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ABSTRACT 

 

The overall aim of the first phase of this four-year project is develop a new sorbent based pre-

combustion carbon capture technology for Integrated Gasification Combined Cycle (IGCC) 

power plants. Further objectives of  this effort are to: 1) perform Computational Fluid Dynamics 

(CFD) modeling of the CO2 capture system to aid in the sizing of the sorbent reactor for the 0.1-

MWe prototype, 2) experimentally validate model predictions using CO2 capture data obtained 

with syngas derived from gasification of Illinois No. 6 coal in a bench gasifier, and 3) fabricate 

the syngas cleanup and CO2 sorbent capture systems for the 0.1-MWe prototype unit for slip-

stream field testing at Southern Company and Sinopec gasification facilities. 

 

To accomplish the objectives of the project, Gas Technology Institute (GTI): a) procured and 

analyzed Illinois No. 6 coal, b) conducted a gasification test for coal syngas generation for 

testing, c) performed testing of TDA-supplied units (gas conditioning and high-temperature 4-

bed PSA-based CO2 separation units) with both simulated and actual coal syngases, and d) 

developed and validated a CFD model using both TDA field and GTI CO2 capture data for 

adsorbent reactor design in the 0.1-MWe prototype.  
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EXCECUTIVE SUMMARY 

 

The overall goal of this four-phase program is to develop a new sorbent based pre-combustion 

carbon capture technology for Integrated Gasification Combined Cycle (IGCC) power plants. 

Successful completion of this project will lead to adoption of this technology by Phillips 66 and 

Sinopec (a China-based leading oil and gas company and a world leader in deploying IGCC 

power plants) and establish a commercialization roadmap for this technology in line with the 

DOE road map for CO2 capture. The effectiveness of this technology will be demonstrated at the 

0.1-MWe level at both Southern Company (air-blown) and Sinopec (O2-blown) gasification 

facilities. Overall project approach for the development and validation of the sorbent system for 

the separation and pre-combustion capture of CO2 from synthesis gas derived by the gasification 

of Illinois No. 6 coal will consist of the following elements: 

  

• CFD modeling of the CO2 capture system for incorporation into the design of the 0.1-

MWe prototype demonstration unit  

• Experimental verification of the model predictions using syngas derived from gasification 

of Illinois No. 6 coal in a bench gasifier  

• Design and fabrication of warm gas desulfurizer and water gas shift (WGS) reactors for 

the 0.1-MWe prototype unit and its slip-stream field testing at Southern Company and 

Sinopec gasification facilities. Figure 1 details the tentative design approach for this 

program. 

 

In this phase, efforts concentrated on: 1) 

procurement and analysis of a -20+50 

mesh Illinois No. 6 coal sample for 

testing in a bench gasifier, 2) operation 

of a bench gasifier for coal syngas 

generation from Illinois No. 6 coal for 

testing with the TDA units, 3) testing of 

the TDA units (gas conditioning and 4-

bed high temperature PSA-based CO2 

separation units) with both simulated and 

actual syngases for CO2 capture 

effectiveness of the new sorbent, and 4) 

development and validation of a CFD model with both TDA field and GTI coal syngas CO2 

capture data for adsorbent reactor design. 

 

Summary of accomplishments for this project as follows: 

 

• Procured 100-lbs of the required -20+50 mesh coal for the bench gasifier and performed a 

comprehensive analyses including proximate and ultimate analyses, fouling and slagging 

indices, ash fusion temperature, heating value, mineral and elemental analyses. The coal 

was found to have a total sulfur content of 3.31 wt% and ~720 ppmw chlorine. 

 

• Performed a test with Illinois coal using steam and air to generate syngas in the bench 

gasifier for testing. It was not feasible to integrate the gasifier with the TDA test units as 

Figure 1. Design Approach for the 0.1-MWe Field 

Demonstration Unit 
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originally planned. Therefore  a compression system, consisting of a GTI-modified 

natural gas compressor (FuelMaker), buffer tank, high-pressure cylinder storage (three 

new 1.04-ft
3
 treated aluminum cylinders) and ancillary equipment, was fabricated and 

directly connected to the gasifier for filling the treated cylinders to 2000 psig with the 

syngas.  

 

• The results from testing of the TDA units (consisting of gas conditioning and CO2 

capture systems) indicated that the TDA CO2 capture sorbent demonstrated greater than 

98% CO2 capture efficiencies for the syngas compositions tested at relatively high 

average bed temperatures in the range of 175-198°C (347-388°F). The highest CO2 

capacities obtained were 4.0 wt%, 1.8 wt% and 0.6 wt% for the O2-blown, air-blown and 

coal gasifier syngases tested, respectively. Sorbent regeneration was carried out at 

pressures greater than 62 psig and bears the advantage of reducing compressor cost in a 

power plant. N2 purge/feed ratios as low as 0.35 were able to retain the sorbent CO2 

capacity and CO2 capture efficiencies indicating a possibility of reduced steam 

consumption in a power plant. 

