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ABSTRACT  

 

 Praxair, Inc. and the United States Department of Energy (DOE) are 

developing an optimum process configuration for integrating Oxygen Transport 

Membranes (OTMs) into a power generation process allowing for high efficiency 

Carbon Dioxide (CO2) capture from coal power plants under a three year 

Cooperative Agreement (DE-FC26-07NT43088). The main objective of Phase I is 

to develop OTM technology that meets commercial targets for oxygen flux, 

strength and reliability. A second objective of Phase I is to down-select an 

optimum process integration cycle for the OTM membranes with CO2 capture and 

to provide a full system and economic analysis of that cycle.  

 An advanced porous support for the membrane separation layers was 

developed in collaboration with ENrG, Inc. (Buffalo, NY) in a project funded by 

NYSERDA (agreement number: 10080), preliminary tests revealed that this 

advanced support allowed significantly higher oxygen flux than the standard 

support material. When combined with further improvements to the fuel oxidation 

layer, oxygen transport rates that approach commercial targets were demonstrated 

at the laboratory scale.  

 Three types of reactors have been constructed to characterize the 

performance of OTM elements. A high pressure reactor was constructed to 

characterize the performance of OTM tubes under partial oxidation conditions at 

high pressure (up to 200 psig). Simulated synthesis gas from a coal gasifier with 

and without H2S and COS is used as the fuel in this partial oxidation reactor. 

Tests show that the oxygen flux increases with fuel pressure and that the 



membranes can tolerate high levels of sulfur impurities. Low pressure membrane 

reactors are used to characterize the performance and robustness of OTM 

elements when exposed to synthesis gas in the OTM boiler of the proposed 

process. The third reactor, which will allow testing of the OTM tubes with solid 

fuel has been developed and constructed at the Utah Clean Coal Center.  

Process simulations have been performed for the overall OTM process 

with power generation at a scale of 550 MWe net. Approximate capital costs have 

been determined for cost of electricity (COE) comparison against other 

technologies for CO2 sequestration. Sensitivity around OTM membrane cost and 

delivered coal price has been determined to understand how these variables affect 

the total COE. 

Keywords: oxygen transport membrane, oxy-fuel combustion, oxycombustion, 

OTM boiler, OTM POx, synthesis gas, partial oxidation, gasification, auxiliary 

power 

 

1. INTRODUCTION 

 

 The oxycombustion process is one of several proposed methods to capture 

CO2 from coal-fired power plants.   In a retrofit situation, pure oxygen would 

replace air required for combustion, and the oxygen would likely be supplied via a 

cryogenic air separation unit (ASU).  An advantage of oxycombustion is the high 

available CO2 concentration in the flue gas, available in part because pure O2 is 

used for combustion instead of air.  However, the parasitic power requirement of 

the ASU poses a significant energy penalty to the process. 

 An Oxygen Transport Membrane (OTM) technology being developed by 

Praxair has the potential to reduce the parasitic power requirement for the ASU, 

while maintaining a high (>95%) CO2 capture rate.   The OTM utilizes the large 

gradient in oxygen partial pressure between the fuel and airside of the OTM 

system to drive oxygen transport through the membrane.  By utilizing a chemical 

driving force for air separation, very little power is consumed for air compression 



and the parasitic power consumption required for oxygen production is reduced 

by 70-80% as compared to a cryogenic ASU [1].  

 In a Cooperative Agreement with DOE (DE-FC26-07NT43088) Praxair is 

developing and scaling-up the OTM technology in order to drive the technology 

status to a level where it is ready for pilot-testing.  The project has two phases.  In 

phase I, Praxair will work on OTM materials development and through process 

and economic modeling along with technical feasibility studies, Praxair will select 

an optimum process configuration for OTM integration into a coal power plant. 

Phase II of this project will involve developing basic engineering design and 

costing of key pieces of OTM-based equipment.   Phase II will also involve the 

development of a plan for pilot testing of the technology.   Praxair is currently 

working on the first phase of this project. 

