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EXECUTIVE SUMMARY 
 
The overall goal of this project is to develop a membrane process that produces air containing 25-35% 
oxygen, at a cost of $25-40/ton of equivalent pure oxygen (EPO2).  Oxygen-enriched air at such a low 
cost will allow existing air-fueled furnaces to be converted economically to oxygen-enriched furnaces, 
which in turn will improve the economic and energy efficiency of combustion processes significantly, and 
reduce the cost of CO2 capture and sequestration from flue gases throughout the U.S. manufacturing 
industries.  
 
During the 12-month Concept Definition project:  
 
 We identified a series of perfluoropolymers (PFPs) with promising oxygen/nitrogen separation 

properties, which were successfully made into thin film composite membranes.  The membranes 
showed oxygen permeance as high as 1,200 gpu and oxygen/nitrogen selectivity of 3.0, and the 
permeance and selectivity were stable over the time period tested (60 days).   

 We successfully scaled up the production of high-flux PFP-based membranes, using MTR’s 
commercial coaters.  Two bench-scale spiral-wound modules with countercurrent designs were made 
and parametric tests were performed to understand the effect of feed flow rate and pressure, permeate 
pressure and sweep flow rate on the membrane module separation properties.  At various operating 
conditions that modeled potential industrial operating conditions, the module separation properties 
were similar to the pure-gas separation properties in the membrane stamps.   

 We also identified and synthesized new polymers [including polymers of intrinsic microporosity 
(PIMs) and polyimides] with higher oxygen/nitrogen selectivity (3.5-5.0) than the PFPs, and made 
these polymers into thin film composite membranes.  However, these membranes were susceptible to 
severe aging; pure-gas permeance decreased nearly six-fold within two weeks, making them 
impractical for industrial applications of oxygen enrichment. 

 We tested the effect of oxygen-enriched air on NOx emissions using a Bloom baffle burner at GTI.  
The results are positive and confirm that oxygen-enriched combustion can be carried out without 
producing higher levels of NOx than normal air firing, if lancing of combustion air is used and the 
excess air levels are controlled.   

 A simple economic study shows that the membrane processes can produce O2 at less than $40/ton 
EPO2 and an energy cost of 1.1-1.5 MMBtu/ton EPO2, which are very favorable compared with 
conventional technologies such as cryogenics and vacuum pressure swing adsorption processes.   

 The benefits of integrated membrane processes/combustion process trains have been evaluated, and 
show good savings in process costs and energy consumption, as well as reduced CO2 emissions.  For 
example, if air containing 30% oxygen is used in natural gas furnaces, the net natural gas savings are 
an estimated 18% at a burner temperature of 2,500°F, and 32% at a burner temperature of 3,000°F.  
With a 20% market penetration of membrane-based oxygen-enriched combustion in all combustion 
processes by 2020, the energy savings would be 414-736 TBtu/y in the U.S.  The comparable net cost 
savings are estimated at $1.2-2.1 billion per year by 2020, calculated as the value of fuel savings 
subtracted from the cost of oxygen production.  The fuel savings of 18%-32% by the 
membrane/oxygen-enriched combustion corresponds to an 18%-32% reduction in CO2 emissions, or 
23-40 MM ton/y less CO2 from natural gas-fired furnaces by 2020.  

 
In summary, results from this project (Concept Definition phase) are highly promising and clearly 
demonstrate that membrane processes can produce oxygen-enriched air in a low cost manner that will 
lower operating costs and energy consumption in industrial combustion processes.  Future work will 
focus on proof-of-concept bench-scale demonstration in the laboratory. 
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1. PROJECT OBJECTIVE 
 
This project is focused on the development of a practical new membrane process that will produce 
oxygen-enriched air (air containing 25-35% oxygen) at lower cost and lower energy consumption than 
today’s cryogenic and sorption processes.  Current applications of oxygen-enriched air include refinery 
FCC catalyst regeneration, partial oxidation of sulfur in Claus plants, wastewater treatment, and limited 
use in combustion applications such as glass and foundry operations.  More important are the 
opportunities that will be created for using oxygen-enriched air in a broader variety and scale of industrial 
combustion processes.   
 
At present, most oxygen is produced by cryogenic separation of air, at a cost of $40-100/ton.[1]  This 
mature technology has been refined to the point that major cost reductions are unlikely. An alternative 
technology is vacuum swing adsorption, which is claimed to produce 90-95% pure oxygen at $40-
60/ton.[1]  The high cost of oxygen from either of the established processes is simply cost-prohibitive for 
oxygen-enriched air to be widely used in combustion applications.[2]  Ion transport membranes (ITM) 
have been explored as an emerging technology for oxygen production.  However, ITMs require large- 
scale units operating at very high temperatures (800°C), and are often proposed as membrane reactors for 
hydrocarbon oxidation to produce synthesis gas.  Our strategy is to develop a membrane-based 
technology to produce oxygen-enriched air at a cost of $25-40/ton Equivalent Pure Oxygen (EPO2) at 
ambient temperatures.  The target is compared with current costs from other sources in Figure 1. 
 
Equivalent Pure Oxygen (EPO2) is defined as the amount of pure oxygen that needs to be mixed with 
atmospheric air to obtain a specified volume, V, of oxygen-enriched air with a specified oxygen 
concentration, [O2] (in vol%):[3]   
 EPO2 = V ([O2] - 20.9) / 79.1 (1) 
 
This provides a rational basis for comparing technologies that produce oxygen at different levels of 
purity. Similarly, we will explain production costs in terms of $/EPO2.   
 

Figure 1. 
 
Costs of producing oxygen with 
current technologies compared to the 
membrane process target cost.  
Cryogenic on-site oxygen production 
cost falls with plant size, plateauing 
at about $40/ton for 500-1,000 
ton/day capacity.[1,4] 

 

 
Membrane processes for producing oxygen-enriched air were developed to the early commercial stage in 
the 1980s using silicone rubber and ethyl cellulose membranes.  Other types of membranes including 
polymeric materials, ceramic membranes, and facilitated transport membranes have also been examined 
in the past two decades.  Various process designs are possible;  two typical process designs are shown in 
Figures 2(a) and 2(b).[5,6]  Feed air containing 21% oxygen is passed across the surface of a membrane 
that preferentially permeates oxygen. In Figure 2(a), the pressure differential across the membrane 
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required to drive the process is maintained by compressing the feed gas.  An alternative approach is to 
draw a vacuum on the permeate, as shown in Figure 2(b).  In both cases, the oxygen concentration of the 
permeate gas is higher than the desired oxygen concentration (which is 30% in this example), so 
atmospheric air is mixed with the permeate to achieve the target oxygen concentration. Vacuum operation 
is shown to be a better choice since it requires much less energy.[3,5]  However, these earlier studies also 
concluded that earlier membrane processes were not economically competitive with cryogenic distillation 
and pressure swing adsorption at production rates of industrial interest—i.e., at production rates of more 
than 100 ton/day of Equivalent Pure Oxygen (EPO2).  The membrane process was uneconomical because 
the power needed by the vacuum pump to generate a permeation driving force was too high (high 
operating cost).  In addition, the membrane flux was too low, and consequently, very large membrane 
area was required (high capital cost). 
 

 
 
Figure 2. Membrane process configuration to produce 30% oxygen-enriched air with 

(a) compression of the feed and (b) vacuum on the permeate side. 
 
MTR has identified two key innovations to reduce the cost of membrane-based oxygen enrichment. 
 

1. A novel countercurrent/sweep module design that uses an air stream to generate a driving force 
for oxygen transport, and reduces the need for compressors or vacuum pumps and the associated 
energy costs. 

2. New membrane materials with ten times the oxygen permeance of conventional gas separation 
membranes and sufficient oxygen/nitrogen selectivity for economic oxygen-enrichment of air.  
Membrane permeance directly impacts the required membrane area, and therefore, the capital 
cost and footprint of a membrane oxygen enrichment system should be reduced with order-of-
magnitude increases in permeance. 

 
These innovations allow a membrane process to enrich the oxygen content in air in a cost-effective 
manner, and warrant further examination to confirm that attractive cost savings can be obtained using 
membranes for oxygen enrichment of air.   
 
