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Abbreviations and Acronyms
AB:  Airborne

ABL: Above Baseline

ABS:  American Bureau of Shipping

AC:  Alternating Current

ACH:  Air Changes per Hour

AFFF:  Aqueous Film Forming Foam

AIP:  Approval in Principle

ARB:  Air Resources Board

AUV: Autonomous Underwater Vehicle

BC: Black Carbon

BHP:  Brake Horsepower

BSGC: Brake Specific Gas Consumption

CAIP: Conditional Approval in Principle

CCC: Carriage of Cargoes and Containers

CDR:  Commander

CEC:  California Energy Commission

CFD: Computational Fluid Dynamics

COI: Certificate of Inspection

CONN: Connection

COTP: Captain of the Port

CTD: Conductivity, Temperature and Depth (instrument)

DC: Direct Current

DDT: Deflagration to Detonation Transition

DF:  Demand Factor

DOT: Department of Transportation (United States)

DP: Dynamic Positioning

DWL:  Design Waterline

EBM:  Ecosystem-based Management

ECA:  Emission Control Area

ELA:  Electrical Load Analysis

EOS:  Electrical and Engineering Operator Station

EPA: Environmental Protection Agency (United States)

ESD:  Emergency Shutdown

ET: Electronic Technician

EU:  European Union

FC: Fuel Cell

FCPM: Fuel Cell Power Module

FLA: Full Load Amperes

FLIP: Floating Instrument Platform

FMEA:  Failure Mode and Effects Analysis

FSB:  First Structureborne

Gg:  Gigagrams = 1 x 109 grams

GM:  Metacentric Height

GSU:  Gas Supply Unit

HAZID:  Hazard Identification

HC:  Hydrocarbons

HVAC:  Heating, Ventilation and Air Conditioning

HVO:  Hydrogenated Vegetable Oil
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ICE:  Internal Combustion Engine

ICES:  International Council of the Exploration of the Sea

IGF:  International Gas Fueled (Ships)

IJHE:  International Journal of Hydrogen Energy

IMCA: International Marine Contractors Association

IMO:  International Maritime Organization

IPCC:  Intergovernmental Panel on Climate Change

ITTC:  International Towing Tank Conference

Kts:  Knots

LCG:  Longitudinal Center of Gravity

LCH4: Liquid Methane

LEL:  Lower Explosion Limit

LFL:  Lower Flammability Limit

LH2:  Liquid Hydrogen

LHV:  Lower Heating Value

LNG: Liquid Natural Gas

LKR: Locker

LT: Long Tonnes

MARAD:  Maritime Administration (U.S. DOT)

MarFac:  Marine Facility

MARVS:  Maximum Allowable Relief Valve Setting

MBARI:  Monterey Bay Aquarium Research Institute

MLML:  Moss Landing Marine Laboratory

NASA: National Aeronautics and Space Administration

NBP:  Normal Boiling Point

NCE:  Noise Control Engineering

NG:  Natural Gas

nm: Nautical Miles 

NTP:  Normal Temperature and Pressure

O&M:  Operations and Maintenance

Ops: Operations

PEM:  Proton Exchange Membrane

PBU:  Pressure Building Unit

PFSA:  Polyfluorinated Sulfonic Acid

PM:  Particulate Matter, or Permanent Magnet

PM10: Particulate Matter with Diameter Less Than 10 Microns

RCRV:  Regional Class Research Vessel

REMUs: Remote Environmental Monitoring Units

ROV: Remotely Operated Vehicle 

R&M: Repair & Maintenance 

SAWE:  Society of Allied Weight Engineers

SEA: Statistical Energy Analysis

SF-BREEZE:  San Francisco Bay Renewable Energy Electric Vessel 
with Zero Emissions

SIO:  Scripps Institution of Oceanography

SMR: Steam Methane Reforming

SOLAS:  Safety of Life at Sea

SS4: Sea State 4

SS5: Sea State 5
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SSB:  Secondary Structureborne

ST: Short Tons

STBD: Starboard

SURR: Surrounding

SWATH:  Small Water Area Twin Hull

SWBD: Switchboard

SWBS:  Ship Work Breakdown System

SWL: Safe Working Load

TCG: Transverse Center of Gravity

TCS: Tank Connection Space

TRD: Transportation Research Part D

UAV:  Unmanned Aerial Vehicle

UC:  University of California

UCSD:  University of California San Diego

UEL:  Upper Explosion Limit

UFL:  Upper Flammability Limit

URN:  Underwater Radiated Noise

USCG:  United States Coast Guard

VAC:  Volts Alternating Current

VCG: Vertical Center of Gravity

VDC:  Volts Direct Current

WTT: Well-to-Tank

WTW: Well-to-Waves



9

The goals of this feasibility study are to determine  the 
technical, regulatory, and economic feasibility of a 
coastal research vessel powered solely by hydrogen 
fuel cells, assess the environmental benefits and 

determine the prospects for refueling such a vessel at the 
expected ports of call. 

For a research vessel, the potential advantages of using 
hydrogen fuel cells are considerable.  For example, zero 
emissions hydrogen technology allows the collection of air 
samples with no interference from vessel engine emission. 
Hydrogen can be readily used in Arctic Oceanographic explo-
ration because hydrogen is not susceptible to the waxing/
freezing problems of the petroleum-based fuels. Also, the 
complete elimination of vessel particulate emissions avoids 
the formation of “black ice” which is a major concern for 
increased solar absorbance leading to increased rates of ice 
melting.   Since fuel cells are very low noise power systems, 
such research vessels are quieter, allowing more accurate 
sonar mapping operations and reduced noise risk for marine 
life. PEM fuel cells, being electrical devices, offer faster power 
response than internal combustion engine technology, which 
is an advantage in vessel handling and positioning. Fuel 
cells generate pure, deionized water which can be captured 
for other purposes such as drinking water for the scientific 
staff and crew, or for experimental and analytical purposes.  
This can offset the weight of potable or experimental water 
needed to be carried on-board.  This myriad of potential 
benefits motivates a detailed exploration of the technical, 
regulatory, and economic feasibility of designing, building, 
and operating a practical, commercial, zero-emission coastal 
research vessel. 

The project team consists of Sandia National Laboratories 
(Project Lead and hydrogen fuel cell technical expertise), Glo-
sten (naval architect), the Scripps Institution of Oceanography 
(oceanographic research expertise and end user) and DNV GL 
(maritime regulatory expertise, marine hydrogen systems).  

The research missions for the Zero-V were determined by 
Scripps, and included 14 research activities of particular 
significance in coastal oceanography that require a modern, 
capable, general-purpose coastal research vessel.  These re-
search areas included coastal and nearshore oceanography, 
ecosystem-based management, marine microbiology, physi-
cal oceanography, ocean chemistry, Hypoxia/anoxia zone re-
search, biodiversity, biotechnology, seismic and tsunami risk 
research, ocean acoustics, sensor technology development, 

and ephemeral event response. These missions translated 
into the primary Zero-V vessel requirements shown in Table I 
against which technical feasibility of the Zero-V is assessed. 

The primary ports of call for the vessel were determined by 
Scripps in consultation with Sandia, which visited these ports 
in order to assess refueling and servicing feasibility. These  
primary ports of call include the Nimitz Marine    

Table I:  Primary Vessel Requirements to Perform the 
Scripps Science Missions 

Executive Summary

Characteristic Requirement Characteristic Requirement

Cruise 10 kts, calm 
water

Portable Vans 2

Speed

12 kts, calm 
water (sprint) 

9 kts, SS4 
7 kts, SS5

Crew Berths 11

Range 2400  nm Scientist 
Berths

18

DP
2 kts beam 

current, 25 kts 
wind at best 

heading

A-Frame 12,000 ST SWL

Endurance 15 days Main Crane 8,000 lbs @ 12’ 
over the side

Main Lab 800 sq ft Portable Crane 4,000 lbs SWL

Wet Lab 500 sq ft Side Frame 5,000 lbs SWL

Computer Lab 120 sq ft Trawl Winch 10,000m 3/8 
3x19

Aft Deck 1200 sq ft Hydro Winch
10,000m 0.322 
EM, 10,000m 

1/4 3x19
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Facility at the Scripps Institution of Oceanography in San 
Diego CA; Moss Landing Marine Laboratory in Monterey CA, 
Pier 54 at the Port of San Francisco, San Francisco CA and 
Wharf 5 at the Port of Redwood City, Redwood City CA.

With the technical performance goals thus formulated, and 
the ports of call determined, the Zero-V design activity com-
menced.  

The design of the Zero-V that satisfies all of the Scripps sci-
ence missions, and can visit all the anticipated ports of call is 

shown in Figures 1 and 2.  

Three hull-forms were evaluated for the Zero-V:  monohull, 
catamaran and trimaran.  The trimaran hullform was selected 
because it enabled a vessel that could meet all of the space 
and volume requirements as well as fitment of the machin-
ery, service, and control spaces necessary for operation of 
the vessel.  The arrangements consider the operations of the 
vessel such as access between science spaces, the working 
deck, and science handling systems as well as visibility and 
sight lines from control stations to the working areas and 
equipment.  

To reduce weight, the vessel has to be constructed of alumi-
num.  The beam and length requirements were driven by the 
requirement that the vessel be able to dock at all primary 
ports of call for the vessel. Of these ports of call, the most 

restrictive refueling location is the Monterey Bay Aquarium 
Research Institute (MBARI) Pier at the Moss Landing Marine 
Laboratory (MLML).  The beam (width) of the Zero-V is 56 feet, 
with a length of 170 feet. The vessel displacement is 1,175 
LT.  The draft is 12 feet, limited primarily by the water depths 
at the Moss Landing Harbor channel and MBARI Pier, as well 
as the water depth at Pier 54.   The cruising speed is 10 knots 
as determined by the science mission requirements.  With 
10,900 kg of consumable LH2 stored in two LH2 tanks, the 
range of the vessel is 2400 nm, or an endurance of 15 days. 
The Zero-V is designed to be home to 18 scientists, 11 crew 
and to be truly zero-emissions on the water. The vessel per-
forms “station keeping” by dynamic positioning.  

The Zero-V design follows traditional arrangements for a 
research vessel even given the trimaran hull type.  A cut-away 
view of the Zero-V is shown in Figure 3, giving the locations of 
the mechanical and propulsion system components. 

An integrated fuel-cell electric plant supplemented with small 
lithium-ion bridging batteries provides both propulsion and 
ship service electrical.  The fuel cells are Hydrogenics HyPM 
HD 30 fuel-cell power modules arranged into power racks 
with each rack holding six fuel-cell modules.  Each rack has a 
total power output of 180 kW.  With ten racks total, the vessel 
has 1,800 kW of installed power.  The 10 hydrogen fuel-cell 
racks are evenly distributed between Starboard and Port 
fuel cell rooms, allowing the vessel to continue operation at 
reduced power if one space must be taken out of service for 
maintenance. The fuel cells provide DC power, which must be 
conditioned, converted and inverted to provide bus DC and 
AC power, respectively.  

To provide the required position keeping for on-station sci-
ence work, the vessel is fitted with a retractable azimuthing 
bow thruster as well as stern thrusters in each outer hull.  
Additionally, high-lift flap rudders are provided to maximize 
steering forces produced from the main propellers during 
station keeping.  The Zero-V uses one propulsion motor to 
power each of its two propellers. Based on the resistance and 
powering calculations, it was determined that 500 kW motors 
provide sufficient power for the various mission require-
ments and also have enough reserve power for safe opera-
tion in heavy seas and for dynamic positioning.  High-torque 
alternating current (AC) permanent magnet type motors were 
selected as the propulsion motors.  These motors can be 
directly coupled to the propeller shaft to provide efficient and 
quiet operation.  

The vessel is outfitted with two fixed pitch propellers. Each 
propeller is approximately 2.1 m in diameter. Fixed pitch 
propellers are chosen for their simplicity, low capital and 
operating cost, and quiet operation.  The propellers are of 
wake-adapted design to minimize underwater noise as well 

Figure 1:  Renderings of the Zero-V zero-emission hydrogen fuel cell 
research vessel.
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as maximize efficiency.  The propellers are fully non-cavitat-
ing at speeds of up to 8 knots.

High-lift flap rudders are used for maneuvering the vessel.  
Compared to conventional spade rudders, the flap rudders 
provide both high turning forces underway and superior 
thrust control for position keeping.  The bow thruster is a 500 
kW retractable azimuthing thruster.  This thruster provides 
sufficient maneuvering and dynamic positioning capability for 
the vessel under the required operating conditions.  The bow 
thruster is powered by a permanent magnet AC motor for 
maximum efficiency.  

To increase docking and position keeping performance, 
stern tunnel thrusters are installed in each trimaran side 
hull. Conventional electric motor driven tunnel thrusters 
were selected for the stern thrusters.  To increase compact-
ness and efficiency, permanent magnet AC motors are used.  
Because of the trimaran’s center hull, thrust directed inward 
by the stern thrusters would suffer significant thrust loss due 
to hydrodynamic effects and would also likely create exces-
sive noise.  To avoid this problem, it has been assumed that 
the stern thrusters will only be operated to provide outward 
thrust away from the vessel.  

A preliminary dynamic positioning (DP) capability study for 
the Zero-V was performed and indicates 500 kW tunnel 
thrusters provide satisfactory DP capability.  The vessel can 
maintain position with 1 knot beam current and more than 
25 knots wind and waves from any heading.  With 2 knots 
beam current, the vessel can still maintain position with sig-
nificant wind and waves at best heading.  

The use of hydrogen fuel cells offer the potential for low-
noise operation of the vessel. This is important not only for 
the safety of marine life and integrity of acoustic measur-
ments, but also for the comfort of those onboard the vessel.  
To establish a noise estimate for the Zero-V, the predictions 
from a prior study of a diesel-powered research vessel’s 
underwater radiated noise were adjusted to account for the 
removal of the noise source from the diesel engines (since 
the Zero-V does not have diesel engines).  The result suggests 
that, with noise treatments such as damping material on the 
hull and vibration isolation of large rotating machinery, the 
Zero-V can meet the limits in ICES Report 209.  

Both the CO2(eq.) and criteria pollutant (smog) emissions 
were estimated for the Zero-V based on a complete “well-to-
waves” (WTW) analysis. Here CO2(eq.) emissions refers to the 
sum of CO2, CH4 and N2O emissions multiplied by their radia-
tive trapping weighting factors. Criteria pollutant emissions 
refer to NOx, hydrocarbons and particular matter emissions. 
The annual WTW CO2(eq.) emissions from the Zero-V fueled 
with LH2 from fossil natural gas (NG) would be 2.16 Giga-
grams (Gg) of CO2 (eq.) per year, produced entirely by the 
production and delivery of the LH2 fuel. This is slightly worse 
than the equivalent vessel running on fossil diesel, with WTW 
CO2(eq.) emissions of 1.91 Gg CO2 (eq.)/year, despite the fact 
that the fuel-cell-powered Zero-V is 22% more energy ef-
ficient than the equivalent diesel vessel.  This WTW CO2(eq.) 
emission increase is due to the facts that making hydrogen 
from NG is energy intensive in the first place, the carbon 
in NG is released into the atmosphere as CO2 during the 
hydrogen manufacturing process, and hydrogen liquefaction 
involves significant energy and associated emissions. These 

Figure 2:  Aft view of the Zero-V 
showing deck specification and 
LH2 tank location detail.
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factors conspire to produce undesirable emissions for the 
Zero-V along the fuel production and delivery path when the 
hydrogen is produced by steam methane reforming of fossil-
based natural gas. 