 

• A CFD model was developed to aid sizing of the sorbent reactor for the 0.1-MWe 

prototype. The model was validated with TDA field data as well as GTI’s CO2 capture 

data obtained with simulated (both air- and O2-blown) and actual coal syngases. The 

model predicted experimental data to within ±7%. It also yielded a sorbent reactor 

diameter of 13 inches based on a fixed length of 98-inches selected for shipment of the 

unit to the test sites.  

 

Overall, the new sorbent being developed by TDA in this program appears to indicate high CO2 

capture and efficiency and offers the potential for commercialization for use in IGCC plants for 

pre-combustion CO2 capture.  
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OBJECTIVES 

 

Objectives of this research work were to: 

 

• Procure and analyze Illinois No. 6 coal. 

• Prepare bench gasifier for testing.  

• Perform testing of TDA units with simulated and coal syngases. 

• Adsorbent reactor design for the 0.1-MWe prototype using a CFD model.  

 

INTRODUCTION AND BACKGROUND 

 

TDA’s sorbent technology uses a low cost, high capacity adsorbent to selectively remove the 

CO2 above the dew point of the synthesis gas. The sorbent uses a TDA proprietary mesoporous 

carbon consisting of surface functionalized groups that remove CO2 via strong acid-base 

interactions. This enables effective operation at temperatures up to 300°C, which is well above 

the synthesis gas dew point. However, because the sorbent and the CO2 do not form a true 

covalent bond, the energy needed to regenerate the sorbent (5.4 kcal per mol of CO2) is much 

lower than that observed for either chemical absorbents (e.g., 29.9 kcal/mol CO2 for sodium 

carbonate) or amine-based solvents (e.g., 14.2 kcal/mol CO2 for monoethanolamine). TDA’s 

sorbent can be regenerated isothermally and the CO2 is recovered at ~150 psia. Thus, the energy 

needed to regenerate the sorbent and compress the CO2 for sequestration is significantly lower 

than any technology reported to date.  

 

IGCC Plant Integrated with TDA’s Sorbent-Based CO2 Capture Process 

 

Figure 2 shows a simplified block diagram of an IGCC plant integrated with TDA’s high 

temperature pressure swing adsorption (PSA)-based CO2 capture process. TDA’s pre-

combustion carbon capture system can be integrated with any type of gasifier such as air-blown 

versus oxygen-blow or transport gasifier versus water-quenched gasifier. In each case, the 

performance of the CO2 separation and purification system will depend on the CO2 partial 

pressure in the raw synthesis gas.  

 

In the proposed process, following the gasification and particulate control units, the bulk of the 

sulfur in the synthesis gas is removed with a warm gas desulfurization technology. Warm gas 

desulfurization will be needed for any high temperature pre-combustion control technology as 

the objective is not to cool the synthesis gas down to low temperatures for sulfur control. TDA’s 

warm gas CO2 capture system is located downstream of a warm gas desulfurization system. The 

regeneration off-gas from the desulfurization system is further treated in a sulfuric acid plant to 

ultimately convert the sulfur into a concentrated H2SO4 product. The desulfurized synthesis gas 

is then fed to the WGS system to convert the CO into H2. The multiple stages of the WGS 

reactors with inter-bed cooling were selected to ensure the highest CO conversion into CO2 (as in 

other carbon capture processes, since the sorbent is selective for CO2, high conversion of CO to 

CO2 is essential to achieve high carbon capture). The synthesis gas from the WGS unit is sent to 

the CO2 capture system at a temperature slightly (at least 30
o
C) above the dew point of the 

synthesis gas. This eliminates the need to cool the synthesis gas below its dew point using 

condensing heat exchangers.  
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Figure 2. TDA’s CO2 Separation System Integrated with an IGCC Power Plant 

 

 

The CO2 capture block consists of a CO2 separation system that consists of a high temperature 

PSA unit and a purification/compression system, which further treats the CO2 stream from the 

separation unit into a pure, pressurized CO2 product meeting pipeline specifications. TDA’s high 

temperature PSA-based CO2 separation system captures 90% of the carbon from the synthesis 

gas as CO2 and produces a CO2-lean synthesis gas that is sent to the gas turbine. Any gases 

trapped in the voids of the sorbent and the reactor ullage space are recovered at an intermediate 

pressure and recycled back to the synthesis gas feed to ensure high H2 recovery in the CO2 

separation unit. A steam purge at lower pressure is used to fully regenerate the sorbent. A CO2 -

rich stream primarily consisting of H2O and CO2 (along with some CO and H2 impurities) is sent 

for further purification to a catalytic combustor and compression to produce high purity CO2 at 

2,200 psig that can be sent for sequestration. This separation and purification process provides a 

CO2 product purity comparable to that achieved by Selexol, while resulting in lower system 

complexity and lower capital and operating costs. 