 
2. TECHNICAL APPROACH 
 
The innovations of this proposed membrane oxygen enrichment technology lie in a novel process design 
with air sweep and in the use of a family of newly discovered polymers with very high oxygen 
permeability and sufficient oxygen/nitrogen selectivity to capitalize on the oxygen separation.   
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2.1. Process Design Innovation 
 
The new proprietary membrane process configuration MTR is developing for membrane-based oxygen 
enrichment has two novel design features:  
 

(1) a turboexpander that improves energy efficiency and 
(2) a countercurrent/sweep membrane design that improves separation efficiency. 

 

The air fed to the membrane unit is compressed to increase the driving force for permeation.  Much of this 
compression energy can be recovered by sending the pressurized residue stream leaving the membrane 
unit to a turboexpander.  On the permeate side of the membrane, atmospheric air is used as a sweep 
stream and mixes with the permeated gas at the membrane interface, not outside the membrane modules 
as in the configurations shown in Figure 2. This sweep design is inherently more energy efficient because 
the atmospheric air increases the driving force for oxygen permeation without requiring more 
compression energy. 
 
Table 1 compares the performance of MTR’s countercurrent/sweep design with the conventional feed 
compression of Figure 2(a) or permeate vacuum design of Figure 2(b).  Compared with feed gas 
compression, the process using vacuum on the permeate uses 40% less energy, but requires almost four 
times more membrane area.  This is consistent with the results from earlier studies.[3,5]  Only the oxygen-
enriched product that permeates the membrane is evacuated by the vacuum pump.  This is a small portion 
of the feed gas.  The power consumed by a permeate vacuum pump is about half that needed for feed air 
compression.  On the other hand, the pressure difference across the membrane with a vacuum pump on 
the permeate is less than that with feed air compression, which means that more membrane area is 
required.   
 
Table 1. Results of Simulation Comparing Various Membrane System Designs for Production of 

Oxygen-Enriched Air Containing 30% Oxygen.  The membranes have oxygen permeance 
of 1,200 gpu and oxygen/nitrogen selectivity of 3.0. 

 
 Feed Compression 

[Figure 2(a)] 
Permeate Vacuum 

[Figure 2(b)] 
MTR’s Proprietary 

Countercurrent/Sweep  

Feed pressure    (psia) 60 15 60 
Permeate pressure 
(psia) 

15      3.0 15 

Relative membrane 
area 

     1.1      4.0      1.0 

Relative power 
consumption* 

     1.8       1.1       1.0 

A compressor efficiency of 85% and vacuum pump efficiency of 75% were assumed in the calculations. 
 
Countercurrent/sweep operation provides an even better combination of power consumption and 
membrane area. Compared to vacuum operation, countercurrent/sweep operation consumes a comparable 
amount of energy and requires only 25% of the membrane area.  The calculations shown in Table 1 were 
performed using a commercial process simulation package, ChemCAD 6.3 (ChemStations, Inc., Houston, 
TX), enhanced with MTR’s code for membrane process operations. 
 
2.2. Innovation in Air Separation Membrane Materials 
 
2.2.1.  Theory and Terminology Used in Polymer Membrane Development.  Gas transport in nonporous 
polymeric membrane materials follows the solution-diffusion model. Permeation of gas A is characterized 
by a term called permeability, PA (cm3(STP) cm/cm2·s·cmHg), which represents the steady state pressure 
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and thickness-normalized gas flux through a membrane.  Permeability is the product of gas diffusivity, D 
(cm2/s), and gas solubility, S (cm3(STP)/cm3cmHg), and so can be written:  

 AAA SDP   (2) 

An important membrane parameter used in industry is gas permeance, JA (cm3(STP)/cm2·s·cmHg).  
Permeance is the pressure-normalized flux through a membrane and is related to permeability as follows:  

 A
A

P
J

l
  (3) 

Where l is the thickness of the membrane selective layer [cm]. Permeance is expressed in gpu units, 
where 1 gpu = 10-6 cm3(STP)/cm2·s·cmHg.  For industrial composite membranes, permeance determines 
how much membrane area is required to treat a given feed stream. Based on equation (3), membrane 
permeance can be increased either by selecting a more permeable selective layer material (increasing PA) 
or by making the selective layer thinner (decreasing l). 
 
A measure of a membrane’s ability to separate two components, A and B, is the membrane selectivity of 
gas A over gas B, BA / , defined as the ratio of gas permeabilities: 

 
B

A

B

A
BA S

S
D
D

/  (4) 

Diffusivity selectivity, DA/DB, depends on the relative molecular sizes. Solubility selectivity, SA/SB, is 
determined by the relative condensabilities of the permeants.  Oxygen is both slightly smaller than 
nitrogen and slightly more condensable, so membranes are always selective for oxygen over nitrogen to 
varying degrees. 
 
2.2.2.  Polymer Candidates and Membranes.  Optimal membranes for oxygen/nitrogen separation should 
have high oxygen permeance to reduce the required membrane area and capital cost, and high 
oxygen/nitrogen selectivity to increase the product oxygen purity.  Figure 3 presents a 
permeability/selectivity map for oxygen/nitrogen separation in polymeric membranes at 25°C, where gas 
transport follows the solution-diffusion mechanism. 
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Figure 3. 
  
Comparison of oxygen/nitrogen 
separation performance in polymer 
membranes. The performance of PIM-1 
is above the upper bound.  1 Barrer = 
10-10 cm3(STP)·cm/ cm2·s·cmHg. 

 

 
This type of plot was popularized by Robeson.[7]  Each point represents the selected separation properties 
for one particular polymer.  The upper bound line in the figure gives a rough estimate of the highest 
selectivity possible for a given permeability in polymer-based materials.  There is a trade-off between gas 
selectivity and permeability; that is, materials with higher oxygen permeance have lower oxygen/nitrogen 
selectivity. 
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Two types of polymers with promising oxygen/nitrogen separation properties were examined in this 
project.  The first type is the family of polymers of intrinsic microporosity (PIMs), which have 
exceptional properties, as shown in Figure 3.  PIM-1 is an ultra-high free volume glassy polymer.  The 
chemical structure of this polydioxane-based polymer is shown in Figure 4.  PIM-1 and other 
polydibenzodioxanes were first synthesized by McKeown and co-workers in 2004-2005.[8]  The PIM-1 
polymer chain is completely rigid because of the fused ring structure, while the spirocyclic group prevents 
alignment of the planar components of the polymer chain by introducing periodic kinks in the chain.  The 
result is a rigid, randomly contorted structure with a high amount of free volume where gas transport can 
occur. 
 

CH3 CH3

CH3 CH3

CN

CN

O

O

O

O

n

Figure 4. 
 
Chemical structure of an ultra-permeable 
polybenzodioxane (PIM-1). 

 
PIM-1 significantly exceeds the upper bound line for oxygen/nitrogen separation for all other polymers 
examined previously.  Its combination of an O2/N2 selectivity of 3.6 with exceptionally high oxygen 
permeability of ~400 Barrers makes PIM-1 or related materials ideal for membrane-based production of 
low-cost oxygen-enriched air (1 Barrer = 10-10 cm3(STP)·cm/cm2·s·cmHg).   
 
The second type of polymer is the perfluoropolymer (PFP) group, which has good oxygen/nitrogen 
separation properties close to the upper bound.  PFPs have attracted significant interest for gas separation 
due to their chemical stability, and more importantly, their physical resistance to thin film aging. These 
properties are discussed in Sections 3.1.3 and 3.2 of this report. 
 
2.2.3.  Ultra-thin Composite Membranes. To achieve high permeances, polymers must be fabricated into 
ultra-thin composite membranes, even for high permeability materials.  MTR produces multi-layer 
composite membranes of the type shown in Figure 5 for gas separation applications.  The mechanical 
strength of multi-layer membranes is provided by the microporous support layer, which is cast onto a 
nonwoven paper. This finely microporous layer contributes essentially no resistance to gas flow.  A 
highly-permeable, low-selectivity “gutter layer” can be coated onto the support to provide a smooth 
surface on which to coat the thin selective layer, which performs the molecular separation.  A final 
protective coating of a high permeability-low selectivity polymer may be added to protect the selective 
layer from damage during module preparation. 
 
 

Figure 5.  
 
Schematic diagram of a multi-layer 
composite membrane.  The selective 
layer determines the membrane 
separation performance. 
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3. RESULTS AND DISCUSSION 
 
3.1. Develop/Optimize Composite Membranes  
 
3.1.1. PIM-1 Based Membranes.  The polymer known as PIM-1 was prepared via polycondensation of 
3,3,3′,3′-tetramethyl-1,1′-spirobisindane-5,5′,6,6′-tetrol (TTSBI) with 1,4-dicyanotetrafluorobenzene 
(DCTB).  The chemical structure of PIM-1 is shown in Figure 5.  The high-quality polymer obtained had 
a molecular weight of 113,000 g/mole and the polydispersity index of 1.8.  The polymer was easily made 
into a free-standing film, as shown in the Figure 6 photo.   
 

