inlet 

Flow, scfh 

68.3 64.5 69.7 70.4 71.0 68.4 64.4 

Recycle Flow, scfh 228.7 211.4 221.1 214.1 218.3 225.2 219.4 

Product Gas Flow, 

scfh 

46.8 23.4 46.2 52.2 51.6 49.2 44.4 

CO Conversion, 

vol% 

69.3 87.7 74.1 66.6 68.7 74.1 70.5 

Oils Production, 

g/hr 

0.5 1.0 1.0 1.7 7.5 14.3 16.3 

 

 

 
 

Figure 12. Samples collected during testing. 

 

 

Samples were collected during both the parametric testing and the optimization testing. 

Testing during both phases seems to reveal a similar trend in the hydrocarbon 

distribution. The presence of moisture and/or CO2 seems to adjust the hydrocarbon 

distribution to smaller chain products. Minimization of these species tends to result in 

more production of longer-chain hydrocarbons.  

 

The hydrocarbon distribution of the FT product produced during the sweet parametric 

testing is shown in Figure 13. Although there are two distinct peaks in the distribution, 

the main product is centered around C15, indicating a product is being produced that is 

suitable for refining into diesel fuel. Paraffins and isoparaffins dominate the product 

distribution, and appreciable amounts of olefins are also produced. A small amount of 

smaller-chain alcohols was also present in the mix but did not make up a significant 

portion of the product. 
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Figure 13. Product distribution attained during the parametric sweetened tests. 

 

 

Figure 14 shows the product distribution of the FT liquids produced during the quenched 

parametric testing. The product distribution of this sample is significantly shifted to the 

left as compared to the sweet gas test. This indicates that the presence of higher levels of 

CO2 in the feed gas is causing the products to shift to lighter components. A product of 

this type would be more suitable for gasoline production. The product was again 

dominated by paraffin and isoparaffin production. It also tended to have a significant 

concentration of olefins in the C7–C14 range, with insignificant amounts of olefins 

produced in the longer chains. Similar levels of alcohols were produced as compared to 

the sweetened sample. 

 

Figure 15 shows the product distribution of the FT liquids produced during the warm-gas 

parametric testing. It should be noted that this test condition was only run for about an 

hour and that steady state may not have been achieved. Further data were gathered during 

the optimization testing to verify the results observed. The product distribution is further 

pushed to the left from the quenched sample. The hydrocarbons are distributed between 

paraffins and olefins much like the previous sample, and the levels of alcohols did not 

change. 

 

Testing of the warm and sweetened conditions was repeated during the optimization 

testing to help confirm the results found during the parametric tests. Figure 16 shows the 

product distribution of FT liquids collected during the warm optimization testing. The 

overall concentration of the hydrocarbons is low because they are diluted with gasifier 

process water in this scenario. These data confirm the trend of moving toward lighter 

products as moisture and CO2 are introduces, as observed during the parametric testing. 
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Figure 14. Product distribution attained during the parametric quench tests. 

 

 

 

 

 

 
 

Figure 15. Product distribution attained during the parametric warm test (note: test was 

abbreviated because of the gasifier issue). 
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Figure 16. Product distribution attained during the optimization warm tests. 

 

 

The products are very light, and a significant level of methanol was also observed in the 

sample. This shows that the catalyst is not performing well in the presence of moisture 

and CO2 and indicates that the warm-gas process scheme may not be viable for this 

particular catalyst.  

 

Figure 17 helps to confirm the findings of the warm-gas testing by showing data from 

sweet gas testing that occurred after the warm-gas testing. As can be seen in the figure, 

the activity of the catalyst returns when moisture and CO2 are removed from the feed, and 

the product produced is rich in higher hydrocarbons. Production levels for paraffins and 

olefins returned to the levels observed during the parametric sweet gas tests. 