 

Results from TDA sorbent study 

 

Studies on this sorbent technology prior to ICCI funding showed that TDA’s sorbent can achieve 

over 20% wt. capacity at an adsorption temperature of 180°C and a CO2 partial pressure of 600 

psia. These results suggest a very high working capacity for the adsorbent, even if the CO2 is 

recovered at high pressure. In a laboratory-scale reactor, TDA demonstrated the cyclic activity 

and life of the material for over 11,650 adsorption/ regeneration cycles under representative 

conditions without any signs of degradation as shown in Figure 3.  

 

In collaboration with the Southern Company and Phillips 66, TDA carried out two slipstream 

demonstrations to assess the efficacy of the sorbent for removing CO2 from actual coal-derived 

synthesis gas (Figure 4). The test results at the Power Systems Development Facility (PSDF), 
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Figure 5. Comparison of Sorbent Performance Measured in Laboratory 

Tests using Simulated Synthesis Gas and in Field Tests. 
 

Wilsonville, AL, showed that TDA's technology is fully capable of removing CO2 from the 

synthesis gas generated by an air-blown transport gasifier.  

 
Figure 3. Results of TDA’s Multiple-Cycle Experiments 

(T= 240°C, P=500 psia, CO2=40%vol., simulated synthesis gas) 

  
Figure 4. TDA’s Field Demonstration Unit: (a) 4-Bed High Temperature PSA-Based CO2 Separation 

Sub-Assembly; (b) Synthesis Gas Conditioning Sub-Assembly, (c) TDA’s Field Demonstration Unit 

Installed at the PSDF and at the Wabash River IGCC Power Plant 

 

The sorbent performance in the field closely matched the results obtained in the laboratory as 

seen in Figure 5, suggesting the potential impurities in the coal-derived synthesis gas did not lead 

to degradation in sorbent performance. The sorbent maintained its performance for over 1,030 

cycles. The evaluation of the unit in Wabash River IGCC Power Plant, Terre Haute, IN, was also 

successful. The sorbent removed CO2 with much higher capacity due to the high CO2 partial 

pressure provided by the oxygen-blown E-Gas gasifier operating at higher pressure. The sorbent 

performance was demonstrated for an additional 715 cycles under a range of conditions.  

 

In collaboration with the 

Advanced Power and Energy 

Program of the University of 

California, Irvine (UCI), TDA 

also developed system 

simulation models using Aspen 

a cb d
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Plus software and assessed the economic viability of the new pre-combustion carbon capture 

technology. The simulation results shown in Table 1 suggest that TDA's pre-combustion CO2 

capture system can achieve a net plant efficiency of 34% on a coal high heating value basis. This 

is significantly higher  

than what can be achieved with the Selexol scrubber at 31.6%, which is the current state-of-the-

art pre-combustion carbon capture technology. 

 

The water consumption in the plant is also significantly lower at 8.5 kmol per MWh for TDA's 

process when compared to Selexol. The capital expense for the TDA plant is estimated as 

$2,418/kW, which is 12% lower than the Selexol's at $2,754/kW. The levelized cost of 

electricity including the transport, storage, and monitoring costs for CO2 is calculated as 

$92.9/MWh for TDA's system, in comparison to $105.2/MWh for Selexol (Table 1). These 

results suggest that TDA's warm gas CO2-capture technology can make a substantial 

improvement in the IGCC plant thermal performance for achieving near zero emissions, 

including greater than 90% carbon capture. A higher net plant efficiency and lower capital and 

operating costs result in a potential reduction in the cost of electricity. 

 
Table 1. Comparison of TDA’s Warm Gas CO2-Capture System against the Selexol-based Cold Gas 

System. Basis: IGCC plant operating with fully-loaded GE F-class gas turbine that generates 464-MWe 

power, TS&M–Transport, storage and monitoring costs for CO2 

 

 
 

EXPERIMENTAL PROCEDURES 

 

The overall research approach to accomplish the set project objectives is as follows:  

 

• CFD modeling of the CO2 capture system for incorporation into the design of the 0.1-

MWe prototype demonstration unit  

• Experimental verification of the model predictions using syngas derived from gasification 

of Illinois No. 6 coal in a bench gasifier  
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• Design and fabrication of warm gas desulfurizer and WGS reactors for the 0.1-MWe 

prototype unit and its slip-stream field testing at Southern Company and Sinopec 

gasification facilities. 

 

Based on test results, a preliminary engineering and cost analysis will be carried out by TDA and 

GTI to identify commercialization opportunities for this novel CO2 removal sorbent in existing 

IGCC plants fired with Illinois coal.  

 

RESULTS AND DISCUSSION 

 

Phase I effort of this four-year program was divided into four tasks and work performed is 

described below. 

 

Task 1. Procurement and Analyses of Illinois No. 6 Coal  

 

The objective of this task was to procure and analyze Illinois No. 6 coal for bench gasifier 

testing. GTI identified Standard Laboratories, Inc. (Freeburg, IL) as a source for the Illinois No. 

