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Black Swan Cycle for Food-Energy-Water Sustainability and Carbon Neutrality

“-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 (…in the beginning… the awesome power of breath…)
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BLACK · SWAN

Energy Carbon Management and Sustainability!

• Membrane Air Enrichment (MAE) for Fuel/Air Fired Systems
• Directly Captures Carbon Dioxide (CO2- a GHG) from Air
• Raises CO2 in Dry Flue Exhaust from under 10 up to 90+% 
• Reduces Fuel Consumed/Makes Water/Increases Capacity

• Flue Gas Extraction and Bio-Sequestration (FGXB)
• CO2 Used to Make Biomass for Renewable Fuel & Food
• Reduces Agriculture Water Consumption (Highest User) 



Membrane Air Enrichment (MAE): Chemistry
• Simplified Gas Combustion with Air Feed (Dry at 20% O2 , 80% 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)

• A Membrane Module Provides 50% Oxygen Enrichment of Air (50% O2, 50% N2)
• Low Pressure/ Energy/ Cost Membranes capture oxygen, water, and CO2 directly from air

• 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

• Higher firing temperature, Up to 100% increase of Capacity for Industrial Units

• Eliminates supplemental non-renewable (natural gas) fuel for Biogas Power

Bulk Separation of Nitrogen From CO2, Oxygen and Water Allows Increased Capacity, Fuel and 
Water Savings, Higher Concentration of CO2 in Exhaust, and CO2 Capture/ Use

BLACK · SWAN



INTRODUCING CONVENTIONAL MEMBRANE GAS SEPARATION TECHNOLOGY 

• CO2 Removal from Field Gas/ Enhanced Oil Recovery (Commercial Scale now at Billions SCFD 40+ Years)
• Honeywell UOP (Separex®) Using Spiral Wound (Sheet Type) Membrane Elements (see below from MODEC’s website) to 

produce concentrated CO2 for enhanced oil recovery (EOR) and to produce pipeline quality (under 3% CO2) natural gas.
• Mr. Kolodji led UOP’s design and Petrobras/MODEC’s commissioning/startup of first of a kind facility below
• Recovered High Concentration CO2 from Field Gas for use in EOR with 10,000 psig pressure dense phase CO2 reinjection down hole
• Source: MODEC Website
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58.3 SCFM 40% O2 per membrane
23.0 SCFM 40% O2 per membrane

AIR PRODUCTS CONVENTIONAL MEMBRANE AIR OXYGEN ENRICHMENT TECHNOLOGY AND DATA 
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GENERON CONVENTIONAL MEMBRANE AIR OXYGEN GAS SEPARATION TECHNOLOGY 
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Simple MAE Process Prototype, Using Unmodified Conventional Air Products Prism™_Membrane
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AIR PRODUCTS CONVENTIONAL MEMBRANE AIR OXYGEN GAS SEPARATION TECHNOLOGY AND DATA 
UNDER NEAR BLACK · SWAN MAE OPERATING CONDITIONS/ CONFIGURATION 
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Generon Model 6150 PerformanceConventional Oxygen Membrane Module Simulated Under
NEAR BLACK · SWAN MAE Operating Conditions
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BLACK · SWAN Wig™ Membrane Prototype

*Photo, instruments and bench/lab measurements courtesy of Mr. Marc Straub, Vice President Membrane Mfrg, Generon
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BLACK · SWAN
Very Low Energy/ High Performance/ Lowest Pressure Drop/ Lower Manufacturing Cost

Diagram of Single Tube Sheet Wig™ Membrane Design for MAE™ Process
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BLACK · SWAN
Prototype Dual Tube Sheet Wig™ Membrane Prototype for MAE™ Process
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• MAE Wig based on proven science/technology/materials used/commercialized for decades

• MAE Wig lowest membrane operating and capital cost- under 40% of cryogenic technology costs

• MAE Wig higher performance over conventional membranes validated by two major manufacturers 

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



FGXB Chemistry Profits from The Power of Breath!

• Fauna: AIR at 400ppm (0.04%) CO2 is exhaled as BREATH at 40,000ppm (4%) CO2

• Respiration “burns” carbohydrates, such as sugar, eg. glucose, C6(H2O) 6 , for life energy
• 6O2 + C6(H2O) 6 (stored energy) >> 6CO2 + 6H2O + Energy (eg. in the form of muscle movement)

• 21% O2 level in AIR correspondingly drops 17% in exhaled BREATH due to CO2 make
• Humans increase CO2  concentration in one breath by a factor of 100, making 2 gigatons per year

• Transport/ Power/ Industry Sectors similarly produce over 40 Gigatons of CO2 per year

• CO2 production is nescessary for life… Why??? The ultimate sustainability cycle

• Flora: CO2 is consumed photosynthetically to make oxygen and cellulose
• 6CO2 + 6H2O + sunlight >> 6O2 + C6(H2O) 6 (cellulose, a sugar and building block of plants) 

• Over 95% of plant growth is dependent upon carbon supplied by CO2

• Plant growth rate can up to double if local plant biosphere CO2 is raised 50%

Increase agricultural yield and water use efficiency, in world’s largest water consumer

BLACK · SWAN
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BLACK · SWAN

Heat Recovery and 
Gas Delivery for CCE

Profit from CO2 without concentrating the flue gas, but cooling and dispersing to crops!