The situation is dramatically improved using renewable 
hydrogen, such as that made from biogas, or by water 
electrolysis using wind or low-carbon nuclear power.  Our 
analysis shows the annual WTW CO2(eq.) emissions from the 
Zero-V using renewable LH2 becomes 0.164 Gg CO2 (eq.)/year.  
This is 91.4% less than the WTW CO2(eq.) emissions from 
the equivalent diesel vessel running on conventional diesel 
fuel.  In our discussions with the gas suppliers Linde and Air 
Products, renewable LH2 can be made available to the Zero-V 
today in the quantities required. The gas suppliers are cur-
rently working to make renewable hydrogen more broadly 
available.   Summarizing the CO2(eq.) results, hydrogen PEM 
fuel-cell technology can dramatically reduce the CO2(eq.) 
emissions from operation of the Zero-V. However, nearly 
100% renewable hydrogen must be used to achieve the de-
sired deep cuts in CO2(eq.) emissions that are commensurate 
with the challenge presented by increased levels of infra-red 
radiation trapping gases in the atmosphere.   

We also performed an analysis of the criteria pollutant (NOx, 

HC, PM) emissions from the Zero-V. The results indicate that 
Hydrogen PEM fuel-cell technology can dramatically reduce 
WTW NOx and hydrocarbon (HC) emissions below the most 
advanced Tier 4 criteria pollutant emissions requirements, 
regardless of whether the hydrogen is made by NG reforming 
or using more renewable means.  

The economic (cost) feasibility of the Zero-V was analyzed 
from the vessel capital cost and operations and maintenance 
(O&M) perspectives.  Based on this analysis, the “Low Labor 
Rate” construction cost of the Zero-V is estimated to be $76 
million dollars ($76M).  The “High Labor Rate” construction 
cost is estimated to be $82M.  The average of these construc-
tion estimates is $79M.  Comparing the Zero-V construction 
cost to diesel-fueled research vessels revealed that although 
somewhat more expensive, the Zero-V construction costs are 
not unreasonable when compared to other modern research 
vessels of similar size and capabilities.  The O&M costs of the 
Zero-V were estimated and compared to a comparable diesel 
powered vessel, the New Horizon, which was retired from 
the Scripps fleet in 2014.  We found that the total annual 
O&M cost for Zero-V is 7.7% higher than operating the New 
Horizon, at today’s fuel prices for fossil-NG non-renewable 
LH2.  Using renewable LH2, the total annual O&M costs for op-
erating the Zero-V are 41.9% higher than operating the New 

Figure 3:  Cut-away view of the Zero-V showing locations of mechanical and propulsion system components
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Horizon, due to the current high cost of renewable LH2 fuel.

To refuel the Zero-V, LH2 must be delivered to the vessel’s LH2 
tanks in a timely way, preferably within an 8 hour shift.   Both 
Linde and Air Products concluded that the best strategy for 
refueling the Zero-V would be using direct trailer refueling. 
In this scenario, LH2 trailers pull onto the pier area where 
the Zero-V is docked, the trailers hook up to a dock station-
ary fueling stanchion that decouples the trailer hoses from 
a moving vessel.  Both gas suppliers indicated that refueling 
of the Zero-V could take place within a 9 hour timeframe, 
and both could provide access to renewable LH2, although it 
would initially be expensive. Both fuel suppliers stated that a 
large reliable single customer for renewable LH2 such as the 
Zero-V would greatly encourage these companies to make 
renewable LH2 more available nationwide.

We found it helpful in considering the capabilities of the 
Zero-V to understand the context of the vessel in comparison 
to other diesel-powered research vessels that have been de-
ployed in the recent past. All of the diesel-fueled vessels have 
a superior range, which is a consequence of diesel fuel having 
~ 4 times the volumetric energy density as LH2.  Apart from 
range, in other aspects the Zero-V is quite competitive with 
these other vessels, particularly with regard to the scientific 
capabilities and the number of scientists it can berth.  One 
design criterion of the Zero-V was to make a vessel that the 
scientists and crew would be comfortable in, and enjoy being 
on.  The feedback we received from the Scripps science team 
is that the Zero-V design has succeeded in those regards. 

A vessel design package was submitted to both the USCG and 
to DNV GL for their evaluation.  In general, the response from 
both reviews was that while additional development would 
be necessary to gain approval as an alternative design, there 
were no fundamental or “show-stopping” design concerns 
that would prevent eventual deployment of the Zero-V.  Fur-
thermore, DNV GL provided a conditional approval in prin-
ciple (CAIP) for the Zero-V design. 

Summarizing, as a result of this study we deem it feasible 
from technical, regulatory, and economic perspectives to 
design, build and operate a coastal research vessel powered 
solely by hydrogen fuel cells. Such a vessel would offer dra-
matic environmental benefits, have low airborne and under 
water noise signatures, and could be conveniently refueled at 
a number of ports of call by LH2 refueling trailers.
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I. Introduction
Project Goals

The goals of this project are to determine the techni-
cal, regulatory, and economic feasibility of a coastal 
research vessel powered solely by hydrogen fuel 
cells, assess the environmental benefits and deter-

mine the prospects for refueling such a vessel at the expect-
ed ports of call.

The anticipated attendant benefits of this project are to  
establish technology and know-how, in particular:

uu Increase H2 technology expertise within the U.S. mari-
time industries and promote new jobs.

uu Develop maritime regulations for H2 vessel technology 
based on sound science.

uu Promote class society capability for examining the safe 
operation of H2 vessels.

uu Promote the development of fuel-cell technology for 
marine applications.

If the Zero-V research vessel were to be built and operated, 
the operational benefits would be to:

uu Eliminate vessel carbon-based and criteria pollutant 
(smog) emissions, while reducing noise risk to wildlife 
and vessel operation.

uu Increase awareness among U.S. H2 suppliers of mari-
time applications.

uu Stimulate H2 production and delivery in the U.S., espe-
cially renewable H2. 

Motivation
Pratt and Klebanoff [1,2] have reviewed maritime-related 
emissions of infra-red radiation trapping gases (CO2(eq.)) and 
criteria pollutants (nitric oxides, hydrocarbons, particulate 
matter), and how vessels based on hydrogen fuel cell power 
dramatically reduce such emissions.  Harbor craft (which ex-
cludes ocean going tankers, but includes coastal vessels) ac-
count for ~ 0.35% of California CO2(eq.) emissions and about 
0.1% of the state’s criteria pollution.  Although these numbers 

may seem small, as noted by Corbett and Farrell [3], emis-
sions from harbor-craft constitute a highly visible pollution 
source in close proximity to dense population areas where 
emissions most adversely affect human health. It is clear that 
because of the expected growth in maritime transportation in 
the coming years, partial reductions of today’s vessel emis-
sion levels, even reductions as much as 50% per vessel, can-
not lead to long term reductions in global maritime emissions 
because of expected growth in the number of vessels on the 
world’s oceans, lakes, and waterways. As a result,  incremen-
tal efficiency improvement in fossil-fuel power technology 
will be unable to provide reduced emissions in the face of 
increased sizes of the maritime vessel fleets. Instead, a move 
away from fossil-fuel derived power is required.  Only then 
can large reductions in emissions, stable against growth in 
maritime fleets, be obtained.  

Thinking beyond emissions, there are other problems with 
our fossil-fuel based maritime power technology.  These 
problems include dependence on a dwindling natural re-
source which leads to fuel resource insecurity and the fact 
that such resources are not evenly shared amongst the na-
tions of the world, which introduces a political aspect to our 
energy insecurity problems.  These problems are in addition 
to the environmental sustainability problems that are more 
widely known and discussed.  

Keller et al. [4] have provided a compelling argument that 
if the global community is going to solve its fuel resource 
insecurity, political energy insecurity and environmental 
sustainability problems that accompany the current fossil-
fuel-based energy systems, hydrogen-based energy technol-
ogy will be needed.  For significant environmental benefits, 
particularly with regard to reduction of CO2(eq.) emissions, 
the hydrogen will need to be produced by renewable meth-
ods with minimal (close to zero) pathway CO2(eq.) emissions. 
One can define a zero-carbon energy solution as an energy 
system in which there is no net release of CO2 or other radia-
tion trapping gases into the atmosphere, either at the point 
of technical use, or along the path used to produce the fuel.   
Unless we have a new maritime transportation technology 
with emissions reductions approaching ~ 80% or more, the 
emission reductions will not be robust against growth. Such 
deep cuts are generally consistent with recommendations 
from the Intergovernmental Panel on Climate Change (IPCC) 
[5] and U.S National Academy of Sciences [6].  

Hydrogen enables a zero-CO2 and zero-criteria pollutant en-
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ergy pathway.  Figure 4 depicts  how renewable (zero carbon 
and criteria pollutant) liquid hydrogen can be obtained. 

If the other energy inputs to the process are renewable (such 
as electricity for compression or liquefaction) and the hydro-
gen is then transported in a renewable way (via biofuel or 
hydrogen-powered truck) to the vessel and used in a fuel cell, 
there are no CO2(eq.) or criteria pollutant emissions through-
out the production and use cycle.

Hydrogen can also be made from non-renewable natural 
gas through steam reformation.  However, the well-to-waves 
CO2(eq.) emissions associated with obtaining the natural gas 
and reforming it results in only modest CO2(eq.) reductions 
compared to using fossil fuels directly in combustion engines.

As reviewed by Klebanoff et al. [7], high efficiency hydrogen 
energy conversion devices that convert hydrogen into electri-
cal or shaft power are powerful drivers for hydrogen technol-
ogy.  These conversion devices include hydrogen internal 
combustion engines (ICEs), both spark ignition and turbine 
hydrogen engines, along with hydrogen fuel cells [7]. Hydro-
gen internal combustion engines, while a basically proven 
technology, do not eliminated NOx because there is air 
burning of hydrogen in ICE’s which leads to NOx.   As a result, 
hydrogen ICE’s are not considered “zero-emission” power 
sources and will not be considered further.  On the other 
hand Proton Exchange Membrane (PEM) fuel cells (which do 
not involve burning) are already finding use in the first fuel-
cell vehicles, portable power, backup power, material han-
dling equipment and fuel-cell mobile lighting [7].  The use of 
hydrogen fuel-cell technology for maritime applications was 
reviewed in the Final Report of the SF-BREEZE project [1], and 

we consider it here for a zero-emission research vessel. 

Besides CO2(eq.) reduction, using hydrogen for maritime 
transport has many more potential benefits.  These were 
explored at the Zero Emission Hydrogen Vessel Workshop 
held February 26, 2016 hosted by Sandia National Laborato-
ries at the US DOT/Maritime Administration in Washington, 
DC.  Workshop participants were a mix of public and private 
entities and included government representatives, regulators, 
class society, vessel owners and operators, hydrogen suppli-
ers, and technology companies.  The participants produced a 
list of hydrogen fuel cell attributes and attendant benefits of 
zero-emission hydrogen vessels. The complete list is provided 
in the SF-BREEZE report [ 1] and can be briefly summarized as 
follows:

uu Since there is no air pollution from H2/fuel cell exhaust, 
the air is clean for passengers and it is easy to comply 
with current criteria pollutant emission regulations 
and perhaps future regulations on CO2(eq.) emissions 
(which are currently not regulated).  

uu Money can be saved because there is no need for 
exhaust scrubbing equipment.  

uu Hydrogen is non-toxic, has no odor, is not an infra-red 
radiation trapping gas, and there are no fuel fumes 
(which improves the passenger experience).  

uu Polluting fuel spills are impossible since LH2, if spilled,  
quickly evaporates and dissipates.  Because hydrogen 
is so light, any released hydrogen eventually escapes 
into space. The impossibility of a polluting fuel spill,  

Figure 4: Example pathways for 
renewable (zero CO2(eq.)) liquid 
hydrogen production based 
on steam methane reforming 
of biomethane feedstock or 
electrolysis of water using 
renewable electricity.
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which completely eliminates the risk of contamination 
of sensitive ecological areas,  is a unique and highly 
beneficial aspect of using hydrogen as a maritime fuel. 

For a research vessel, the advantages of using hydrogen fuel 
cells are considerable.  For example, zero emissions hydro-
gen technology allows the collection of air samples with no 
interference from vessel engine emissions. Hydrogen is read-
ily used in Arctic Oceanographic exploration because hydro-
gen is not susceptible to the waxing/freezing problems of the 
petroleum-based fuels. Also, the complete elimination of par-
ticulate emissions avoids the formation of “black ice” which 
is a major concern for increased solar absorbance leading 
to increased rates of ice melting [2]. Since fuel cells are very 
low noise power systems, such research vessels are quieter, 
which broaden the capability for scientific operations that 
use acoustic systems (sonars) by enabling greater sensitivity 
in receiving very quiet sounds. Reducing mechanical sounds 
associated with internal combustion propulsion systems also 
reduces the levels of sounds radiated into the environment, 
which may be heard by marine wildlife. PEM fuel cells, being 
electrical devices, offer faster power response than engine 
technology, which is an advantage in vessel handling and 
positioning. Fuel cells generate pure, deionized water which 
can be captured used for other purposes such as drinking 
water for the scientific staff and crew, or for experimental 
and analytical purposes.  This can offset weight of potable or 
experimental water needed to be carried on-board. 

This myriad of potential benefits motivates a detailed explo-
ration into the technical, regulatory, and economic feasibility 
of designing, building, and operating a practical, commercial, 
zero-emission coastal research vessel. 

Project Team 
The project team consisted of Sandia National Laboratories 
(Project Lead and hydrogen fuel cell technical expertise), Glo-
sten (naval architect), the Scripps Institution of Oceanography 
(oceanographic research expertise and end user) and DNV GL 
(maritime regulatory expertise, marine hydrogen systems).  

Sandia National Laboratories
Sandia National Laboratories (aka Sandia) is one of the three 
U.S. national security laboratories. Sandia is operated and 
managed by National Technology and Engineering Solutions 
of Sandia, LLC., a wholly owned subsidiary of Honeywell 
International, Inc. National Technology and Engineering Solu-
tions of Sandia operates Sandia as a contractor for the U.S. 
Department of Energy’s National Nuclear Security Administra-
tion (NNSA) and supports numerous federal, state, and local 
government agencies, companies, and organizations.  For 

more than 60 years, Sandia has delivered essential science 
and technology to resolve the most challenging U.S. security 
issues. With a strong science, technology and engineer-
ing foundation, Sandia enjoys a reputation as the premier 
science and engineering laboratory in the U.S. for national 
security work, technology innovation and unbiased technical 
assessment. 

Although most 
of Sandia's ap-
proximately 10,000 
employees work at 
Sandia's headquar-
ters in Albuquer-
que, New Mexico, 
approximately 
1000 employees 
work at the second 
Sandia labora-
tory in Livermore, 
California. Among 
Sandia’s many 
research and devel-
opment initiatives 
is its Hydrogen and 
Fuel-cell (H2FC) pro-
gram, which has been 
in existence since the 
1960’s. Sandia has 
provided the science-
based knowledge 
needed for the devel-
opment of hydrogen 
storage technology, 
efficient hydrogen 
production meth-
ods, and the un-
derlying science for 
rational hydrogen safety codes and standards development.  
In addition, Sandia, within its Fuel Cell Market Transformation 
Activity,  has for the past 15 years investigated the feasibility 
of using hydrogen fuel cells as emergency power and hotel 
power on commercial aircraft, in mining equipment, mobile 
lighting, and more recently in providing zero-emission power 
at ports and as the primary propulsive energy for vessels.   

Dr. Lennie Klebanoff (Sandia) serves as the Zero-V Project 
Lead, with assistance from Dr. Joe Pratt. 

Glosten
Glosten, located in Seattle, Washington, is a full-service con-
sulting firm of naval architects, marine engineers, and ocean 
engineers.  Glosten has a staff of 87 associates including 35 
professionally licensed engineers supported by other engi-

Sandia National Laboratories; (top) Lennie 
Klebanoff, Zero-V Project Lead; (bottom)  
Joe Pratt
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neers, marine designers and administrative staff.  Consulting 
and design services include hull, structural, mechanical, and 
electrical systems design, as well as construction manage-
ment.  Founded in 1958, the firm’s design experience in-
cludes tugs, barges, research vessels, passenger/car ferries, 
and special-purpose platforms.  The firm also offers noise 
and vibration measurement and control for marine applica-
tions through its subsidiary, Noise Control Engineering, LLC, a 
premier acoustical and structural engineering consultancy.

