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Overview
Timeline
> Start: 9/9/2003
> End: 9/8/2005
> Percent complete: 80%

Budget
> Total project funding: $602,816

–DOE share: $482,247
–ICCI share: $100,569
–AEP share: $20,000

> Funding received in FY04: $352,700
> Funding for FY05: $250,116



Overview (con’t)
Barriers
>High cost of coal to hydrogen

>Mature technologies employed for coal to hydrogen process –
difficult to improve and reduce cost

Targets
>Reduce cost of hydrogen by 25% compared to current coal-
based plants by 2015

(DOE Fossil Energy Hydrogen Program Plan, 6/2003)

Partners
>Dr. Jerry Lin of Arizona State University

>Dr. Eric Wachsman of University of Florida



Project Objectives

> Determine the technical and economic 
feasibility of a membrane reactor coupled 
with a coal gasifier for clean, efficient, and 
low cost production of hydrogen from coal.

> Screen and test candidate membranes 
under high temperature and high pressure 
conditions of coal gasification



Technical Concept
Hydrogen from Coal via Gasification
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Combine hydrogen separation, reforming, shift and gasification reactions in a close 
coupled way or within one reactor



Potential Benefits of Membrane Reactor for 
Hydrogen Production from Coal/Biomass
> High H2 production efficiency: 

– Thermodynamic analysis and recent modeling work 
indicate over 40% improvement in H2 production 
efficiency over the current gasification technologies

> Low cost: 
– reduce/eliminate downstream processing steps

> Clean product:
– no further conditioning needed, pure hydrogen

> CO2 sequestration ready: 
– simplify CO2 capture process 

> Power co-generation: 
– utilization of non-permeable syngas



Approach

> Membrane Materials Screening and Testing
– Design and construction of a membrane permeation 

apparatus
– Testing candidate membranes at high temperatures and 

high pressures

> Conceptual Design of Membrane Reactor 
– Modeling
– Membrane gasifier configuration

> Process Evaluation and Flow Sheet Development

> Economic Evaluation for Overall H2 Production Process



Accomplishments

> Constructed and commissioned a high temperature/high 
pressure (1100oC/1000 psi) membrane permeation unit. 

> Developed fabrication techniques for making supported and 
unsupported ceramic membranes. 

> Demonstrated high hydrogen flux for proton-conducting 
perovskite membranes in the high pressure membrane 
permeation unit.

> Developed membrane gasification reactor model and confirmed 
the improved hydrogen production efficiency (30-50%).

> Began evaluation of chemical stability issues for the perovskite
materials.



GTI High Temperature/High Pressure 
Permeation Unit

•Membrane diameter:1.25”

•Max Temp: 1100oC

•Max Pressure:1000 psi
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Perovskite Identified as Leading 
Candidate Membrane Material

> Perovskite membranes evaluated:
– BaCe0.9Nd0.1O3-α (BCN)

(supported or unsupported)
– BaCe0.8Y0.2O3-α (BCY)
– SrCe1-xEuxO3-α (SCE)
– SrCe0.95Tm0.05O3-α (SCTm)

Membrane Fabrication

> Die pressing or tape casting for self supporting 
membranes

> Tape casting and lamination for supported thinner 
membranes 
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Developed Supported Ultra-Thin Membrane

Membranes prepared by 
uniaxially pressing of disk

200 micron dense layer



Hydrogen Flux Measured from High 
Pressure Permeation Unit
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Temperature Dependency of Proton-
Conducting Membranes
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Proton-Conducting Membrane Shows 
Good Long Term Stability Under 
Reducing Environment
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Key Conclusions from Membrane 
Permeation Testing
> Several barium/strontium cerate-based perovskite 

membranes show reasonable hydrogen flux at 
gasification temperatures 

> Hydrogen flux increases with pressure (to about 4 
bar) and temperature

> The perovskite membrane can operate more than 
200 hours under a pure hydrogen feed condition 
at 1000C

> Proton conducting perovskite membranes are 
good candidate materials for gasification 
membrane reactor applications



Evaluation of Chemical Stability for 
Perovskite Materials

- TGA (Thermo Gravimetric Analysis) Study
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Evaluation of Chemical Stability for 
Perovskite Materials

- TGA (Thermo Gravimetric Analysis) Study
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Membrane Gasification Reactor Modeling
- Matching reaction kinetics and hydrogen permeation rate

coal synthesis gas

hydrogen
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Ambipolar Conductivity Calculated 
From Measured Hydrogen Flux