6 coal. One hundred pounds of the required -20+50 mesh coal for the bench gasifier were 

procured and comprehensive and chemical analyses performed. The results are shown in Tables 

2 and 3, which included the following: 

 

• Proximate and ultimate analyses 

• Fouling and slagging  indices  

• Ash fusion temperature under reducing atmosphere  

• Heating value 

• Ash analysis 

• Elemental analysis 

 

The analyses indicate a total sulfur content of 3.31 wt% and ~720 ppmw chlorine as a dry basis. 

Results from these analyses can be seen in Table 2 and 3.  

 

Task 2. Prepare Bench Gasifier for Testing 

 

This task aimed to prepare the GTI bench gasifier for generation of the syngas to accommodate 

tests scheduled in the project objectives. The bench gasifier shown in Figure 6 is rated to supply 

up to 50 liters per minute of syngas using coal, steam and air as gasification medium. A brief 

description of the preparation procedure used is as follows. The gasifier feed screw was 

calibrated to accommodate the required coal feed rates for the test. Next, the feed hopper was 

emptied and the reactor sealed to check functionality and leaks. The unit was subsequently 

depressurized and the feed hopper is filled with -20+50 mesh Illinois coal. After this step, the 

steam generator was calibrated as a function of the water pump setting to span the process steam 

rates for the test. The calibrations of the mass flow controllers to supply air and nitrogen were 

verified. A micro-gas  
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Table 2. Illinois No. 6 Coal Analysis 

 
 

Table 3. Illinois No. 6 Coal Ash and Elemental Analysis    
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Figure 6. Bench Gasifier Integrated with Compression System for Filling Cylinders with Coal Gas 

 

chromatograph to analyze the syngas composition during testing was calibrated. An existing data 

acquisition system was utilized for control and monitoring of the bench gasification test. 

 

Task 3. Perform Testing of TDA Units 

 

Testing the TDA units as shown in Figure 7 were conducted as Task 3. The units contained a gas 

conditioning unit including desulfurization and WGS reactors and a 4-bed high temperature 

PSA-based CO2 separation unit. Both simulated (air- and oxygen-blown) and actual coal 

syngases were used to obtain sorbent performance data to design the sorbent reactor for the 0.1-

MWe prototype.  Testing was conducted with the air- and O2-blown syngases because these will 

be utilized in slipstream demonstration of the 0.1-MWe prototype at Southern Company and 

Sinopec facilities, respectively.  

 

Testing of the TDA units was performed as per the scheme shown in Figure 8 with the gas 

compositions shown in Table 4 and at conditions shown in Table 5. This scheme was chosen  

because the two TDA units could not be located in proximity to the GTI bench gasifier due to 

space limitations and inadequate power availability as originally planned. Because of this the 

units were instead deployed outdoors across the street from the main facility.  

 

Cylinders containing the three simulated syngases were procured from Matheson Tri-Gas: a) 

shifted air-blown and O2-blown, Types 2 and 3 in Table 4) and b) unshifted air-blown indicated 

as Type 1 in Table 4. Actual coal syngas was generated in the bench gasifier denoted as 

unshifted Type 4 in Table 4, and compressed and stored in high-pressure cylinders using a 

FuelMaker gas compressor. This scheme is discussed in detail below.    

 

Coal Gas 
Buffer Tank

Coal Gas 
Cylinders

FuelMaker 
Compressor

Coal Gas Compression System (Bay 2) Bench Gasifier (Bay 1)
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Figure 7. TDA Units Deployed at GTI Test Site 

 

 

 

 
Figure 8. Scheme for Testing TDA Units 

 
Table 4. Syngas Compositions Used for Testing 

Gas 
1. Air-blown 

Before Shift, 

1. Air-blown 

After Shift, 

2. Air-blown 

Shifted, 

3. O2-blown 

Shifted, 

4. Air-blown Before 

Shift (bench 

4. Air-blown 

After Shift (bench 

Synthesis Gas Conditioning Unit  4-bed High Temperature PSA-based CO2 Separation Unit 
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vol% vol% vol% vol% gasifier), vol% gasifier)*, vol% 
H

2
 7.86 15.68 15.55 54.68 2.28 4.60 

H
2S

 0.053 0 0 0 0.088 0 

CO 9.32 0.04 0 0 2.44 0.01 
CO

2
 10.06 17.70 17.57 45.32 5.68 7.92 

N
2
 72.71 66.58 66.88 0 89.51 87.46 

*Average of the two cylinders used for testing. 
 

Table 5. Operating Conditions and Results for Tests Conducted with the TDA Units 

 

 

Generation of Coal Syngas in Bench Gasifier for Testing with TDA Units  

 

This section pertains to area “A” of Figure 8. A gasification test was conducted with Illinois No. 