The firm offers specialized expertise in hydrodynamic analy-
sis, climatology, risk analysis, and consulting to civil engineers 
and marine construction contractors for floating and coastal 
structures.  For these projects, Glosten draws on in-house 
expertise in wave mechanics and fluid-structure interaction 
to define the hydrodynamic loads from waves, current and 
wind.  Glosten provides design guidance on marine construc-
tion and assembly strategies, and also assists in construction 
logistics planning, particularly where large modules or float-
ing structures are to be constructed off-site.

Supporting clients in complex marine operations is a Glosten 
specialty.  Glosten works with clients in areas such as loading 
and unloading of large and valuable cargoes, seafastening 
design, and reducing overall risks of challenging marine op-
erations.  Glosten’s strong technical staff, coupled with deep 

experience in design and construction, offers clients critical 
insights into the operations of marine vessels and structures.

Glosten has experienced engineers and technical personnel 
who are thoroughly familiar with marine vessel construction.  
Many Glosten associates have prior shipyard and contract 
management experience, enhancing Glosten’s ability to effec-
tively communicate with the builder on all construction mat-
ters.  Glosten routinely represents Owners on-site to ensure 
contract compliance and technical suitability, and provides  
complete on-site technical program management assistance 
including provision of 
qualified technical program 
managers and construction 
inspection teams.

Long-standing relationships 
with clients provide oppor-
tunities for involvement in 
various marine operations.  
Many of the firm’s engineers 
have had seagoing experi-
ence and have assisted and 
directed transportation, 
emplacement, and salvage 
operations, enhancing our 
design and analysis capabili-
ties. The Zero-V project is 
led from the Glosten side 
by Sean Caughlan, Robin 
Madsen, and Tim Leach. 

Scripps Institution 
of Oceanography, 
University of California 
at San Diego
Founded in 1903 as an 
independent research 
laboratory, Scripps today is 
a major research and train-
ing institution organized 
within UC San Diego (UCSD).  
Scripps is the largest ocean-
ographic institution in the United States, with 186 professors, 
researchers and project scientists, 329 graduate students, 
1,160 academic, technical, and administrative personnel, 
plus 587 volunteers.  Scripps maintains outstanding research 
facilities and support infrastructure, including the largest fleet 
of oceanographic research vessels and platforms of any U.S. 
academic institution, operating from a world-class home port 
at Nimitz Marine Facility on San Diego Bay.  Ongoing research 
programs in physical, chemical, biological, atmospheric, 
geological, and geophysical studies of the oceans and Earth 
expended more than $193 million in FY10-11.   Dr. Bruce 

Glosten Naval Architects: (Top) 
Tim Leach; (Bottom) Sean 
Caughlan (Left) and Robin 
Madsen.

Scripps Institution of 
Oceanography:  Bruce Appelgate 
(top) and Stephen “Zoltan” Kelety 
(bottom).   
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Appelgate is the Scripps technical lead for the Zero-V project, 
with support from CDR Steven “Zoltan” Kelety.

DNV GL
DNV GL is a Norwegian global quality assurance and risk 
management company. Driven by the purpose of safeguard-
ing life, property and the environment, DNV GL enables 
customers to advance the safety and sustainability of their 
business. DNV GL provides classification, technical assurance, 
software and independent expert advisory services to the 
maritime, oil & gas, power and renewables industries, all with 
a commitment to teamwork, customer service and care, with 
high technical excellence and integrity in their work.

DNV GL offers classification services for ships including those 
introducing alternative fuels and new technologies, such as 
fuel cells, natural gas and batteries based on their class rules. 
They offer maritime advisory services on environmental tech-
nologies including feasibility studies, technology qualification, 
emission analyses and assessments.

DNV GL also provides certification, supply chain and data 
management services to customers across a wide range of 
industries. Combining technical, digital and operational ex-
pertise, risk methodology and in-depth industry knowledge, 
DNV GL empowers their customers’ decisions and actions 
with trust and confidence. DNV GL continuously invests in 
research and collaborative innovation to provide customers 
and society with operational and technological foresight. With 
origins stretching back to 1864 and operations in more than 
100 countries, as illustrated with our presence in the United 
States [8], our experts are dedicated to helping customers 
make the world safer, smarter and greener. 

The DNV GL project leads are  Gerd Petra Haugom and Hans-
Christian Koch-Wintervoll , with support from Anthony Teo.

Though not a formal partner in this study, Hydrogenics 
played a critical role in enabling fuel-cell integration into the 

Zero-V vessel by providing fuel-cell and hydrogen expertise 
as well as guidance for safety and control strategies. Through 
previous experience in deploying systems for maritime ap-
plications, Hydrogenics has showcased its’ leadership for the 
adoption of fuel cells in the marine industry. The Hydrogenics 
participant is Ryan Sookhoo.

             

.  

DNV GL:  (Left) Gerd Petra 
Haugom (L) and Hans-
Christian Koch-Wintervoll 
(R); and (Right) Anthony 
Teo.

Ryan Sookhoo of Hydrogenics. 
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II. Research Vessel Background
The Mission of Coastal Research 
Vessels

Shipboard research offers the transformative potential 
to understand fundamental processes upon which 
human well-being depends.  From short-term local 
events to long-lasting global impacts, the processes 

occurring in the oceans affect everyone on our planet.  Our 
civilization faces an unprecedented situation in the history 
of human events.  We as a species have always altered our 
environment to suit our needs, but human impacts have ac-
celerated in recent decades to reach global proportions.  We 
know that impacts on the ocean environment have sweeping 
consequences, including depletion of fisheries, loss of biodi-
versity, drought, deforestation, ocean acidification, sea level 
rise, and increased levels of infra-red radiation trapping gases 
in the atmosphere.  

Coastal oceanography is especially significant.  The United 
States is a coastal nation.  Fifty-three percent of United States 
population lived in coastal counties in 2010.  By 2020, that 
percentage is expected to grow to 63 percent. Our oceans 
provide food, jobs, and recreation for millions of Americans.  
The oceans produce the majority of the oxygen in our atmo-
sphere, control weather, store and redistribute heat, and 
interact with infra-red radiation trapping gases in ways that 
influence the lives of everyone on the planet.

It is prudent to use the best available science and knowledge 
to inform decisions affecting the oceans and coasts, and 
enhance our capacity to understand, respond and adapt to a 
changing environmental conditions [9].  To fulfill this objec-
tive, we must increase scientific understanding of ocean and 
coastal ecosystems as part of the global interconnected sys-
tems of air, land, ice, and water, including their relationships 
to humans and their activities.

In order to make the kinds of observations needed to drive 
our understanding of the coastal ocean, we need the right 
observing tools.  Coastal oceanography is multidisciplinary 
due to the inter-relatedness of processes in the ocean.  
Biological, chemical, geological and physical processes in the 
earth, ocean and atmosphere influence each other in both 
profound and subtle ways.  A complete understanding of any 
one scientific issue often requires a theoretical framework 
and experimental approach that crosscuts many disciplines.  
Because observing and sampling methods for each of these 

disciplines differ, a broad variety of sensors, sampling sys-
tems, and instruments are required.  To deploy all of these 
sensors in the dynamic, unpredictable and sometimes unfor-
giving coastal ocean requires a broadly capable general-use 
research vessel.

Coastal research vessels have historically played an impor-
tant role in Scripps's educational mission.  Professors routine-
ly make use of coastal research vessels to demonstrate field 
methods to students, moving them beyond the classroom 
and onto the ocean to learn how to sample, measure and 
observe the ocean, and acquire information that can be used 
ashore in courses in geology, geophysics, fisheries, chemis-
try, physics, engineering, and other topics.  Coastal vessels 
are also integral to student-led research, in which graduate 
students develop and lead seagoing scientific programs to 
acquire data for their dissertation research.  Coastal vessels 
at Scripps are ideally suited to these applications because 
they are based full-time in San Diego (in contrast to our larger 
ships, which range globally), and can be flexibly adapted 
to the needs of classes and small groups of students.  Our 
coastal vessel Robert Gordon Sproul is currently a vital part 
of our undergraduate and graduate teaching and student 
research.

Renewal of Research Vessels 
at Scripps Institution of 
Oceanography
Scripps is currently involved in the early planning for a new 
coastal research vessel to replace the aging Robert Gordon 
Sproul.  Built in 1981 as an oilfield workboat, Robert Gordon 
Sproul was converted for scientific research by Scripps in 
1984 and has operated continuously since then from the 
Scripps home port, the Nimitz Marine Facility (MarFac), in San 
Diego.  Research vessels are typically designed for a 30-year 
service life.  Scripps has taken meticulous care of Robert 
Gordon Sproul to keep the ship capable to date (36 years), but 
now is the time to consider renewing our capability with a 
next-generation vessel.  The pressing need for a new re-
search vessel is depicted in Figure 5, which shows the recent 
retirement of Scripps's Intermediate Class ship New Horizon 
(removed from service in 2015) and of Moss Landing Marine 
Laboratory's Regional Class ship Pt Sur (removed from service 
in 2014).  
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Both of those vessels served ocean scientists on the US West 
Coast.  With the removal of those vessels from the US Aca-
demic Research Fleet, as well as the impending retirement of 
Robert Gordon Sproul, scientists at Scripps and other institu-
tions who study the coastal ocean on the west coast have a 
large and growing need for a new vessel to provide capable 
scientific access to the sea.

Scientific Themes Supported by 
Coastal Research Vessels

An imperative for the scientific community is understanding 
the biological, chemical and physical complexity of coastal 
oceans.  Coastal ocean systems extend from estuaries and 
river mouths to bays, onto the continental shelf and the 
continental slope. Physical, geochemical and ecosystem pro-
cesses in these regions are dynamic, complex and variable 
in space and time.  In order for us to understand significant, 
societally-relevant issues here (the causes of coastal changes, 
the role of coastal margins in the global carbon cycle, strate-
gies for managing coastal resources) we must quantify the 
coupled physical, chemical, and biological processes active 

here, as well as the physical forcing mechanisms between 
oceans, land and the atmosphere.

Coastal oceans impact and are impacted by changes in the 
Earth’s climate.  The ocean stores heat and carbon dioxide, 
and redistributes them via large-scale circulation. Both the 
storage capacity and redistribution patterns are affected by 
climate change and the ocean in turn may modify climate 
through feedback mechanisms. Variability in ocean-atmo-
sphere feedback on climate time scales may have profound 
effects on ecosystems through habitat change and the 
modulation of shorter time scale phenomena.  Key elements 
of climate research are shipboard sampling and observing of 
coupled climate processes (ocean, atmosphere, biosphere), 
data assimilation including air-sea interaction, statistical 
climatology and prediction, marine micrometeorology and 
dynamical meteorology. Nowhere are these processes more 
complex than in coastal seas, and nowhere are the impacts 
on human interests more profound. 

Within these broad themes are several research areas of 
particular significance in coastal oceanography that require a 
modern, capable, general-purpose coastal research vessel.

Figure 5:  
Description of the 
attrition of the 
research vessels 
serving the West 
Coast of the 
United States, and 
the need for a new 
zero-emissions 
vessel.
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Coastal and nearshore oceanography
Coastal studies and considerations of land-sea interactions 
are growing areas of research. Environmental issues in-
clude pollution from oil spills, sewage entry and river runoff, 
damage from storms and increased sea surface height and 
temperature, and biological productivity and harmful algal 
blooms. The rapid detection of pathogens, toxins, and harm-
ful chemicals is of growing importance, as is the accurate 
characterization and prediction of coastal circulation and 
pollution dispersal patterns.  

Ecosystem-based management
The past several decades have witnessed dramatic declines in 
populations of marine organisms in U.S. waters, and indeed 
around the world.  Equally dramatic conservation efforts 
will be required in the future to preserve dwindling fisheries 
stocks and many different marine ecosystems.  A key initia-
tive in coastal oceanography is the establishment of ecosys-
tem-based management (EBM), a field that includes fish and 
fisheries as well as coastal biogeochemistry, climate, and the 
lower trophic levels.  New developments in acoustic technol-
ogy, such as three-dimensional, multibeam acoustics and 
shelf-scale water-column mapping are necessary for major 
advances in fishery oceanography [10]. 

Marine microbiology
Nearly simultaneously with this recognition of catastrophic 
species loss, we have begun to understand that much of the 
web of life is represented in marine flora, fauna, protists, 
prokaryotes and viruses.  Understanding life at all levels, 
from its origins and evolution to its development, symbiotic 
interactions and biotechnological exploitation, necessitates 
the ongoing study of marine life.  Dynamic coastal and shelf 
environments are especially important, and require research 
that will extend beyond the next decade. 

Physical oceanography
New observing capabilities coupled with numerical models 
are driving research towards a better understanding of the 
transitions in ocean dynamics from the coast to the open 
ocean, the air-sea interface to the interior of the ocean, and 
the submesoscale to gyre circulations.  Emergent themes that 
will drive research over the next decade include the need 
to understand cross-shelf transport (to constrain biological 
productivity contaminant dispersal in coastal oceans); upper 
ocean processes predominantly energized by atmospheric 
forcing (wind stress and buoyancy loss due to evaporation 
and cooling); benthic boundary layers (significant for the 
fate of sinking organic matter, redistribution of material on 
continental shelves, and accurate high-resolution circulation 
models); and mesoscale eddies that contribute significantly to 
larger-scale property transport.  Understanding the broader 
set of eastern boundary current problems is essential for 
climate change-related issues like ocean acidification, which 

may well impact the eastern boundary and its ecosystems 
sooner and more forcefully than other regions.

Ocean chemistry
Improved chemical measurements in the marine sciences are 
being undertaken to study the nature of recalcitrant organic 
material present at depth, the constituents of sea water-
derived aerosols, the rapid detection of trace nutrients in the 
oceans, and organic and inorganic pollutants in the atmo-
sphere. Chemical measurements of microbial activity, such as 
those related to metal transformations, the deep biosphere 
and aspects of geobiology are of growing interest, with strong 
ties to shipboard programs.

Hypoxia/anoxia zones
Hypoxic (low oxygen) and anoxic (no oxygen) waters have 
existed throughout geologic time in many of the ocean’s 
deeper environs. The occurrence of hypoxia and anoxia in 
shallow, coastal and estuarine areas, however, appears to be 
increasing, most likely accelerated by human activities, and 
no other environmental variable of such ecological impor-
tance to estuarine and coastal marine ecosystems around the 
world as dissolved oxygen has changed so drastically and in 
such a short period of time [11].  Hypoxia and anoxia have 
pervasive, devastating ecological effects on shallow coastal 
waters [12]. A major oceanic suboxic zone occurs in the north 
eastern tropical Pacific off Baja California.  Understanding 
the forcing mechanisms and impacts of suboxic conditions is 
important for these biogeochemically important regions.

Biodiversity
The imperative for finding, cataloging, and understanding 
margin diversity derives from the many key functions, goods, 
and services provided by continental margin ecosystems and 
by an increasingly deep human footprint on our continental 
slopes [13].  As our living and mineral resources become 
depleted on land and on continental shelves, we have turned 
to deeper water to provide energy and food. A frontier 
mentality, and limited regulatory structure on continental 
margins, has led to the wholesale removal of fisheries stocks 
or physical disruption of their habitat, more or less out of 
sight and often in areas whose faunas and habitats are un-
studied. Overprinting the direct human contact are changing 
hydrographic and productivity conditions that are harbingers 
of climate damage. Many of the expected climate-induced 
alterations in deep water, such warming, acidification, and 
deoxygenation, will have their greatest impact on the ocean 
margins.