( )))ln()ln(
4

/(
))((

222 2
p
H

f
HH

elH

elH pp
LF

RTJ −−=
++

+

σσ
σσ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 1 2 3 4 5 6 7 8 9

Feed H2 Pressure, atm

H
2 

flu
x,

 S
TP

 C
C

/m
in

/c
m

2

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

A
m

bi
po

la
r 

co
nd

uc
tiv

ity
, S

/c
m

 flux
conductivity

SCTm  
1.7 mm
950C



Membrane Gasifier Dimensions 
- a conceptual design example

coal feed, TPD 1000
oxygen feed, TPD 600
steam feed to gasifer, TPD 595
steam feed to shift reactor,TPD 270
coal syngas flow rates, Nm/hr 97125
temperature, C 1100
pressure, atm 60
gasifier diameter, cm 330
membrane tube diameter, cm 1.250
membrane thickness, cm 0.0025
membrane tube length, cm 900
number of membrane tubes 21300
membrae area, m2 7550
ambipolar conductivity, S/cm 0.05
gas residence time of mem., sec 8

hydrogen

retentate

From gasification 
zone

retentate



Modeling of Membrane Gasification Reactor
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Key Conclusions from Membrane 
Reactor Modeling
> Membrane gasification reactor can improve 

hydrogen production over the conventional coal 
gasification process by 30 ~ 50% for the same 
amount of coal feed.

> Membrane reactor performance determined by
– Kinetics of reforming reaction
– Equilibrium of shift reaction (high temperature)
– Membrane hydrogen permeability 

> Catalysts needed for reforming reaction



Future Plans
Milestones for remainder of FY 2005

> Complete flowsheet simulation for hydrogen production based on 

membrane gasifier processes.  Identify one concept for addressing 

chemical stability issues of perovskite membrane. (6/30/05)

> Complete technical and economical assessment of the membrane 

gasifier technology (9/30/05)

Future Work

> Continue improving hydrogen flux
– Reduce thickness, 5- 15 micron
– Dual-phase membranes

> Permeation testing with simulated syngas

> Membrane scale-up

> Bench scale testing



Publications and Presentations

> Shain J. Doong, Estela Ong, Francis Lau, Arun C. Bose, and Ron Carty, “Direct Extraction of 

Hydrogen from Coal Using a Membrane Reactor Within a Gasifier” paper presented at 21’st 

International Pittsburgh Coal Conference, Osaka, Japan, September 2004

> Shain J. Doong, Francis Lau, Mike Roberts, and Estela Ong,  “GTI’s Solid Fuel Gasification to 

Hydrogen Program” paper presented at the 3rd Natural Gas Technology Conference, Orlando, FL, 

February, 2005  



Hydrogen Safety

The most significant hydrogen hazard associated 
with this project is:

> Hydrogen leakage

> Operation of high temperature and high pressure 
permeation unit



Hydrogen Safety
Our approach to deal with this hazard is:
> Hazard assessment

– what-if/checklists, hazard and operability studies 
(HAZOP), failure mode and effects analyses (FMEA), 
fault tree analyses, and others. 

> Risk management plan
– identify approaches and actions required to mitigate and 

minimize exposure to identified risks 

> Communication plan
– failure reporting and corrective actions, periodic revision 

of all safety plans, training, emergency response plan 
development, and safety-related reporting to the sponsor 


	A Novel Membrane Reactor for Hydrogen Production from Coal
	Overview
	Overview (con’t)
	Project Objectives
	Technical Concept        Hydrogen from Coal via Gasification
	Potential Benefits of Membrane Reactor for Hydrogen Production from Coal/Biomass
	Approach
	Accomplishments
	GTI High Temperature/High Pressure Permeation Unit
	Perovskite Identified as Leading Candidate Membrane Material
	Developed Supported Ultra-Thin Membrane
	Hydrogen Flux Measured from High Pressure Permeation Unit
	Temperature Dependency of Proton-Conducting Membranes
	Proton-Conducting Membrane Shows Good Long Term Stability Under Reducing Environment
	Key Conclusions from Membrane Permeation Testing
	Evaluation of Chemical Stability for Perovskite Materials  - TGA (Thermo Gravimetric Analysis) Study
	Evaluation of Chemical Stability for Perovskite Materials  - TGA (Thermo Gravimetric Analysis) Study
	Membrane Gasification Reactor Modeling - Matching reaction kinetics and hydrogen permeation rate
	Ambipolar Conductivity Calculated From Measured Hydrogen Flux
	Membrane Gasifier Dimensions  - a conceptual design example
	Modeling of Membrane Gasification Reactor
	Key Conclusions from Membrane Reactor Modeling
	Future Plans
	Publications and Presentations
	Hydrogen Safety
	Hydrogen Safety


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


