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Abstract

In the last report, we covered the experimentafieation of the mathematical model we
developed for WGS-MR, specifically in the aspec€@ conversion ratio, and the effect of
the permeate sweep. Bench-top experimental staslypben continuing in this period to
verify the remaining aspects of the reactor peréooe, including hydrogen recovery ratio,
hydrogen purity and CO contaminant level. Basedupe comparison of experimental vs
simulated results in this period along with theutssreported in the last period, we
conclude that our mathematical model can prediethly all aspects of the membrane
reactor performance for WGS using typical coal figrsoff-gas as feed under the proposed
operating condition. In addition to 250°C, the expental study at 225°C was performed.
As obtained at 250°C, the predicted values matdhwith the experimental results at this
lower temperature.

The pretreatment requirement in our proposed WGSpkbRess can be streamlined to the
particulate removal only. No excess water beyordstbchiometric requirement for CO
conversion is necessary; thus, power generatieciexity can be maximized. PROX will
be employed as post-treatment for the eliminatioineaze CO. Since the CO contaminant
level from our WGS-MR is projected to be 20-30 pf#ROX can be implemented
economically and reliably to deliver hydrogen withO ppm CO to meet the spec for PEM
fuel cell. This would be a more cost effective sioluthan the production of on-spec
hydrogen without the use of prost treatment.

WGS reaction in the presence of sulfur can be aptished with the use of the Co/MgS
catalyst. This catalyst has been employed indallstias a sour gas shift catalyst. Our
mathematical simulation on WGS-MR based upon tiygested pre- and post-treatment
has demonstrated that a nearly complete CO cowovefise., 99+%) can be accomplished.
Although conversion vs production cost may playmportant role in an overall process
optimization, no cost optimization has been takeo consideration presently. We estimate
that ~90% of the hydrogen produced from the®D in the coal gasifier off-gas can be
recovered via our proposed WGS-MR process. Itdgyplevel ranges from 80 to 92%
depending upon the HCO, selectivity of 10 to 25 respectively. If the pyrof 95% is
required, the hydrogen recovery ratio will drop-80% level for the membrane with
H,/CO,=25.
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1. Introduction
During this reporting period, our development activitiagenfocused on the areas below:

(1) Continuing the development on the fabrication ofrtteenbrane module for pilot
testing in the future;

(i) Completing the experimental verification of the matla#ical model for WGS-MR.
In the previous report, we have verified the CO coneargs W/F. In this report, we
verify the mathematical prediction for CO impurityét and hydrogen recovery ratio
by the MR to complete the verification of our mathéozd model; and

(i) Optimizing hydrogen production via our proposed WGS-MRaefthing its pre-
and post-treatment requirements.

This report summarizes our results for items (ii) amd (

2. Executive Summary

In the last report, we covered the experimental ieatibn of the mathematical model we
developed, specifically in the aspect of CO conweersatio, and the effect of the permeate
sweep. Bench-top experimental study has been camgiimu this period to verify the remaining
aspects of the reactor performance, including hydrogeovery ratio, hydrogen purity and CO
contaminant level. About 40 to >70% hydrogen recoveresloksained for the W/F range
studied with the lab-scale WGS-MR, which agrees exgtg well with the simulated results. A
higher than 70% recovery cannot be demonstrated dhe tortitation of our lab scale reactor.
The experimental CO contaminant level correspondirtdis range of W/F is 3,000 to 2,200
ppm, which is consistent with the predicted value2,000 ppm. Along with the experimental
verification on CO conversion and sweep gas efigodrted in the last report, we conclude that
our mathematical model can predict reliably all @aspef the membrane reactor performance for
WGS using typical coal gasifier off-gas as feed urnde proposed operating condition. In
addition to 250°C, the experimental study at 220°C waempeed. As obtained at 250°C, the
predicted values match well with the experimentalilts at this lower temperature.