 
Biotechnology
Marine biotechnology is the industrial, medical or environ-
mental application of biological resources from the sea. Bio-
medicine, biofuels, genomics, molecular genetics and bioin-
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formatics hold promise across a broad range of applications 
ranging from fuels to treating human disease.  Marine natural 
products have fueled explosive growth in biomedical science, 
for example, yet the physically and biologically diverse coastal 
oceans still represent a frontier for new and exotic species 
and organic molecules with societally-significant applications.

Seismic and tsunami risk
The west coast of North America is tectonically and seismi-
cally active, being host to boundaries between the Pacific, 
North American, Cocos, and Juan de Fuca tectonic plates.  
Earthquakes on these plate boundaries, and associated tsu-
namis, pose a grave threat to coastal populations.  A greater 
understanding of the tectonic architecture is vitally important 
to society's ability to manage these risks.

Ocean Acoustics
Acoustic data communications has important relevance to 
emerging scientific efforts, for instance in support of the 
Ocean Observing Initiative supported by the National Science 
Foundation. Target applications include the retrieval of en-
vironmental data from in situ sensors, the exchange of data 
and control information between autonomous underwater 
vehicles and other off-board/distributed sensing systems and 
relay nodes (e.g. surface buoys), and submarine communica-
tions.  

Sensor technologies
Measurements from satellites, unmanned aircraft, and free-
drifting profiling floats continue to serve the nation’s science 
interests.  Programs such as the Ocean Observing Initiative 
emphasize the need to develop and deploy a greater variety 
of sensors at the sea surface, in the water column, and at 
or beneath the seafloor.  Sensor development and testing 
require specialized research vessels that can provide rapid 
access to both coastal and deep water environments appro-
priate for sensor tests.

Ephemeral event response
The scientific community must have the capacity to respond 
rapidly to sudden research needs driven by natural or anthro-
pogenic events, which can often have extreme human signifi-
cance.  For example, assessing the environmental effects of 
catastrophic oil spills (Deepwater Horizon, Odyssey, Mandoil 
I spills on the Gulf, East and West coasts), the after effects of 
natural disasters (2011 Japanese tsunami, the 2010 Chilean 
earthquake) and the cause and consequences of significant 
ephemeral events (harmful algal blooms, transport and fate 
of coastal pollutants).  Our ability to respond to and learn 
from these events requires research vessels, instruments, 
and individuals capable of providing scientifically useful infor-
mation to government agencies, legislators and leaders.

The research needs of scientists will continue to evolve as 

Table II:  The Scripps Science Missions that defined the 
vessel performance requirements for the Zero-V.

Mission

Hours  
per  

Mission

Missions  
per  

Year

Total  
Hours  

per Year

Total  
Days  

per Year

Coastal Mooring 24 6 144 6

Deep Moorings (400 
m) & towed sonar 120 2 240 10

Mapping (multibeam  
& towed CHIRP) 120 2 240 10

Class Cruise Biology 12 6 72 3

Class Cruise Geology 12 6 72 3

Class Cruise ROV 12 4 48 2

ROV Survey 168 2 336 14

Geology Sampling 120 2 240 10

Support for R/P FLIP 72 6 432 18

UAV Flight Ops 96 2 192 8

AUV Ops  
(REMUS, Wave 
Glider, Spray, etc.) 96 5 480 20

Physical  
Oceanography 192 4 768 32

Biochemical  
Survey 192 2 384 16

Yearly Totals 49 3,648 152
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technological advances bring new opportunities for observa-
tion and measurement.  Natural and human catastrophes 
catalyze shifts in research foci.  Evolving funding paradigms 
drive shifts in research methods.  For all of these reasons, 
creating a coastal research vessel that can adapt to the 
changing needs of research scientists is an imperative.

Definition of Zero-V Performance 
Requirements

Taking into account the breadth of science missions a new 
vessel must be able to execute, Scripps defined the science 

missions required of the Zero-V (Table II), which translates to 
the vessel performance requirements as listed in Table III.

The primary ports of call for the vessel were specified as the 
Nimitz Marine Facility (MarFac) at the Scripps Institution of 
Oceanography in San Diego CA; Moss Landing Harbor, Moss 
Landing, CA, Pier 54 at the Port of San Francisco, San Fran-
cisco CA and Wharf 5 at the Port of Redwood City, Redwood 
City CA.

The feasibility study plan was generally divided into six tasks 
whose strategy is described in the following section.

Table III:  Primary Vessel Requirements to Perform the 
Scripps Science Missions

Characteristic Requirement Characteristic Requirement

Cruising Speed 10 kts, calm 
water

Portable Vans 2

Maximum 
Speed in   

Varying Sea 
States

12 kts, calm 
water (sprint) 

9 kts, SS4 
7 kts, SS5

Crew Berths 11

Range 2400  nm Scientist 
Berths

18

DP
2 kts beam 

current, 25 kts 
wind at best 

heading

A-Frame 12,000 ST SWL

Endurance 15 days Main Crane 8,000 lbs @ 12’ 
over the side

Main Lab 800 sq ft Portable Crane 4,000 lbs SWL

Wet Lab 500 sq ft Side Frame 5,000 lbs SWL

Computer Lab 120 sq ft Trawl Winch 10,000m 3/8 
3x19

Aft Deck 1200 sq ft Hydro Winch
10,000m 0.322 
EM, 10,000m 

1/4 3x19



27

III. Zero-V Feasibility Study Approach
Task 1:  Technical Feasibility

In Task 1 we examined whether or not such a vessel can be 
built that satisfies the Scripps scientific mission require-
ments (Table II), thereby meeting the Zero-V performance 
requirements of Table III.  The primary questions have 

centered on the weight and volume of the hydrogen fuel-cell 
system and its impact on vessel size and performance.  While 
fuel-cell sizes have continued to decrease, they are still not as 
compact as diesel engines on a power-per-weight or power-
per-volume basis.  Similarly, hydrogen storage systems take 
up to ~ 5 times the space as the analogous diesel fuel tanks 
and are about four times heavier.  Here, Glosten, with input 
from Sandia and Hydrogenics on hydrogen storage and fuel 
cell power systems, would provide a “Qualitative Hull Com-
parison Study” to evaluate three candidate hulls (monohull, 
catamaran, and trimaran) across various performance char-
acteristics.  For the selected hull configuration, Glosten would 
further provide:

uu Outboard Profile and General Arrangement (including 
a 3-D rendering of the vessel with a hull cut-away to 
show hydrogen tanks, fuel cell, switchboard/transform-
er and propulsion motor)

uu Weight Estimate

uu Design Details for Regulatory Review by the DNV GL 
and the USCG

uu Stability Assessment

uu Speed and Powering Calculations

uu Construction Capital Cost Estimate

uu Vessel Energy consumption allowing CO2(eq.) and crite-
ria H2 production pathway emissions estimate.

Task 2:  Refueling Feasibility
In this task, the project team examined the technical feasi-
bility of refueling the Zero-V at the likely ports of call in its 
oceanographic research missions. Using the selected hull 
configuration and the anticipated hydrogen fuel needs from 
Glosten, Sandia would assess the feasibility of refueling the 
Zero-V with either fossil-based hydrogen or renewable hy-
drogen.  The ports of call would be specified by Scripps, and 

on-site visit to these ports would be conducted by Sandia to 
determine the acceptability of Zero-V refueling at these sites,  
vessel size requirements for accessing these ports and any 
other issues associated with successful hydrogen refueling. 
The best strategy for refueling the Zero-V (e.g. using refueling 
trailers or fixed refueling installations) would be developed 
in discussions with the hydrogen gas suppliers Linde and Air 
Products. These discussions would also examine the refuel-
ing times needed for the Zero-V based on the expected fuel 
needs and the proposed fuel delivery method.  Finally, the 
discussions with the gas suppliers would reveal if sufficient 
amounts of fossil-based and renewable hydrogen could be 
made available for the Zero-V science missions. 

Task 3:  CO2(eq.) and Criteria 
Pollutant Emissions

Hydrogen PEM fuel cells are truly zero-emission power 
devices at the technical point of use.  However, the CO2(eq.) 
and criteria pollutant emissions associated with hydrogen 
fuel production and delivery must also be considered, so that 
the analysis is inclusive of all emission from “well-to-waves” 
(WTW).  Such fuel production emissions are also associated 
with diesel fuel, but are typically less than the emissions with 
actually burning the fossil fuel on the vessel.  Sandia was 
tasked with developing the full WTW emissions associated 
with yearly use of the Zero-V, based on hydrogen fuel con-
sumption estimates from Glosten for the finally accepted ves-
sel design.  The WTW emissions includes atmospheric heat 
trapping emissions (CO2 (eq.)) and the emissions of NOx, HC 
and PM would be calculated for the Zero-V, and compared to 
emissions from a comparably capable diesel-fueled research 
vessel.

Task 4: Economics
The cost of designing, building, and operating the Zero-V 
must be understood to determine the feasibility of making 
the Zero-V a reality, and for the end-users to fully understand 
the recurring operational and maintenance costs such a 
vessel would incur.  Glosten was charged with estimating the 
vessel design and construction costs for building the Zero-V 
today.  Sandia and Scripps would collaborate on examining 
the recurring yearly operating costs expected for the Zero-V 
in order to compare with Scripp’s experience in operating 
diesel-fueled research vessels. 
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Task 5: Regulatory Requirements
The regulatory (environmental, safety, permitting) aspects of 
the Zero-V are critical feasibility topics.  DNV GL led the regu-
latory review, based on design input from Glosten and gener-
al hydrogen and fuel cell technology information from Sandia 
and Hydrogenics.   The objective of the DNV GL review was to 
assess the design of the Zero-V relative to existing maritime 
regulations, and to give feedback to Glosten, Scripps and 
Sandia. Given the feasibility-level design work in the project, 
it was not expected that an Approval In Principle (AIP) would 
result from the DNV GL review. Rather, the ultimate objec-
tive was to advance the Zero-V design and provide sufficient 
information for DNV GL to consider issuing a conditional AIP.  
In addition to the DNV GL review, the design package would 
be submitted to the U.S. Coast Guard (USCG) for their techni-
cal review and feedback.  

Task 6:  Feedback from the 
Scripps Science Community and 
Operations Staff
During the execution of the Zero-V project, it was important 
to get feedback from the Scripps science community on the 
Zero-V design and capabilities. This was to be collected on 
two occasions. The first was early in the project when the 
hull form options and properties were first identified. This 
initial review was conducted by Bruce Appelgate with the 
Scripps Science community in April of 2017.   Based on that 
feedback, the hull-form was finalized and more detailed 
design pursued.  After the Zero-V design was finalized for the 
purposes of the feasibility study, two meetings would be held 
at  the Scripps Institution of Oceanography to present the 
Zero-V project results to the Scripps science community (in 
the morning) and to the Scripps research vessel operations 
staff  (in the afternoon).  Each meeting would begin with a 
summary presentation of the feasibility results, followed by a 
question and answer session to solicit feedback and ideas for 
improvement.  Appendix H captures the feedback from these 
meetings with the Scripps science community and operations 
staff.    
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IV. Hydrogen Fuel-Cell Technology 
Background

Before presenting the results of the Zero-V feasibil-
ity study and in particular the design of the Zero-V 
research vessel, it is important to introduce those as-
pects of the hydrogen vessel technology that are  dra-

matically different than the diesel vessels that are so familiar.  
These aspects are 1) how hydrogen is stored, to better under-
stand the tankeage used and how that influences the Zero-V 
design; 2) what the safety-related properties of hydrogen are, 
to better understand the design philosophy and approach to 
safety on the Zero-V; and finally 3) PEM fuel-cell technology, 
to appreciate how this zero-emissions power technology is 
incorporated into a high-performance research vessel.

Hydrogen Storage Selection
The task of the hydrogen storage system is to hold as much 
hydrogen as required by the energy utilization profile of 
the Zero-V within the desired refueling schedule.  There are 
three ways of storing hydrogen:  as a high-pressure gas, 
within a compound or chemical host that can store and 
release hydrogen, or as cryogenic liquid hydrogen [1,14].  
The SF-BREEZE report [1] examined these three options in 
detail, and explained why liquid hydrogen (LH2) is the best 
method for storing hydrogen for the quantities required for 
the Zero-V science mission.  Liquid hydrogen storage has 
the highest gravimetric density and volumetric density of the 

options available for storing large quantities of hydrogen. 
These gravimetric and volumetric specifications (specs) can 
be defined as:   

Gravimetric Spec =  
[Empty Tank Mass (kg)]/[Mass of Stored Hydrogen (kg)]

An ideal storage system would have a value of zero for the 
gravimetric spec.  Similarly, one can define a volumetric stor-
age specification as:

Volumetric Spec =  
[Outer Tank Volume (L)]/[Mass of Stored Hydrogen (kg)].

An ideal storage system volumetric spec would be hydrogen’s 
density at the pressure and temperature of the storage.  As 
an example, for liquid hydrogen, these gravimetric and volu-
metric efficiencies for the LH2 refueling trailer tanks made by 
Gardner Cryogenics are 8.7 kg Tank/kgH, and 24.8 L/kgH [1], 
respectively.  

LH2 is a cryogenic liquid with boiling point of 20 K (-253.1 °C).  
The tanks which hold it can be thought of as highly engi-
neered ThermosTM bottles, with an inner metal liner, sepa-
rated from an outer metal liner with vacuum and a typically 
proprietary insulation in-between.  A diagram of the arrange-
ment is shown in Figure 6.

The insulation is not perfect, so there is always a small heat 
leak from the room temperature outer liner through the insu-
lating spacer layer, through the inner metal liner and eventu-
ally to the LH2 itself. Heat leak to the LH2 causes boiling, with 
buildup of H2 pressure within the inner tank.  This H2 must 
eventually be consumed or vented to relieve the tank pres-
sure, resulting in lost hydrogen through “boil-off.”  The heat 
leak is less severe for larger LH2 tanks because the quantity 
of hydrogen stored scales with the tank volume, (i.e., as the 
cube of the tank radius assuming a spherical tank) whereas 
the heat leak though the outer surface scales with the tank 
surface area (i.e., as the square of the spherical tank radius).  
Thus, LH2 has been the traditional and successful method for 
storing large quantities of hydrogen (thousands of kilograms) 
with minimal and acceptable loss of hydrogen through boil-
off.  Spherically shaped tanks maximize hydrogen storage vol-
ume while minimizing surface area, and are thus ideal tank 
shapes. However, cylindrical tanks are much easier to manu-
facture (and therefore less expensive) and the surface area/
volume ratio is only somewhat greater than that for spherical 

Figure 6: Cross section of a typical road-transport LH2 tank showing the 
double liner approach (not to scale).  The double liner provides ultra-
insulation properties as well as extremely high resistance to damage.  
The Zero-V will use the same kind of tank. 
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shapes. Thus, cylindrical LH2 tanks are 
much more common.  The heat leak 
problem is more severe for small LH2 
tanks as the radius shrinks. Thus, LH2 
storage is more challenging for storing 
small H2 quantities such as the 5 kg 
considered for fuel-cell vehicles.

Figure 7 shows examples of existing 
LH2 tanks.  