CO2 CROP ENRICHMENT (CCE)
(Atmosphere around Crop raised to min 600 ppm CO2, or 150% that of air!)

• 1967: Ford & Thorne (Corn +70% yield)

• 1983: Rogers (Corn and Soybean Water Use Efficiency +100%)

• 1984: Havelka (Wheat +35% yield)

• 1985: Acock & Allen (Soybean +40% biomass)

• 1985: Bhattacharya et al (Sweet Potatoes +83% yield)

BLACK · SWAN

• 1986: Cure & Acock (Cotton +200% yield)
• 1987/1989: Kimball et al (Cotton +100% yield)
• 1993: Kimball et al (Rice/Soybeans)
• 1994-7: Bindi et al: Grapes (+50 to 70% yield)
• 2007: Kimball et al: Citrus (up to +200% yield)

• Used for almost a hundred years throughout the world (especially northern hemisphere) in greenhouses

• Researched/ Proven for past 40 years in open air systems (without greenhouses) 
• Free Air Carbon Enrichment (FACE) Systems by Brookhaven National Laboratory (Dr. George Hendrey/ Keith Lewin)
• By United States Department of Agriculture (Dr. Bruce Kimball)
• Commercialized with Black Swan Project Pilot/ Demonstration Facility Funded by California Department of Food and Agriculture

• Proven to Boost Agricultural Yield and Save Water (see literature sources below):
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BLACK · SWAN FGXB/MAE Demonstration Site

Dosanjh Bros
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BLACK · SWAN

MAE/FGXB™ Pilot Scale BIOGAS Facility Site
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BLACK · SWAN

Simulated Biogas Material Balance 50 T/Y CO2 MAE/FGXB™ Pilot

35 % , up from 9% CO2
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• Industry Supply Potential of up to 200,000 T/Y CO2 for 100s of acres of surrounding crops

• Demonstration facility scale is 10,000 Tons CO2 /Year Processing (T/Y)
• Based on Four other FGXB facilities piloted since 2017 at under 100 T/Y. 

• 5th FGXB Pilot installation (July 2020- 100 T/Y, 9 trees, well under 1 acre)- Cap Cost $2000

• Demonstration FGXB entails 2000 trees over 20 acres ($50,000 Capital) Target Q1-2021

• MAE bench scale tests since 2018, MAE Pilot on same site Cap $80,000, target Q2-2021

BLACK · SWAN
CDFA* Funded Demonstration Site

Patented/ Patent Pending FGXB™ / MAE™

*California Department of Food and Agriculture (CDFA) State Water and Environmental Efficiency Program (SWEEP)  
Awarded to Dosanjh Bros for Almond Orchard Crop Carbon Enrichment Project
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BLACK · SWAN

Quench Column for 10,000 Ton/Year CO2

FGXB/ MAE™ Demonstration Site
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BLACK · SWAN
Patent Pending CO2 Disperser for 10,000 Ton/Year

FGXB/MAE™ Demonstration Site
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BLACK · SWAN
Field Measurement Instruments (Soil Moisture/ Weather Station/ CO2 Meters) for 10,000 Ton/Year

FGXB/MAE™ Demonstration Site

**Photo instruments and field measurements courtesy of Dr. Brian Marsh, Director, University of California, Agriculture and Natural Resources, Cooperative Extension- Kern County
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BLACK · SWAN
July 2, 2020 Static Measurements From CO2 Meters During Commissioning of 50 Ton/Year Pilot

FGXB/MAE™ Demonstration Site

**Photo instruments and field measurements courtesy of Dr. Brian Marsh, Director, University of California, Agriculture and Natural Resources, Cooperative Extension- Kern County
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**Photo instruments and field measurements courtesy of Dr. Brian Marsh, Director, University of California, Agriculture and Natural Resources, Cooperative Extension- Kern County

BLACK · SWAN
August 2020 Field Measurements From CO2 Meters During Post Commissioning of 100 Ton/Year Pilot

FGXB/MAE™ Demonstration Site

**Photo instruments and field measurements courtesy of Dr. Brian Marsh, Director, University of California, Agriculture and Natural Resources, Cooperative Extension- Kern County
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Internal combustion engine driven power plants (1 to 3MW) at California Sanitation Districts

• Fuel: Biogas supplemented with 10% natural gas using 43% O2 Enrichment

• Supplemental Natural Gas Savings: 100%
• Increased Power Generation: 20%

• Target return on investment of under one year
• Total Installed Cost Estimates of $300,000 to 500,000

BLACK · SWAN

MAE™ 2021 Candidate Commercial Sites
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BLACK · SWAN MAE  Commercial Site
Normal Operation Case 1 using Biogas and Natural Gas
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BLACK · SWAN MAE Commercial Site
Comparison of Normal Op Case 1 vs. Biogas without Natural Gas using Standard Air (Case 0, below note low T/Heat Value)
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BLACK · SWAN MAE Commercial Site
Comparison of Normal Op Case 1 vs. Biogas without Natural Gas using O2 Enriched Air (Case 2, below note higher T/Heat Value)
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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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Black Swan Cycle for Food-Energy-Water Sustainability and Carbon Neutrality

”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.” 