Pretreatment requirement for our proposed WGS-MR prd@essbeen defined. To avoid the

hot gas clean-up (HGCU) requirement, the target teatyper for the feed to the WGS-MR is set
at 250°C. Our proposed process will recover as muchasgadssible from the gasifier off-gas to
this target temperature via HRSG to enhance the dyeakr generation efficiency. Thus,
particulate removal can be accomplished at thistemperature with an existing technology.
The amount of water addition to the gasifier off-galslve limited to the stochiometric
requirement. The WGS efficiency under the stochioimetrvironment could be discounted
significantly; however, the use of WGS-MR can enhaheaeaction efficiency to compensate
for this loss in efficiency. Since (i) our membrdrees demonstrated an excellent sulfur resistance
at our proposed reaction temperature, and ¢ &hd other sulfur removal contaminants can be
rejected by our hydrogen selective CMS membraneulfior pre-treatment is required. Thus,
the pretreatment requirement in our proposed WGS-MRepsocan be streamlined to the



particulate removal only. No excess water beyondtbehiometric requirement for CO
conversion is necessary; thus, power generationesftig can be maximized.

Post treatment requirement includes the PROX foelineination of trace CO. Since the CO
contaminant level from our WGS-MR is 20-30 ppm, PROXlmaimplemented economically
and reliably to produce hydrogen with <10 ppm CO to rnieespec for PEM fuel cells.

This would be a more cost effective solution thanubke of our proposed technology to produce
on-spec hydrogen without post-treatment. WGS reaatidime presence of sulfur can be
accomplished with the use of the Co/Ma&talyst. This catalyst has been employed ingigtr
as a sour gas shift catalyst. Our mathematical sironlan WGS-MR based upon the suggested
pre- and post-treatment has demonstrated that by ceanplete CO conversion (i.e., 99+%) can
be accomplished. Although conversion vs productionmmastplay an important role in an
overall process optimization, no cost optimizatios haen taken into consideration presently.
We estimate that ~90% of the hydrogen produced frori#h€O in the coal gasifier off-gas

can be recovered via our proposed WGS-MR process. Ity [avel ranges from 80 to 92%
depending upon the ;CO; selectivity of 10 to 25 respectively. If the purityd§% is required,
the hydrogen recovery ratio will drop to ~80% levelttoed membrane with #CO,=25.

3. Experimental

3.1 Experimental Verification of Mathematical Model Déweed for WGS-MR

A lab scale CMS membrane with 0.35cm ID, 0.45cm OD,14xid- was selected for this study.
This CMS membrane was characterized with both singdeagd mixed gas at the target reactor
temperature, 250°C and 50 psig. Two tests were pertbfonghe mixture separation: one with
the presence of water and the other without. Tvater permeation and its effect on the
permeation of other gases were quantified.

3.2. Membrane Reactor Study
The membrane was packed with the Cu/ZnO catalyst conversion via WGS reaction. Feed
composition and the reactor configuration and itsaireg condition are detailed below.

Feed Composition Operating Condition
Ratio Mol Fraction |Feed Pressure 3 atm
CcoO 1 0.16|Permeate Press 1 atm
CO2 0 0.00|Temperature 225-250C
H20 1.1 0.18|Sweepratio 0.1
H2 4 0.66|Wc 3049
N2 0 0.00|Surface Area 0.0028 m*®

The experiment was performed at several selectédsywanging from 250 to 500 gm-cat-
hr/mol CO at 250°C and at 3 and 1 bar for the feedp@ndcheate side pressure respectively. For
each W/F, its CO conversion, hydrogen recoverad,r@0O impurity level and hydrogen purity
were experimentally determined. In addition to 2508@wer temperature, i.e., 225°C, was



selected to evaluate the effect of reactor tempexal he experimental results obtained were
then compared with the simulated values to evalingtedliability of our mathematical model
prediction.

3.3. Process Optimization

Using the mathematical model developed and verified @bwg performed the optimization
study on the proposed WGS-MR. Although no cost optitoiravas attempted here, we have
configured a process scheme, which could streamlinkyi®gen production via WGS-MR.
The pre-treatment and post-treatment requirements thas determined. Then a mathematical
simulation was performed for WGS-MR under this pregabstreamlined scheme. In addition,
sensitivity analysis was performed to determine tfexeof the H/CO, selectivity on the
hydrogen purity. To eliminate the sulfur removaltgratment requirement, Co/Mg&atalyst
was employed in this optimization study. The kinpacameters obtained from the literature [1]
listed below were used for this simulation:

Preexponential factor [gmole/{gr-catal.sec.bar®0.4)] k0=6.0
Reaction rate constant [gmoele/(gr-catal sec.atm®0.4)] k=k0*exp(-5950/(R*(T+273)))

