Technology transfer to GTC was carried out, and with additional developments at GTC,

the following were accomplished:

(i) Consistent alumina tube fabrication (control of pore size, porosity, tube interior
- surface finish, straightness),

(i) Reproducible PVDC coating (spec1ﬁcat10ns set on emulsion concentration, coating
~ thickness),

(1if) Pyrolysis protocol (temperature profile and passivation conditions), and

(iv) Membrane QC (method and standard).

During this development, a significant improvement was made in the SSF membrane
performance by improving the surface characteristics of the alumina tube interior. With
this improvement, it is possible, for example, to increase the Hy recovery from 50% to
62% while maintaining a 98% rejection of C3's from the FCC Hy/hydrocarbon mixture.

The improved 3.5 ft long tubular membranes were prepared at GTC and tested with the
standard FCC Hp/hydrocarbon mixture. The recovery-rejection curves are shown in
Figures 21-23 for numerous individual 1 ft and 3.5 ft long tubes. The data show that:

(i) the SSF membrane preparation can be readily scaled from 1 ft to 3.5 ft long tubes,
(i1) the improvement in the 1 ft long tube can be translated into the 3.5 ft long tubes (not
shown in Figures), and
(iii) there is a small increase in A/F associated with the improvement in membrane
- Separation properties.

3.4 Process Desi conomics and Waste Reduction:
3.4.1 Recovery of Hydrogen from Refinery Off-gas Streams

Figure 1 shows the process scheme for the recovery of Hy from a refinery off-gas stream.
In the process, the waste gas at 50-300 psig is first fed to a temperature swing adsorption
system (TSA) to remove trace contaminants that might foul the membrane. The gas is
then fed to an SSF membrane unit. The non-permeate stream, enriched in hydrogen,
(containing mostly Hy and CHy with a small amount of C2's) passes into a PSA unit
where 99+% H» is recovered at the nearly the original feed pressure. The PSA off-gas is
combined with the low pressure permeate stream from the SSF membrane unit. The
combined low pressure stream is compressed to 60 psig and returned to the refinery's fuel
system. Methane or natural gas could be added to the returning stream to make up for the
lost BTU content of the recovered hydrogen.

Air Products sponsored a marketing study by Wright-Killen and Associates to further
clarify the size and potential content of the available waste gas streams that the SSF
technology could treat. The refinery gases that we targeted for sources of Hy were
off-gases from FCC and hydrotreating units. Based on their report, a base case process
such as the one described in the previous paragraph was developed to estimate the
relative cost of hydrogen recovered by this method as compared to on-purpose Hp
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production by current technology. The composition that best represents the portion the
waste refinery gas market the SSF membrane could address is listed in Table 2. The feed
gas is expected to be available at an average pressure of 220 psig and ambient temperature.
The average fuel gas header pressure in this market was found to be about 60 psig.

Table 2
Average Composition of FCC Waste Gas Stream
Gas Volume Fraction
Hydrogen 35%
Methane 30%
C2's 24%
C3's 7%
Other - 4%

The typical application would treat 25 MM scfd (million standard cubic feet per day) of
feed gas and produce 5 MM scfd of 99+% hydrogen. For this base case economic study,
we assumed that the fuel value of the hydrogen recovered from the waste gas stream was
valued at $2.10/MM BTU. Capital cost estimates for all the major pieces of process
equipment were based on vendor estimates. Prolect execution and equipment installation
charges were also included.

Table 3 lists the results of the comparative economic analysis for a typical application
producing 5 MM scfd of hydrogen. It should be noted that the energy savings estimate
has decreased from 15% in Phase I to 13% now. The reasons for this are : (i) permeate
recompression to fuel header pressure and (ii) TSA for cleaning of the feed gas.

3.4.2 Energy Savings and Emissions Reductions

Energy and waste reduction by implementation of the SSF/PSA technology were
estimated. Based on our recent marketing informatidn, we used the following to calculate

energy saving in the year 2010.

Volume of Hydrogen Recovered

1.. 1800 MM scfd Hp available in waste gas in the US

2. 40% of the gas is amenable to recovery using SSF/PSA
3. 56% of the contained Hj is recovered

4. Volume of Hp recovered ~400 MM scfd

Energy Basis for Comparison

Current technology: SMR/PSA

Energy to produce Hy by SMR/PSA = 420 BTU/scf
Energy saving = 13% by SSF/PSA

Heating value of CH4 = 1000 BTU/scf; Hy = 320 BTU/scf

el S
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Waste Basis for Comparison
1. Hp combustion produces ~10 1b NOy/1 MMscf Hy by SMR/PSA

2. COg production by oxidation of methane: 1 mole CO»/moie CHy

Table 4 summarizes the energy and waste savings for recovery of H2 by SSF/PSA vs. on-purpose H2
production by steam-methane reforming. The base case process for recovery of H2 with SSF
technology uses 13% less energy than the SMR/PSA process. This comparison included a fuel credit
for the excess steam produced in the SMR/PSA process. If there were no credit for this excess steam,
the energy savings would be more than double the reported value.