 

2. PROCESS AND SYSTEM ENGINEERING 

 

Process concepts incorporating ceramic oxygen transport membranes 

(OTM) into coal-fired power plants in order to facilitate carbon dioxide capture 

have undergone technical and economic evaluation.   Figure 1 depicts a simplified 

schematic of the first process concept, in which coal is reacted in an oxygen-

blown gasifier to generate synthesis gas.  A cyclone or a candle filter removes 

fines from the synthesis gas, before the synthesis gas is fed to an OTM partial 

oxidation reactor (OTM POx).  In the POx unit, the reaction between oxygen 

generated by the OTM tubes and synthesis gas provides heat, increasing the 

temperature of the synthesis gas.  Power is then recovered by expanding the hot 

synthesis gas. After expansion, the synthesis gas, at slightly above the ambient 

pressure, is fed to the OTM boiler.   

In the OTM boiler, synthesis gas reacts with oxygen produced from the 

OTM tubes.   The OTM system will be used to supply oxygen to the fuel side 

until 80 – 90% fuel utilization is achieved.  The OTM tubes produce oxygen by 

using a gradient in chemical potential to drive oxygen ions across the ceramic 

material of the OTM.  Because oxidized synthesis gas provides less of driving 



force for oxygen ion transport than the starting synthesis gas, OTM derived 

oxygen is an inefficient source for the final 10 – 20% of oxygen, and therefore 

oxygen supplied from the cryogenic air separation unit will be used to complete 

combustion.    The exiting flue gas at ~1770ºF and consisting of ~ 45% H2O, 52% 

CO2, with a balance of N2, SO2, and O2 will pass through a convective section of 

the boiler for further steam generation and boiler feed water preheating.  The flue 

gas exiting the FGD scrubber consists mainly of CO2 (>95%) and is compressed 

in a multistage compressor to >2000 psia for transport to the sequestration site.   

Basic conceptual engineering design of the OTM Boiler will take place 

during Phase II of this project.   The design is currently envisaged to include 

steam tubes interspersed with OTM tubes such that the thermal energy released 

from reactions on the OTM tubes will heat the steam tubes, and OTM 

temperatures across the boiler will be maintained at a level which will allow 

optimum and stable membrane performance.   
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Figure 1, Process for Integration of OTM into Power Generation Cycle with CO2 
Capture 



A summary of recently completed techno-economic analysis is presented 

in Table 1, which shows that given a coal price of $3/MMBTU the cost of 

electricity is expected to increase < 35% when compared with the Air fired PC 

case.   

 

Table 1  Cost and Performance Summary of OTM Process 
 

 
 

3. OTM MATERIALS DEVELOPMENT 

 

 In the OTM tubes, air enters the inside of the tube, and fuel (typically 

consisting of CO, H2, CO2, CH4, and H2O, along with dilute quantities of 

impurities such as H2S, COS, etc.) is in contact with the outside of the tubes.    

Molecular oxygen in the air reacts on the inside of the tube and dissociates into 

oxygen ions that are transported through the tube to the fuel-side where they 

oxidize the fuel species.   Oxygen depleted air exits the inside of the OTM tubes 

and is used to preheat the inlet air.   The oxidized syngas, i.e. flue gas, exits the 

OTM system and is also used for further heat integration. 