Rate Expression = k*(1-Beta)* PCO"0.8 * PH200.29*PC0O2"-0.07

4. Resultsand Discussion

4.1. Hydrogen Permeance and Selectivity of CMS Membrane

Several CMS membranes were characterized and rdporteir previous report. In this report,
we select a CMS membrane with a higher hydrogen peweaa order to deliver a higher
hydrogen recovery ratio under the constraint ofeoqoerimental set-up for the membrane with
<10”"L. Thus, the membrane selectivity is not as higivlaat reported previously. The single
gas permeances along with the ideal separation faat@50°C and 50 psig are presented in the
top portion of Table 1. Its hydrogen permeance is Zffthr/bar. Its ideal selectivities are 34,
and 13 for H/CO and H/CO, respectively. The mixture permeation was detesthiat a similar
condition, i.e., 250°C and 50psig with the feed compasitatio of 4:1:1 of HCO:CQ. The
hydrogen permeance is 2.£/m?%hr/bar , and its selectivity over CO and £e 30 and 14
respectively. The hydrogen permeance in the mixtusemewhat lower than that obtained in
the pure component while the selectivities are vergecto those obtained from the pure
components. In addition, the effect of water wasqgreréd. The hydrogen permeance is 2.3
m*/m?/hr/bar, and its selectivities over CO andGte 49 and 9.2 respectively. Since the
hydrogen permeance obtained in this set of experifhentwith HO) is close to the single
component, we believe that the hydrogen permean2elaft/m?%hr/bar obtained in the first set
is most likely due to the experimental error. Tékedtivities obtained from the presence of
water exhibited the enhanced affinity toward CO whittueed affinity to CQ. We believe that
the WGS reaction may have taken place in this exatiah study although no catalyst is used.
As expected, the water permeance is similar to ydedgen permeance. In summary, the



permeances in the mixture and their selectivitiescansistent with those obtained from the pure
components. In the reactor simulation study, the pomgonent permeances were adopted.

Tablel Characterization of Hydrogen Selective CM S Membrane
Used in This Reporting Period

Surface Area (m2) 0.0027928
T=250C
Shell Side Feeding
Pure Gas
250 C /50 psig
Permeate Per meance SF. Permeate Per meance SF.
(cc/sec) [ m3/(m2*hr*bar) ] based on H2 (cc/sec) [ m3/(m2*hr*bar) ] based on H2
H2 2.6054 1.0
CH4 0.0317 82.2
CcO 0.0778 33.5
CO2 0.2046 12.7
H20
N2 0.0569 45.8
Ar 0.0650 40.1
Ar
Shell Side Feeding
H2:CH4:CO:C0O2 =8.0:0.0:20: 20 H2:H20:CO:C0O2 =8.0:20:20: 20
Ar assweep : 1.060 (cc/sec)
250 C /50 psig 250 C /50 psig
Permeate Per meance SF. Permeate Per meance SF.
(cclsec) [ m3/(m2*hr*bar) | based on H2 (cclsec) [ m3/(m2*hr*bar) | based on H,
H2 2.1187 1.0 2.3319 1.0
CH4
CcO 0.0705 30.1 0.0473 49.3
CO2 0.1552 13.7 0.2526 9.2
H20 2.2709 1.0

4.2. Experimental Verification of Mathematical Model

The experimental and predicted results are predentéigures 1 to 4. In the last report, we
confirmed that the mathematical model predicted thel CO conversion and the effect of sweep
ratio reasonably with the feed composition typicalhaf coal gas. In this report, we present the
comparison of experimental vs simulated results vagard to the remaining aspects of the
performance parameters, i.e., hydrogen purity, C@Qaooinant concentration in the hydrogen
recovered, and the hydrogen recovery ratio, in addito the CO conversion by WGS-MR at
250°C. Besides the effect of the reactor temperatai@O conversion, hydrogen recovery ratio
and CO contaminant level was verified at a lowergerature, i.e., 220°C.

Both experimental and simulated result on CO cawarvs W/F is presented in Figure 1. The
CO conversion reaches ~90% for W/F ranging from 250 togs®@at-hr/mol CO, which



matches well with the simulated results. Our previaport shows >90% conversion resulted
from the use of the membrane with a highetlG® selectivity than what used in this study. In
summary, ~10% conversion enhancement over the thermmayeguilibrium under this
experimental condition was accomplished with the afsthe membrane reactor, similar to what
reported in the previous report.
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Figurel CO conversion via WGS-MR Using Our Hydrogen Selective CM'S
Membrane: Experimental vs Simulated.