Apart from the benefits of minimal 
weight and volume, there are many 
other attendant benefits of choosing 
LH2 as the storage method of hydro-
gen.  These benefits include:

uu LH2 storage does not require 
high pressures. While the high-
pressure composite hydrogen 
tanks are very safe, and the 
composite tank manufactur-
ers deserve a lot of credit for 
making such a reliable product, 
there can be perceptions about 
the safety of having such high 
pressures (5,000 - 10,000 psi) 
near people. The highest sys-
tem pressure for LH2 storage is typically determined by 
the tank’s hydrogen vent pressure relief valve, which is 
a modest 150 psi. 

uu LH2 storage has been used for decades for space ap-
plications (both the Apollo Saturn V and Space Shuttle 
launch vehicles used very large quantities of LH2), and 
has also been transported on the roads in tankers for 
decades with an excellent safety record.  The proper-
ties of LH2 are well understood, and LH2 storage and 
transport are mature technologies. 

uu LH2 tank technology scales well.  Building much larger 
LH2 tanks does not introduce new problems, and can 
be readily accomplished.

uu LH2 is very similar in its physical and combustion 
properties to liquid natural gas (LNG).  Since LNG ships 
are already being designed by naval architects, and 
approved by the international and domestic regulatory 
shipping authorities, LH2 is a natural extension of LNG 
maritime technology. Indeed, maritime authorities and 
international regulatory bodies have already formu-
lated the codes and standards for safe use of LNG on 
vessels.  Theses codes provide a basis for consider-
ation to allow for the safe use of LH2 on hydrogen fuel 

vessels based on similarity with LNG. This provides the 
benefit that naval architects such as Glosten, having 
LNG design experience, can readily acquire the new 
learning needed to design hydrogen fuel-cell vessels.  
 

Physical Properties of Hydrogen
Here we provide a brief discussion of the physical and com-
bustion properties of hydrogen, which provide context for 
understanding the design philosophy of the Zero-V and the 
fire safety technology it incorporates.  A more comprehensive 
discussion of these properties has been recently published 
by Klebanoff et al. [15]. This publication is reproduced in this 
report with journal permission as Appendix A. Comparison is 
made to the physical and combustion properties of methane 
(CH4, the major component of natural gas), which may be 
more familiar to the reader.

Gaseous Hydrogen
Hydrogen is the lightest gas, with a density of 0.08376 kg/
m3 at normal temperature and pressure (NTP), 293.15K, 1 
atmosphere pressure.  By comparison methane is consider-
ably heavier, with a density at NTP of 0.65119 kg/m3.  Note 
that 80% of the atoms in methane are hydrogen atoms.  Both 

Figure 7: Examples of LH2 tanks:  (Top, Left) Chart Inc. LH2 tank; (Top, Right) Linde Group LH2 tank at 
the AC Transit Hydrogen Station in Emeryville CA and (Bottom) Linde LH2 refueling trailer at the AC 
Transit Hydrogen Station
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gases at NTP are more buoyant than air, which has a NTP 
density of 1.204 kg/m3.  

Being a homolytic diatomic molecule, hydrogen has no dipole 
moment, and vibrations of the molecule cannot produce 
charge separation along the bond axis. Consequently, hy-
drogen does not interact with infrared radiation, and is not a 
heat trapping gas.  In contrast, since methane (CH4) is a het-
erolytic molecule with different elements bonded together, 
the bonds are inherently polar, and stretches and bends of 
C-H bonds produce charge fluctuations that can couple to in-
frared electromagnetic radiation. This character makes meth-
ane a potent heat trapping gas, ~ 23 times more capable of 
trapping heat in the atmosphere than CO2.   This fundamental 
difference between hydrogen and methane makes methane 
leaks from LNG infrastructure a serious concern from envi-
ronmental, safety and economic perspectives, whereas leaks 
from a hydrogen infrastructure raise safety and economic 
concerns without environmental impact. 

Liquid Hydrogen (LH2)
As described previously, the most volumetrically efficient 
method of storing large quantities of hydrogen is as a liquid, 
which in the case of hydrogen is a cryogenic liquid.  A defin-
ing characteristic of molecular hydrogen is the very weak 
attractive van der Waals interactions between H2 molecules.  
The normal boiling point for hydrogen is a very cold 20 K; 
the normal boiling point for LCH4 is 111 K.  An important 
consequence for the difference in boiling points is that liquid 
methane (at its boiling point) cannot liquefy air, whereas LH2 
can liquefy air, whose components N2 and O2 condense at 
77.3 K and 90.2 K, respectively.  These atmospheric gases 
can also solidify when exposed to LH2, as the melting points 
for solid N2 and solid O2 are 63.3 K and 54.8 K, respectively.  
The potential for liquefying or solidifying air introduces 
safety concerns arising from clogging hydrogen lines with 
condensed air, as well as concerns about reactivity stem-
ming from condensed oxygen.  As a practical matter, these 
air condensation issues are routinely handled in LH2 fueling 
operations by purging the LH2 plumbing lines with hydrogen 
or helium (more typically hydrogen due to its availability at 
the site and lower cost).  

Both hydrogen and methane are less dense than air at room 
temperature and pressure.  An important safety-related 
question is: when these liquids evaporate, producing either 
cold hydrogen gas at 20 K, or cold methane gas at 111 K, 
how much do these gases have to warm before they become 
more buoyant than ambient air?  If we assume that for small 
leaks, the ambient air is not cooled too much and remains 
near NTP, then hydrogen will become more buoyant than 
NTP air (with density 1.204 kg/m3)  at 22.07 K.  In other words, 
small hydrogen releases from LH2 need only warm up by ~ 
2 K in order to become more buoyant than air at NTP condi-

tions. In contrast, methane needs to warm up 53.3 K, from 
111 K to 164.3 K, before its gas-phase density equals that of 
NTP air [15]. As a result, when LCH4 evaporates at 111 K, the 
cold methane gas stays non-buoyant for significantly longer 
times than does LH2.   Both LH2 and LNG at their NBP expand 
considerably when warmed to NTP.  The volume expansion 
factor for hydrogen is 847.6 and that for methane is 648.0 
when a given mass is warmed from the NBP to NTP. 

Cryogenic Spills
The weak intermolecular attractions between hydrogen mol-
ecules leads to the enthalpy of vaporization ΔHvap of LH2 being 
a very low 0.92 kJ/mole, 9.2 times less than that of LCH4, 
whose ΔHvap value is 8.5 kJ/mole.  For comparison, the ΔHvap 
of liquid water is 40.66 kJ/mole, due to the strong hydrogen 
bonding found between water molecules. The extraordinarily 
low ΔHvap value for hydrogen means that it takes very little en-
ergy to evaporate it, and as a result, LH2 spills are very short 
duration events.  Theoretical models have predicted that 
spilling ~2800 kg of LH2 would produce a pool with a lifetime 
of ~ 13 seconds [15]. 

Permeation
Hydrogen permeation arises from the dissociation of mo-
lecular hydrogen at metal and oxide surfaces into hydrogen 
atoms, and the subsequent diffusion of hydrogen atoms 
through materials involved in hydrogen storage and plumb-
ing lines.  Hydrogen atoms produced in this way can also lead 
to hydrogen embrittlement, which is a very important phe-
nomenon in materials science.  Many misinterpret hydrogen 
permeation (even in the absence of embrittlement) as a leak 
risk.  The concern is that hydrogen diffusing through stainless 
steel tubing and other fittings can pass though the material 
and exit as hydrogen gas, thereby constituting a leak.  Per-
meation as a source of leaking is not an issue for the practi-
cal performance of stainless steel tubing, valves or other 
hardware at the pressures involved in the Zero-V because the 
quantities of gas exiting in this way are infinitesimal [15].  

Hydrogen Embrittlement
Hydrogen solution, permeation and diffusion, even though 
involving vanishingly small quantities of hydrogen from a 
leak perspective, are key ingredients to the phenomenon of 
hydrogen embrittlement. Hydrogen embrittlement is a sig-
nificant area of materials science.  Excellent reviews exist and 
are referenced in Appendix A.  Hydrogen atoms produced 
by the dissociation of H2 at metallic surfaces can diffuse into 
the bulk of the material, and accumulate at defect sites in the 
presence of material strain (which all practical materials have 
to some extent).  Because of the combination of hydrogen, 
pre-existing defects and strain, hydrogen atoms can accu-
mulate at defect sites, locally weakening the material and 
promoting crack growth.  This is a problem for ferritic (body-
centered cubic, bcc) steels, but is a vastly smaller problem 
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for austenitic (face-centered cubic, fcc) steels, or copper or 
aluminum.

As a practical matter, hydrogen embrittlement is circum-
vented in hydrogen technology by using 304 or 316 stainless 
steels, aluminum or copper in all hydrogen storage systems 
and piping.  Decades of industrial experience show these ma-
terials are robust to hydrogen embrittlement.   This materials 
choice is similar in spirit to choosing copper over iron in the 
manufacture of electrical wiring.  Copper has a higher electri-
cal and thermal conductivity than iron, and using copper re-
duces resistive losses and promotes thermal control. Analo-
gously, the correct materials must be chosen for hydrogen 
service. The practical experience of the gas providers is that 
hydrogen embrittlement is not a maintenance issue for LH2 
or other hydrogen plumbing (tubing, piping) when type 316 
or 304 stainless steel materials choices are properly imple-
mented.  Like most commercial LH2 tanks, the interior liners 
of the LH2 tank of the Zero-V will be 304 stainless steel.  

Combustion Properties of 
Hydrogen and Methane

The physical properties just discussed for hydrogen and 
methane are the foundation for the discussion of the com-
bustion properties of these two fuels.  Table IV provides 
values for “classic” physical and combustion properties of hy-
drogen and methane, with more details given in Appendix A.

In order to discuss combustion caused by specific ignition 
sources, some definitions are in order:

Weak (Thermal) Ignition Sources:  Matches, sparks, hot sur-
faces, open flames with initiation energy of < 50 mJ are called 
“weak” or “thermal” ignition sources.  These are the ignition 
sources of accidents.

Strong (Shock Wave) Ignition Sources:  blasting caps, TNT, high-
voltage capacitor shorts (exploding wires), lightning are all 
examples of “strong” ignition sources with initiation energy 
of > 4 MJ.  Note that strong ignition sources are ~ 108 times 
stronger than weak initiators.   This is an enormous differ-
ence in ignition input energy.  Other than lightning, strong 
ignition sources are the sources of intentional ignition, not 
accidental ignition.  

Fire:  Fire is the term for ordinary combustion familiar in 
everyday life where the flame propagates through the un-
burned fuel/air mix at low speeds (~ 20 m/s or less).  Fires 
are not loud, and produce negligible overpressure in the 
surrounding air. Fires are produced by weak ignition sources 

in contact with flammable mixtures of fuel and air.  Despite 
their familiarity, it is important from a safety perspective to 
remember that fires are dangerous.   

Deflagration:   Fast combustion where the flame propagates 
through the unburned fuel/air mix rapidly, but at subsonic 
speeds (~ 100 - 400 m/s).  Deflagrations can be loud, and can 
produce overpressures that can rupture eardrums and cause 
other injury.  Under the right conditions, deflagrations are 
initiated by weak ignition sources. From a safety perspective, 
deflagrations are very dangerous.  

Explosion or Detonation:  Technically, detonation is the more 
properly defined term for extremely fast combustion events 
where the flame propagates through the unburned fuel/air 
mix at supersonic speeds (> 700 m/s).  Explosion has been 
loosely used to label fast combustion events where the flame 
propagates through the unburned fuel/air mix at subsonic 
speeds (< 700 m/s), and can produce loud bangs and very 
damaging overpressures.  The terms explosion and detona-
tion have often been used interchangeably (especially in the 
older literature referenced in this work), and will be so used 
here.   “Direct” explosions are instantaneous events caused 
by strong ignition sources with specific conditions of fuel/air 
mix and confinement.  From a safety perspective, explosions 
and detonations are very, very dangerous.  

Before discussing the combustion of these fuels by explicit ig-
nition sources, we consider the phenomenon where releases 
of these gases can spontaneously ignite even in the absence 
of specific ignition sources.   

Spontaneous Ignition
Hydrogen, when suddenly released, can undergo “spontane-
ous ignition” for pressures higher than ~ 41 bar [15].  Spon-
taneous ignition is a particular safety concern, because it 
represents an ignition pathway that can persist even if one 
has successfully removed all explicit ignition sources from the 
design of a particular application involving hydrogen. While 
spontaneous ignition may be a concern for high-pressure 
(350 bar, 700 bar) hydrogen systems such as those used 
in light-duty fuel cell vehicles, we shall see that the Zero-V 
employs LH2 storage of hydrogen for which the hydrogen 
pressure in the fueling system is everywhere less than 10 
bar, which corresponds to the pressure relief for the LH2 tank 
vent.  As a result, the overall hydrogen system pressures on 
the Zero-V are too low for spontaneous hydrogen ignition to 
come into play. The mechanistic cause of spontaneous igni-
tion is not definitively known, and continues to be an active 
research topic.

Fires
Both H2 and CH4 mixtures with air ignite easily using weak 
ignition sources to produce fires.  Fire regulations focus on 
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the “Lower Flammability Limit” (LFL), expressed as a volume 
percentage (vol%): 

vol%  =  [Volume (Fuel)/Volume (Fuel + Air)] x 100

The LFL is the focus of safety regulations, since the risk of fire 
typically comes from the accumulation of flammable gas in 

initially clean air. The classic values [15] for the flammability 
range LFL to upper flammability limit (UFL) for  
H2 = 4.0 – 75.0 % at 298 K (see Table IV).  The LFL to UFL of 
methane is = 5.3 – 15.0 % at room temperature. For context, 
the LFL – UFL values for gasoline are 1 – 7.6%.  Thus, while 
hydrogen has a much wider flammability range than meth-
ane (making it more of a fire risk), from the perspective of 
building up flammable gas in an initially clean environment, 
hydrogen and methane have similar LFLs, with similar thresh-
old gas accumulations that can be ignited.  

Buoyancy effects can modify the LFL of these gases slightly 
[15].   For example, for sustained hydrogen fires in a qui-
escent mixture, the hydrogen/air mix needs to be ~ 8% for 
combustion to propagate in all three directions with complete 
combustion of the fuel.   Active mixing of hydrogen returns 
the LFL to 4 % for hydrogen [15].  The minimum ignition 
energy for H2 is 0.020 mJ; that for CH4 is 0.29 mJ. Static dis-
charges from human beings are ~ 10 mJ, so both CH4 and H2, 
when present between the LFL – UFL limits, ignite easily when 
exposed to common (weak) ignition sources. Table IV lists 
these combustion properties for hydrogen and methane.

Overall, from the point of view of fire risk coming from fuel 
release into initially clean air, hydrogen and methane have 
very similar ignition risks because their LFLs are similar.

Thermal Flame Radiation
One of the striking differences between hydrogen and natu-
ral gas is the radiant nature of their fires.  When hydrogen 
burns, the product of combustion is primarily water vapor, 
with other species such as OH and H radicals, and HO2 and 
H2O2 produced in trace (< 1 %) amounts. As a result, the vast 
majority of thermal radiation from hydrogen fires originates 
from vibrationally excited water molecules.  In contrast, when 
methane burns, although some water is produced, most of 
the thermal radiation comes from carbon-containing species, 
and especially carbon soot, which is an efficient radiator of 
thermal energy.  As a result, the thermal radiation emitted 
from methane fires is (on a fuel LHV basis) 2 - 3 times higher 
than for a hydrogen fire.  Thus, one can get closer to a hydro-
gen fire because it radiates less thermal energy.  In addition, 
there is more atmospheric absorption of the thermal radia-
tion from a hydrogen fire. Since a hydrogen fire is emitting in-
frared (IR) radiation from the vibrational (bending, stretching) 
modes of thermally excited water vapor, residual water in the 
atmosphere (i.e. humidity) can absorb some of radiation from 
hydrogen fires, reducing the transmission of radiant heat.  
Over a 4.7-meter path length, ~30% of the thermal radiation 
issuing from a hydrogen fire is effectively blocked by atmo-
spheric water vapor [15].  The two effects of reduced emitted 
radiation and higher atmospheric absorption of fire radiation 
more than compensate for the slightly higher flame tempera-

Quantity Hydrogen Methane

Molecular Weight 2.016 16.043

Density of Gas at NTP, kg/m3 0.08376 0.65119

Temperature to Achieve NTP Neu-
tral Buoyancy in Air (1.204 kg/m3), K 22.07 164.3

Normal Boiling Point (NBP), K 20 111

Liquid Denisty at NBP, g/L 71 422

Enthalpy of Vaporization at NBP, 
kJ/mole 0.92 8.5

Lower Heating Value, MJ/kg 119.96 50.02

Limits of Flammability in Air, vol% 4 – 75 5.3 – 15

Explosive Limits in Air, vol% 18.3 – 59.0 6.3 – 13.5

Minimum Spontaneous Ignition 
Pressure, bar

~41 ~100

Stoichiometric Composition in Air, 
vol%

29.53 9.48

Minimum Ignition Energy, J 0.02 0.29

Flame Temperature in Air, K 2318 2148

Autoignition Temperature, K 858 813

Burning Velocity in NTP Air, m/s 2.6 – 3.2 0.37 – 0.45

Diffusivity in Air, cm2/s 0.63 0.2

Table IV:  Physical and Combustion Property Values for 
Hydrogen and Methane.
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ture of hydrogen compared to methane (Table IV), making 
hydrogen fires less damaging in terms of radiant energy on 
surrounding structures and personnel than methane fires.