 

To further verify the results and confirm catalyst performance, coal-derived syngas that 

was contained in gas cylinders was fed to the reactor under sweetened and quenched 

conditions. The syngas was sulfur-free and contained similar amounts of H2, CO, CO2 

and N2 as the gas that was fed during testing. Figure 18 shows the product distribution 

attained during quench testing. The data indicate good catalyst activity with a trend 

toward lighter products such as gasoline constituents. Figure 19 shows the product 

distribution attained after gas sweetening was added to the process. The general trend 

shows a slight shift toward heavier components, although the shift is not quite as 

pronounced as was observed in the earlier testing. These data suggest that the presence of 

moisture in the feed gas has a more significant impact than the presence of CO2 on the 

catalyst performance. 
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Figure 17. Product distribution attained during the optimization sweetened tests. 

 

 

 

 
 

Figure 18. Product distribution attained during the bottle gas quenched tests. 
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Figure 19. Product distribution attained during the bottle gas sweetened tests. 

 

 

Process Modeling 

 

Model Description 

 

A process model was developed using Aspen Plus that represents the coal gasification 

and FT synthesis processes. The model was built to simulate gasification on the EERC’s 

EFG, and is shown in Figure 20. Coal enters into the model as a nonconventional 

component. The user specifies the proximate analysis and the ultimate analysis of the fuel 

on the dry basis. The analytical results are used convert the coal stream to a stream 

consisting of basic elements including C, H, N, S, and O, that can be utilized in Aspen 

Plus. The conversion occurs in the decomposition block with the aid of user-provided 

code. For this model, two decomposition blocks were used, one for coal and one for 

biomass. The basic elements then combine with oxygen, steam, nitrogen purge in the 

gasifier. The EFG is simulated as one main section followed by an equilibrium shift. A 

phase and chemical equilibrium model called RGIBBS is used in the main section to 

determine the products of gasification. Carbon conversion is limited in each section by 

user input based on data from the reactor. A shift reactor was added after the main 

gasifier section because the base model calculates chemical equilibrium at the flame 

temperature and not the main gasifier temperature. The concentration of hydrogen and 

carbon monoxide leaving the reactor is adjusted based on the actual operating conditions 

attained during testing. This compensates for the equilibrium values achieved as the 

syngas leaves the hot zone of the gasifier. There are ways to model this in more detail, 

including temperature approach restricted equilibrium, but that was not included in this 

scope of work.  



 

 

4
6
 

 
 

Figure 20. Aspen model representation of the EFG and FT reactor. 
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A slag tap block represents the system slag pot, and the majority of the ash is removed 

there. The remaining ash is captured as fines in the HGFV block. The sulfur is removed 

in the gas stream with a component separator and does not utilize capture equations. The 

quench pot block simulates noncontact cooling of the gas and uses a two-phase flash to 

calculate the amount of water removed from the gas stream. CO2 capture is represented 

as well to simulate the CO2 removed in the gas-sweetening adsorption system. The 

syngas flows to a recycle splitter, where a portion of the gas is fed to the FT reactor and 

the remaining gas is vented.  

 

Feed gas to the FT reactor first passes through a heater that simulates the preheater found 

on the EERC’s FT reactor. The FT reactor itself is represented by four blocks that, 

combined, represent one unit operation. In an FT reactor with an iron-based catalyst, 

significant WGS occurs simultaneously with the FT reactions. The WGS reactions 

consume water, and the FT reactions produce water. In the Aspen model, these steps are 

modeled separately, and in order to maintain a proper mass balance, the water generated 

in the FT reactor is recycled back to the shift reactor. The shift reactor is set to shift the 

gas to a 2:1 H2:CO ratio. The FT reactor uses an RSTOICH model in Aspen Plus along 

with a calculator block to determine the products of the reaction. The Anderson–Schulz–

Flory (ASF) model is used to determine the product distribution. However, a 

modification to the model was made so that the concentration of alkanes, alkenes, and 

alcohols could all be modeled. Three separate ASF models are used, one for each product 

type. The user is required to enter in a chain growth probability value (alpha value) for 

each product type as well as the CO conversion for each product. The overall 

concentration of alkanes vs. alkenes and alcohols is determined from analyzing the 

product from the test runs and is a user input to the model. In the last step, the product 

from the FT reactor is cooled and separated using a three-phase flash into gas, water, and 

organic liquids.  