Figure 6. A photo of a PIM-1 free-standing 
film. 

 

 
PIM-1 polymers were fabricated into thin film composite membranes of the type shown in Figure 5.  The 
PIM-1 polymer selective layer was coated onto a gutter layer, previously coated onto a microporous 
support membrane.  The pure-gas oxygen and nitrogen permeances in the membranes were determined as 
a function of time, at 23°C and a feed pressure of 50 psig.  The results are presented in Figure 7. 
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Figure 7. (a) Pure-gas oxygen and nitrogen permeance and (b) oxygen/nitrogen selectivity as a 

function of time for composite membranes based on PIM-1 polymers.  Tests were 
conducted at room temperature (23°C) and a feed pressure of 50 psig.  1 gpu = 10-6 
cm3(STP)/(cm2 s cmHg). 
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As shown in Figure 7(a), the composite membranes showed an initial pure-gas oxygen permeance of 
about 600 gpu and oxygen/nitrogen selectivity of 2.5.  However, gas permeance declined significantly 
with time. Within two weeks, pure-gas oxygen permeance decreased to less than 100 gpu, and 
oxygen/nitrogen selectivity increased to 4.0.  High flux polymers such as PIM-1 and poly[1-
(trimethylsilyl)-1-propyne] (PTMSP)[9] derive their high gas permeability from the high free volume of 
the polymers.  However, the free volume elements collapse with time, leading to decreases in gas 
permeability.  Simultaneously, the decrease in free volume often increases the size sieving ability of the 
polymer film and, thus oxygen/nitrogen selectivity increases because the smaller oxygen molecules 
permeate more easily than nitrogen.  The combined phenomena of decreasing permeance and increasing 
oxygen/nitrogen selectivity with time are referred to as “polymer aging” in membrane research.  For this 
PIM-1 membrane study, the polymer aging of the thin-film composite membranes was much faster than 
that of thick PIM-1 films produced previously.  These aging results were reproduced with several 
membrane samples.  
 
Various approaches (including thermal treatment, use of different solvents for coating solutions, 
optimization of membrane configurations, and so forth) have been tried to stabilize the gas permeance in 
composite membranes based on PIM-1 polymers.  However, it seems that the aging process is inevitable 
and becomes faster as the PIM-1 selective layer becomes thinner.  Despite the initial good separation 
properties in PIM-1 polymers,[10,11] we believe that other high flux polymers need to be explored to obtain 
composite membranes with stable properties for practical application to oxygen enrichment.  
 
3.1.2. Modified PIMs-Type Copolymers and Composite Membranes.  New polymers with promising 
oxygen/nitrogen separation properties have been synthesized and evaluated.  One new polyimide polymer 
(PI-D) looks particularly promising, with oxygen permeability of 132 Barrers and oxygen/nitrogen 
selectivity of 4.0.  We used this polymer to conduct a first test of doping potential selective layer 
polymers with nanoparticles. The nanoparticles have a pore size larger than oxygen and smaller than 
nitrogen, and therefore, they could in theory provide a method to further improve oxygen/nitrogen 
selectivity.  However, our first test results showed no significant change in selectivity, while the addition 
of particles slightly increased oxygen permeability, as shown in Table 2.  
 
Table 2. Pure-Gas Test Results for Three Batches of Polymer:Nanocomposite Films.  Feed 

pressure was 50 psig and temperature was 22°C.   
 

Polymer:Nanocomposite 
Ratio (wt%:wt%) 

Permeability (Barrer) Oxygen/nitrogen 
selectivity Oxygen Nitrogen 

100:0 132 33 4.0 
  95:5 166 44 3.8 

    90:10 147 39 3.8 

 
Figure 8 shows membrane performance results for membranes with selective layers made from solutions 
containing 1% and 3% PI-D polyimide polymer.  Both membranes showed significant aging behavior; 
that is, pure-gas oxygen permeance decreased with time while oxygen/nitrogen selectivity increased with 
time.  Two weeks after membrane formation, the membranes showed oxygen/nitrogen selectivity of 3.8 – 
similar to that of the thick polymer film – indicating that the membranes were defect-free.  The membrane 
with the thinner selective layer (1% PI-D) showed lower permeance than the membrane with thicker 
selective layer (3% PI-D), a very unusual result for membrane performance, indicating the complexity of 
polymer aging and the associated challenge in making thin composite membranes. 
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Figure 8. Stability of two composite membranes based on a PI-D polyimide polymer over time.  (a) 

Pure-gas oxygen permeance and (b) oxygen/nitrogen selectivity at 20°C and feed 
pressure of 50 psig.  The membrane made from a 3% PI-D coating solution has a 
selective layer thickness of 0.6 µm; while the membrane made from a 1% PE-D solution 
has a selective layer of 0.35 µm.  The curves on the graphs are provided to guide the eye.   

 
3.1.3. Perfluoropolymer-Based Composite Membranes.  We have also identified a series of 
perfluoropolymers (PFPs) with promising high oxygen flux and good oxygen/nitrogen selectivity for use 
in oxygen enrichment.  Like PIM-1 polymers, these polymers have bulky groups in the main chains, 
providing high free volume and thus high oxygen permeance.  The PFPs we identified are commercially 
available polymers.  MTR has experience making these polymers into membranes for other gas/vapor 
separations; however, they have not been specifically developed for oxygen/nitrogen separations.   
 
For the first composite membranes incorporating the new PFPs, two different microporous support 
membranes (designated “A” and “B”) were coated with PFP solutions of varying concentrations.   These 
composite membranes were tested with pure-gas oxygen and nitrogen.  Figure 9 shows the stability of 
various composite membranes based on PFP polymers.  Unlike PIM-1 membranes where pure-gas 
permeance decreases several-fold with time, PFP-based composite membranes showed good stability for 
60 days. 
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Figure 9. (a) Pure-gas oxygen permeance and (b) pure-gas oxygen/nitrogen selectivity in PFP-

based composite membranes on supports A and B, as a function of time.  These PFP-
based membranes show good stability over time. 

 
Figure 10 directly compares pure-gas oxygen permeance and oxygen/nitrogen selectivity for various PFP 
composite membranes prepared.  These composites contained different microporous supports and were 
prepared using coating solutions with varying PFP concentrations.  As expected, decreasing coating 
solution concentration reduced the selective layer thickness, leading to increased oxygen permeance.  
Figure 10(a) shows that support A provides higher permeance than support B.  This is probably because 
support A has higher gas flux than support B, due to smaller pores and higher porosity in the top skin 
layer of support A.   
 
As shown in Figure 10(b), pure-gas oxygen/nitrogen selectivity decreases slightly with increasing oxygen 
permeance, which is caused by the gas transport resistance of the gutter layer.  For low flux membranes, 
the transport resistance in the selective layer is much higher than that in the gutter layer.  Therefore, 
resistance for gas transport through the membranes is mainly in the selective layer, and oxygen/nitrogen 
selectivity of the composite membrane is similar to that of the selective layer.  However, as the selective 
layer becomes thinner, the transport resistance of the selective layer decreases and becomes comparable 
with the resistance of the gutter layer.  The resulting selectivity of the composite membranes thus 
demonstrates a value between that in the selective layer and gutter layer.  Because the oxygen/nitrogen 
selectivity in the gutter layer is only 2.0, lower than that in the selective layer (3.1), increasing oxygen 
permeance in the composite membranes tends to lower oxygen/nitrogen selectivity slightly.   



 13 357 Final 11/11 

0

500

1000

1500

0 2 4 6 8

O
2

permeance
(gpu)

1/polymer content (1/wt%)

Support
B

Support
A

(a)

2.4

2.6

2.8

3

3.2

3.4

0 2 4 6 8

O
2
/N

2

selectivity

1/polymer content (1/wt%)

Support
B

Support
A

(b)

 
Figure 10. Comparison of (a) pure-gas O2 permeance and (b) pure-gas oxygen/nitrogen selectivity in 

PFP-based composite membranes using supports A and B prepared using coating 
solutions with varying PFP concentration.  