Explosion and Detonation
Hydrogen and methane can both detonate given the right 
conditions of fuel/air mixture, confinement and strong igni-
tion source [15].  The lower explosion limit (LEL) to upper 
explosion limit (UEL) of H2 at room temperature (% by vol-
ume) is 18.3 – 59.0 % at room temperature.  The LEL to UEL of 
methane is = 6.3 – 13.5 % at room temperature [15].   Thus, 
hydrogen has a much wider explosive range than methane, 
making it more of an explosion risk in general.  From the 
perspective of a leak building up flammable gas in an initially 
clean environment, the LEL of methane (6.3%) is reached 
considerably sooner than that of hydrogen (18.3%).

As reviewed by Klebanoff et al. [15], the A.D. Little Com-
pany evaluated the practical explosion risk from large-scale 
releases of hydrogen in confined and unconfined environ-
ments in a series of experiments and modeling studies for 
the U.S. Air Force and the NASA Lewis Research Center over 
the period 1960 – 1982.  The conclusion from this work is that 
both confinement (e.g., storage in a balloon)  and explosive 
initiation (e.g., using blasting caps) are required for the direct 
explosion of confined hydrogen/air mixtures in which explo-
sion occurs instantaneously.  Furthermore, the Little work 
showed that hydrogen vapor clouds could not be detonated 
even with initiation by explosive charges.  These observations 
led the authors to conclude  that “even with shock-wave ini-
tiation, detonation is unlikely of the hydrogen-air cloud from 
a large-scale spill.”  Summarizing these early tests of practical 
hydrogen combustion risks, direct detonation requires strong 
ignition sources, confinement, and hydrogen/air mixes within 
the LEL - UEL range.  Weak ignition sources (the sources of 
accidents) produce fires even when the hydrogen/air mix is 
within the explosive range and confined.  

These experimental results from the 1960s already help 
frame the anticipated hydrogen fire safety issues for the 
Zero-V. We shall see that on the 01 level where the LH2 is 
stored, fire is the only significant combustion risk, (rather 
than detonation, explosion or deflagration) because of the 
open environment on the 01 level and the absence of strong 
ignition sources.  In the confined Starboard and Port Fuel Cell 
Rooms, direct detonation is not possible because of the lack 
of strong (intentional) ignition sources.  

Deflagration to Detonation Transition (DDT):
The LEL-UEL range listed in Table IV is for direct detonation 
of a gas mixture assuming confinement and use of a strong 
ignition source.  The absence of strong (intentional) igni-
tion sources precludes the direct detonation of hydrogen 
and methane in accident scenarios.  However, under certain 

circumstances it is possible to have a detonation for fuel/air 
mixes even below the LEL of Table IV if obstacles or internal 
structures are present within the confined reacting volume.  
Unlike direct detonation, which requires a strong ignition 
source, this type of explosion can start with a normal fire.  
In the confined/obstructed environment, the speed of the 
combustion accelerates over time and distance to a deflagra-
tion due to turbulent mixing of the unburnt fuel-air mixture 
near the obstacles.  With further acceleration, the deflagra-
tion transitions to a detonation, producing a Deflagration to 
Detonation Transition (DDT).  For H2, DDT can only occur for 
12% fuel /air mix or higher [15].  Both H2 and methane can 
experience DDT, although it is easier for hydrogen.  

The presence of obstacles induces an acceleration of the 
flame velocity at H2/air concentrations that would otherwise 
not experience flame acceleration.  The role of obstacles is to 
increase the rate of formation of turbulent structures which 
improve fuel/air mixture and can also increase the flame 
area.  The advancing flame affects the unburnt flow field 
ahead of the flame by radiation, generating turbulence at ob-
stacles that alters the combustion within the flame when the 
advancing flame passes through the turbulent region.  Given 
obstacles and a run-up distance of 10 meters or more, the 
flame speeds for hydrogen concentrations greater than 12% 
accelerate from normal fire speeds to deflagration speeds. 
With more run time and distance, even at mixtures as low 
as 15.5%, very fast deflagration velocities of ~ 700 m/s are 
observed if obstacles are present, corresponding to DDT. 

We shall see that in the Zero-V design, the Starboard and Port 
Fuel Cell Rooms have dimensions 3.35 m wide x 5.18 m tall 
x 4.27 m long.  Distributing the PEM fuel cells amongst these 
two rooms not only creates redundancy in the vessel power 
system (as required by U.S. Coast Guard regulations), but also 
limits the run-up distance available to a hydrogen fire should 

Table V: Types of Fuel Cells.

Fuel Cell Type Mobile Ion Operating Temp 

Proton Exchange 
Membrane (PEM)

H+ 50 – 100 °C

Alkaline (AFC) OH- 50 – 200 °C

Phosphoric Acid 
(PAFC)

H+ ~220 °C

Molten Carbonate 
(MCFC)

CO3
2- ~650 °C

Solid Oxide (SOFC) O2- 500 – 1000 °C
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one break out in one of these rooms. 

From a safety perspective, it is not that important if a highly 
accelerated flame has actually undergone DDT because 
the overpressures accompanying these phenomena can be 
similar, producing the same safety hazard.  Similarly, ordi-
nary fires are dangerous and need to be avoided.  Since fire 
requires the most easily realized set of circumstances, the 
design philosophy of the Zero-V is to prevent fires, which 
automatically prevents deflagrations, DDTs and detonations.  

The Hindenburg and Space Shuttle Accidents
When considering hydrogen for a new application, for 
example as a propulsion fuel for the Zero-V, the existing 
community for that application usually references the Hin-
denburg accident in 1937 as a concern for hydrogen use in 
general.  Most people have seen the newsreel images from 
the accident that tragically claimed the lives of 35 people.  A 
common misconception is that the Hindenburg exploded.  
The Hindenburg accident was an ordinary fire, not that an 
ordinary fire made the situation any less tragic.  Also, in 
discussions with the maritime community, it has been helpful 
to provide context for the Hindenburg accident, particularly 
noting the tremendous science and engineering advance-
ments in hydrogen technology since 1937.  The method of 
storing hydrogen for the airship (rubberized gas bags) bears 
no resemblance to the engineered and rugged DOT-approved 
stainless steel LH2 tanks in use on the roads today and used 
in the Zero-V design.  

In another arena, for the past 60 years, NASA has mastered 
the use of hydrogen, the “signature fuel” of the American 
Space Program.   The Space Shuttle held 102,900 kg of LH2, 
9.4 times more than the Zero-V. Although there have been 
two tragic accidents involving the Space Shuttles Challenger 
and Columbia, these accidents did not originate from the 
onboard storage or use of LH2.  

Through science-based safety engineering and a sound 
understanding of hydrogen physical and combustion phe-
nomena, hydrogen technology can be used safely in mari-
time applications.  The 50-year record of transporting LNG 
throughout the world is excellent: 8 accidents involving spills, 
with no fires and no fatalities [15]. Since LH2 and LNG are very 
similar in their physical and combustion properties, minor 
augmentation of the proven and effective international regu-
lations for LNG transport will enable regulated and safe use 
of hydrogen fuel cell technology in maritime applications. 

Hydrogen Fuel Cells
Here we provide an introduction to proton exchange mem-
brane (PEM) fuel-cell technology, and also describe in a 
general way the layout of one of the 10 fuel cell racks used 

to power the Zero-V Research Vessel.  The Zero-V is based 
on the PEM fuel-cell offerings of Hydrogenics, who provided 
detailed information on their design enabling the conduct of 
this study.

An excellent presentation of the science and engineering of 
fuel cells can be found in the book “Fuel Cell Systems Ex-
plained” by Larminie and Dicks [16]. A review of hydrogen 
fuel cells can also be found by Klebanoff et al. in Reference 
[7], upon which a lot of this discussion is based.  

A hydrogen fuel cell is an electrochemical device that ex-
ecutes the hydrogen/oxygen reaction (1) without direct 
combustion:  

2H2 (g) + O2 (g)   2H2O (g)   + Q             (1)

where Q is the heat released by the reaction, which can be 
turned into useful work such as electrical work.  In a fuel 
cell, instead of direct combustion of H2 and O2 which would 
involve a flame, the reaction (1) is made to happen in two 
spatially separated “half-reactions” (2) and (3):  

2H2 (g)  4H+ + 4 e-      (occurring at the anode)         (2)       

O2 (g)  + 4 e-    2O2-  (occurring at the cathode)        (3)

Initially, the products H+ (proton) and O2- are created at sepa-
rate electrode sites, but subsequently H+ diffuses from the 
anode to the cathode through a proton conducting mem-
brane.  The last step of the reaction occurs spontaneously at 
the cathode, as represented by reaction (4):

Figure 8:  Schematic Diagram of a Proton Exchange Membrane (PEM) 
Fuel Cell, from Reference 7.
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4H+  + 2O2-     2H2O (g)          (4)

These reaction steps of oxidation of H2 (Reaction (2)) and 
reduction of O2 (Reaction (3)) happen not in the gas phase, 
but at physically separate locations with no flame ever being 
created. The physical separation is the key point, and this 
separation allows the thermodynamic tendency for each 
half reaction to express itself as a half-cell voltage, allowing 
an overall cell voltage and external current to be developed.  
Figure 8 shows the relevant reactions in a H2 PEM fuel cell 
[7], where reactions (3) and (4) are shown combined at the 
cathode.

The efficiency of the electrochemical process can be signifi-
cantly higher than traditional combustion of H2 and O2. How-
ever, given no constraints on the temperature of combustion, 
both hydrogen internal combustion engines and fuel cells 
have equivalent thermal efficiencies [7]. Whereas traditional 
gasoline combustion has a thermal efficiency of ~35%, limited 
primarily by the temperatures achievable in traditional com-
bustion systems, the thermal efficiency of the electrochemi-
cal process can be ~ 50%.  Thus, 50% of the reaction energy 
can be converted to electricity, with the remaining 50% 
constituting “waste heat” which is removed from the system 
by cooling air or liquid.

Fuels cells and batteries share some of the same principles 
regarding the generation of electricity, with a basic differ-
ence being that the fuel cell consumes fuel (i.e. hydrogen and 
oxygen from air) from external sources, whereas a battery 
contains all of the reactive species required for power gen-
eration.  The separation of the fuel sources for a fuel cell pro-

vides a distinct safety advantage over batteries, since there is 
very little chemical energy within a fuel cell at any given time, 
and in the event of a concern, the fuel supply to the fuel cell 
can be simply shut off.  

Although there are five types of fuel cells, as indicated in 
Table V, only the PEM fuel cell combines all the advantages 
of being commercially available, having a strong track record, 
having fast turn on times, and with the smallest weight and 
volume for the delivered power.  Thus, only PEM fuel cells 
were considered for the Zero-V. 

PEM Fuel Cells
 At the PEM anode (site of oxidation) hydrogen gas ionizes 
(oxidizes), releasing protons and electrons to the external cir-
cuit, as shown in Figure 8.  At the cathode (site of reduction), 
oxygen molecules are reduced in an acidic environment by 
electrons from the circuit, forming water molecules.  Protons 
pass through the proton exchange membrane, from anode to 
cathode, completing the circuit. 

Traditional PEM fuel cells use a solid proton conducting 
polymer membrane called Nafion, a type of polyfluorinated 
sulfonic acid (PFSA) material, which allows proton transfer be-
tween the anode and cathode.  Nafion-based fuel cells oper-
ate at low temperatures, around 80°C.  The low-temperature 
operation provides for rapid start-up, which is essential for 

Figure 9:  Hydrogenics HyPM-R 120S PEM Fuel Cell Rack Component 
Installation in South Korea. Photo courtesy of Ryan Sookhoo, 
Hydrogenics.

Figure 10:  Hydrogenics HyPM-R 120S PEM Fuel Cell Rack Component 
System Block Diagram.  This figure is a modification of a diagram 
supplied by Ryan Sookhoo of Hydrogenics. 
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most relatively low-power and mobile applications.  However, 
for temperatures at or below ~80 °C, the reaction product is 
liquid water, making management of liquid water an impor-
tant issue.  

In the fuel-cell power racks used in the Zero-V, individual 
fuel-cell power modules (FCPMs) of nominal power ~ 30 kW 
are integrated together into power “racks.”   The commercial 
system that is purchased are power racks which integrate 
together the H2 and air supply lines, the liquid coolant lines 
to remove waste heat, water discharge lines for the waste 
water, the exhaust gases from the anode and cathode spaces 
within the fuel cells, as well as hydrogen detectors and 
ventilation systems for safety.  The operation of each FCPM 
is monitored by the control system.  For maintenance pur-
poses, the FCPMs are easily removed and replaced, typically 
through a service contract with the fuel-cell manufacturer.

Overview of Rack Development
Hydrogenics is a leading supplier of PEM fuel cell systems for 
mobile and stationary power applications alike.  Since 2006, 
Hydrogenics has spent a lot of effort working with the certifi-
cation organizations such as UL to review their products for 
mobile and stationary power applications. As a result of this 

process, The HyPM-R 120S Rack complies with the American 
National Standard/CSA America Standard for Stationary Fuel 
Cell Power Systems, ANSI/CSA America FC 1-2004.  Note that 
the ANSI/CSA America FC 1-2004 regulation covers operation/
service, installation, material compatibility and components 
to ensure the rack can be safely operated

The HyPM-R 120S rack also complies with the IEC 60079-10-
1 code of 2015, which refers to the classification of areas 
where flammable gas or vapor hazards may arise. It provides 
guidance for classifying the areas on the basis of chemical 
properties, process installation and process conditions.  The 
IEC 60079-10-1 code is used to determine the ventilation 
and classification of the rack and surrounding environment 
to ensure safe operation and installation.   When the rack is 
installed with other components (balance of plant), this stan-
dard is used for classification of components of the overall 
system (rack + balance of plant) for stationary power applica-
tions.

Figure 9 shows a picture of installed HyPM-R 120S power 
racks for an operational 1 MW fuel cell stationary power ap-
plication in South Korea with an indication of the required 
rack ventilation to provide safety in the event of a small leak 
of flammable H2 gas.

One can see in Figure 9 that the FCPMs are enclosed in a rack 
covered with Lexan panels, with ventilation slots cut in to 
allow air intake for ventilation only.  The ventilation is largely 
around the perimeter of the FCPMs located within the rack. 

Figure 11:  Hydrogenics HyPM-R 120S PEM Fuel Cell Rack Component 
Locations (front ISO view). Note that in the Zero-V design, the racks 
will hold 6 fuel-cell power modules (FCPMs) instead of the 4 shown. 
Figure provided courtesy of Ryan Sookhoo of Hydrogenics.

Figure 12:  Hydrogenics HyPM-R 120S PEM Fuel Cell Rack Component 
Locations (top assembly view).  Diagram courtesy of Ryan Sookhoo, 
Hydrogenics.
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A hydrogen sensor is located at the top of each rack, within 
the rack enclosure, and its activation can be used to shut 
down the FCPMs and shutoff the hydrogen supply.  While one 
could envision the possibility that each FCPM has a hydrogen 
detector, such duplication of detection is unnecessary since 
hydrogen rises when released.  The layout of hydrogen detec-
tors and the ventilation strategy is described more fully later 
in the report. 

