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• Sandia is the largest National Lab in the U.S.
– U.S. Department of Energy (DOE) ~12,000 employees
– ~ US $3.2B/yr from DOE, other federal agencies, and private industry
– H2 Program in Livermore, CA (SF Bay Area)

• Hydrogen program: 60+ years of work, in a wide range of areas (H2 storage, 
production, delivery, development of regulations, market transformation), 
which we do to enable impactful clean energy solutions

• Market Transformation:  Zero Emission H2/Fuel Cell Maritime Program:

Sandia HQ: 
Albuquerque NM

 Livermore CA
(SF Bay Area)
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Hydrogen Properties:

methane
reforming

water 
electrolysis
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International Journal of Hydrogen 
Energy 42, 757 (2017).

More information about 
hydrogen gas (H2) and 
liquid hydrogen (LH2) 
can be found in:



When hydrogen is used in a Fuel Cell it produces ZERO pollution 
or greenhouse gas at point of use
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Going In:
        H2 and air

Going Out:
       Electricity
       Waste Heat
       Warm humidified air

Electric Motors

H2

Photos C
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2 H2 + O2  2 H2O
-- commercially available
-- more energy efficient than diesel generators
-- eliminates emissions at the point of use
-- eliminates polluting fuel spills, greatly reduces noise
-- emissions can only arise from H2 production/delivery
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A typical LH2 trailer can deliver 4000 kg 
(~15,000 gallons) at a time.
(1 kg LH2 occupies 3.72 gallons)

Trailer LH2 tanks are DOT-approved
and have never been breached in a road
accident.

Today:  AC Transit Bus Station, Emeryville CA

1964 - 1973 1981 - 2011

H2 Has Been Delivered and Used for Decades



H2 Fuel Cell Market Transformation

Fuel Cell Forklifts
Fuel Cell Cars

Fuel Cell Lighting

Bringing zero emission fuel cell technology into new applications,
to improve energy efficiency and reduce emissions

What about for watercraft?

Can H2 fuel cell technology
enable zero emission vessels?
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SF-BREEZE: The first study to show that H2 fuel cells can 
be used in maritime propulsion, and exactly how to do it.

High-speed H2 Ferry
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Engineering model of the SF-BREEZE
Ferry H2 Refueling

Technical

Regulatory

Economic Higher than conventional now, today’s 
market acceptance to be determined

 
 

Route:
San Francisco
to Vallejo, CA



LH2 Tankvent
stack

PEM Fuel Cells

Pilot House

Passenger
Compartment

SF-Breeze Design:  Catamaran

Design 
generated by 

Elliott Bay 
Design Group

9



SF-BREEZE details
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• Fuel:  ~2,000 kg LH2 per day
• Propulsion power 4.4 MW, installed: 4.92 MW
• Passengers: 150
• Service Speed: 35 knots
• Length 109’ x Beam 33’ x Depth 11.25’

Full Load Draft ~ 4.6’
• Emissions:  Zero 
• Fuel Spills: Zero

maritime.sandia.gov



Project Integrates Ship Designers, Regulators, H2 Experts and End Users
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USCG MSC and Design 
and Eng. Stds.

USCG Sector 
San Francisco

USCG Liquid Gas 
Carrier NCOE

American Bureau 
of Shipping

Work Funded by The U.S. 
Department of Transportation 
(DOT), Maritime 
Administration (MARAD) 
through MARAD’s Maritime 
Environmental and Technical 
Assistance (META) program.



The SF-BREEZE Project Led 
to the Zero-V Hydrogen 

Fuel Cell Research Vessel

Lennie Klebanoff
Sandia National Laboratories

Bruce Appelgate
Scripps Institution 
of Oceanography

Zoltan Kelety
Scripps Institution 
of Oceanography

(L-R) Ian McCauley, Sean Caughlan, Robin 
Madsen and Catherine Farish, Glosten.  

Gerd Petra Haugom (L) Hans-Christian Wintervoll
DNV GL

Overall Feasibility Question:  Is it 
technically and economically possible 
to create a zero-emissions H2 fuel cell 
research vessel that meets or exceeds 
the requirements of such vessels 
operating along U.S. coastlines? 
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• Desired calm water speed: 10 knots (instead of 35 knots for the SF-BREEZE)

• Desired range: 2,400 nautical miles (instead of 100 nm for the SF-BREEZE) 

• Endurance: 14 days (instead of 4 hours for the SF-BREEZE).

Scripps Missions Define the Zero-V Performance

The Zero-V has very different performance needs: 
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A zero-emission research vessel is 
feasible NOW using existing technology

• Oceanographic research vessel for 
coastal / regional operations

• Uses clean hydrogen: No fossil 
fuels!