 
Conclusions on membrane development studies for oxygen/nitrogen separation from this project are as 
follows: 
 

 New polymers (such as PIM-1 and PI-D) with high oxygen permeability (up to 400 Barrers) and 
high oxygen/nitrogen selectivity were identified.  However, the fabrication of high flux, thin film 
composite membranes based on these polymers is challenging, and aging performance will 
probably limit their usefulness.  This is a fundamental issue faced by the membrane research 
community, which has attracted significant attention from both academia and industry.[12]  The 
continuation work from this project will address this issue with more in-depth study. 

 A series of perfluoropolymers (PFPs) have been identified with high oxygen/nitrogen separation 
performance.  The PFP-based membranes provide high and stable oxygen flux (up to 1,200 gpu) 
and sufficient oxygen/nitrogen selectivity (3.0) for oxygen enrichment applications. 

 
3.2. Production and Characterization of PFP-Based Composite Membranes  
 
Production of these PFP-based membranes was scaled up using MTR’s commercial 40-inch-wide coaters.  
The pure-gas test results of a few stamps from the commercial-scale runs are shown in Table 3.  The first 
batch has thinner coating than the second batch, and hence higher oxygen permeance and similar 
oxygen/nitrogen selectivity.  All six stamps showed consistent pure-gas O2/N2 selectivity of about 2.6-2.7, 
confirming the reproducibility of membrane scale-up. 
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Table 3. Pure-Gas Test Results at 22°C for Two Batches of Perfluoropolymer-Based Membranes 
Made on Commercial Scale Equipment.  Feed pressure was 50 psig.  The first batch used 
a thinner PFP coating than the second batch, and hence provided higher oxygen 
permeance. 

 
Membrane Permeance (gpu) 

O2/N2 
selectivity Batch Stamp # N2 O2 

First 

1 467 1,269 2.7 

2 437 1,186 2.7 

3 442 1,174 2.7 

Second  

1 416 1,093 2.6 

2 409 1,070 2.6 

3 418 1,093 2.6 

 
Figure 11 shows the effect of temperature on pure-gas oxygen and nitrogen permeance and 
oxygen/nitrogen selectivity in a composite membrane made from 0.15 wt% PFP coating solution.  
Increasing temperature from 20°C to 80°C slightly increases pure-gas oxygen permeance and decreases 
pure-gas oxygen/nitrogen selectivity.   
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Figure 11. Effect of temperature on (a) pure-gas oxygen and nitrogen permeance and (b) pure-gas 
oxygen/nitrogen selectivity for a PFP-based membrane on support A.  Pure-gas 
permeances were determined at a feed pressure of 50 psig. 

 
Figure 12 shows results for a PFP-based membrane stamp tested in the countercurrent/sweep mode with 
air as feed and sweep gas.  The feed gas had a pressure of 15 psig and flow rate of 50 cm3(STP)/s.  The 
sweep gas was at ambient pressure.  All tests were performed at room temperature. 
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Figure 12. Oxygen flux as a function of sweep/feed flow rate for a PFP-based membrane stamp in 

countercurrent/sweep mode at room temperature.  Air was used as the feed gas and sweep 
gas.  The feed gas pressure was 15 psig and flow rate was 50 cm3(STP)/s.  The sweep gas 
was at ambient pressure.   

 
As shown in Figure 12, use of a sweep gas significantly increased oxygen flux, especially at low sweep 
flow rates (or low values of sweep/feed flow rate).  For example, as sweep/feed flow rate increased from 
0% to 26%, oxygen flux increased by 53%, from 1.7 cm3 (STP)/s to 2.6 cm3 (STP)/s.  The increase in 
oxygen flux with increasing sweep flow rate leveled off at higher sweep flow rates.  For instance, as the 
sweep/feed flow rate increased from 26% to 54%, the CO2 flux increased by only 7.8% to 2.8 cm3 
(STP)/s. 
 
Figures 13(a) and 13(b) compare mixed-gas oxygen permeance and oxygen/nitrogen selectivity at 
different feed pressures and sweep flow rates.  For the tests with feed pressure of 15 psig, the feed flow 
rate was 8.7 cm3 (STP)/s; for the tests with feed pressure of 50 psig, the feed flow rate was 26 cm3 
(STP)/s.  For all the tests, the sweep gas was at ambient pressure.  In general, the oxygen permeance and 
oxygen/nitrogen selectivity were independent of feed pressures and sweep/feed flow ratio. 
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Figure 13. Comparison of (a) mixed-gas oxygen permeance and (b) oxygen/nitrogen selectivity at 

different feed pressures and sweep flow rates.  For the tests with feed pressure of 15 psig, 
the feed flow rate was 8.7 cm3 (STP)/s; for the tests with feed pressure of 50 psig, the 
feed flow rate was 26 cm3 (STP)/s.  All the tests were performed at room temperature and 
the sweep gas was at ambient pressure.   

 
To summarize, composite membranes based on PFPs have been successfully produced using commercial-
scale equipment and show high oxygen permeance (up to 1,200 gpu) and good oxygen/nitrogen 
selectivity (up to 3.0) in the countercurrent/sweep mode.   
 
3.3. Characterization of Bench-Scale Modules Containing PFP-Based Membranes  
 
Two bench-scale spiral-wound modules with countercurrent/sweep design (6224 and 6319) were 
fabricated using the membranes produced by MTR’s commercial coater.  Module 6224 has a membrane 
area of 0.5 m2, and the module 6319 is a semi-commercial 4-inch-diameter module containing a 
membrane area of 1.8 m2.  Pure-gas separation properties of these two modules are shown in Table 4.  
 
Table 4. Pure-Gas Test Results for Bench-Scale Countercurrent/Sweep PFP-Based Membrane 

Modules (6224 and 6319) at 22°C.   
 

Bench-scale 
module 

Membrane 
area (m2) 

Permeance (gpu) O2/N2  
Selectivity N2 O2 

6224 0.5 485 1,180 2.5 

6319 3.0 433 1,300 3.0 

 
The pure gas permeances and selectivities of these modules were similar to the properties of the 
membrane stamps, indicating that the modules were defect-free. 
 
Figure 14 shows the effect of sweep flow rate and permeate pressure on the module separation 
performance.  All tests were performed with air at room temperature, as both feed and sweep.  For the 
tests of module 6224, the feed flow rate was 2,000 cm3 (STP)/s at sweep pressure of 0 psig, and 1,000 
cm3 (STP)/s at sweep pressure of 10 psig.  For the tests of module 6391, the feed flow rate was 1,700 cm3 
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(STP)/s at permeate pressure of 0 psig, and 1,400 cm3 (STP)/s at permeate pressure of 5 psig.  The stage-
cuts (defined as the percentage of the feed gas entering the permeate) for all the tests were below 25%.    
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Figure 14. Comparison of relative oxygen flux for (a) module 6224 and (b) module 6319 as a 
function of sweep/feed flow rate in the countercurrent/sweep mode at room temperature.  
Air was used as the feed gas and sweep gas.  The feed gas pressure was 15 psig for 
module 6224 and 10 psig for module 6391. All temperatures were at ambient conditions.  

 
As shown in Figure 14, use of a sweep gas increased oxygen flux in both modules, especially at high 
permeate pressure.  For example, as sweep/feed flow rate increased from 0% to 46% at a sweep pressure 
of 10 psig, oxygen flux in module 6224 increased by 54%, from 14 cm3 (STP)/s to 22 cm3 (STP)/s.  
However, the increase in module 6319 was not as significant as that in module 6224.  For example, as 
sweep/feed flow rate increased from 0% to 50% at a permeate pressure of 5 psig, oxygen flux increased 
by only 18% in module 6319, from 62 cm3 (STP)/s to 78 cm3 (STP)/s.  It seems that the module scale-up 
results were not as straightforward as expected.   
 
Figures 15(a) and 15(b) compare mixed-gas oxygen permeance and oxygen/nitrogen selectivity at 
different permeate pressures and sweep flow rates for module 6319.  The oxygen permeance and 
oxygen/nitrogen selectivity were independent of permeate pressures, and were similar to those of the 
membrane stamp (1,200 gpu for oxygen permeance and 3.0 for oxygen/nitrogen selectivity). 
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Figure 15. Comparison of (a) mixed-gas oxygen permeance and (b) oxygen/nitrogen selectivity at 

different sweep pressures and flow rates for module 6319.  Air was used as the feed gas 
and sweep gas.  The feed gas pressure was 10 psig.  All temperatures were at ambient 
conditions. 