 The OTM tube contains two components:  a porous support and an 

internal dense gas separation layer.   The porous support provides mechanical 

strength to the OTM system.  The internal gas separation layer facilitates the 

reduction of molecular oxygen (O2) to oxygen ions (O2-) on the surface of the air 

 Air fired 
PC 

OTM 
Process 

Efficiency, %HHV 39.7% 37.2% 
CO2 purity, %  96% 
CO2 recovery, %  96.7% 
Coal Price $1.8/MMBtu   
   Cost of electricity, $/MWh $70 $97 
   Cost of electricity increase over base, %  38% 
   Cost of CO2 capture, $/ton  $29 
   Cost of CO2 avoided, $/ton  $31 
Coal Price $3.0/MMBtu   
   Cost of electricity, $/MWh $83 $110 
   Cost of electricity increase over base, %  33% 
   Cost of CO2 capture, $/ton  $30 
   Cost of CO2 avoided, $/ton  $32 



side, the oxidation of fuel species on the surface of the fuel-side, and transport of 

oxygen ions through the bulk of the membrane while preventing molecules in the 

air and fuel from crossing the membrane.   

 Mass transport through the porous support and fuel oxidation on the 

internal gas separation layer were identified as co-contributors to performance 

losses.  In order to improve mass transport through the porous support, the 

development of an advanced porous support was explored in collaboration with 

ENrG, Inc. (Buffalo, NY) in a project supported by NYSERDA; this work has 

demonstrated a breakthrough in oxygen flux performance on laboratory scale 

samples.   In addition, a modification to the chemistry of the fuel-oxidation 

surface was employed which yielded a significant improvement in the rate of fuel 

oxidation, and once incorporated in the OTM system provided a further increase 

in oxygen flux.   

 Figure 2 shows normalized oxygen flux results obtained from OTM 

laboratory samples in a synthesis gas environment as a function of fuel utilization.    

Samples prepared with the standard porous support and standard fuel oxidation 

surface are represented as blue symbols.   A physical model describing the mass 

transport and kinetic phenomena occurring in the OTM system was used to 

predict performance of the OTM over the full range of fuel utilization, and is 

shown to compare well with experimental data.  At the commercial target of ~80-

90% fuel utilization, predictions from the physical model and experimental data 

indicate that the current OTM architecture will not achieve a normalized flux of 1.   

Green symbols represent performance of OTM samples prepared with the 

"advanced support" and improved fuel oxidation surface, and the physical model 

was updated with improved OTM characteristics of the new materials.   OTM 

samples prepared with the improved support and fuel oxidation surface show ~2X 

improvement in performance at ~10% fuel utilization when compared to the 

previous OTM system, and performance is predicted to approach the flux target at 

high fuel utilization (~80-90%).    Work is currently being performed in 

collaboration with ENrG, Inc. (Buffalo, NY) in a project supported by 

NYSERDA to prepare samples with the upgraded material system that will be 



capable of supporting higher fuel utilizations and to scale-up the OTM system 

with the "advanced support" to pilot scale.     

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2, Normalized average oxygen flux versus fuel utilization of OTM 
laboratory samples.  OTM samples with the standard support and standard fuel 
oxidation surface represented as blue squares at low fuel utilization and with blue 
diamonds at high fuel utilization.   OTM samples with the "advanced support" and 
advanced fuel oxidation surface represented as green squares at low fuel 
utilization.  Blue and green lines represent performance predicted by a physical 
model. 
 

 

4. LABORATORY SCALE COMBUSTION TESTS 

 

 Laboratory scale combustion tests are being conducted in order to 

determine the OTM tube performance in the OTM boiler and the POx unit. The 

OTM tubes in the OTM boiler operate near atmospheric pressure and ~ 80 – 90% 

of the fuel needs to be combusted.   The OTM tubes in the partial oxidation unit 

of Figure 1 operate at high temperature and high differential pressure and only a 

small fraction of the fuel will need to be combusted.  The fuel composition, which 

contains trace impurities such as H2S and COS, along with a high differential 

pressure, raises concerns about the chemical and mechanical stability of the 

membranes.   A high-pressure test facility was constructed at Praxair, as shown in 
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Figure 3.   OTM tubes were tested in this facility under appropriate pressure 

gradient conditions and with a simulated synthesis gas from the coal gasifier that 

contained H2S and COS. Results from these tests are presented in Figure 4.   An 

increase in performance was observed under the pressure gradient conditions and 

with the inclusion of sulfur containing impurities.    OTM tubes were tested for a 

period of seven hours, and showed stable performance during testing.  The facility 

has been modified to allow for longer test runs to gain a greater understanding of 

stability under long operating times. The POx unit operates at relatively low fuel 

utilization (~ 25%), and is expected to yield higher performances than the OTM 

Boiler unit.    