4.0 SUMMARY

In Phase II, Technology Development, of the SSF membrane program, the following were achieved :

1. Design data was generated for two applications of the SSF membrane: (a) Hy recovery from waste
gas mixtures of Hy and light hydrocarbons (C1-C4's) and (b) increased Hy production in plants
producing Hy by steam methane reforming (SMR) followed by purification in 2 Hy pressure swing
adsorption (PSA) system. The data was generated with various feed gas mixtures at a wide range of

pressures.

2. A 1 ft2 membrane module was prepared and successfully tested in the field for two months. It
was determined that : (a) the membrane separation properties measured in the field matched well
with those measured in the lab, (b) the membrane was stable over the 2-month test, (c) a relatively
constant composition product can be obtained with a varying feed composition by controlling the
ratio of the high pressure effluent and the feed flow rates.

3. Technology for membrane preparation was transferred to GTC. 3.5 ft long tubular membranes have
been prepared consistently at GTC. A significant improvement in membrane separation properties has
been demonstrated in 3.5 ft long tubes. This results in higher hydrogen recovery and an overall lower

cost for the separation.

4. A study was undertaken at Wright Killen Associates to define the gas streams and the size of the
opportunity for Hy recovery from FCC off-gas streams. Cost analysis was carried out with an average
composition defined from the above study. Our analysis indicates a 34% lower cost and a 13% energy
saving for Hy recovery vs on-purpose Hp production at a produc volume of ~ 5 MM scfd Hj.

5. Energy savings of 7.8 - 55.8 x 1012 BTU/yr are estimated for Hj recovery via the SSF-PSA route
for year 2010. CO» emission reductions are estimated at 0.2-2.8 T/yr and NOx by 700 T/yr for year

2010.

6. All the milestones for Phase II were accomplished on time and within budget.
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| Table 4
PROJECTED ENERGY AND WASTE SAVING IN YEAR 2010

BASIS: 400 MM scfd Hj in year 2010

Current Technology Proposed Technology = Annual Saving in 2010
Description:
Energy:
i) w/ CH4 make-up 420 BTU/scf 365 BTU/scf 7.8 x 1012BTU

79590 BTU/b 69170 BTU/Ib

i) w/o CH, make-up 26 BTU/scf 55.8 x 1012BTU
Waste
COy: 3.5x 106 T/yr
i) w/ CH4 make-up 3.3x 106 Tryr 0.2x 106 Tyt |
ii) w/o CH4 make-up 0.7 x 106 T/yr 2.8 x 106 T/yr
NOx:

10 Ib/MM scf Hy o 700 T/yr
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Phase II Program Plan and Milestones
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Phase I : Technology Development

Task 2.1 Perform Parametric Evaluation of SSF Membrane

- Determine performance of SSF membrane at different flow,
pressure, temperature conditions in 1 ft2 multi-tube module

- Develop design method for scaling up membrane to larger area

- Determine optimum operating conditions for membrane for Hy
separation application

- Determine membrane manufacturing partner and have scale-up

- Modify scale-up facility for preparing membrane and membrane
housing

- Demonstrate membrane coating process on tubes

- Design housing and method for mounting tubes in commercial sized
membrane modules

- Demonstrate "commercial” module des1gn in small module (1-5 £t2)

- Demonstrate membrane performance in above module

- Develop membrane QC procedures

- Prepare 1 ft2 membrane and test in plant side-stream

- Determine if membrane needs to be protected from contaminants in

, plant side stream
- Estimate life of membrane in apphcatlon and use for economic evaluation

Task 2.2 Optimize Design of Membrane
- Based on scale-up method develop, design commercial-scale SSF

membrane-PSA hybrid system for Hp recovery from FCC mix

Task 2.3 Perform Detailed Economic and Commercial Evaluation
- Perform economic evaluation with known cost of membrane
- Determine commeircial feasibility jointly with APCI H) business
area agreement in place

Task 2.4 Update Projections Develop Commercialization Plan
- Improve estimates of market potential

- Determine energy and waste reduction for opportunuities
- Determine commercialization timetable

Task 2.5 Project Management and Reporting
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A . Key Process Parame_égrs for .Membra.ne Operation Defined (4/95)
A Membrane Optimized for FCC Separation (.10/95) |
A Comzﬁéfcial Evaluation Done (10/95)

A Plant Evaluation Completed (10/95)

A Process in Place with Scale-up Partner (10/85)
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