Experimental results on the hydrogen recovered tard® contaminant concentration in the
hydrogen product recovered are presented in Figureng alidh the mathematical prediction.
About 40 to >70% hydrogen recovered was obtained for tiersge studied, which agrees
extremely well with the simulated results as shomwRigure 2. The CO contaminant level
corresponding to this range of W/F is 3,000 to 2,200 ppm, whichnsistent with the predicted
value of ~2,000 ppm. Overall the hydrogen recovery@ddcontaminant level can be predicted
reliably with the mathematical model we have devaiogléhough the CO contaminant level
appears slightly under-estimated by our mathematioalei Based upon the permeance of our
membrane, a longer membrane tube (i.e., high memitafece area to catalyst dosage ratio,
and/or lower space velocity) will be required in artieachieve the hydrogen recovered at



>>70%. Due to the experimental set up limitatios, the furnace dimension, no laboratory
study with a longer membrane tube (i.e., >10” L) capdédormed under this project. Following
the trend of the experimental vs predicted reswsbelieve that the CO contaminant level can
be predicted closer to the simulated value at a higltgolgn recovery level, i.e., >>70%.
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Figure2 Hydrogen Recovery Ratio and Its CO Contaminant Level for a Wide
Range of W/F studied: Experimental vs Simulated.

Effect of temperature was also performed both expetaiigrand with simulation. In addition
to 250°C, the experimental study at 220°C was performsquresented in Figures 3&4 for CO
conversion and hydrogen recovery and CO contamieaat respectively. As obtained at
250°C, the predicted values match well with the expenmiiad results at this lower temperature.
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In summary, the mathematical model we have developegredict the performance of the
WGS-MR reliably for the experimental condition sl in this study using a typical feed
obtained from coal gasifier off-gas.

4.3. Process Optimization for Hydrogen Production

In this reporting period, we also attempted to perforat@ss optimization, focusing on the use
of our CMS membrane for WGS-MR with the mathematmabel developed and verified in

this project. A comprehensive process optimizatidreipond the scope of this project; however,
an optimization around the WGS-MR would give us valeatformation, specifically an
compromised hydrogen purity vs hydrogen recoveigrabeveral process variables are
arbitrarily selected in order to minimize the varegbinvolved in the optimization. These
variables are listed below:



* To avoid the hot gas clean-up requirement, our procdsseaover as much as heat from
the gasifier off-gas via HRSG. Thus, the targetgerature for the feed to the WGS-MR
can be set at a low temperature, e.g., 250°C. Tlauscplate removal, which is the only
pre-treatment requirement for our proposed process, caccoeplished with an
existing technology. No hot gas clean-up (HGCU) is ireguunder our proposed
process.

* The amount of water addition to the gasifier off-galve limited to the stochiometric
requirement. Significant over-stochiometric water addihas been practiced routinely
to enhance the CO conversion. However, from the pgeseration standpoint, the
water quench to the gasifier stream is essentidtygsin the power generation
efficiency. In addition, dilution of reactants apbducts, which are unfavorable to WGS
reaction and membrane permeation in most occasldesWGS conversion efficiency
under the stochiometric environment could be discousiggdficantly; however, the use
of WGS-MR can enhance the reaction efficiency to corsgee for this loss in efficiency.

» Since our membrane has demonstrated an excellent sedfstance at our proposed
reaction temperature, angd$land other sulfur contaminants removal can betsgjdxy
our hydrogen selective CMS membrane, no sulfur pegsrent is suggested. Instead,
the acid gas removal can be implemented afterytsolgen production and recovery if
necessary. Thus, the pretreatment requirement inroppoped process can be
streamlined to the particulate removal only.

* WGS reaction in the presence of sulfur can be actsingg with the use of the Co/MeS
catalyst. This catalyst has been employed indalistifior WGS in the presence of sulfur.

An example of the proposed process is presentedyurd-b. With the above assumptions in
pre- and post-treatment and the reactor operatiomitieed the process simulation study
for WGS-MR using the mathematical model developed.