Figure 10 shows the overall block diagram for the power 
train incorporating an individual power rack for the Zero-V 
application. The hydrogen is stored in LH2 tanks at a nominal 
temperature of 20 K.  The fuel cells require room tempera-
ture hydrogen, so evaporators (heat exchangers) are used 
to convert LH2 and cold hydrogen gas to room temperature 
hydrogen gas at ~ 100 psig.  Note that there are many hard-
ware items such as valves, safety shutoff valves, pressure 
relief devices and a hydrogen detector which are not shown 
in Figure 10.  The room temperature hydrogen is directed 
to the HyPM rack where the electrochemical reactions take 
place.  The waste water from the reaction is removed by the 

water drain.  Sometimes water tends to collect in the anode 
region, which blocks H2 gas. This water is removed by a brief 
pulse of hydrogen called the “anode purge.”  The fuel cell 
contains an exhaust line for this purge (the anode purge) and 
also an exhaust line for the cathode which consists of oxygen 
depleted air and water vapor.  The rack also provides for 
strong ventilation of the entire rack space, generally with flow 
from bottom to top. The power out of the rack is typically 
conditioned with a DC-DC converter, and then transformed to 
AC power by a DC-AC inverter. 

Figure 11 shows a diagram of the rack layout, showing loca-
tions of individual FCPMs as well as inlets and outlets for fuel 
cell cooling water, rack ventilation, hydrogen (anode) and air 
(cathode) inputs and other utilities. 

Figure 12 shows an assembly view of the top of one HyPM-R 
120S power racks, with the types of piping (CPVC, stainless 
steel, etc.) and dimensions indicated. 
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V. Essential Results from the Zero-V 
Feasibility Study

In this section we provide the essential results for the Zero-
V feasibility study, and provide descriptions of the Zero-V 
design that emerged from the study.   
 

General Zero-V Design
The design of the Zero-V that satisfies all of the Scripps sci-
ence missions, and can visit all the anticipated ports of call is 

shown in Figures 13 and 14.   A complete description of the 
Zero-V design is given in Glosten’s Design Report, presented 
in Appendix B. 

Three hull-forms were evaluated for the Zero-V:  monohull, 
catamaran and trimaran.  The trimaran was selected because 
it enabled a design such that the vessel could meet all of the 
space and volume requirements of the vessel as well as for 
fitment of the machinery, service, and control spaces neces-
sary for operation of the vessel.  

The Zero-V design performance specifications are shown in 
Table VI.  To meet speed and range requirements, the vessel 
has to be constructed of aluminum to reduce its weight.  The 
beam and length were driven by the requirement that the 
vessel be able to dock at all primary ports of call, namely: the 
Nimitz Marine facility at the Scripps Institution of Oceanog-
raphy in San Diego CA; the MBARI Pier at the Moss Landing 
Harbor, Moss Landing CA, Pier 54 at the Port of San Francisco, 
San Francisco CA and Wharf 5 at the Port of Redwood City, 
Redwood City CA. Of these ports of call, the most restrictive 
refueling location is the MBARI Pier.  As described in Table VI, 

 Figure 13(b):  Top rendering of the Zero-V.

 Figure 13(a): Side rendering of the Zero-V zero-emission hydrogen fuel cell research vessel.
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the beam of the Zero-V is 56 feet, with a length of 170 feet.   
The draft is 12 feet, limited primarily by the water depths at 
the Moss Landing Harbor channel and MBARI Pier, as well as 
the water depth at Pier 54.   The cruising speed is 10 knots 
as determined by the science mission requirements.  With a 
total of 10,900 kg of consumable LH2 stored in two LH2 tanks, 
the range of the vessel is 2400 nm, or an endurance of 15 
days. The vessel performs “station keeping” by dynamic posi-
tioning.  The Zero-V is designed to be home to 18 scientists, 
11 crew and to be truly zero-emissions on the water. 

Zero-V Design Specifics
Arrangements and Propulsion System
Arrangements for the Zero-V were developed to meet all of 
the space and volume requirements of the vessel as well 
as for fitment of the machinery, service, and control spaces 
necessary for operation of the vessel.  Additionally, the ar-
rangements consider the operations of the vessel such as 
access between science spaces, the working deck, and sci-
ence handling systems as well as visibility and sight lines from 
control stations to the working areas and equipment.  The 
arrangements also incorporate special requirements specific 
to the use of liquefied gas fuel.  The most significant of these 
special requirements are hazardous areas, and the restric-
tion that the hydrogen storage tanks be located no closer to 
the sides of the vessel than 20% of the overall width (beam) 
of the vessel.  For example if the vessel’s beam is 50 feet, the 
hydrogen tanks shall be no closer than 10 feet from the sides 
of the vessel. 

The Zero-V design follows traditional arrangements for a 
research vessel even given the trimaran hull type.  A cut-away 
view of the Zero-V is shown in Figure 15, giving the locations 
of the mechanical and propulsion system components. The 
inboard profile diagram of the Zero-V is shown in Figure 16.   

The propulsion power plant, machinery, machinery operating 
station, stores, main winches, and scientific acoustic equip-
ment are located below the main deck in the hull.  The main 
deck contains the working deck, laboratories, main service 
spaces, and science berthing.  The upper decks contain the 
crew berthing and navigation spaces.  The location of the 
large LH2 tanks was driven primarily by their size.  

LH2, because it is a cryogenic liquid stored at pressure, is 
stored in vacuum-insulated Type C cylindrical pressure ves-
sels.  The fitment of cylindrical type C storage tanks into a 
prismatic hull is both challenging and space inefficient.  It is 
desirable to have fewer large LH2 storage tanks because large 
diameter tanks are more volume, weight, and cost efficient.  

Figure 14:  Aft view of the Zero-V showing deck specification and LH2 
tank location detail.

Table VI:  Zero-V Overall Design Specifications

Hull Type Trimaran 

Material Aluminum 

Length 170 ft. 

Beam 56 ft. 

Draft 12 ft. 

Freeboard 9 ft. 

Displacement 1,175 LT

Cruise Speed 10 knots

Range 2,400 nm 

Endurance 15 days 

Station Keeping Dynamic positioning 

Berths
18 Science 
(8 double, 2 single) 
11 Crew (single)

Air Emissions Water vapor
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In addition, the heat leakage from large diameter LH2 tanks 
is, as a percentage of the amount of LH2 stored, smaller than 
from smaller cryogenic vessels.  Thus, undesirable  "boil off" 
of the LH2 is lower for larger LH2 tanks than for smaller tanks.  
Furthermore, the volumetric energy density (energy in the 
fuel per unit of volume) of LH2 is 4.2 times lower than that of 
diesel fuel, making the amount of tankage for an equivalent 
fuel energy more than four times the volume.  Because of 
these factors, it was found that the size of the storage fuel 
tanks required to meet range was too large to fit inside the 
hull of a vessel that met the dimensional limitations.  For 
this reason, the fuel tanks are located above the deck in the 
weather.  On research vessels, the Main Deck is the most 
valuable working and laboratory spaces.  Because large stor-
age tanks located on the Main Deck would be too disruptive 
to the working spaces and science operations, the tanks were 
located on the 01 Level aft weather deck.  Two evaporators 
(not shown) convert the cold hydrogen gas to room tempera-
ture hydrogen gas which is preferred by the PEM fuel cells.

Details of the vessel’s arrangements can be seen in the Gen-
eral Arrangement Drawing in Appendix B. Diagrams of the 
Zero-V Main Deck and 01 deck are shown in Figures 17 and 
18, respectively. 

The propulsion system overall electrical architecture is 

depicted in Figure 19.  The system is configured to provide 
redundancy and flexibility for different operating conditions. 
The primary objective of the hydrogen fuel-cell propulsion 
system selection is to allow the vessel to achieve the mission 
and design requirements.   An electric, direct drive, twin pro-
peller arrangement was selected.  In this arrangement, each 
propeller shaft is directly driven by a high-torque permanent 
magnet motor.  This arrangement is simple, efficient, and 
quiet.  

An integrated fuel-cell electric plant supplemented with small 
lithium-ion bridging batteries provides both propulsion and 
ship service electrical.  The fuel-cell racks have been de-
scribed previously.   The fuel cells are Hydrogenics HyPM HD 
30 fuel cell power modules arranged into power racks each 
holding six fuel-cell modules. Each rack has a total power 
output of 180 kW.  With ten racks total, the vessel has 1,800 
kW of installed power.  

The ten hydrogen fuel-cell racks are evenly distributed be-
tween Starboard and Port fuel-cell rooms, allowing the vessel 
to continue operation at reduced power if one space must 
be taken out of service for maintenance or in response to a 
hydrogen leak or other maintenance problem in the space.  
The fuel cells provide DC power, which much be conditioned, 
converted and inverted to provide bus DC and AC power, re-

Figure 15:  Cut-away view of the Zero-V showing locations of mechanical and propulsion system components. 
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spectively.  There are two switchboards (SWBD) in the Zero-V 
electrical system:  a 900 VDC propulsion SWBD and a 480 VAC 
ship service SWBD.

The fuel-cell power modules have an operating voltage 
between 60 and 100 VDC.  All the modules in a rack operate 
in series making the output of the power rack 360-600 VDC.  
Each power rack supplies power to the propulsion switch-
board through a DC-DC converter that converts the voltage to 
a steady nominal voltage of 900 VDC.  The various large loads 
such as propulsion, thruster, and winch motors are supplied 
from the propulsion switchboard through DC-AC drives. Ad-
ditionally, the ship service electrical power is supplied to the 
480 VAC ship service switchboard by redundant DC-AC power 
converters.  Smaller loads such as lighting, fans, or pumps are 
supplied from the ship service switchboard.  

Fuel cells can assume load fairly quickly.  The fuel cells take 
approximately 5 seconds to go from offline to standby and 
less than 30 seconds to go from standby to rated power 
output.  However, operations such as dynamic position-
ing can have very fast, transient spikes in vessel propulsion 
electrical load that could challenge the ability of the fuels cells 
to respond quickly enough.  To account for these transient 
loads, the electrical plant also has two lithium-ion battery 
banks as depicted in Figure 19.  Batteries are able to provide 
large amounts of power nearly instantaneously in response 
to load demands.  With the fuel cells providing the base load 

power, the batteries will charge or discharge as required to 
manage transient loads.  Additionally, the batteries can be 
used as a power sink for dynamic braking of large motors 
such as propulsion motors or winches.  This allows energy to 
be recovered during operations such as paying out a winch, 
thereby increasing overall vessel efficiency.

The overall specifications for the propulsion equipment are 
given in Table VII. To provide the required position keeping 
ability for on-station science work, the vessel is fitted with a 
retractable azimuthing bow thruster as well as stern thrusters 
in each outer hull. A typical retractable bow thruster is shown 
in Figure 20. 

Additionally, high-lift flap rudders are provided to maximize 
steering forces produced from the main propellers during 
station keeping.  The Zero-V uses two propulsion motors to 
power to its propellers.  Based on the resistance and power-
ing calculations, it was determined that 500 kW motors will 
provide sufficient power for the various mission require-
ments and also have enough reserve power for safe opera-
tion in heavy seas and for dynamic positioning.  High-torque 
alternating current (AC) permanent magnet type motors were 
selected as the propulsion motors.  These motors can be 
directly coupled to the propeller shaft to provide efficient and 
quiet operation.  

The vessel is outfitted with two fixed pitch propellers. Each 

Figure 16: Inboard profile arrangements for the Zero-V. 
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Figure 17:  Zero-V arrangement for  the Main Deck.

Figure 19:  Propulsion system electrical architecture block diagram

Figure 18:  Zero-V arrangement for the 01 Deck.
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propeller is approxi-
mately 2.1 m in diameter. 
Fixed pitch propellers are 
chosen for their simplici-
ty, low capital and operat-
ing cost, and quiet opera-
tion.  The propellers are 
of wake-adapted design 
to minimize underwater 
noise as well as maximize 
efficiency.  The propellers 
are fully non-cavitating at 
speeds of up to 8 knots.

High-lift flap rudders are 
used for maneuvering 
the vessel.  Compared 
to conventional spade 
rudders, the flap rudders 
provide both high turning 
forces underway and 
superior thrust control 
for position keeping.  The 
bow thruster is a 500 kW 
retractable azimuthing 
thruster.  This thruster 
provides sufficient ma-
neuvering and dynamic 
positioning capability 
for the vessel under the 
required operating condi-
tions.  The bow thruster is 
powered by a permanent 
magnet AC motor for 
maximum efficiency.  

To increase docking and 
position keeping per-
formance, stern tunnel 
thrusters are installed in 

each side hull. An example of a tunnel thruster is shown in 
Figure 21. Conventional electric motor driven tunnel thrust-
ers were selected for the stern thrusters.  To increase com-
pactness and efficiency, permanent magnet AC motors are 
used.  Because of the trimaran’s center hull, thrust directed 
inward by the stern thrusters would suffer significant thrust 
loss due to hydrodynamic effects and would also likely create 
excessive noise.  For this reason, it has been assumed that 
the stern thrusters will only be operated to provide outward 
thrust away from the vessel. Table VII summarizes the pro-
pulsion equipment specifications. 

Science Capabilities and Vessel Performance 
Table VIII summarizes the Zero-V capabilities in perform-

ing its science missions. The installed science packages and 
material handling equipment are chosen as required by the 
Scripps science missions.  The laboratory spaces on the ves-
sel are quite large.  Early in the design process we received 
feedback from Scripps science staff that this was a particu-
larly desirable feature for a new vessel.

Seakeeping
Good seakeeping performance is important for research 
vessels to maximize the operability of the vessel for mission 
activities.  Although the scope of this project did not include 
seakeeping analysis, prior research vessel design work by 
Glosten provides some general expectations for the Zero-V.  

Glosten previously investigated  variants of a research vessel 
design including both a 170' x 41' monohull with a displace-
ment of 1,250 long tons and a 170' x 56' trimaran with a 
displacement of 1,175 long tons.  Because of the similarity in 
size of these vessels to the Zero-V, this prior study provides 
applicable expectations of seakeeping performance for the 
Zero-V.

In this study it was found that while there were some differ-
ences in the seakeeping performance of the variants, they 
both provided excellent seakeeping in conditions up to Sea 
State 4 (4 ft to 8 ft significant wave height).  An operability 
analysis for central California offshore conditions found that 
both the monohull and the trimaran exceeded 95% operabil-
ity with respect to operating limitations for motions (displace-
ment, velocity, and acceleration) at the A-frame and to mo-
tion sickness incidence in the Main Lab and the Pilothouse.  
In other words, the expectation is that the Zero-V would be 

Table VII:  Propulsion Equipment Specifications

Figure 20:  Brunvoll Azimuth Combi 
Thruster

Figure 21:  Electric motor driven 
tunnel thruster (Schottel STT)

Power 10 x 180 kW hydrogen fuel cell 
racks

LH2 Tanks 2 x 28,800 gal type C

Propulsion 2 x 500 kW PM motors 

Bow Thruster 500 kW, retractable azimuthing

Stern Thrusters 2 x 500 kW tunnel 

Propellers Wake-adapted fixed pitch

Rudders High-lift 
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operable for science work in 95% of the annual expected of 
sea conditions in central California waters.

Positioning
A preliminary dynamic positioning (DP) capability study for 
the Zero-V was performed by Kongsberg and indicates 500 
kW tunnel thrusters will provide satisfactory DP capability.  
The vessel is able to maintain position with 1 knot beam cur-
rent and more than 25 knots wind and waves from any head-
ing.  With 2 knots beam current, the vessel can still maintain 
position with significant wind and waves at best heading.  
Figures 22 and 23 show the DP capability plots of the Zero-V 
for these conditions.