 
To summarize, the test results with the bench-scale modules have confirmed successful production scale-
up of the high-flux membrane, and successful fabrication of bench-scale modules.  The larger module 
(6319) does not show sweep efficiency as good as that of the smaller module (6224), indicating that there 
is more work to do in the scale-up of the modules.  However, due to time and budget constraints of this 
project, further optimization of the module configuration to improve sweep efficiency will be conducted 
in future project work.   
 
3.4. Effect of Oxygen-Enriched Air on Combustion 
 
One of the key aspects of this project was to evaluate the impact of oxygen-enriched combustion on the 
combustion processes.  This work was performed experimentally by the project team at GTI.  Several 
natural gas-fired burners located in the GTI combustion laboratory were evaluated, and a Bloom 
Engineering model 1476 hot air baffle burner was selected for testing because it is a common industrial 
burner that is expected to show strong NOx vs. oxygen enrichment behavior.  Figure 16 presents the test 
setup, with the baffle burner mounted on the research modular furnace.  The modular furnace is equipped 
with thermocouples, side view ports, and sampling ports in different locations.  Exhaust gas is sampled in 
the test to monitor the levels of NOx, CO, CO2, and O2 at different test conditions; the monitoring 
equipment is an HORIBA analyzer. 
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Figure 16. Photo of (a) the baffle burner and (b) modular furnace at GTI that was used for oxygen-

enriched air combustion tests.   
 
Fuel firing rate was found to affect NOx levels, so all comparative tests were conducted at a constant 
firing rate of 500 MBtu/h (or 500 scf natural gas per hour).  The first test series with no burner 
modifications determined that NOx increased with higher excess air levels, and increased with the oxygen 
enrichment level in the air, as shown in Table 5.  This result was expected. 
 
Table 5. Effect of Oxygen Levels in the Combustion Air on NOx Levels for an Unmodified Bloom 

Baffle Burner at 500 MBtu/h (Or 500 scf Natural Gas Per Hour). 
 

Excess Air 
(%) 

Air 
21% O2 

Oxygen-Enriched Air 

25% O2 29% O2 

0 64 ppm NOx 94 ppm NOx 207 ppm NOx 
5 79 ppm NOx 142 ppm NOx 274 ppm NOx 

10 80 ppm NOx 156 ppm NOx 304 ppm NOx 

 
The first test results showed that lowering the excess air level decreased NOx production.  However, this 
method alone was insufficient to match NOx production with enriched air to NOx levels with air.  The 
second attempt to lower NOx production with enriched air was based on changing the mixing pattern.  
Once the burner was hot, air was premixed with gas in the gas nozzles to produce a pre-mixed flame.  
Results were unsuccessful, with NOx increasing under pre-mixed conditions.  
 
The third approach tested to lower NOx with enriched air was to stage the combustion by injecting a 
portion of the oxidant (air or enriched air) through a lance above the main flame.  The test series 
conclusively showed that the lancing approach dramatically reduced NOx emissions, to the same level as 
the burner generates when firing with air, as shown in Table 6. 
 

 
 



 20 357 Final 11/11 

 
Table 6. Effect of Oxygen Levels in the Combustion Air on NOx Levels From Bloom Baffle 

Burner Firing at 0.5 MMBtu/h and 5% Excess Air. 
 

O2 Level in Combustion Air 
(%) 

Air Lanced Above Burner 
(%) 

NOx Level in Exhaust Gas 
(ppm) 

21 0 79 
25 0 148 
25 10 73 

 
Figure 17 further compares the effect of lance percentage on NOx concentration in the flue gas for 
combustion air containing 21% O2, 25% O2 and 29% O2.  When firing with 25% enriched air, the NOx 
decreased from 115 ppm with no lancing to 55 ppm with 10% lancing of the enriched air above the flame.  
At roughly 6% of the enriched air sent to the lance, the burner operating with 25% oxygen-enriched air 
generates the same NOx as the burner operating with normal air and no lancing.  When firing with 29% 
enriched air, the NOx decreased from 205 ppm with no lancing to 85 ppm with 10% lancing of the 
enriched air.  At roughly 11% of the enriched air sent to the lance, the burner operating with 29% oxygen-
enriched air is expected to generate the same NOx as the burner operating with normal air and no lancing.  
These results confirm that lancing is an effective method to reduce NOx emissions and to avoid excess 
NOx production when oxygen-enriched air is used for combustion.  The amount of lancing needed to meet 
this goal increases as the oxygen enrichment level is increased, but a reasonable level of lancing is needed 
to meet the objective of no NOx increase.  
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Figure 17.   
 
Comparison of the effect of lance percentage on 
NOx concentration in the flue gas using 
combustion air containing 21% O2, 25% O2 and 
29% O2.  The furnace was operated at 500 
MBtu/hr with 5% excess combustion air.   
 

 
Figure 18 compares the effect of excess air levels on NOx production when firing with air without a lance, 
and with 25 and 29% oxygen-enriched air with 10% lancing.  NOx increases for both normal air firing and 
for 10% lanced firing with 25% and 29% oxygen-enriched air.  The increase for air firing was small, from 
65 to 80 ppm, while the increase for lanced, oxygen-enriched air operation was much greater.  For 
example, when firing with 25% oxygen-enriched air and 10% lance, increasing excess air level from 0 to 
10% increased NOx concentration from 34 to 82 ppm.  These results indicate that higher levels of oxygen 
enrichment require tighter excess air levels in order to avoid excessive NOx production. 
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Figure 18.   
 
Effect of excess air level on NOx concentration in 
the flue gas for the lanced burner firing of 
combustion air containing 21% O2, 25% O2 and 
29% O2.  The furnace was operated at 500 
MBtu/hr.   
 

 
Testing with a Bloom baffle burner has confirmed that increased oxygen enrichment from 21% to 25% 
and then 29% leads to progressively higher levels of NOx emissions.  The NOx emissions can be reduced 
by lowering the excess air level and lancing.  For example, at a 5% excess air level, 25% oxygen-enriched 
air firing with a 6% lance generated the same level of NOx as non-lanced air firing when the lance 
contained 6% of the enriched air, while 29% oxygen-enriched air firing with an 11% lance generated the 
same level of NOx.   
 
This work must be extended to a wide range of industrial burners to understand trends for different 
classes of burners.  Results, however, are positive and confirm that oxygen-enriched combustion can be 
carried out without producing higher levels of NOx than are produced with normal air firing. 
 
3.5.   Economics and Energy Consumption of Membrane Processes for Oxygen Enrichment 
 
To evaluate the potential for use of membrane processes for oxygen enrichment, a series of simulations 
were conducted, assuming the proprietary membrane process MTR is developing produces 30% oxygen-
enriched air at a rate of 100 tons of EPO2 per day.  The process simulation is based on an oxygen 
permeance of 1,200 gpu and oxygen/nitrogen selectivity of 3.0, which has been achieved in this project.  
The capital and operating costs of the membrane portion of the system are summarized in Table 7. Capital 
costs are dominated by the cost of the compressors and membrane modules.  The operating cost of the 
membrane unit, dominated by the electricity use by compressors, corresponds to a produced oxygen cost 
of $38 per ton EPO2 (or per 216 Mscf oxygen-enriched air containing 30% oxygen).   
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Table 7. Capital and Operating Costs for the Membrane Portion of a 100-ton/day EPO2 Plant, 
Based on MTR Proprietary Technology Using Countercurrent/Sweep.   

 
 
Capital Cost 

Installed membrane module skids at $50/m2 
Frame/pipes/valves at $75/m2 
Compressor at $200/actual hp 

Total Component Cost
 

Design/fabrication/margins at 50% of components 
Total Capital Cost  

 
Operating Cost 

Depreciation, maintenance and replacement  at 20% of capital 
Module replacement (every 4 years) 
Electric power at $0.06/kWh 

Total Annual Operating Cost 
                                                     

    
($1,000) 

280 
420 
484 

1,184 
 

592 
1,776 

 
 

355 
70 

          909 
  1,334 

($38/ton of EPO2 produced) 

 
Oxygen-enriched air containing different amounts of oxygen is interesting for a variety of industrial 
applications.  We evaluated economics of membrane processes producing oxygen-enriched air containing 
various oxygen concentrations from 23% to 35%.  The results of these calculations are shown in Figure 
19.  The cost of oxygen production decreases with increasing oxygen content in oxygen-enriched air up to 
about 30% oxygen, and then begins to increase.    There appears to be a minimum cost for oxygen-
enriched air production at a concentration of 30% oxygen for membranes with oxygen/nitrogen 
selectivities of 3.0 and 4.0. The membrane developed in this project has an oxygen/nitrogen selectivity of 
3.0, which meets the target of producing oxygen-enriched air at $40/ton EPO2.  The economics of the 
membrane processes will improve, if oxygen/nitrogen selectivity of the membrane can be further 
improved. 
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Figure 19.  
 