6 coal in the GTI bench-scale gasifier to generate syngas. As mentioned above, the syngas from 

the bench gasifier was compressed and stored in treated aluminum cylinders. For this reason a 

compression system consisting of a GTI-modified natural gas compressor (FuelMaker), buffer 

tank, high-pressure cylinder storage consisting of three new 1.04 ft
3
 treated aluminum cylinders 

that were specifically procured for this task and ancillary equipment was fabricated. Figure 9 

shows the overall system. This was installed in the bay next to the GTI bench gasifier bay and 

integrated with the gasifier as shown in Figure 6 and was used to fill the treated cylinders to 2000 

psig with the syngas derived from gasification of Illinois No. 6 coal in the gasifier.  
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Figure 9. Compressor System Integrated with Bench Gasifier to Fill Cylinders with Coal Gas for Storage 

Gasification Test: For the bench-scale gasification test, the coal feed hopper was filled with ~8 

lbs of the -20+50 mesh Illinois No. 6 coal. The operating temperature and pressure were set at 

1800°F and 150 psig at the start of the test. The gasifier was purged with nitrogen, pressurized to 

50 psig and then heated up with a nitrogen flow of ~20 slpm.  Heating was accomplished using 

the external electrical furnace in the system.  When the reactor was near 900°F, the coal feed was 

started at an initial rate of 0.75 lb/hr for one hour to develop a fluidized bed. The pressure-drop 

across the bed and temperatures were closely monitored to determine bed fluidization. 

 

Next, air flow was started into the reactor at ~1100°F to heat up the unit to reaction temperature 

of 1800°F and compensate for heat losses. An oxygen:carbon molar ratio  of 1.5 was used to 

stabilize temperatures and carry out partial combustion of the carbon in order to supply necessary 

heat for the endothermic reaction. Steam was then introduced into the system to initiate 
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gasification reaction at a steam:carbon ratio of 0.29. The system was constantly monitored and 

data continuously recorded. The total feed gas flow rate corresponded to a superficial velocity of 

0.5 ft/s at the set operating conditions of 1800°F and 150 psig. The coal feed rate was increased 

to 1 lb/hour after 30 minutes of steady-state. Syngas collection was then started and continued 

for ~3.5 hours.  The product gas was sampled continuously using an on-line micro-GC. The 

collected syngas enabled approximately 10 hours of testing to determine the CO2 capture 

effectiveness of the TDA sorbents. 

 

The test was voluntarily terminated by stopping the 

reaction gases and coal feed, introducing nitrogen and 

turning off the electric heaters to cool off the reactor. 

The next day after cool down, the system was 

depressurized and the reactor opened to remove the 

spent ash as seen in Figure 10 and unreacted coal at the 

bottom. Fine material from the high-temperature, high-

pressure filter and remaining coal in the feed hopper 

shown in Figure 10 were collected.   

 

The gasification test parameters and results are 

summarized in Table 6. The average product (dry) gas compositions determined by the online 

micro-GC during the time period when each cylinder was being filled are shown in Table 7. The 

gas compositions determined by directly sampling and analyzing the stored gas in each cylinder 

after the test are similar to the micro-GC results. As is shown in Tables 4 and 7, the coal gas has 

a higher N2 concentration than the representative unshifted air-blown composition seen in Table 

4. This higher N2 content may have been the result of a requirement to use additional N2 at 14 

SLPM to sustain bed fluidization for preventing ash from sticking and leading to bed 

defluidization. 

 

Testing of TDA Units 

  

This section pertains to area B of Figure 8. As mentioned above, the two units were deployed 

outside across the street from the main facility. Site preparation and shakedown activities 

performed were as follows:  

 

• Installed breakers and conduits and pulled wiring to power the units.  

• Reinstalled into the two units the reactors/valves/manifold that were shipped separately. 

• Installed gas lines and data/control cables for interconnecting the two units.  

• Installed and configured data acquisition and control systems in the control room (Figure 

11). 

• Laid out gas sampling lines from the units and connected to analyzers in the control room 

for continuous monitoring of gas composition (Figure 12). 

• Installed a gas line from GTI’s liquid N2 tank farm to the units for purging and valve 

operation.  

• Installed a cylinder manifold with regulator, pertaining to area C in Figure 8 in a 

temperature-controlled trailer adjacent to the units to house the syngas cylinders. Mass 

flow meters were calibrated to measure syngas feed flow to the units during testing.  

Coal Residue/Ash 

Filter Fines 

Figure 10. Bed Residue/Ash and 

Fluidized Fines Captured in Filter 
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Table 6.  Gasifier Operating Test Parameters and Results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Table 7. Average Product Gas Compositions During and after the Gasification Test 

 
 

 

Parameter Value 

Initial Coal Feed, lb 7.8 

Coal feed rate, lb/hr 0.93 

Steam flow rate,  SLPM 2.50 

N2 flow rate, SLPM 34.0 

Air flow rate, SLPM 24.6 

Bed Temperature,°F 1800 

Pressure, psig 150 

O/C, mol/mol 1.50 

S/C, mol/mol 0.29 

Syngas flow rate, SLPM 51.4 

Total condensate collected, gram 902 

Final coal weight in hopper, gram 1594 

Final residue/ash weight in bed, 

gram 
342 
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Figure 11.  Control Room Setup for TDA Units 

 

 

Figure 12. Gas Sampling Lines from TDA Units to Gas Analyzers in Control Room 

 

Shakedown testing of the two units was performed with remote TDA assistance (by telephone) 

and joint GTI/TDA operation. Testing was initially done with N2 at ambient temperature 

followed by using helium during heat up of the beds and lines to process temperatures (250-

500°F) to enable pressure testing (150 psig). Problems identified during functionality testing 

included a malfunctioning thermocouple in one of the CO2 PSA vessels and a leaking bellows-

sealed valve in the syngas conditioning skid. The thermocouples were replaced and the valve 

IR Gas 
Analyzers 

Control Computer 

for TDA Units  

Data Acquisition Computer for 
Gas Composition and Flows  

IR Gas 
Analyzers 
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was rebuilt with a repair kit provided by TDA and reinstalled and checked for proper operation. 