Hydrogen Production from Coal with CO, Capture Process: A Simplified Schematic
No Sulfur Removal Pre-treatment and No Hot Gas Clean-up Requirement
Based upon Carbon Molecular Sieve (CMS) H, Selective Membrane Technology
Raw Gas from -
Gasifier 500°C 250°C Particulates | y5p0c
1200°C " Water — o0 par -Tzobar| Removal  146.120 par
4010 120 bar ~ -Quench
H,: 0.22
H,: 0.29 0.31 CO: 0.30 v
CO: 0.39 CO,: 0.10 i
Coy: 013 mol/mol He 037 WGS with
H,0: 0.18 offgas Nii 0.01 H, Co/Mo
M 001 H,S: ~0.01 Product *— Sulfidevia [
30 km¥h 39.3 km¥h 95+9% CMS
purity membrane
To recycle Sour Gas 250°C
to recover 4' 0-120 bar| Separation 40-120 bar
residual H,
CO,, H,Sto
disposal at
Abbreviation ~1(;-§gt
WGS: water gas shift 40-120 bar
HRSG: heat recovery steam generator
MR:  membrane reactor Media and Process Tech Inc.
I
Figureb Overall Process Scheme for Hydrogen Production from Coal Gasifier Off-
gasviaWGS-MR with Our Hydrogen Selective CMS Membrane

Our simulation strategy is based upon the principlésibe

It is our objective to achieve a nearly complete €@@version with the proposed CMS-
MR. Although conversion vs production cost may playmaportant role in an overall
process optimization, no cost optimization has bakert into consideration. However,
a nearly complete CO conversion, i.e., >99%, caadbeeved with the use of our CMS-
MR.

In our proposed process, the PROX is treated as esdgaost treatment to reduce the
CO contaminant level of 20-30 ppm to <10 ppm to meet thé fRIEl spec. PROX can
be implemented economically and reliably for this level contaminants Therefore, our
optimization does not take into consideration of mining the CO contaminant level
with out proposed WGS process.

In stead of the maximized hydrogen purity and theimized CO contaminant level, a
relationship for hydrogen purity and its CO contaminan% hydrogen recovered will
be established to demonstrate the trade-off relsiip.
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H, FROM COAL VIA CMS5-WGS MEMBRANE REACTOR

CM S WGS Membrane Reactor COmeefgﬁon
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Figure6 Hydrogen Purity and CO Contaminant Level for the WGS-MR with A
Nearly Complete Conversion of CO and the Use of Nearly Stochiometirc
H,O/CO Ratio.

Hydrogen purity and CO contaminant level vs % hydrageovered is presented in Figure 6 for
the membrane with hydrogen permeance of2thr/bar and the selectivity of HCO=75. In
comparison with the membrane property employed @ &2 for verification, the hydrogen
permeance used here is lower while the selectivitygler. As indicated in Sec. 4.2, a
membrane with a higher hydrogen permeance was sglecteaximize the hydrogen recovery
ratio with the lab scale reactor we used there. Tdilmyer hydrogen permeance with a higher
selectivity used here is in-line with the CMS menmmiesawe have produced thus far. In addition,
our typical H/CO; selectivities range from <5 to >25 at this temperattgesalected, depending
upon the hydrogen permeance required. For hydrogen perene&@ ni/m?hr/bar, a

H./CO,=10 is considered as our base case. A typical coalayasif-gas composition was
adopted here (see Figure 6). Th®KCO ratio used in this simulation is 1.2.

For the selectivitiy of HCO,=10, our simulation shows that the hydrogen purity & hd CO
contaminant of 25 ppm can be produced at 90% hydrogemwarsth To enhance the purity to
90% the recovered ratio diminishes to ~55%. Thus, bigpractical to enhance the hydrogen
purity using the membrane withd@O,=10. Since majority of impurity is GOto enhance the
purity can be most effectively accomplished with tise of the membrane with a highe¥ED,,
we perform some sensitivity analysis on the varratbH,/CO, on the hydrogen purity vs
hydrogen recovered. The hydrogen purity can be edthto 92% with the 90% hydrogen
recovered. Its corresponding CO contaminant leveB&ppm. On the other hand, if the

11



hydrogen recovered of 80% is acceptable, hydrogetympproaches 95%. Figure 7 presents
the effect of H/ICO, selectivity on hydrogen purity at the recoveryoaif 92%. The purity will
increase from 80 to 90% with the/BO, selectivity increase from 10 to 25. In summary, 90%
hydrogen produced from theHCO in the feed can be recovered via our proposed W&S-M
process. lIts purity level ranges from 80 to 92% demgndpon the HCO; ratio. If the purity

of 95% is required, the hydrogen recovery ratio witidto 80% level for the membrane with
Hz/COzZZS.