• Zero emissions: Clean/no GHGs!
• Carries no diesel: No oil spills!
• All-electric propulsion: Quiet!
• FEASIBLE with existing technology
• Outstanding scientific capabilities
• Advanced instrumentation
• Designed for California’s 

educational and R&D needs
A bold, transformative game-
changer

The zero-emission research vessel (Zero-V) concept vessel has a range of 2,400 
nm, speed of 10 knots, with berths for up to 20 scientists, supporting general-
purpose missions.  Anticipated cost to build: $80 million. 14
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-- the equivalent GHG
emissions for making diesel 
fuel is 87.4 grams CO2 
(eq.)/MJfuel

Well-to-Tank (WTT) Emissions Associated with
 H2 Fuel Production and Delivery.

The GHG reduction from using H2 technology REALLY 
depends on how the H2 is made!
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Emissions from LH2 Production and Delivery
(the Zero-V itself is zero-emissions):

Using H2 from any source, dramatic reductions in criteria pollutants 
below Tier 4 are provided.  Using renewable hydrogen, a 91% 

reduction in CO2 (eq.) emissions is obtained.
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Work Funded by The U.S. Department of Transportation (DOT), Maritime 
Administration (MARAD) through MARAD’s Maritime Environmental and 
Technical Assistance (META) program.

maritime.sandia.gov

 
More information on the calculation of GHG 

emissions from H2 fuel cell vessels can be found in:  
L.E. Klebanoff , J.W. Pratt et al., Transportation 

Research D 54, 250 (2017).



Gas Dispersion Analysis
• Overall Goal:

– Inform accurate overall hazardous zone requirements for hydrogen so 
that H2 fuel cell vessels can be safely operated.

• Benefit of defining hazardous zones for hydrogen:
– Enable faster and easier approval by reducing the need for gas dispersion 

studies on every future vessel submitted for approval
– Avoid placing undue burden on vessel design and layout
– Avoid situations that are unsafe 
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Does Normal LH2 Boil-off Represent a Safety Risk?

The H2 concentrations out 
the vent stack during normal 
boil-off are 4000x smaller than 
the LFL for H2/air mixtures.

Venting H2 from normal boil-
off is not a safety risk.

10m

T = 290 K, 5 knot wind

1200 kg
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What if the Pressure Relief Valve on the LH2 Tank Breaks?

Scenario: venting 150 psi hydrogen gas at 
70K out the vent stack of the SF-BREEZE.

Assume the ~ 4500 gallon LH2 tank is 10% 
LH2, 90% vapor at 150 psi.

0.08 – 0.75 mole fraction H2/air mole fraction CH4/air0.05 – 0.15

5 knot Wind

 Both H2 and CH4 (LNG) venting more buoyant than air.
 Greater initial penetration of CH4 into the air (heavier).
 Venting completed in ~ 6 minutes.

80 m 80 m

T = 152 KT = 70 K



• Will they float? 
• Can they go fast enough, up to 35 knots?
• Can they carry a decent number of people (~150)?
• Do they have sufficient range before needing refueling?
• Can the hydrogen suppliers provide 2500 kg of LH2 per day?
• Can the hydrogen suppliers provide renewable LH2?
• Can they be refueled fast enough for commuter service ?
• Would the technology be supported by Bay Area Ports?
• Are there deep cuts in well-to-waves (WTW) GHG emissions?
• Are there deep cuts in WTW criteria pollutant emissions?
• Can they satisfy regulatory requirements to gain an Approval in Principal?
• Would the U.S. Coast Guard find any “show stopping” issues?
• Would it be commercially attractive?
• Can suitable refueling sites be found for these vessels? 
• Would there be support from local government (City Hall, others)?


















TBD




H2 Vessel Feasibility Questions Encountered and Passed
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The world’s first 
commercial hydrogen 
fuel cell ferry, and first 
hydrogen fuel cell 
vessel in the U.S.
• Aluminum 

catamaran
• 70’ long
• 84 passenger 

(reconfigurable)
• 22 knot top speed
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A H2 Fuel Cell Ferry Will Soon Be Built!
-- Funded by the State of California Air Resources Board (CARB)
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--published by CRC Press in 2012

-- available on Amazon

Topics:

- Why we need H2-based energy
- H2 Energy Conversion Devices
- All methods of H2 Storage
- Engineered H2 Storage Systems
- H2 Codes and Standards
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Thanks to all 
my friends and 
colleagues!



An extra special Thank You to Sujit Ghosh and 
the US DOT / Maritime Administration (MARAD) 

for supporting these studies
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Sujit Ghosh, MARAD



For more information on H2/Fuel Cell Maritime Projects visit: 
https://maritime.sandia.gov
• Past and current maritime projects
• Download reports

Lennie Klebanoff 
(925) 294-3471

lekleba@sandia.gov
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Thank You!

mailto:lekleba@sandia.gov