The calculated production cost of EPO2 as a 
function of oxygen content in the oxygen- 
enriched air product.  The membrane is 
assumed to have oxygen permeance of 1,200 
gpu and oxygen/nitrogen selectivity of 3.0 
and 4.0.  The targeted production cost in this 
project is $40/ton.  The membranes already 
developed in this project show 
oxygen/nitrogen selectivity of 3.0.  

 
Another metric often used to compare oxygen production technologies is the energy required to generate 
oxygen.  Table 8 compares this energy requirement for the developed membrane process and 
conventional technologies – cryogenic distillation, vacuum swing absorption (VSA) and pressure swing 
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absorption (PSA).  The MTR membrane process yields oxygen production energies considerably lower 
than those of VSA or PSA, and comparable to the value for cryogenic fractionation.   
 
Table 8. Energy Required to Produce EPO2 for Use in Oxygen-Enriched Combustion. 1 MMBtu is 

equivalent to 293 kWh. 
 

Production Type 
Production Energy  
[MMBtu/ton EPO2] 

Production Volume  
[ton EPO2/day] 

Purity [%O2] 

Cryogenic[13] 0.84 – 1.36 > 50 90 – 99% 

VSA[13] 2.08 20 – 90 90 – 93% 

PSA[13] 2.60 < 20 90 – 95% 

MTR Membrane 1.1-1.5* Up to 100 25 - 35% 

* The production energy is 1.1 and 1.5 MMBtu/ton EPO2 for membranes with oxygen/nitrogen selectivity of 3.0 and 4.0, 
respectively. 

 
In summary, results to date are highly promising and clearly demonstrate that the membrane processes 
can make oxygen-enriched air in a low cost manner.  Future work will move the proof-of-concept tests to 
a bench-scale demonstration in the laboratory, integrated with model industrial burners to prove the 
expected economic and energy benefits can be achieved. 
 
 
4. POTENTIAL BENEFITS ASSESSMENT 
 
4.1. Potential Energy Benefits  
 
The benefits of using oxygen-enriched air (air containing more than 21% oxygen) in combustion 
processes have long been recognized.[2,6]  Figure 20 shows the significant natural gas savings that can be 
obtained when oxygen-enriched air is used instead of atmospheric air in natural-gas-fired furnaces.[6]  The 
use of oxygen-enriched air can lower natural gas fuel requirements by as much as 80%.  The increase in 
savings becomes less pronounced at higher oxygen concentrations; consequently, the principal range of 
interest is 25% to 35% oxygen. 
 
 

Figure 20.  
 
Natural gas savings achieved in furnace 
operations as a function of the oxygen 
concentration in the combustion air.[6] The savings 
increase as the flue gas temperature increases. The 
increase in savings becomes less pronounced at 
higher oxygen concentrations; consequently, the 
principal range of interest is 25% to 35% oxygen. 
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Table 9 shows a sample calculation of the net energy savings in oxygen-enriched combustion, which is 
determined by calculating the gross savings from reduced fuel use in a furnace and subtracting the cost of 
generating oxygen-enriched air using membrane systems.  To keep this initial energy balance simple, the 
electricity needed to generate the oxygen-enriched air is assumed to come from a 33%-efficient on-site, 
gas-fired engine and not from the grid.  The positive savings in energy shown in Table 9 provide initial 
results encouraging enough to pursue further development of membrane-based oxygen-enriched 
combustion.   
 
 
Table 9. Calculation of Energy Savings for Membrane-Based Oxygen-Enriched Combustion.  

With 30% oxygen in the combustion air, the burner can save 37% energy at an exhaust 
gas temperature of 3,000°F.     

 
Base Case:  1 MMBtu Using Excess Air as Oxygen Source 

Required natural gas, scf 
Required air (5% excess) containing 20.9% oxygen, scf 
Exhaust gas temperature, °F 

 
Case with Membrane-Based Oxygen-Enriched Air (30% O2) 

Required natural gas (45% fuel saving at 3,000°F), scf 
Required oxygen-enriched air (30% O2 at 5% excess), scf 
Required EPO2, ton 
Power consumption producing oxygen-enriched air (at 1.5 MMBtu/ton EPO2), 
MMBtu 
Natural gas required to generate power (30% efficiency), scf 
 

Overall Natural Gas Savings in Using oxygen-enriched air (30% O2)
                                                     

 
1,000 
9,809 
3,000 

 
 

550 
3,758 
0.017 

 
0.026 

78 
 

628 

(37% energy savings) 

 
 
Figure 21 shows the effect of oxygen-enriched combustion on net energy savings at various exhaust 
temperatures.  Two membranes with oxygen permeance of 1,200 gpu are considered in these process 
simulations. The first membrane developed in this project has an oxygen/nitrogen selectivity of 3, which 
results in a power consumption of 1.5 MMBtu/ton EPO2.  The second membrane has an oxygen/nitrogen 
selectivity of 4, resulting in a power consumption of 1.1 MMBtu/ton EPO2.  The net energy savings 
increase with both increasing oxygen levels in the oxygen-enriched air and exhaust temperatures.  It is 
noted that the calculated net energy savings at 1,500°F using membranes with oxygen/nitrogen selectivity 
of 3 or 4 are less than 5%; membrane processes with this level of energy savings may not be practically 
attractive.  The membrane/oxygen-enriched combustion process appears much more favorable in 
applications with exhaust temperatures higher than 2,000°F.  For example, at an exhaust temperature of 
3,000oF, the membrane-based enriched oxygen combustion shows a net energy savings of 37% with 
membrane oxygen/nitrogen selectivity of 3 (as also shown in Table 9).  Membranes with oxygen/nitrogen 
selectivity of 4.0 show slightly better net energy savings than those with oxygen/nitrogen selectivity of 
3.0.     
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Figure 21. Effect of oxygen-enriched combustion (with 25% and 30% oxygen) on net energy 

savings at various exhaust temperatures.  (a) Membrane processes with an 
oxygen/nitrogen selectivity of 3 and power consumption of 1.5 MMBtu/ton EPO2; (b) 
membrane processes with an oxygen/nitrogen selectivity of 4 and power consumption of 
1.1 MMBtu/ton EPO2.     

 
U.S. natural gas consumption is about 23 trillion standard cubic feet (scf) per year or 23,000 TBtu/y (1 scf 
natural gas = 1,000 Btu).[14]  About 50% of natural gas (11.5 trillion scf) is used in combustion processes 
(for electricity generation and other industrial applications).[14]  If air containing 30% oxygen is used in all 
natural gas furnaces, the net natural gas savings could be 18% at an average burner temperature of 
2,500°F, which translates to energy savings of 2,070 TBtu/y.  If the proposed technology captures 10% of 
the market in combustion processes (or produces 29,000 ton/day EPO2 to combust with 1.15 trillion scf/y 
natural gas) in 2020, the energy savings would be 207 TBtu/y. 
 
4.2. Potential Economic Benefits   
 
The production costs of membrane systems for oxygen enrichment were illustrated in Figure 19.  Figure 
22 shows the effect of oxygen-enriched combustion on net economic benefits (value of fuel savings 
subtracted from the cost of oxygen production) at various exhaust temperatures, for membrane-based 
oxygen-enriched combustion (30% O2, 5% excess) versus combustion with excess air (5% excess).  The 
price of natural gas is assumed to be $5/1,000 scf.  Two membranes with oxygen/nitrogen selectivity of 3 
(with $38/ton EPO2) and 4 (with $28/ton EPO2) are considered.  Both membranes have oxygen 
permeance of 1,200 gpu.       
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Figure 22.  
 
Effect of membrane-based oxygen-enriched 
combustion on net economic savings at various 
exhaust temperatures.  The membrane 
processes use membranes with oxygen 
permeance of 1,200 gpu and oxygen/nitrogen 
selectivity of 3.0 and 4.0. The base case uses 
excess air (5% excess) for combustion. 
 
