"‘ Sandia National Laboratories I-% FF(CHydrogen and Fuel Cells Program

Feasibility of Hydrogen Fuel Cell Research Vessels

Lennie Klebanoff

Sandia National Laboratories
Livermore, CA 94551

Ship Design & Material Technologies and Business Technologies
Joint Panel Meeting

San Francisco, CA
September 14, 2021

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and Engineering Solutions of Sandia LLC, a wholly owned subsidiary of 1
Honeywell International Inc. for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-NA0003525.



"‘ Sandia National Laboratories I-% FF(CHydrogen and Fuel Cells Program

Hydrogen Properties:
H, molecule % < « s typically a gas, but can be a liquid
H

(LH,) if made very cold (20 K).
R‘;%tcf};%ﬁjs Ly U « LH, evaporates very fast (4,000
¢ methane gallons will evaporate in ~6 seconds)
reforming
Wsitesr ) * More buoyant than helium. Goes
(H,0) V — straight up at ~40 mph.
H) electrolysis

Overall, H, is very similar to natural gas (which is ~ 90% methane, CH,).
H, is NOT a Greenhouse Gas, unlike natural gas which is a potent GHG.

If spilled, LH, evaporates from the water leaving no residue.

H, can be ignited given an ignition source and the right H,/air mixture.

Energetically, a kg of H, has about the same energy as a gallon of
diesel fuel.
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H, Has Been Delivered and Used for Decades

A typical LH, trailer can deliver 4000 kg
of hydrogen at a time.

e

LH, Refueling Trailer, Emeryville CA

_—

A typical high-pressure delivery trailer
can deliver ~ 300 kg at a time.

350 bar H, Refueling Trailer, SFO 3
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When hydrogen is used in a Fuel Cell it produces ZERO pollution
or greenhouse gas at point of use
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-- commercially available - _
-- more energy efficient than diesel generators Going OUt_' _
-- eliminates emissions at the point of use Electricity
-- eliminates fuel spills, greatly reduces noise Waste Heat
-- emissions can only arise from H, production/delivery Warm humidified air

-- no “thermal runaway” possible (unlike batteries) .
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The GHG Reduction from Using H, technology REALLY
depends on How the H, is Made

250 235.9 WTT GHG Emissions for -- the equivalent GHG
_ Diff:rent LH, Production emissions (making & burning) for
Pat . .
a0 4 aTays diesel fuel is 87.4 grams CO,
g (eq-)/M‘quel
s 150
= [ 126.3
o ‘“ . . ”
PR | -- the “criteria pollutant” (smog)
5 [ ‘enewable emissions like NOy, PM, HC Is
o | A dramatically reduced with fuel cell
‘ ‘ * | technology, no matter how the
8.1 9.0 11.7 9.6 .
o . == == ®Bm == | hydrogen is made (not shown).
NG Water Wood Water Water Avg.
Reforming Electrolysis Gasification Electrolysis Electrolysis Renewable
(EU Mix) (Nuclear) (Wind)

The GHG-reducing potential for H, fuel cell technology lies in using renewable hydrogen.

More information on the calculation of GHG emissions from H, fuel cell technology can be
found it: L.E. Klebanoff, J.W. Pratt et al., Transportation Research D 54, 250 (2017). >
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Hydrogen Technology is Here and Growing

Commercial Fuel Cell Cars are Here

Fuel Cell Cars Sold/Leased in the U.S

1,600
1,400 by February 2017

Fuel Cell Electric Vehicles Can:

v Refuel in 5 minutes

v Have a 300 - 400 mile range (limited by H, storage)
v" Only clean water vapor as the tailpipe emissions

v" No need to plug in.

)
¥ ¥ ¥
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Note: Cumulative number of vehicles sold/leased. Source: hybridcars.com

Open - Retail 47
And it's not just fuel cell cars Open - Lagacy Refal !
Currently Unavailable 3
e In Construction 10
. In Permitting 30
Proposed 15
TOTAL 106

H, Stations in CA
(CA Fuel Cell Partnership)

6
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Fuel Cell Eorklifts Fuel Cell Buses Fuel Cell Lighting
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If you want to learn more

about hydrogen technology.....
Technology

Materials and Applications --published by CRC Press in 2012

Topics:
- Ways of storing hydrogen

- Hydrogen fuel cells and IC engines
- H, Storage Systems
- H, Codes and Standards

-- available on Amazon

Lennie Klebanoff

sl cnine atwwsciencedied com
ScienceDirect

More information about hydrogen gas (H,) and
liquid hydrogen (LH.) can be found in:

liquid natural gas in the context of the SF-BREEZE
high-speed fuel-cell ferry

L.E. Klebanoff et al., International
Journal of Hydrogen Energy 42,
757 (2017).
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SF-BREEZE: The first study to show that H, fuel cells can
be used in maritime propulsion, and how to do it.

High-speed H, Ferry 85 w,: ;
el R Route:
R AN .. San Francisco
v ~ to Vallejo, CA
Ferry Hydrogen Station

Work Funded by The U.S.