 

The model configuration was also updated for the three scenarios run under this test 

campaign—sweetened, quenched, and warm. The sweetened case represents the scenario 

shown in Figure 20. For the quenched case, the CO2 removal step was removed. For the 

warm case, both the quench and CO2 removal steps were removed. The CO conversion 

and alpha values were updated for each of the cases based on the results achieved in the 

testing campaign. 

 

Syngas Modeling Results 

 

The model was run for each of the scenarios and calibrated based on the data obtained 

during the gasification testing. For each scenario, the nominal operating conditions and 

liquid fuels production results were used as inputs to the model. The first area of 

operation that was calibrated was the gasifier and the composition of the syngas 

produced. Table 16 shows the actual and predicted syngas compositions under various 

scenarios. The back-end FT liquids production has no impact on this data, so the table 

presents the gas composition produced with the varying types and levels of biomass in 

the system. As can be seen, the model adequately predicts syngas composition and flow  
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Table 16. Actual and Predicted Syngas Compositions and Flows 

FT Case Sweetened Quenched Warm 

Fuel 20% Raw CS 10% Torrefied CS 100% Coal 

 

Gasifier Model Gasifier Model Gasifier Model 

H2, mol% 15.2 15.2 16.2 16.3 12.6 13.1 

CO, mol% 13.8 13.7 13.6 13.6 11.4 12.2 

CO2, mol% 18.5 20.1 18.7 18.7 21.8 21.1 

N2, mol% 51.8 49.7 50.5 50.5 52.9 52.7 

CH4, mol% 0.0 0.0 0.0 0.0 0.0 0.0 

H2S, mol% 0.45 0.59 0.48 0.59 0.48 0.64 

Total Dry Gas Flow, lb/hr 30.4 32 32.1 33.3 33.4 31.3 

FT Feed Flow, lb/hr 4.0 4.0 5.9 5.9 5.0 5.0 

 

 

rates from the gasifier. The slight variations in composition from gasifier to model are 

likely due to the precision of the fuel feed measurement. This parameter has a significant 

impact on all aspects of the gasifier operation and the resulting data. However, the data 

produced are adequate for predicting syngas compositions, and these data are fed into the 

FT model. 

 

FT Liquids Production Modeling 

 

The results of the liquid fuels analysis was used to further calibrate and modify the FT 

liquids model in Aspen Plus. The results from each of the three scenarios were input into 

the Aspen model, and the resulting hydrocarbon distribution was compared to the actual 

data obtained. Figure 21 shows the first case with sweet gas from the FT reactor. 

Analysis of the liquid hydrocarbons yielded alpha values for the respective cases, and 

these combined with a fraction of each hydrocarbon type and CO conversion resulted in 

the distributions shown. The alpha values used were 0.915, 0.895, and 0.6 for the alkanes, 

alkenes, and alcohols, respectively. As can be seen from the data, the model is under-

predicting the amount of hydrocarbons produced in each category. This is because the 

model predicts higher levels of higher hydrocarbons (C21+) than were actually observed. 

Unfortunately, with the ASF model in its existing form, there is no way to improve on the 

predictions at these particular alpha values (it will be demonstrated later that the model 

more adequately predicts hydrocarbon distributions at lower alpha values). 

 

In order to try and improve on the ASF model predictions, a preliminary effort was 

undertaken to develop a modified ASF model that would better predict these 

distributions. The concept behind the semiempirical model is that the termination 

probability increases exponentially at higher carbon numbers but that this probability is 

also dependent on the alpha value. The results of the preliminary effort are shown in 

Figure 22. It can be seen that the modified model more accurately predicts the 

hydrocarbon distribution in this specific case. These results are preliminary and specific 

to this case, and more study would be needed to apply the model to a wider range of 

samples. 
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Figure 21. Comparison of model data and actual data for the sweet gas case. 