 

 

Figure 3, High-pressure reactor for testing OTM tubes at high temperatures, high 

pressures, and with sulfur containing impurities at Praxair, Tonawanda, NY. 
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Figure 4, Oxygen flux of an OTM tube as a function of the pressure of fuel with a 

simulated synthesis gas with no impurities [blue symbols] and with 1% H2S [pink 

symbols].   This OTM tube was prepared with the standard porous support and the 

standard fuel oxidation surface of the dense gas separation layer. 

 

 The Utah Clean Coal Center (UC3) has been subcontracted to study the 

feasibility of operating the OTM tubes in a coal environment. UC3 has finished 

construction of a multi-tube laboratory scale combustion reactor, consisting of 

three distinct modules, as shown in Figure 5.  The reactor can be operated either 

as a fluidized bed reactor or as a fixed bed reactor.  In the fixed bed reactor 

design, coal can be partially oxidized with molecular oxygen in one module to 

form synthesis gas, and the generated synthesis gas can be combusted with the 

OTM tubes in a separate module, generating heat and flue gas.  The fixed bed 

reactor configuration represents the current process design and will allow testing 

in a real coal derived synthesis gas, with tars, fines, fly-ash, HCl, NH3, and other 

impurities present in the fuel.   Preliminary testing has recently begun in the 

facility. 

 

 

 

 



 

Figure 5, Multi-tube reactor for testing multiple OTM tubes in a coal environment 

at the University of Utah, Salt Lake City, UT. 

 

5. SUMMARY 

 

 Praxair has developed an Oxygen Transport Membrane (OTM) technology 

and has proposed a method for integrating these membranes into a Coal Power 

Plant to allow for CO2 capture with a reduced parasitic power penalty, and a cost 

of electricity increase compared to an Air fired PC estimated to approach the 

DOE's targets.  A successful outcome of Phase I of this project will be the 

development and scale-up of OTM tubes that reach the oxygen flux target while 

maintaining reliability at high pressure and in the presence of contaminants.  

Improving the porous support microstructure and modifying the chemistry of the 

gas separation layer has yielded significant progress towards approaching the 

oxygen flux performance targets on laboratory scale samples.  Tests illustrated an 

increase of the performance of the OTM tubes with an increase in pressure and in 

the presence of sulfur impurities.  A multi-tube reactor has been constructed at the 

Utah Clean Coal Center (UC3), where the performance of OTM tubes in a real 

coal-derived synthesis gas with oxygen supplied by OTM tubes will be studied.    
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7. DISCLAIMER 

This material is based upon work supported by the Department of Energy under 

Award Number DE-FE26-07NT43088.  Neither the United States Government 

nor any agency thereof, nor any of their employees, makes any warranty, express 

or implied, or assumes any legal liability or responsibility for the accuracy, 

completeness, or usefulness of any information, apparatus, product, or process 

disclosed, or represents that its use would not infringe privately owned rights.  

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

name, trademark, manufacturer, or otherwise does not necessarily constitute or 

imply its endorsement, recommendation, or favoring by the United States 

Government or any agency thereof.  The views and options of authors expressed 

herein do not necessarily state or reflect those of the United States government or 

any Agency thereof. 

 

The material is also based upon work supported by NYSERDA under agreement 

number 10080 and 10080-1. NYSERDA has not reviewed the information 

contained herein, and the opinions expressed in this report do not necessarily 

reflect those of NYSERDA or the State of New York. 
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