Department of

. / Transportation (DOT),

TeChn ICal / Maritime Administration
J / (MARAD) through

MARAD’s Maritime

Regulatory Environmental and

Technical Assistance

Higher than conventional now, today’s (META) program.

Economic market acceptance to be determined ¢
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The SF-BREEZE Project Led
to the Zero-V Hydrogen
Fuel Cell Research Vessel

Overall Feasibility Question: Is it
technically and economically possible
to create a zero-emissions H, fuel cell
research vessel that meets or exceeds
the requirements of such vessels
operating along U.S. coastlines?

N
Lennie Klebanoff
Sandia National Laboratories

Bruce Appelgate
Scripps Institution
of Oceanography

Zoltan Kelety
Scripps Institution
of Oceanography

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

Glosten Participants: (L-R) lan McCauley,
Sean Caughlan, Robin Madsen and
Catherine Farish.
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Scripps Missions Define the Zero-V Performance
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Unmanned underwater vehicles

After deployment, UUVs navigate underwater autonomously
to conduct sampling, mapping, sensing and other missions

Surface mooring deployment
RNV Roger Revelle, Philippine Sea

Sediment coring
Sediment samples from piston cores enable N

detailed geological histories to be determined o

The Zero-V has very different performance needs:

» 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).

10
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A zero-emission research vessel Is n G

Maritime Administration

feasible NOW using existing technology & G‘:f;‘ﬂ;,,

Gas Vent S

. :
Oceanograp_hlc research vessel for
coastal / regional operations

* Range: 2400 nm
e T T s o WS e« Speed: 10 knots
y * - = . 7 * 10,900 kg of LH,

- L ¢ Berths: 20 scientists

* Cost to Build: $80M

n ,

[Wine c;om Electrical [Statboard .
Motor Reom | [Machinery Rooms . . . .
- , * No Fuel Spills, No engine emissions

- X == Stern Thrusters Retractable Azimuthing Thruster—/ ° FeaSi ble With tOd ay’S teCh n0|ogy
High-Lift Rudders

\VEUGHAGEMCENGHEES
* Designed for California’s
educational and R&D needs

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

Scripps is seeking funding through federal sources because $80M is beyond their
traditional State funding channels.

Final Zero-V Project Report: maritime.sandia.gov -
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What if H,/Fuel Cells Provide Partial Vessel Power, in a

Hybrid Arrangement? What Would That Look Like?

Glosten

Hydrogen Hybrid Sproul Replacement Vessel

The Scripps Institution of Oceanography (SIO) current
coastal/local research vessel, the R/V Robert Gordon
Sproul, is nearing the end of its service life and will soon
require replacement. We compared three potential
“variants” for an R/V Sproul replacement vessel (SRV): a

Base

line SRV consisting of a traditional diesel-electric

powertrain, a Battery Hybrid SRV (battery/diesel-electric)
and a Hydrogen Hybrid SRV (hydrogen fuel cell/diesel-
electric).

>
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Diesel engines supplemented with H,/Fuel Cells
LH, Storage: 733 kg

Diesel Engines: ~ 1200 kW; Fuel Cells: ~ 800 kW
Capital Cost: ~ $34M

~ 27% annual reduction in GHG emissions

75% of the Sproul Missions can be performed on H,
alone.

Much better performance than a Battery Hybrid

Work Funded by The U.S. Department of Transportation
(DOT), Maritime Administration (MARAD) through

MARAD'’s Maritime Environmental and Technical

Assistance (META) program. 12
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July 23, 2021: Scripps Announces $35M in Funding
of the Hydrogen Hybrid by the State of California

“Our vision is to build an uncompromising, fully
capable oceanographic research vessel that can
be powered independently from fossil fuels, and be
free from the criteria pollutants and greenhouse
gas emissions that diesel-powered ships emit,”
said Bruce Appelgate, associate director and head
of ship operations at Scripps Oceanography. “In
doing so, we hope to both serve our scientists and

S—T - - ycatee  Students while being a world leader for
UC SanDiego transformational change to clean, nonpolluting
shipboard power systems.”

Bruce Appelgate, Scripps Institution of Oceanography,
at Press Conference

v Funding from the State of CA: $35M
v’ 3-Year Design/Build/Qualify Program
v Project to begin October 2021

Press Release: https://scripps.ucsd.edu/news/uc-san-diego-receives-35-million-state-
funding-new-california-coastal-research-vessel

13
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H, Vessel Feasibility Questio'ri‘s Encountered and Passed

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 the needed LH, per day? ‘/

Can the hydrogen suppliers provide renewable LH,? ‘/

Can they be refueled fast enough for commuter service ? \/

Would the technology be supported by CA 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? TBD

Can suitable refueling sites be found for these vessels? \/

Would there be support from local government (City Hall, others)? \/

14
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Thanks to all
my friends and
colleagues!
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For more information on H,/Fuel Cell Maritime Projects visit:
https://maritime.sandia.gov

e Past and current maritime projects
e Download reports

Thank You!

Lennie Klebanoff
(925) 294-3471
lekleba@sandia.gov
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