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Figure 3.10

Sweep Gas Temperature Sensitivity
Sifica Mernbrane - Defaull Values
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As seen in Figure 3-10, the carbon recovery, carbon dicxide purity,
hydrogen recovery and parmeate LHY are relatively constant over the
range of sweep temperatures studied. For the gasification plant, s lower
sweep feed temperature Increases the amount of steam that can be
produced for power generation. Therefore, the sweep temperature was
set at the lowest possible temperature of 215°C (based on a maximum
temperature differential between the syngas feed and permeate of
100°C). (However, as the process design progressed, the sweep
temperature was later changed to 315°C due to heat recovery issues
downstream of the MWGS reactor )
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Figure 3.11
Sweep Prescure Sensitivity
Silica Mernbrane - Defaull Values
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As the sweep pressure increases (decreasing dnving force for hydrogen
parmeability — opposite effect of increasing syngas feed pressure), the
carbon recovery increases while the hydrogen recovery decreases (at
approximately four times the rate &s that for the carbon recovery
increase) as seen in Figure 3-11. The lowest possible sweep pressure is
aptimum for hydrogen permeability, however, a permeate pressure of 1
bar (minimum specified by ECN) was not sufficient pressure for the
injection of the hydrogen-rich fuel into the existing fuel systerm for the
current furnacestboilers, Therefore, the sweep pressure was set to 5
bara per CCP's direction based on the fuel pressurs requirements, The
pressure differential over the membrane of 30 bar Is below the maximum
of 100 bar stipulated by ECN. (However, it was found |ater by CCP that
the sweep pressure could be lowered to 3 bara to increase the hydrogen
flux driving force.)
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Figure 3.12
Sweep Flow Rate Sengitivity
Silica Membrane - Default Values
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As the sweep flow rate increases, the hydrogen recovery increases;
however, this adversely affects the permeate heating value as seen in
Figure 312, Also, the nitrogen flow rate for sweep gas is limited by the
amount of nitrogen (~12, 700 kmaléhr) available from the Alr Separation
Unit. The nitrogen can be supplemented by steam to decrease the
membrane surface area required for the same carbon recovery.
However, this oplion was not pursued for the sensitivity studies as
preliminary caleulations show that for a 3-4% reduction in surface area,
the power generation decreases by 6.7 MWe, (However, steam was
used later in the process design to meet perfarmance targets forthe
MWGS reaclor). The sweep rale was sel to 3400 kmealhr so thal the
heating value of the permeate was 192 Btw/SCF (LHV),
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Figure 313
Membrane Surface Area Sensitivity
Sifica Mernbrane - Default Values
14 = 170
P p———
h"*-.._‘._‘__h-‘ - i
___‘__-n-"
ng
_"‘1}-_ ...-r'"tr'-
ey 1 1E0
og
e
o e
oy (/.f“"
h-_‘____‘ =130
Fos a g
X
T o = m
z s il 2 — = = P
: = -
Fead sile wokeme f memirang cuace area =0 00m fm’ i
& 04 Symgas faed wemparatune =335 -
7#4 Swmgac {end pressure= 3G bar
e Sweep prezmuoe = 14 bar TS0
] Swuap tamperbire = 325 G 1
Swanp fiow = 18,400 kmolthr
o2 "; : :
—4— arhon Rlaoovery + 70
ol —=—L 02 Purity Dy Basis] | |
"J' =d—H ydrogan Recovary
(=M=Fermaale LHY
0 / : : 50
a 00 1000 1500 00 2500 00 0 0 4500 EDO0 SEOD 00

mwgs report final doc

B emihrane Susface Area fm’)

As the membrane surface area increases (increasing hydrogen
parmeability). the carben recovery dacreases while the hydrogen
recovery increases (at approximately three times the rate as that for the
carbon recovery decrease) as shown in Figure 3-13. Membrane surface
areas greater than 5000 m” were not evaluated because of problems with
the speed of the convergence of the model at higher surface areas. As
the membrane research are still at the bench scale level, no
recommendations on the optimum size of the membrane system could be
made at this time. Therefore, based on the recommendead values for the
cther input variables, the membrane surface area was optimized to
maximize carbon recovery without considering ecenomics,
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Figure 3-14
Feed Side Volume | Membrane Surface Area Sensitivity
Silica Membrane - Default Yalues
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The carbon and hydregen recoveries, carbon digiide purity and permeate
heating value are insensitive to the feed side volumefmembrane surface
ratio for the range studied as seen in Figurs 3-14, The fead side
volume/membrane surface area ratio was set to 0.0015 m*/m” based on
input from ECH, which resulted in an even termperature distribution and
also increased the speed of the model convergence. (However, later
estimates showed a feed side volume/membrane surface area ratio of
0.10 m*%m°® resulted in higher carbon recovery (higher ratios increase
catalyst volume thus promating the shift reaction) so later estimates were
based on the higher ratio,)

The allowable ranges for the input variables and recommended optimum
operating conditions for the silice membrane are shown in Table 3-5,
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Table 3-5
Allowable Range and Recommended Yalues for Input Variables
Silica Membrane
(Based on preliminary sensitivity analysis)
Variabla Allowable Recommended
Range Values
Syngas feed temperature, *C 200 — 1000 315
(Catalyst temperature range) (300-450)
Syngas feed pressure, bara 1 =100 a5
Sweep temperature, *C 200 - 1000 215
Sweep pressure, bara 1-100 5
Sweep flow rate, kmaolhr Maximurm 2400
available is
~12.700
kmaolfhr
Membrane surface area, m* Mone 3100
Feed side volume/membrane 0.003-02 0.0015
surface area ratio, m*/m’

The final results for the recommended case are shown in Table 3-6.

