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Eliminating Supplemental Natural Gas in Biogas Fired Power Generation

“-then the Lord God formed the man out of the dust of the ground and blew into his nostrils the breath of life, and 
the man became a living being.” Genesis 2:7

and

Marc Straub, Vice President
Generon

Black Swan, LLC



Patent Pending Membrane Air Enrichment (MAE) Process for Oxy-Combustion: Chemistry

• Simplified Gas Combustion with Air Feed (Dry at 21% O2 , 79% N2)
• Stoichiometry: CH4 + 2 O2 + 8 N2 >>> CO2 + 2H2O + 8 N2

• Fuel heating value heats 11 moles of combustion product gas, 8 moles being inert N2

• Firing temperature reduced by heating inert (nitrogen)

• Membranes Enrich Oxygen from 21% O2 in Dry Air to ~50% O2 (~30% Increase)
• New Combustion Stoichiometry: CH4 + 2 O2 + 2 N2 >>> CO2 + 2H2O + 2 N2

• Fuel heating value heats only 5 moles of combustion product gas, with only 2 being inert N2

• 30% O2 increase in combustion air (to 50% O2):  Over 60%  Fuel & 90% NOX Reductions**

• Biogas Power– under 5% O2 Increase (25% O2) needed provides over 30% Fuel Savings**

**Inverse Economy of Scale per DOE/GO-102005-2178 (1/2 the savings for only 1/6 scale)
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O2          %O2 Purity     %O2 Net   % Fuel 
Source  Dry Concen Increase Savings 
A Air 20.9 0               0

B MAE        21-50          ~1-30        30-60

C ASU        90-99+%       70-80       70 Max
Cryo/ VPSA/ PSA
(Cryo/V/PSA)

Figure 2 Reference:
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• MAE: Potential of fuel savings of 60% with lowest increase in O2 (30%) 
• Cryo/V/PSA produces high purity oxygen (~90+% O2, sold @~$300/Ton)

• Only +10% fuel savings diminish returns further for 50% increased O2

• High purity 90% has high firing temp requiring costly retrofit

• MAE/Wig: Lowest capital/operating cost to produce ~50% O2

• ~40 to 50% lower energy and manufacture cost; higher performance 
compared to conventional (~$35-70+/T)** conventional membranes

• Low to No Cost Fired Unit Retrofit/ “Plug and Play” 

• MAE: Performs Direct Air Capture of O2, CO2- a GHG, and Recoverable H2O
• Cryo/V/PSA do not produce recoverable H2O 
• For V/PSA- CO2 is not a product; for Cryo, requires high additional cost
• Dry Flue gas CO2 Concentration increases over 50% with MAE

**est’d using Membrane Based Oxygen-Enriched Combustion by Lin, Zhou, et al; Ind. Eng. Chem. Res, 2013, 52 

BLACK · SWAN with MAE/Wig- Advantages
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INTRODUCING CONVENTIONAL GENERON MEMBRANE AIR OXYGEN GAS SEPARATION TECHNOLOGY 

`
Oxygen 35-50%

Residue
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INTRODUCING CONVENTIONAL GENERON MEMBRANE AIR OXYGEN GAS SEPARATION TECHNOLOGY 
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INTRODUCING BLACK · SWAN WIG Membrane
Very Low Energy/ High Performance/ Lowest Pressure Drop/ Lowest Manufacturing Cost

Diagram of Single Tube Sheet Wig™ Membrane Design for MAE™ Process



9

BLACK · SWAN Wig™ Lab Scale

*Photo, instruments and bench/lab measurements courtesy of Mr. Marc Straub, Vice President Membrane Mfrg, Generon
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BLACK · SWAN Prototype Dual Tube Sheet Wig™ Membrane Prototype for MAE™ Process



11

• MAE/Wig uses decades proven science/materials commercialized by multiple major 
manufacturers

• MAE/Wig lowest membrane operating cost, 60% lower than conventional membranes
• Conventional membranes feed air at 150 to 250 psig, where as MAE operates at low pressure
• Permeate is pulled under vacuum at 1/3 lower flow rate

• MAE/Wig higher performance over conventional membranes validated by Generon
• 10% higher concentration of oxygen or flowrate through membrane

• Low to no pressure drop on shell-less “residue side”
• No concentration gradient on shell-less “residue side”

• Full length of outer hollow fiber tube wall sees same high concentration CO2 instead 
of gradient concentration

BLACK · SWAN
Introducing Patent-Pending MAE™ Process/ Wig™ Membrane Design Benefits
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BLACK · SWAN 

100 Ton/Year CO2, 12HP, 8 KW 
Bench Scale MAE/OxyComb Wig™ Membrane 
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BLACK · SWAN
2,000 Ton/Year CO2 FGXB/ MAE™ Demonstration Site

400 HP (300KW) Caterpillar® Engine for Well Pump
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MATCH OF KEY PROCESS PARAMETERS (A-E)
BR&E PROMAX® MODEL ^ RESULTS (ABOVE) VS. 
400HP CATERPILLAR® ENGINE SPEC (TO RIGHT)>

A

A

B

B

B

C

C

D

D

E

E

BASE CASE MODEL VALIDATION
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400 HP (300KW) Caterpillar ®

3602

547

Internal Combustion Engine Driven Power Gen Set PFD
BASE CASE 0: 400 HP Natural Gas Fired with Air

E=Duty=3.3 MMBTU/HR

04/17/2021

PowerGen 
Set

Sim Prediction10

14A

7

Natural 
Gas

13

Air

55

SCFM -Standard Volumetric Flowrate

KEY:

# -Stream Number

942

F -Temperature Spec Sheet

-Temperature Predicted by Simulator

% -Dry Oxygen Volumetric Concentration

21

0.5

958

F

BTU/
SCF

-Low (Net) Heating Value, dashed lines indicate multiple or previous cases

911

83

O2

O2

O2

A

A C

B

C A

Spec Sheet

3602
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Internal Combustion Engine Driven Power Generation Set
Simplified Process Flow Diagrams

PowerGen 
Set

Hot 
Exhaust

04/12/2021

10

14A

7

Natural 
Gas

13

Air

Natural Gas Only Case 

 Artificial Biogas  Case

0

1
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CASE 1 (to Right)
Artificial BioGas Only with Air>

CASE 0 (to Left)
< with Air
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Air Fired Natural Gas Case 0

Conventional Membrane Enriched Oxy-Combustion Biogas Cases 2

&43%

&3

2



20

Est. 25% FEWER MEMBRANES WITH MAE WIG!

400 HP (300KW) Caterpillar ®

Internal Combustion Engine Driven Power Generation Set
Base Case 0 vs Case 1 vs Case 2 vs 

Case 3: Biogas with 25% O2 MAE Oxy-Combustion

04/12/2021

8

11

449

PowerGen 
Set

Hot 
Exhaust

10

14A

7

Natural 
Gas

13

Air

85

95721

0.5

901

592

83

O2

O2
12

99
CO2

55

30

Case 0

Case 1

911

CO2

79

Case 0

Case 1

9

43
O2

40

25
O2 85 Cases 2&3

958 Cases 2 and 3

558Cases 0&1

Case 2

462
Case 3

53 Case 2

Case 3

35
CO2

38 Case 2

Case 3

Cases 1, 2 and 3

0

Cases 0,  1, 2 and 3

Cases 1, 2 and 3

Case 0

91155 Case 0

0 Case 0Cases 1, 2 and 3

Case 0

Cases 1, 2 and 3

Cases 0,  1, 2 and 3

<Case 0 data is
identified with

dashed boxes>
Cases 1,2,3&

3602
3390
3590
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20 Count MAE (43% O2) Membrane Skid for Pilot and Demonstration Plant
Iso View Top View Photo



Membrane Air Enrichment (MAE ™)
Estimated Conventional vs. MAE Cat Performance Comparison

• Basis: 400HP (300KW or 1MMBTU/H),  53 scfm, 38% O2 combustion air

• Conventional 6150 Membrane System (38% O2): 
• @203 psig Feed Air Requires 4 membranes
• @2 psig Feed Air Requires 20 membranes

• Lower Cost MAE Wig™ Membrane Produces 43% O2 Under Vac: 
• Passive (No Air Compression) needing under 15 membranes
• Based on Prototype/ Bench Scale Tests 

22

BLACK · SWAN
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1100 HP (800KW) Delta Diablo
BG/NG/Air Base Case 0
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Increaseing aeration  basin and power generation capacity with Membrane Air Enrichment
• Orange County Sanitation District (20+MW) and Delta Diablo (~1MW)

• Supplemental Natural Gas Savings: 100%, meaning no natural gas required!
• Estimated Increased Power Generation Capacity: 20%

• Potential Aeration Operating Cost Savings
• 50 to 80% Power / Operating Cost Savings
• Max 30% Potential Increased Aeration Basin Capacity

• Target return on investment of under two years
• Estimated Total Installed Cost Estimates of $3,000,000 to 5,000,000
• California Energy Commission Grants Pending

BLACK · SWAN

MAE™ 2021 Candidate California Sanitation District Sites
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Natural gas fired 10 to 60 Million BTU/Hour Industrial Scale Boilers Bordered by Orchards

• Both candidate sites using 43% O2 Enrichment:
• Winery with 40,000 TPY CO2 with 100 Acres of Citrus on adjacent plot
• County Facility with 40,000 TPY CO2 from Boilers with 500 acres crops
• Manufacturer with 80,000 TPY CO2 from Boilers with 1000 acres of crops
• Refinery Cogen with up to 200,000 TPY CO2 with 1000 acres crops

• Natural Gas Savings Target: 40%
• 100% added profit from crop carbon enrichment in neighbor orchards
• Target return on investment of under two years
• Total Installed Cost Estimates of $2,000,000 to 4,000,000

BLACK · SWAN

MAE/FGXB™ 2022 Candidate Commercial Sites



Membrane Air Enrichment (MAE ™)
Estimated Conventional vs. MAE Boiler Performance Comparison

• Basis: 15MMBTU/Hr Boiler, 1211 scfm, 38% O2 combustion air

• Conventional 6150 Membrane System (38% O2): 
• 203 psig Feed Air Requires 45 membranes
• 4.5 psig Feed Air Requires 449 membranes

• Lower Cost MAE Wig™ Membrane Produces 43% O2 Under Vac: 
• Passive (No Air Compression) needing under 300 membranes
• Based on Prototype/ Bench Scale Tests 
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BLACK · SWAN



BLACK · SWAN

• Achieve Carbon Neutrality in CA  by 2025!

• Achieve US Carbon Deceleration at -0.04 GT/Yr2 by 2030! 

• Achieve Carbon Neutrality around the World by 2035.

How? Profitably making Fuel, Water, and Sugar with…!
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Energy Food

Water 
and 
CO2

BLACK · SWAN  Cycle
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Eliminating Supplemental Natural Gas in Biogas Fired Power Generation

and

Marc Straub, Vice President
Generon

”Jesus said to them, again, “Peace be with you. As the Father has sent me, so I send you.”

And when He had said this, he breathed on them and said to them, “Receive the Holy Spirit.” 
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