 

 
As shown in Figure 22, the net economic savings increase with increasing exhaust temperature.  At low 
exhaust temperatures such as 1,500°F, the net economic savings are negative, and the membrane process 
does not yet compete effectively at these temperatures.  The membrane/oxygen-enriched combustion 
process appears much more favorable in applications with exhaust temperatures of 2,500°F or higher.  As 
an example, if oxygen-enriched air containing 30% oxygen is used at a flue gas temperature of 2,500°F, 
the net amount of natural gas fuel required is lowered by 11%, at membrane oxygen/nitrogen selectivity 
of 3.[2,6]  The savings result from the fact that one ton EPO2 (or 216 Mscf oxygen-enriched air containing 
30% oxygen) stoichiometrically combusts with 32.4 Mscf natural gas.  If the proposed technology is used 
to produce 29,000 ton/day EPO2 by 2020, the value of fuel savings from combustion with the 
stoichiometrically equivalent 1.15 trillion scf/y would be about $630 million.   
 
4.3. Potential Environmental Benefits 
 
Concerns about global warming provide an additional important incentive for using oxygen-enriched air 
in combustion. Combustion of hydrocarbon fuels generates carbon dioxide, the leading contributor to 
global warming.  As shown in Figure 21, the use of oxygen-enriched combustion saves energy and 
therefore, reduces CO2 emissions.  The percentage of reduction in CO2 emissions is the same as the 
percentage of energy savings.   For example, the CO2 emissions at an exhaust temperature of 3,000°F can 
be reduced by 32% using a membrane with oxygen/nitrogen selectivity of 3.0 to produce combustion air 
containing 30% oxygen.  
 
Substantial efforts are underway to develop technologies for capture and sequestration of the carbon 
dioxide contained in combustion flue gases.  The cost of capturing carbon dioxide from flue gas will 
decrease dramatically if the volume of flue gas to be treated decreases and the carbon dioxide 
concentration in the flue gas increases.  As shown in Figure 23, this is exactly what is accomplished by 
using oxygen-enriched air in the combustion processes.  As the oxygen concentration in the combustion 
air increases, the amount of both CO2 and nitrogen in the flue gas decreases, resulting in a reduction in 
flue gas volume and a corresponding increase in the carbon dioxide concentration.  The effect is 
significant even at modest oxygen concentrations.  For example, when the combustion air contains 30% 
oxygen, the flue gas volume is reduced by 57% and the carbon dioxide concentration is increased by 
47%.   
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Figure 23.  
 
Effects of oxygen levels in combustion air 
on flue gas volume and carbon dioxide 
concentration of the flue gas from natural 
gas-based furnaces.  The exhaust 
temperature is 3,000°F, and the membrane 
has oxygen permeance of 1,200 gpu and 
oxygen/nitrogen selectivity of 3.0.  The 
effects are significant even at modest 
oxygen enrichment.   
 

 
 
4.4. Potential Market Benefits   
 
Oxygen-enriched air can be used in combustion processes throughout the manufacturing industries.  The 
applications range from small (furnaces, kilns, gas engines) to large (electrical power generation) in size 
and scale.  The smaller applications require between 1 and 100 tons of EPO2 per day, whereas a power 
plant may require 1,000 to 5,000 tons EPO2 per day.  The smaller applications include, for example, 
utility boilers, slab, bloom and billet reheat furnaces in the steel industry, molten metal ladle pre-heaters, 
aluminum melting furnaces, rotary furnaces, iron cupolas, glass melting furnaces, lime kilns, process 
heaters and gas cracking units within petrochemical plants and sulfur removal processes.  Two industries 
– glass melting and metal heating and melting – are particularly attractive targets for the technology due 
to the following operating characteristics:[2] 
 
● High flue gas temperatures, typically in excess of 2,000°F (1,400 K) 
● Gas-fired heating operations with little or no recuperation from the exhaust gas  
 
Glass Melting.  Industrial oxygen has been used to enhance combustion in the glass industry for several 
decades.  The benefits have been well recognized, and include fuel savings, production increases, capital 
reduction, decreases in particulate matter, and so forth.  Pre-mixed oxygen enrichment up to 27% oxygen 
has been practiced. However, due to the current high cost of oxygen, this industry is still dominated by 
combustion with air.  In 2003, there were about 100 furnaces that had converted to the use of pure oxygen 
or oxygen-enriched air, while there were about 600 total furnaces in the U.S. glass industry.[15]  
 
Pre-mixed oxygen enrichment is the simplest method to apply. To use this method, the only requirements 
are a basic flow control skid to control pressure and flow, and a diffuser for proper distribution of oxygen 
into the air main. If oxygen content is less than 27%, the flame temperature is compatible with the furnace 
materials.  Therefore, existing furnaces can be easily retrofitted.[15] 
 
The 500 out of 600 furnaces still unconverted represent a substantial opportunity for technical, 
environmental and economic improvements in the industry. If we can demonstrate the economic 
production of oxygen-enriched air for this application, there should be considerable interest from major 
industry players. Potential companies to contact include Owens Corning, PPG, Anchor Hocking, Johns 
Manville, O-I and Ball.  
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Metal Heating and Melting.  Oxygen has been widely used in the steel industry to enhance combustion.  
Particularly interesting applications for oxygen-enriched air from a membrane process include use in 
cupola and blast furnaces.  Today, hundreds of cupola foundries worldwide use oxygen to increase cupola 
capacity and/or reduce unit operating cost, and most modern blast furnaces use oxygen-enriched air.[16]  
Generally, the oxygen concentration used in cupolas ranges from 23% to 26%, and in blast furnaces it 
ranges from 21.5% to 29%.[16] Currently, this oxygen-enriched air is made by mixing pure oxygen with 
air.  Our proposed membrane systems can deliver this oxygen at much lower cost.  
 
It is estimated that there are more than 1,000 cupola and blast furnaces in the U.S. for the heating and 
melting of various metals, such as iron, lead, aluminum, and so forth.  Major U.S. iron and steel producers 
include U.S. Steel, Nucor Steel, Arcelor Mittal, and AK Steel.  Major aluminum producers are Alcoa, 
Alcan, Century Aluminum, Commonwealth Industries, and Kaiser Aluminum.   
 
Electrical Power Plants.  A longer-term target is provision of oxygen-enriched air for power stations.  A 
large power plant requires gas production on a massive scale, at a level of thousands of tons EPO2 per 
day.  The challenges for any separation technology in this application are huge, and not only technical – 
acceptance of the need for improved, cleaner processes is required. Membrane-based production of 
oxygen-enriched air could be the first step toward development of a useful technology for this market, 
and will be addressed in future research and development projects.   
 
Table 10 highlights a basic benefits analysis for some of the industries and processes that are expected to 
be good candidates for incorporation of the oxygen-enriched air combustion technology into their 
operations.  The project team expects the first oxygen-enriched combustion units to be commercially 
available to the market in the year 2014.  This will be after industrial demonstration in 2012 and process 
optimization in 2013, assuming we receive funding assistance for continued development of the 
technology.  We conservatively estimate 25% to 30% market penetration by 2020, since this membrane-
based oxygen-enrichment technology does not need substantial modification of existing industrial 
processes. This is expected to make installation of oxygen-enriched combustion systems straightforward 
in places where the economics are positive.  We expect that adding an oxygen-enriched combustion unit 
to the current air supply system will not alter plant operations, equipment, or controls.  
 
Table 10. Preliminary Analysis of Benefits Gained from Use of Oxygen-Enriched Air Combustion 

Technology in Selected Industrial Processes.  For the fuel and CO2 savings in 2020, 
market penetration of 25% is assumed for oxygen-enriched combustion.  The natural gas 
price is $5/1,000 scf, and the fuel savings and CO2 emissions reduction is assumed to be 
20%. 

 

Industry 
Glass 

Containers 
Cement 

Production 
Steel 

Production 

Temperature (°F) 2,800 2,700 2,400 

Market size in 2020 at 25% penetration (TBtu/yr)     48    141    106 

Oxygen-enriched air (MM ton EPO2/yr)          1.3           3.8           2.9 

Fuel savings in 2020 (MM$/yr)     48     141     106 

CO2 emissions reduction in 2020 (MM ton/yr)          0.5            1.6            1.1 

 
In general, if the developed technology is assumed to produce 8 MM ton/yr EPO2 (or 22,800 ton/day 
EPO2, the result of the combination of the three industries shown in Table 10) for combustion processes 
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in 2020, the cumulative market for the membrane systems would be about $410 million, since the capital 
cost of a membrane system to produce 100 ton/day EPO2 is $1.8 million (as shown in Table 7).  
 
