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Amount of Storage Required for 100% Renewable – CA 

Deficit

Surplus

Current
H2 Storage

Pumped
Hydro

21 million
EVs*

* Nissan Leaf Equiv. – 62 kWh

Saeedmanesh, A. Mac Kinnon, M. Brouwer, J., 
Current Opinion in Electrochemistry, Vol. 12, 
pp. 166-181, 2018

Wind Dominant Case
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Resilient Storage & Transmission/Distribution Resource
• Natural Gas Transmission, Distribution & Storage System > 99.999% available

Carmona, Adrian, M.S. Thesis Project, 
UC Irvine, J. Brouwer advisor, 2014.

Gas Technology Institute, Assessment of 
Natural Gas … Service Reliability, 2018. 
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Gas System – MASSIVE Resource for Zero Emissions
• First mix up to X% – ADD grid renewables & transportation electrification

• Then piecewise conversion to pure hydrogen

1
3

7

5

Solar Here!

Close valves
Here!
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Gas System – MASSIVE Resource for Zero Emissions
• 40% of all electric demand – 20 sq. miles of solar, only gas system use 

for H2 storage AND all T&D
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Demonstrated Resilience of Fuel Cells and Gas System
Winter Storm Alfred, 10/29/11 Hurricane Sandy, 10/29/12

23 Doosan 

Units

CA Earthquake, 8/24/14

Bloom 
Installation

Data Center Utility Outage, 4/16/15 Napa Fire, 10/9/17

Ridgecrest Earthquakes, 7/4-5/19 Manhattan Blackout, 7/13/19

San Diego Blackout, 9/28/11

Hurricane Joaquin, 10/15/15

Hurricane Michael, 10/15/18

Japanese Super-Typhoon, 
10/23/17
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Why Hydrogen? Required for completely zero emissions
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Toyota Fuel Cell:
Zero Emissions Big Rig

Fuel Cell Trains & Locomotives

Aircraft

Fuel Cell Buses

Why Hydrogen? Zero Emission Fuels Required
• Provide zero emissions fuel 

to difficult end-uses

Shipping
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Why Hydrogen? Industry Requirements for Heat, Feedstock,
• Many examples of applications that cannot be directly electrified

Steel Manufacturing & Processing

PharmaceuticalsAmmonia & Fertilizer Production

(Photo: Galveston County Economic Development) 

Cement Production

(Photo: ABB Cement) 

Plastics

(Photo: DowDuPont Inc.) 

(Photo: Geosyntec Consultants) 

Computer Chip Fabrication

(Photo: American Chemical Society) 
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Hydrogen is Essential for Sustainability
Hydrogen: 11 features required for 100% zero carbon & pollutant emissions

• Massive energy storage potential

• Rapid vehicle fueling

• Long vehicle range

• Heavy vehicle/ship/train payload

• Seasonal (long duration) storage potential

• Sufficient raw materials on earth

• Water naturally recycled in short time on earth

• Feedstock for industry heat

• Feedstock for industry chemicals (e.g., ammonia)

• Pre-cursor for high energy density renewable liquid fuels

• Re-use of existing infrastructure (lower cost)

Saeemanesh, A., Mac Kinnon, M., and Brouwer, J., 
Hydrogen is Essential for Sustainability, Current 
Opinion in Electrochemistry, 2019.
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Backup Slides
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• Northwestern U.S. Energy Dynamics

Combined Peak ~ 95 GWh

Gas Peak ~ 70 GWh
Electric Peak ~ 30 GWh

RD&D Topic #1: System Dynamics of 100% Zero Emissions Options
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RD&D Topic #2: Hydrogen Safety & Sensing
Tests for Hydrogen Safety

Courtesy: BMW Group, 2000

and Garrity, Murdoch Univ., 2002

Mechanical Damage 

Fire

Excessive Tank Pressure

(Blocking all safety valves)

Hydrogen Leak Gasoline Leak
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RD&D Topic #2: Hydrogen Safety & Sensing
• Hindenburg and the Hydrogen Bomb

• No nuclear reactions

• Hindenburg disaster caused by paint and skin

• H2 characteristics
• Broadest flammability limits

• Low ignition energy (at stoichiometric)

• Highest diffusivity

• Lowest density

• Can be safer than gasoline & natural gas, but different!
• In the event of an accident/leak – creation and ignition of 

a flammable mixture is less likely with hydrogen 
than with gasoline, perhaps more likely than with NG

• But, fire marshals, codes, standards, 
regulations, are not currently friendly

• Recently – disinformation 
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RD&D Topic #3: H2 leakage from NG Infrastructure

H2 injection into existing natural gas infrastructure (low pressure)

• NG, H2/NG mixtures, H2 leak at same rate
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RD&D Topic #3: H2 leakage from NG Infrastructure

H2 injection into existing natural gas infrastructure (low pressure)

• Copper epoxy applied (Ace Duraflow®) to mitigate H2 leaks
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RD&D Topic #3: H2 leakage from NG Infrastructure

• Results from a previous study (1992) support our recent findings!

• First publication on this topic: Swain & Swain, Int’l J. Hydrogen Energy, Vol. 17, pp. 
807-815, 1992.

Leakage Flow Regime Ratio of flow between H2 and CH4 

Diffusion (diffusion constant) 3.15

Laminar (viscosity) 1.29

Turbulent (density) 2.83

Leakage Flow Regime Ratio of flow between H2 and CH4 

Diffusion (diffusion constant) 3.15

Laminar (viscosity) 1.29

Turbulent (density) 2.83

H2, CH4, and C3H8 can leak at SAME RATE 
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RD&D Topic #4: Existing Pipeline Embrittlement

Simulation of H2 embrittlement and fatigue crack growth with UIUC

• Fatigue crack growth in 6” SoCalGas pipeline
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RD&D Topic #5: Massive Storage Facility Transformation

Salt Caverns already widely used and proven

• Air Liquide & Praxair operating H2 salt cavern 
storage in Texas since 2016

• Very low leakage rate

• Massive energy storage

• Safe & Low-cost storage

• Similar success in Europe

• Magnum working with LADWP to adopt similar salt cavern H2 storage in Utah

Current CA depleted oil and gas fields not yet used or proven for H2 use

• Several research and development needs
• H2 leakage

• H2 reaction with petroleum remnants

• H2 biological interactions

• H2 storage capacity

• H2 safety
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RD&D Topic #6: End-Use Impacts of H2/NG mixtures & variability

Meter-sets

• Physical flow/measurement characteristics

• Heating value and Wobbe Index

• …

Consumer appliances

• Stove-top, oven, space heater, water heater, …
• UCI investigations, European studies exist

• Up to 20% H2 in NG likely manageable  

Power plants

• Already capable of significant H2/NG blends (e.g., 30%)

• R&D for higher H2/NG blends

• Locations where high H2 (up to 100%) can be evaluated?

Industry

• Ammonia, refining, glass, …