Table 3-6
Recommended Value Case
Silica Membrane

Carbron Recovery, % 727
Hydrogen Recovery, % 854
SO Purity, mol% {dry) 85.4
Permeate LHY, Btu/SCF (LHY) 172.5

Mote thal the carbon dioxide purily (85,4 mol%, dry) is below the targst
value of 80 mol%, dry and the carbon recovery is below the target of
90%. Sensitivity cases were developed, which showed that an
hydrogen/carbon dioxide selectpvty of fitty resulted in a carbon recovery

of 90% for the silica membrane.

Sensitivity Studies Results for First Yersion Membrane Simulation Model

for the Zeolite Membrane

Similar to the silica membrane, sensitivity runs were developed for the
zeolite membrane based on preliminary permeation tests. The syngas
feed composition for the zeolite membrane sensitivity runs were the same

G |
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as that for the silica membrane (see prior section). The default values
used are shown in Table 3-7. Again, the permeances were based on
experimental tests with sweet syngas and the feed to the computer model
WaSs SoUr syngas.

Table 3-7
Default Values
Zeolite Membrane
Variable Default Value
Synoas feed temperature, °C 350
Syngas feed pressure, bara 38
Sweep temperature, °C 350
Sweep pressure, bara 24
Sweep flow rate, kmal/hr 18,400
Membrane surface srea, m’ 2200
Feed side calalyst 0.1
valumedmembrane surfacs
ares ratio, mim®

The results of the computer model for the case with the default values are
showen in Table 3-8.

Table 3-8
Default Value Case
Zeolite Membrang

Carbon Recovery. % 96.2
Hydrogen Recovery, % 10.5
O Purity, mol% (dry) 304
Permeate LHY, Blu/SCF (LHV) 21

The Default Value Case is shown on the sensitivity graphs (Figures 3-14
to 3-20) as a vertical straight line for reference. An optimum operating
case for the zeolite membrane was not done as the sensitivity studies
showed a faily poor performance for the membrane. Therefore, these
sensithvity graphs were sent to the University of Cincinnati to give them an
idea of the preliminary performance of zeolite membrane so thal they
could investigate options to improve their system

305
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Figure 314
Syngas Feed Temperature Sensithity
Zeolite Membrane
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Figure 3-16
Sweep Gas Temperature Sensitivity
Zea live Membrane
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Figure 3-17
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Figure 3-1&
Sweep Flow Rote Sensitvity
Zeolite Membrame
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Figure 3-20
Feed Side Volum e d Membrane Suface Area Sensitidty
Zeolite Membrame
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The performance for all the membranes are shown in Table 3-9. All
membranes had a sour syngas as the feed for the computer model.
However, MWGES reactor performances with permeances based on
experimental data with a sweet syngas feed are denoted a5 "Sweet.” The
syngas feed temperatures were set to 315°C except for the metal ceramic
composite membrane based on experimental data with sour syngas (due
to poor performance of the membrane at lower temperatures) and the Pd-
Alloy membranes (due to the permeance being reported at 350°C with no
termperature correction factor). All four membranes have the syngas feed
and sweep at 34 barg and 2 barg, respectively.

As the table shows, the metal ceramic composite membrane has infinite
selectivity so that the carbon recovery is 100%. As the permselectivity of
HA/C0, decreases, the carbon recovery decreases, The three other
membranes did not meet the target carbon recovery of 90% as the
permselectivities of HCO; were too low.

The table also shows the pre-exponential factors and activation energies
supplied by the membrane vendors. Numerous membrane data were

received from the vendors: therefore, for clanfication the date for the
membrane data |s provided as the last item on the table

=N
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Based on the fact that the metal ceramic composite membrane was the
anly membrane to meet the carbon recovery target, CCF decided that the
cverall gasification plant performance be estimated based on the metal
ceramic composite membrane with permeances from experimental tesis
with sweel syngas. Therefore for Phase | the performance of the sulfur
talerant MW GES reactor was estimated based on permeances derived
from experiments with a sweet syngas feed,

In Phase || of the project, the work will again be based on the metal
caramic composite membrane with permeances derived from
experiments with a sweet syngas feed. (The sulfur tolerant MWVGS
reactor will not be pursued due to low hydrogen flux when sulfur
compounds are present,) Howsver for Phase I, the configuration of the
gasification plant will be revised in order for the hydrogen suffide and
carbenyl sulfide content in the feed to the MWGS reacior to be less than
a 10 ppmv. The tasks for Phase || will include:

Eltron Research Inc.
& [Develop a laboratory proof-of-concept MWGS reactor.