It was also discovered that the units came with CO leak detectors configured for previous field 

testing wherein the units were purged with N2 as a safety precaution. However, for testing at 

GTI, as all test gases contained H2 and not all contained CO, the CO sensors were replaced with 

H2 sensors. GTI safety protocol required that these steps be done to assure safe operation.  

 

Shakedown testing was completed followed by loading a new batch of low temperature WGS 

catalyst into the reactor in the conditioning unit and activation by reducing it with an 8% H2-N2 

gas mixture for about 8 hours per GTI’s protocol.  

 

The CO2 capture unit contained four reactors each filled with 4.85 lbs of the new sorbent  as 

shown in Figure 13 that were operated in a sequential fashion to remove CO2 from the syngas 

stream.  It was discovered during an initial scouting test that the pneumatically actuated control 

valves for reactor #1 malfunctioned. As a result, 

only three reactors were used for all 14 tests. Per 

TDA, using only three reactors will not 

compromise test results.  

 

A control sequence cycles each bed through each 

step of the sorbent adsorption and 

purge/desorption processes. The 3-bed cycle 

sequence used consisted of three stages as shown 

in Table 8.  In each stage, each bed goes through 

five PSA steps shown in Table 9. During 

adsorption in Stage 1, the syngas enters one of 

the three beds depending on the orientation of the 

control valve at the bottom of the reactor. 

Blowdown or depressurization occurs in Stage 2 

to drive off adsorbed CO2. N2 is provided to the 

bed from the top down to remove remaining 

adsorbed CO2 during the regeneration Stage 3. 

For all tests, N2 was used instead of steam as 

purge gas. In Stage 4, the reactor is held at 

pressure with no gas flow to provide time 

required for the other beds to complete Stages 1, 

2 and 3.  The reactor is then pressurized with the 

product gas in Stage 5. The sorbent is regenerated 

while maintaining near isothermal operation in 

the sorbent beds. Avoiding temperature swing 

would eliminate the long heating/cooling transitions and enable rapid adsorption and 

regeneration leading to short cycle times, increasing utilization and reducing the sorbent 

inventory and improving overall CO2 capture efficiency. 

 

 

 

 
 

Figure 13. 4-Bed Unit Column during Adsorption 

and Regeneration 
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Table 8. CO2 PSA Cycle Scheme Used for Testing 

  
 

 

Table 9. 3-Bed PSA Cycle Steps Used for Testing  

 
Full Cycle time = 3 (# of beds) x Adsorption (Step 1 time) = 3 x (m+n+o) 

 

Slip streams of the product (CO2-free) syngas and N2 purge (CO2-rich) streams were extracted 

and sent to the on-line gas analyzers to monitor CO2 concentrations for determining sorbent CO2 

capacities and capture efficiencies. During testing with CO-containing syngases (types 1 and 4), 

a slip stream of the gas from outlet of the shift reactor in the gas conditioning unit was 

intermittently analyzed for CO that verified >99% of the CO had been converted to CO2 and H2 

via the WGS reaction (H2O+CO=CO2+H2) 

 

The parameters range explored and gas compositions employed in the 14 tests conducted to 

determine the CO2 capture efficiencies and sorbent capacities were as follows: 

 

• Syngas type  – O2 blown, air blown, coal syngas generated by the bench gasifier 

• Adsorption pressure – 180 to 285 psig 

• Desorption pressure – 62 to 66 psig 

• Bed temperature – 175 to 198°C  

• Full Cycle time – 8.1 to 12.6 min 

• Syngas feed flow rate – 14 to 32 SLPM 

• Purge/feed ratio – 0.35 to 0.79 

 

The results from testing of the TDA units with the simulated and actual coal syngases are shown 

in Table 10 and Figure 14.  Although the bench gasifier coal syngas CO2 concentration did not 

match the representative air-blown composition in Table 4, the effect of the lower CO2 content 

was partially compensated for by operating the capture unit at higher total pressure and at higher 

CO2 partial pressure in Test 14 than used in the tests with syngas types 1 and 2. However, due to 

pressure limitations of the test system, an equivalent CO2 partial pressure for the coal syngas test 

could not be attained. 
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Table 10. Operating Conditions and Results for Tests Conducted with the TDA Units 
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Figure 14. CO2 Capacity and CO2 Capture of the Sorbent for Different Syngas Types 
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The data in Table 10 and Figure 14 indicate that the CO2 capture efficiency remained high in all 

tests (98+%), while sorbent CO2 capacity was in the range of 0.4-4 wt% as follows for each 

syngas type tested:  

 

• Type 3-O2 blown: 2.9-4.0 wt% 

• Type 2-Air blown: 1.4-1.6 wt%  

• Type 1-Air blown: 0.9-1.8 wt%  

• Type 4-Bench gasifier: 0.4-0.5 wt% 

 

The sorbent CO2 capacity increased with an increase in CO2 concentration (partial pressure) in 

the syngas feeds as shown in Figure 15. 