 

 

 
 

Figure 22. Comparison of total hydrocarbon (HC) data for the sweet gas case with the 

modified model. 

 

 

The model predictions and gasifier data for the quenched-gas tests are shown in  

Figure 23. The alpha values used were 0.905, 0.895, and 0.65 for alkanes, alkenes, and 

alcohols, respectively. As shown in the previous data, the generally model predicts lower 

levels of the specific hydrocarbons in the area of C7 through C15 because it predicts 

higher levels of the C21 and higher hydrocarbons. The model does show better agreement 

in the range of C10 to C20 with the alkane distribution than does the sweet case.  
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Figure 23. Comparison of model data and actual data for the quenched-gas case. 

 

 

The model predictions and gasifier data for the warm gas feed case are shown in  

Figure 24. The alpha values used were 0.85, 0.8, and 0.4. With the exception of 

methanol, the model does a much better job in this case in predicting the hydrocarbon 

distribution for the alkanes, alkenes, and alcohols as compared to the other two cases. 

These data indicate that the models are able to more accurately predict the hydrocarbon 

distribution at lower alpha values. The total hydrocarbons produced were also compared 

to the model prediction and are shown in Figure 25. The methanol concentration is not 

able to be predicted by the current models, but the prediction for the remaining 

hydrocarbons is reasonable compared to the actual data. 

 

 

 
 

Figure 24. Comparison of model data and actual data for the warm-gas case. 
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Figure 25. Comparison of total hydrocarbon data for the warm-gas case. 

 

 

During this project, it was demonstrated that liquid fuels could be produced from  

Illinois No. 6 coal blended with biomass. The high swelling properties of the fuel were 

managed with modifications to the feed system that prevented heating of the fuel prior to 

injection into the gasifier. The blends of torrefied and raw biomass were more 

challenging to feed consistently than the raw coal. Feed inconsistency led to some ash 

and slag deposition in the gasifier. 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

Warm-gas sulfur removal for Illinois No. 6 coal was demonstrated in this project. It was 

shown throughout the testing that the RVS-1 sorbent was capable of removing sulfur to 

<2 ppm in a single pass and that the sorbent could be regenerated and reused. The 

nonregenerable sulfur-polishing bed was capable of then reducing sulfur to below 1 ppm. 

 

Liquid fuels were produced under a variety of conditions. It was shown that the FT 

catalyst performed well under the sweetened-gas conditions, but the hydrocarbon 

productivity was significantly reduced under the warm-gas conditions. This indicates that 

the catalyst is not capable of producing high-quality FT products in the presence of 

moisture and CO2. Although the CO conversion of the catalyst remained high during the 

warm-gas testing, the catalyst produced lighter products that are not suitable for liquid 

fuels production.  

 

Overall, the sulfur removal goal of the project was met. The testing successfully 

demonstrated that sulfur could be removed to below 10 ppm in a single pass using the 

RVS-1 beds. The second goal of a less than 20% productivity reduction during the warm-

gas testing was met from the standpoint of CO conversion. However, the liquids 

generated during this testing were not of sufficient quality, and the production of liquid 
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hydrocarbons dropped by more than 20% of the baseline production during the sweetened 

case. The oil production efficiency of the catalyst was significantly impacted by the 

presence of moisture and CO2. 

 

It is recommended that additional testing be performed on the system to verify these 

results. A commercial iron-based catalysts should be tested to compare the performance 

to these results and determine if the findings hold true. Testing on a cobalt-based catalyst 

should also be conducted to determine if it also behaves the same in the presence of 

moisture.  

 

Additional process schemes could also be tested to determine other ways to improve 

process efficiency. One potential test would be the introduction of warm-gas CO2 

removal into the process. Then the catalyst production efficiency could be evaluated with 

moisture, but without CO2 in the stream, adding another data point to the test matrix and 

enabling a full-factorial evaluation. If successful results are found with the follow-on 

testing, a detailed technoeconomic analysis should be performed to evaluate the overall 

savings and costs of liquid fuels production using warm-gas-cleaning techniques. 
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