SOFCo
& Design and estimate the cost of a commercial scale MWGES reactor,

Fluor

& Design the gasification plant for a sweet syngas feed tothe metal
ceramic composite membrane WES reactor.

& |ncorporate design considerations into the gasification plant based on
input from SOFCo.

Estimate heal and material balance of the entire plant.
Estimate the plant performance.

Develop sized equipment list.

Develop process flow diagrams

Develop utility summary,

Prepare a report.
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Table 3-8
Membrane Water Gas Shift Reactor Performance Summary

| Coloraco School of Urilversity o]
Ellromn MinesTDA ECN Cincinnati
eramic Compos,) Pd-Allay Sillica | Jeolile |

Sour Sour

Swieet Sour

ga 1 4
Syngas leed pfess:.lre barg
Sweep 4&s pressure, barg
Carbon recovery. s 1000
CO2 purity, dry% 1] 90
Hydrogen recovery, % a5 a5
Hydrngm LHY, B‘Iu-'SCF {Male 1) 149 149

ra rity. % {afer waler condensati £4. &4 7
H2 fhu, mul.l'mz-sas 0.1 0,04
H2? permeance. molim*2-sac-Pascal na
H2 pre-exponential factor, molfm*2-sec-

Pascal nia
2 pre-sxponential facler, molfm®2-sec-

Pascal0.5 28TE-04 T.14E+H05
H2 Activation Energy. Jfimol 2439 18E00
H2 parmeancs. molim®2-sec-Pascal* 0.6 1 966E- Z.BEIF;]j
2 CO2 permselectivily al feed conditions | infinite__ Inf
e e B i '

ragen sweap gas reguirad, kamalhe 9.100 9,100 : ] 7

am Eweep gas required, kgmolfhr 5 800 20,000 - 20.000] 230000 5 000

Jan
Jan. 16, | 16Mfarch| Feb. 26, | March 10,

[Dale he mbrane Dala Received Jan, 21,3003 2003 | 5.2003 | 2003 2003
Motes:

(1) Cooling of fuelto 35 F was required to meet LHW requirement

(2) Permeance al 10 bar.

(3] nfa = not applicable

{41 Ses preliminary sensitivity studies for performance of he slica and zeoRe membrane wilh sweel syngas.
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4.0 GENERAL DESIGN CRITERIA

4.1 Introduction

This section presents the General Design Criteria for the Membrane Water Gas
Shift Reacior Study for CO; Capture Project. The purpese of this document is to
ensure a degree of uniformity of criteria for the design of the plant.

#.1.1

]S report fingd dod

Owverview

The scope of this study is to develop a conceptual process design for the
gasiication of residual ol and refinery fuel gas to produce a hydrogen rich
fuel (carbon-free fuel) for the use in the existing refinery and
petrochemical furnaces and heaters. The syngas from the gasifier is fed
ta a bulk shift catabyst whers the carbon monoxids and water are
converted to hydrogen and carben dioxide. The shited syngas is then
fed to & sulfur tolerant membrane water gas shift (MWGES) reactor
systern. which provides additional conwersion of the remaining carbon
monaoxide then separates the product hydrogen from the proeduct carbon
dioxide. The hydrogen rich stream is fired in the exisiing equipment
praducing a flue gas. which is relatively free of carbon dickide. The
carbon dioxide rich stream from the MWGS reactor is treated to remaove
sulfur cempounds and compressed for geclogic sequestration. The larget
carben diexide purity is 90 mol%, dry.

The site location is at the BP facilities (includes refinery, power station
and chemicals plant) &t Grangemaouth,

Project Facilities

A process schemalic for the gasification of a heawy feadstock to produce
hydragen rich fuel gas using the membrane WGES reactor s depicted in
Figure 4-1. The syngas from the gasifier is cleaned of particulates,
preheated, shifted in a bulk shift catalyst then fed tothe WGS reacter,
The membrane removes product hydrogen from the reactor, facilitating
higher conversion of the carbon maonoxide and water to hydrogen and
carbon dioxide at a given temperature. If sufficient conversion is
achieved, the non-permeate comprises mainly carbon dicxide with low
concenirations of hydrogen sulfide, methanes, nitregen and argon.

The electrical power for the plant is provided by a natural gas fired
combined cycle,
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Vent Eigure 4-1
Process Schematic
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41.3 General Criteria and Fhilosophy

a} The plantis designed to recover two (2) million tonnes per year of
CO: (100% basis and 330 days per year operation with a carbon
recovery of 100% for the membrane WGES reactor). This target
quantity reflects the overall aims of the Grangemeouth site, i.e. to
capture 50% of the CO. from across the complex,

b} The plantis desighed to be self sufficient in maost ufilities including
electrical power. The firewater is assumed to be provided by the
existing site infrastructure. (This assumplion for the firewaler is the
same as the design in the BP Grangemeuth CO. Capture Report,)

41.4 Baftery Limits Definition

The following commaodities are supplied to the plant at the battery limits:

Residual cil feed
Refinery fuel gas
Matural gas
Make up water
Ambient air
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