 

 

 
Figure 15. Increase in Sorbent CO2 capacity with CO2 Partial Pressure is Consistent with Type of Syngas 

Tested 

 

The results in Table 10 and Figure 14 also indicate the following: 

 

• Higher adsorption pressure resulted in higher (~22%) sorbent capacity. 

• Sorbent capacity increased (~10%) with cycle time.  

• A higher syngas feed flow increased (~15%) sorbent CO2 capacity.  

• Lower bed temperature resulted in slightly lower (~3%) sorbent CO2 capacity.  

• A N2 purge-to-feed ratio as low as 0.35 was able to retain the sorbent CO2 capacity and 

CO2 capture (a benefit of lower ratios are to reduce purge steam consumption in a power 

plant). 

• Sorbent regeneration was carried out at pressures greater than 62 psig, resulting in 

recovery of CO2 at pressure (reduces compressor cost in a power plant).  

  

Overall, the new sorbent being developed by TDA yielded high CO2 capture efficiency and 

offers the potential for pre-combustion CO2 capture. 
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Task 4. Adsorbent Reactor Design for 0.1-MWe Prototype 

 

The objective of this task was to perform CFD modeling and analysis of TDA’s high temperature 

PSA data to identity the best reactor design. A majority of this modeling work was conducted 

and validated with previous TDA field data and CO2 capture data obtained with syngases used in 

Table 4.  

 

To accomplish the set objective the following approach was used: 1) develop a 2-D CFD model 

for a single-bed PSA, 2) extend the 2-D single model to a 2-D for the 4-bed PSA unit and 

calibrate/validate the model with TDA field data and Task 3 CO2 capture test data, 3) extend the 

4-bed 2-D model to an 8-bed PSA prototype system and 4) extend the 2-D model to a 3-D for the 

8-bed system in the 0.1-MWe prototype unit. 

 

Below is a description of work performed and results obtained from the steps utilized in the 

above approach.  

 

1. 2-D Single-Bed for Single Bed 

 

GTI developed the baseline 2-D CFD model with TDA input. The geometry employed for the 2-

D CFD simulation of the TDA CO2 adsorption column is shown in Figure 16. The fluid, a syngas 

mixture that varies with validation datasets, was taken to be an incompressible ideal gas and in a 

laminar flow zone within the porous bed. The mixture is modeled as a combination of CO2 and 

inert species, approximated as N2, in which the CO2 volume percent is 15.7% and 41.4%. The 

syngas flow rate, temperature, pressure, and component fractions were set as input to the 

simulation and porous medium approach was used to simulate syngas flowing in the packed 

adsorbent bed. Porous medium properties were as follows: effective density 354 kg/m
3
, effective 

specific heat capacity 700 J/kg-K, and thermal conductivity 0.5 W/m
2
-K. The overall porosity of 

the absorbent bed was set as 0.75, combining the external porosity 0.4 and the pellet porosity 

0.57.  

 

 

Figure 16. Schematic of TDA CO2 Adsorption CFD 2-D Model 

 

The computational mesh in Figure 16 shows the 2-D axisymmetric grid of quadrilateral cells, 

with higher mesh density at the top wall surface and along the axis of symmetry in the bottom.  

Where axial and radial gradients are expected to be smaller within the interior of the mesh, the 

cell sizes are larger for purposes of computational efficiency.  Within the domain are 
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approximately 38,000 cells, with an average dimension of 0.1 mm, within a physical space of 

83.0 x 5.1 cm representing the cylindrical portion of a sorbent vessel in the 4-bed system as 

shown in Figure 13.  

 

2. 2-D Single Bed to 2-D 4-Bed 

 

The 2-D model was extended to the 4-bed unit simulation and validated with previous TDA field 

test CO2 capture data. The temperature and gas component concentration profiles predicted by 

simulation are consistent with the testing data, as shown in Figures 17 and 18. Overall, the 

results show that the 2-D CO2 absorption and desorption models can simulate the fluid flow and 

transport phenomena inside TDA’s four bed PSA demo unit when approximated as a single 

vessel undergoing a dynamic cycling process.   

 

Next, the 2-D model was validated with CO2 capture data obtained in Task 3 using simulated and 

actual coal syngases. The temperature and gas component concentration profiles predicted by 

simulation are shown in Figures 19-21. The results show that the experimental data and 

simulation agree within ± 7% for all three gas types tested. Also, as was the case with the TDA 

field test data used to validate the model, simulation showed no CO2 breakthrough during 

absorption for any of the three syngases tested.  