 
5. PROJECT FINANCIAL STATUS 
 
The overall goal of this project was to develop a membrane process that can produce air containing 25-
35% oxygen at a cost of $25-40/ton EPO2.  Table A-1 in the Report Appendix shows the task schedule 
and progress; Table A-2 summarizes the milestones and their current status.  There was no change in the 
scope of the study in the project.  All tasks have been completed and milestones were met.    
 
The project spending plan and current expenses are summarized in Table A-3 of the Appendix.  The 
actual expenditures to date have exceeded the budget.  MTR has used internal R&D funding to accelerate 
development of the technology.     
 
 
6. PRODUCTS DEVELOPED IN THIS PROJECT 
 
Publications / Presentations:  We have not published any results from this work yet.  However, we 
envision that presentations will be given at technical conferences (such as the North American Membrane 
Society), and at least one paper will be prepared for publication.   
 
Web Sites on This Project:  None 
 
Networks or Collaborations Fostered:  It has been fruitful for MTR to work with our partners (Tetramer 
Technologies and Gas Technology Institute).  We will continue to work with them to further develop this 
technology, and potentially, other related technologies.  We have also discussed the technology with end 
users of industrial furnaces and gasifiers.  The end users have shown interest, and we envision that these 
contacts will lead to a field demonstration in future projects. 
 
Technologies:  Membranes with high oxygen permeance and oxygen/nitrogen selectivity have been 
developed.  The new membrane processes to make oxygen-enriched air have been evaluated and show 
promising performance. 
 
Inventions/Patent Application:  None. 
 
 
7. CONCLUSIONS AND FUTURE WORK  
 
This Concept Definition phase project clearly demonstrates that membrane processes can make oxygen 
enriched air in a low cost manner to save fuel and cost for industrial combustion processes.  The 
integrated membrane/combustion process trains can improve the economic and energy efficiency of 
combustion processes significantly, and reduce the cost of CO2 capture and sequestration from flue gases 
throughout the U.S. manufacturing industries.   
 
In this study, we completed the following work and reached the following conclusions:  
 
 We identified a series of perfluoropolymers (PFPs) with promising oxygen/nitrogen separation 

properties, which were successfully made into the thin film composite membranes.  The membranes 
showed oxygen permeance as high as 1,200 gpu and oxygen/nitrogen selectivity of 3.0, and the 
permeance and selectivity were stable over the 60-day time period tested.   
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 We successfully scaled up the production of high-flux PFP-based membranes, using commercial 
coaters at MTR.  Two bench-scale spiral-wound modules with countercurrent designs were made, and 
parametric tests were performed to understand the effect of feed flow rate and pressure, permeate 
pressure and sweep flow rate on the membrane separation properties.  The module separation 
properties at various conditions that modeled potential industrial operating conditions were similar to 
the pure-gas separation properties in the membrane stamps.   

 We identified and synthesized new polymers (including PIMs and polyimides) with higher 
oxygen/nitrogen selectivity (3.5-5.0) than the PFPs, and made these polymers into thin film 
composite membranes.  However, these membranes were susceptible to severe aging; their pure-gas 
permeances decreased nearly six-fold within two weeks, which makes them impractical for use in 
industrial oxygen enrichment. 

 GTI tested the effect of oxygen-enriched air on NOx emissions using a Bloom baffle burner.  The 
results were positive and confirmed that oxygen-enriched combustion can be carried out without 
producing higher levels of NOx than produced in normal air firing, if lancing of combustion air is 
used and the excess air levels are controlled.   

 A simple economic study shows that membrane-based processes can produce O2 at less than $40/ton 
EPO2 and an energy cost of 1.1-1.5 MMBtu/ton EPO2, which are very favorable compared with 
conventional technologies such as cryogenics and vacuum pressure swing adsorption processes.   

 The benefits of integrated membrane processes/combustion process trains were evaluated, and show 
good savings in process costs and energy consumption, as well as reduced CO2 emissions.  For 
example, if air containing 30% oxygen is used in natural gas furnaces, the net natural gas savings are 
an estimated 18% at a burner temperature of 2,500°F, and 32% at a burner temperature of 3,000°F.  
With a 20% market penetration of membrane-based oxygen-enriched combustion in all combustion 
processes by 2020, the energy savings would be 414-736 TBtu/y in the U.S.  The comparable net cost 
savings are estimated at $1.2-2.1 billion per year by 2020, calculated as the value of fuel savings 
subtracted from the cost of oxygen production.  The fuel savings of 18%-32% by the 
membrane/oxygen-enriched combustion corresponds to an 18%-32% reduction in CO2 emissions, or 
23-40 MM ton/y less CO2 from natural gas-fired furnaces by 2020.  

 
We will continue the development of this technology.  Future work will focus on proof-of-concept 
bench-scale demonstration of membrane processes for oxygen enrichment in the laboratory, followed by 
field demonstration.  The efficiency of the membrane processes will be further improved if membranes 
with higher oxygen/nitrogen selectivity can be developed, and the configuration of sweep/countercurrent 
modules can be optimized for better sweep efficiency.  
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REPORT APPENDIX 
 
At the request of the project manager, tables that address the technical and financial status of the project 
are grouped here for easy access.  Table A-1 in the Report Appendix shows the task schedule and 
progress and Table A-2 summarizes the milestones and shows their current status.  
 

Table A-1. Task Schedule and Progress. 
 

Task 
# 

Task Title or Brief Description 

Task Completion Date 

Task Progress Notes Original 
Planned 

Revised 
Planned 

Actual 
Complete

% 
Complete 

1 
Develop/Optimize PIM-1 
Composite Membranes 

12/15/10  10/15/10 100% 

Unmodified PIM-1 polymer 
membranes are not practical for 
commercial applications due to 
rapid aging. 

2 
Synthesize Modified PIMs-Type 
Copolymers and Fabricate into 

Composite Membranes 
2/15/11 6/30/11 6/30/11 100% 

Membranes based on 
perfluoropolymers (PFPs) were 
made into composite membranes 
using commercial coaters; new 
polymers with promising 
separation properties were 
identified and synthesized. 

3 
Characterize Membrane 

Performance 
2/15/11 6/30/11 6/30/11 100% 

PFP-based membranes show 
good O2/N2 separation properties 
at operating conditions similar to
the designed process. 

4 
Fabricate Bench-Scale Modules 
and Perform Parametric Tests 

5/15/11 6/30/11 6/30/11 100% 
Bench-scale modules were
fabricated and tested at various 
operating conditions 

5 
Evaluate Technical and Economic 
Potential of Membrane Process 

for Oxygen Enrichment 
8/15/11 10/31/11 10/31/11 100% 

Tests at GTI showed that oxygen 
enriched combustion may not 
increase NOx emissions.   

6 Potential Benefits Assessment 10/30/11  12/31/10 100% Complete assessment was 
prepared. 

7 
Project Management and 

Reporting 
11/15/11  11/15/11 100% The final report was prepared. 
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Table A-2. Milestone Schedule and Current Status. 
 

Milestone 
#  

Milestone Title or Brief 
Description 

Milestone Completion Date 

Milestone Progress Notes Original 
Planned 

Revised 
Planned 

Actual 
Complete

% 
Complete 

1 
Preparation of highly permeable 

membranes in Tasks 1 and 2 
2/15/11 6/30/11 6/30/11 100% 

PFP-based membranes show 
very high oxygen flux and 
sufficient oxygen/nitrogen 

selectivity.  Several additional 
polymers with promising 

separation properties were 
identified and we will continue 

to investigate these new 
polymers for another quarter.

2 
Fabrication of bench-scale 
modules, and completion of 

module permeation tests 
5/15/11 6/30/11 6/30/11 100% 

Two modules have been made 
and tested at various feed and 

sweep conditions.  These 
modules are defect free and 
show separation properties 

similar to the membrane 
stamps, indicating the success 

of module preparation. 

3 
Completion of the computer 

simulation and economic analysis
5/15/11 8/15/11 8/15/11 100% 

Economics of the membrane 
systems to produce OEA 
containing various oxygen 

amounts have been evaluated.

4 
Completion of the final report and 

preparation of the project 
continuation plan 

11/15/11 11/15/11 11/15/11 100% Final report is submitted. 

 
 
 
 