T 100
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Qo >
gz 70
GCJ 03_ 60 fmm—— HZ2 Recovery
COD —H2 Purity
1= 50 -
>
I 40 [ [ [ [ [
0 5 10 15 20 25 30
Selectivity, H,/CO, [-]
Figure7 Effect of H,/CO, Selectivity on Hydrogen Purity on WGS-MR with
Complete CO Conversion

5. Conclusions

Based upon the results obtained in this reporting pergy@ral conclusions can be drawn as
follows:

» About 40 to >70% hydrogen recovered was obtained for tikerdige studied with the lab-
scale WGS-MR, which agrees extremely well with tiheusated results. The experimental
CO contaminant level corresponding to this range df W/3,000 to 2,200 ppm, which is
consistent with the predicted value of ~2,000 ppm imitange. Along with the experimental
verification on CO conversion and sweep gas efigabrted in the last report, we conclude

12



that our mathematical model can predict reliablyaafiects of the membrane reactor
performance for WGS using the coal gasifier off-gagead under the proposed operating
condition.

In addition to 250°C, the experimental study at 220°G pexrformed. As obtained at 250°C,
the predicted values match well with the experiraergsults at this lower temperature.

Pretreatment requirement for our proposed WGS-MR prd@essbeen defined as follows:

o0 To avoid the hot gas clean-up (HGCU) requirement, caecgss will recover as much
heat as possible from the gasifier off-gas via HR&@nhance the overall power
generation efficiency. Thus the target temperairé¢he feed to the WGS-MR can
be set at a low temperature, e.g., 250°C. Thuscpkate removal can be
accomplished with an existing technology.

o The amount of water addition to the gasifier off-galve limited to the
stochiometric requirement. The WGS efficiency urttierstochiometric
environment could be discounted significantly; howetres,use of WGS-MR can
enhance the reaction efficiency to compensate fotdkssin efficiency.

o Since (i) our membrane has demonstrated an excslidfar resistance at our
proposed reaction temperature, and (iptnd other sulfur removal contaminants
can be rejected by our hydrogen selective CMS merebremsulfur pre-treatment is
required.

Thus, the pretreatment requirement in our proposed WG $Hdéess can be streamlined to
the particulate removal only. No excess water bdybe stochiometric requirement for CO
conversion is necessary in our pre-treatment; thosser generation efficiency can be
maximized.

Post treatment requirement includes the PROX foelineination of trace CO. Since the CO
contaminant level from our WGS-MR is very low, e20;30 ppm, PROX can be
implemented economically and reliably to reduceGieto <10 ppm to meet the PEM fuel
spec. This would be a more cost effective solutramthe use of our proposed process to
produce on-spec hydrogen without post treatment.

WGS reaction in the presence of sulfur can be actsinga with the use of the Co/M@S
catalyst. This catalyst has been employed indlistfor WGS in the presence of sulfur. Our
mathematical simulation on WGS-MR based upon the steghese- and post-treatment has
demonstrated that

0 A nearly complete CO conversion (i.e., 99+%) with pheposed CMS-MR can be
accomplished. Although conversion vs production owesf play an important role in
an overall process optimization, no cost optimizatias been taken into
consideration.

13



0 ~90% of the hydrogen produced from the-BO in the coal gasifier off-gas can be
recovered via our proposed WGS-MR process. Its puntgllranges from 80 to
92% depending upon theA&0;, ratio of 10 to 25 respectively. If the purity of 95%
is required, the hydrogen recovery ratio will dro@@8%6 level for the membrane with
Hz/COzZZS.

14



References:

1. Lund, C. R. F., “Effect of adding Co to M#&l,0Os; upon the kinetics of the Water-Gas
Shift”, I&EC Res, 35 3067(1996).

15



List of Acronyms:

WGS:  water gas shift reaction

MR: membrane reactor
PFR: packed fixed-bed reactor
Ea: activation energy

HGCU: hot gas clean up

HRSG: heat recovery steam generator
CMS: carbon molecular sieve

SGS: sour gas shift

PROX: Preferential oxidation

WI/F: Ratio of catalyst dosage to feed rate
PEM: Proton exchange membrane
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