 

3. 2-D 4-Bed to 8-Bed Model 

 

The 2-D 4-bed model was extended to an 8-bed system with a goal to achieve a reactor bed 

aspect ratio (L/D) of 7.5 to limit bed temperature rise to ≤40°C for optimum sorbent 

performance. Figure 22 shows the model prediction for the temperature profiles at five different 

thermocouple locations in the reactor. The results indicate a maximum temperature rise of about 

33°C, less than the set ΔT criteria for the reactor design. Based on the L/D of 7.5, the reactor 

length was fixed at 98 inches (to facilitate transport of the unit by truck to the site) resulting in a 

bed diameter of 13 inches (see Figure 23). Figure 24 shows the sorbent capacity distributions for 

bed adsorption and regeneration at five time steps of 0, 30, 60, 90 and 120 seconds.  

 

4. 3-D Simulation of the 8-Bed PSA Prototype System  

 

A 3-D simulation of the 8-bed model was completed for the CO2 absorption and regeneration 

processes. The temperature and CO2 concentration distributions over the entire cylindrical 

reactors at the end of end of adsorption and desorption are shown in Figures 25 and 26. 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

In Phase I of this project GTI: 1) procured and analyzed Illinois No. 6 coal, 2) operated a bench 

gasifier to obtain coal syngas for testing, 3) completed testing of TDA units with simulated and 

actual coal syngases to obtain CO2 capture data with the new sorbent, and  4)  performed sorbent 

reactor design using CFD modeling.  

 

The TDA sorbent demonstrated high (>98%) CO2 capture efficiencies in all tests conducted with 

simulated and actual coal syngases. A CFD model was developed and validated using CO2 
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Figure 17. Temperatures Obtained for CO2 Adsorption via Simulation  

 

  Figure 18. Sorbent CO2 Capacity for Adsorption and Regeneration Processes  
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Figure 19. Temperature Profiles at End of Adsorption (top) and Regeneration (middle) Processes and 

Sorbent CO2 Capacity Distribution (bottom) at End of Each Process for Test 5 (Syngas Type 3) 
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Figure 20. Temperature Profiles at End of Adsorption (top) and Regeneration (middle) Processes and 

Sorbent CO2 Capacity Distribution (bottom) at End of Each Process for Test 7 (Syngas Type 2) 
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Figure 21. Temperature Profiles at End of Adsorption (top) and Regeneration (middle) Processes and 

Sorbent CO2 Capacity Distribution (bottom) at End of Each Process for Test 13 (Syngas Type 4) 
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Figure 22. Temperature Distributions (ºC) at Five Thermocouple Locations for Adsorption 

 

Figure 23. Sized Sorbent Reactor for the 0.1-MWe Prototype Demo Unit (dimensions in inches) 

 (304 SS construction, rated to 450°C and 750 psig) 
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Figure 24.  Sorbent CO2 Capacity (mol CO2/kg sorbent) for Five Time Steps 

 

 

  
Figure 25. Temperature Distributions (°C) at End 

of Adsorption and Desorption 

Figure 26. Sorbent CO2 Capacity Distributions 

(mol/kg) at End of Adsorption and Desorption 
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capture data from previous TDA field tests and that obtained in this Phase I project. Based on the 

model, the sorbent reactor was sized to be 13 inches in diameter and 98 inches long.  

 

Overall, the new sorbent being developed by TDA in this program offers the potential for use in 

IGCC plants for pre-combustion CO2 capture. Research activity in the next year (Phase II) will 

focus on conducting bench gasifier testing for the production of syngas and fabrication of the 

desulfurization/WGS subsystem for the 0.1-MWe prototype unit. The work accomplished to date 

provides a strong basis for completion of this program. 
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DISCLAIMER STATEMENT 

This report was prepared by Andy Hill of Gas Technology Institute, with support, in part, by 

grants made possible by the Illinois Department of Commerce and Economic Opportunity 

through the Office of Coal Development and the Illinois Clean Coal Institute. Neither Andy Hill 

and Gas Technology Institute, nor any of its subcontractors, nor the Illinois Department of 

Commerce and Economic Opportunity, Office of Coal Development, the Illinois Clean Coal 

Institute, nor any person acting on behalf of either: 

 

(A) Makes any warranty of representation, express or implied, with respect to the accuracy, 

completeness, or usefulness of the information contained in this report, or that the use of any 

information, apparatus, method, or process disclosed in this report may not infringe privately-

owned rights; or 

 

(B) Assumes any liabilities with respect to the use of, or for damages resulting from the use of, 

any information, apparatus, method or process disclosed in this report. 

 

Reference herein to any specific commercial product, process, or service by trade name, 

trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, 

recommendation, or favoring; nor do the views and opinions of authors expressed herein 

necessarily state or reflect those of the Illinois Department of Commerce and Economic 

Opportunity, Office of Coal Development, or the Illinois Clean Coal Institute. 
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