These DP capabilities are expected to be sufficient for per-
forming the typical on-station work this vessel would engage 
in.

Underwater Radiated Noise
One of the benefits of hydrogen fuel cells is that they are 
very quiet compared to diesel engines.  Unlike an internal 
combustion engine, hydrogen PEM fuel cells contain no 
moving parts, although there are mechanical devices for the 
“balance-of-plant” which includes pumps for waste water, 
electronic fans, and recirculating pumps for fuel-cell coolant 
and for the cryogen evaporators, etc.  It is expected that fuel 
cell technology should provide significantly reduced noise 
signature in comparison to diesel compression ignition tech-
nology.  

The reduction in noise from elimination of diesel engines, one 
of the largest noise sources onboard conventional vessels, 
has two significant benefits.  The reduction in airborne noise 
from the engine and the engine exhaust improves habitability 

Figure 23: Dynamic positioning capability in 2 knots of beam current.

Figure 22: Dynamic positioning capability in 1 knot of beam current.

Table VIII:  Summary of Zero-V Science Mission  
Capabilities

A-Frame 
20,000 lbs. SWL 
20’ vertical clearance  
12’ outboard reach

Main Cranes (2) 8,000 lbs. SWL over the side

Portable Crane 8,000 lbs. SWL

Side Frame 5,000 lbs. SWL

Trawl Winch 10,000m 3/8 3x19 wire

Hydro Winch 10,000m  0.322 EM  
10,000 1/4” 3x19 wire 

Multi Beam Sonar Kongsberg EM712

Underwater Noise ICES up 8 knots

Main Lab 825 ft2

Wet Lab 575 ft2

Computer Lab 175 ft2

Aft Deck 1,775 ft2

Side Deck 525 ft2

Van Spaces 2

Science Payload 50 LT
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both inside the vessel and on the working decks.  Additional-
ly, the reduction in noise helps the vessel achieve underwater 
radiated noise (URN) limits. 

Low URN is very important for research vessels to avoid 
interference with scientific instruments such as sonars and to 
minimize detection from marine wildlife.  Based on discus-
sions with Scripps, the URN goal for the Zero-V is to meet 
the limits from the International Council for the Exploration 
of the Sea (ICES) Report 209 at a speed of 8 knots.  The ICES 
Report 209 limits are a commonly used standard for URN 
limits of research vessels.  Noise Control Engineering (NCE), a 
Glosten subsidiary, developed an estimate of the URN levels 
for the Zero-V.  The estimate was developed using the URN 
predictions for the RCRV, developed for Oregon State Univer-
sity, as a baseline because the vessels are of similar size and 
propulsion power. 

To establish an estimate for the Zero-V, the RCRV URN predic-
tions were adjusted to account for the removal of the noise 
source from the diesel engines.  This method provides a 
relatively rough estimate, but as can be seen in Figure 24, the 
result suggests that, with noise treatments such as damping 
material on the hull and vibration isolation of large rotating 
machinery, the Zero-V can meet the limits in ICES Report 209.  
The Zero-V URN estimate was done for a steel hull and was 
not revised to account for the aluminum hull.  The aluminum 
hull may require additional damping material to achieve ICES 
Report 209 limits.  To establish a more accurate estimate, a 
full DesignerNOISE ™ model is required.  This is beyond the 
scope of this feasibility study. 
 

Well-to-Waves CO2(eq.) and Criteria Pollutant 
Emissions
As discussed previously, hydrogen has the potential to form 
the basis for a zero-carbon energy system.  Here we summa-
rize the results of our analysis, given in its entirety in Appen-
dix C, revealing the well-to-waves (WTW) CO2(eq.) and criteria 
pollutant emissions of the Zero-V using hydrogen PEM fuel-
cell technology. Here CO2(eq.) emissions refers to the sum 
of CO2, CH4 and N2O emissions multiplied by their radiative 
trapping weighting factors. Criteria pollutant emissions refer 
to NOx, hydrocarbons and particular matter emissions. We 
use methods published previously by Klebanoff et al. [2]. This 
publication is reproduced with journal permission in this re-
port as Appendix D.  CO2(eq.) and criteria pollutant emissions 
are determined and directly compared with those from an 
equivalent diesel-powered vessel, as well as a vessel fueled 
with biodiesel fuel.  

Since the Zero-V is powered with PEM fuel cells, the vessel 
emits zero CO2(eq.) and criteria pollutants during vessel op-
eration.  However, one must take into account the emissions 
associated with LH2 fuel production and delivery, which de-
pends dramatically on how the fuel is manufactured [2].  The 
CO2(eq.) emissions from use of diesel fuel have two sources, 
namely the emission associated with fuel production and de-
livery, and the CO2 release from the vessel upon combustion.  
Both sources contribute to the WTW emissions associate with 
diesel fuel use.  

We conducted our WTW analysis assuming two production 
methods for LH2:  hydrogen derived from the steam methane 
reforming of natural gas (fossil NG LH2) and hydrogen derived 
using low-carbon “renewable” methods, such as using elec-

Figure 24:  Result of initial 
underwater radiated noise 
assessment for the Zero-V 
travelling at 8 knots speed.  
The Zero-V with no noise 
treatment is shown by the blue 
curve; the Zero-V with nominal 
(typical) noise treatment 
is shown by black curve. 
Comparison is made to the 
limits recommended by the 
International Council of the 
Exploration of the Sea (ICES) 
Report 209, as this is often used 
benchmark for underwater 
radiated noise.
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trolysis of water using low-carbon electricity.  Appendices C 
and D give further details of the analysis.   A comparison of 
the annual CO2(eq.) WTW emissions for the Zero-V running 
on fossil NG LH2 and renewable LH2 and CO2(eq.) emission 
from an equivalent vessel powered with diesel fuel and bio-
fuel are shown in Figure 25.

Figure 25 shows that the annual WTW CO2(eq.) emissions 
from the Zero-V fueled with LH2 from fossil NG would be 
2.16 Gigagrams (Gg) of CO2 (eq.) per year, produced entirely 
during the production and delivery of the LH2 fuel. Recall that 
a “Gigagram” is 1x109 grams. This is slightly worse than the 
equivalent vessel running on fossil diesel, with WTW CO2(eq.) 
emissions of 1.91 Gg CO2 (eq.)/year, despite the fact that 
the Zero-V is 22% more energy efficient than the equivalent 
diesel vessel.  This increase is due to the facts that making hy-
drogen is energy intensive in the first place, the carbon in NG 
is released into the atmosphere as CO2 during the hydrogen 
manufacturing process, and hydrogen liquefaction involves 
significant energy and associated emissions. These factors 
conspire to produce undesirable emissions for the Zero-V 
along the fuel production and delivery path when the hydro-
gen is produced by steam methane reforming of natural gas. 

The situation is dramatically improved using renewable 
hydrogen.  Taking the average value of the renewable pro-
duction pathways discussed in Appendix D, Figure 25 shows 
the annual WTW CO2(eq.) emissions from the Zero-V using re-
newable LH2 becomes 0.164 Gg CO2 (eq.)/year.  This is 91.4% 
less than the WTW CO2(eq.) emissions from the Diesel Vessel 
running on conventional diesel fuel.  

Figure 25 shows that the real potential in hydrogen technol-

ogy to reduce maritime CO2(eq.) lies NOT in the use of hy-
drogen derived from fossil NG, but rather in using renewable 
hydrogen.  The renewable hydrogen considered for Figure 
25 is nearly 100% renewable.  In our discussions with the gas 
suppliers Air Products and Linde, renewable LH2 can be made 
available to the Zero-V today in the quantities required, and 
these companies are currently working to make renewable 
hydrogen more broadly available. 

One could consider using biodiesel to power an “equivalent 
biodiesel vessel.”  Figure 25 shows that the well-to-waves 
CO2(eq.) emissions are indeed reduced, from 1.91 Gg CO2 
(eq.)/year for diesel fuel to 1.20 Gg CO2 (eq.)/year for bio-
diesel. This represents a 37% reduction in CO2(eq.) emissions.  
The reduction is not as large as one might expect from a 
biofuel because making biodiesel is energy intensive.   

Traditional biodiesel is the fatty acid methyl ester product 
that results from the transesterification of vegetable oil or 
animal fats with methanol.  The oils themselves are not com-
patible with diesel engine operation due to their higher vis-
cosities, thus requiring the transesterification processing.  In 
the ~2010 timeframe, there emerged alternative methods of 
oil processing that produced fuels whose composition more 
closely resembled fossil diesel [2].  These products are called 
“renewable diesel” or “green diesel”.  In Europe, the product is 
called “hydrotreated vegetable oil” (HVO).  A 2013 EU com-
mission study  [2] reports that the WTT CO2(eq.) emissions 
(grams CO2 (eq.)/MJfuel) for HVO and biodiesel are essentially 
the same [2]. This means that the WTW CO2(eq.) emissions 
for the “equivalent vessel” operating on renewable diesel 
would be essentially the same as that depicted in Figure 25 
for biodiesel.

Summarizing the CO2(eq.) results of Figure 25, hydrogen PEM 
fuel cell technology can dramatically reduce the CO2(eq.) 
emissions from a high-performance research vessel. Howev-
er, nearly 100% renewable hydrogen must be used to achieve 
the desired deep cuts in CO2(eq.) emissions that are commen-
surate with the challenge presented by increased levels of 
infra-red radiation trapping gases in the atmosphere.   

Criteria pollutant emissions from the combustion of fossil 
fuels, among them nitrogen oxides (NOx), hydrocarbons (HC) 
and particulate matter (PM) continues to be of concern due 
to their immediate adverse health effects. Since the PEM fuel 
cell does not involve combustion, it is incapable of producing 
criteria pollutants at the point of use.  As a result, any criteria 
pollutant emissions associated with the Zero-V arise entirely 
from emissions associated with the production and transport 
of LH2 to the vessel. Criteria pollutant emissions can arise 
from combustion used to create the process heat needed to 
heat the reactants of the SMR process or as a byproduct of 
the SMR process.  Alternatively, combustion could be used to 

Figure 25; Predicted annual well-to-waves (WTW) CO2(eq.) emissions 
for the Zero-V operating on Fossil NG LH2 and renewable LH2 compared 
to the equivalent vessel operating on diesel fuel and biodiesel fuel.  
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generate the electricity used in hydrogen liquefaction.  

Analogously, criteria pollutant emissions are associated with 
the production and delivery of diesel fuel.  For example, the 
diesel-fueled tanker truck delivering diesel fuel is a source of 
diesel pathway criteria pollutant emissions.  If the diesel fuel 
originates from petroleum (“fossil diesel”), then there is the 
additional criteria pollutant emissions associated with burn-
ing the fuel in the research vessel diesel engines.  As a result, 
criteria pollutant emissions from an equivalent diesel-pow-
ered vessel using fossil diesel fuel involve two sources:  (1) 
production and delivery of the diesel fuel and (2) combustion 
of the fuel onboard the vessel [2].  If the diesel fuel originates 
from biomass (“biodiesel”), there are still criteria pollutant 
emissions released on the vessel, even though biodiesel 
reduces CO2(eq.) emissions because the carbon released on 
the vessel originated recently from CO2 in the air, making 
biodiesel “carbon neutral” in this sense. 

In comparing the Zero-V to an “equivalent” diesel or biodiesel 
vessel, we constrain both the diesel and biodiesel engine 
emissions to be at the Tier 4 criteria pollutant emission limits.  
In this way, we are comparing the Zero-V to a new vessel 
build (one based on either fossil diesel or biodiesel) which 
must meet the Tier 4 limits by regulation.  While the hydro-
gen PEM fuel cell technology automatically satisfies the Tier 
4 criteria emission requirements because it is zero-emission 

technology at the point of use, the WTW hydrogen analyses 
capture important fuel production pathway and delivery 
emissions.

The results for the annual WTW criteria pollutant emissions 
analyses are presented graphically in Figure 26.  The first 
aspect of Figure 26 to notice is that the WTW criteria pollutant 
emissions for the “equivalent vessel” running on diesel fuel 
or biodiesel are very nearly the same.  Although the “well-to-
tank” (WTT) criteria pollutant emissions for the production 
and delivery of biodiesel are higher than those for fossil 
diesel, due to the increased process energy required, the 
WTT criteria pollutant emissions are only a small fraction of 
the overall WTW criteria pollutant emissions. This finding, 
combined with the onboard criteria pollutant emissions for 
the equivalent vessel running on fossil diesel or biodiesel set 
equal to each other at the Tier 4 limits, produces the similar-
ity for these fuels seen in Figure 26.

There have been no published analyses of the WTT criteria 
pollutant emissions associated with the production and 
delivery of renewable diesel. However, as noted previously,  
a recent EU Commission study reports that the WTT energy 
required to make HVO (renewable diesel) and biodiesel are 
very nearly the same [2].  This suggests that the WTW criteria 
pollutant emissions from the equivalent vessel operating on 
renewable diesel would be similar to that reported in Figure 

Figure 26: Predicted annual well-to-waves (WTW) criteria pollutant emissions for the Zero-V operating on various hydrogen fuels, and the equivalent 
diesel and biodiesel vessels constrained to Tier 4 emission limits. PM10 indicates emission of particles with diameter less than 10 microns. 
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26 for the vessel operating on biodiesel. This finding is analo-
gous to the similarity of renewable diesel and biodiesel in the 
WTW CO2(eq.) emissions discussed previously in connection 
with Figure 25. 

Figure 26 shows that the Zero-V operating on LH2 derived 
from NG SMR reduces annual WTW NOx by ~ 81.3% below 
that of the equivalent vessel operating on fossil diesel fuel 
(but held to Tier 4 emission standards).  Using 70% Renew-
able LH2 on the SF-BREEZE, the WTW NOx is reduced 99.1% 
below the equivalent vessel fossil diesel levels. These reduc-
tions in NOx can be traced to relatively less NOx being pro-
duced when NG is burned for SMR process heat, and dra-
matically less NOx associated with electrolysis of water using 
70% renewable electricity.[2].  Annual WTW HC is reduced ~ 
88.3% below that of the equivalent vessel operating on fossil 
diesel fuel (but held to Tier 4 emission standards) when the 
Zero-V is operated on LH2 derived from NG SMR.  Using 70% 
Renewable LH2, the WTW HC is reduced 93.3% below the Tier 
4 equivalent vessel fossil diesel levels.  

Figure 26 shows that the WTW PM emissions (PM10, particle 
diameters less than 10 microns) associated with the Zero-
V using 70% Renewable LH2 are only slightly smaller than 
the WTW PM emissions of the equivalent vessel running on 
fossil diesel.  In the TIAX study [2],  it was noted for this fuel 
pathway that there exists somewhat high PM emissions for 
natural gas combined cycle power plants which constitute 
44.5% of the California grid mix.  

Using 100% renewable electricity, the WTW criteria pollut-
ant emissions for the Zero-V collapse to those for LH2 trailer 
transport operating on diesel fuel.  Thus, using 100% renew-
able electricity, the Zero-V WTW emissions would represent a 
99.6% reduction in NOx, a 99.7% reduction in HC and a 99.4% 
reduction in PM compared to the equivalent vessel running 
on diesel fuel with Tier 4 emission constraints.  If the LH2 
trailer ran on 100% renewable hydrogen instead of diesel 
fuel, the criteria pollutant emissions could be essentially 
eliminated.  

Summarizing these criteria pollutant emission results, the 
Zero-V goes far beyond the Tier 4 criteria pollutant emissions 
requirements for new vessel construction in the U.S. because 
the powerplant is zero emissions at the point of use.  Hydro-
gen PEM fuel cell technology can dramatically reduce WTW 
NOx and HC emissions below the most advanced Tier 4 crite-
ria pollutant emissions requirements regardless of whether 
the hydrogen is made by NG reforming or using more 
renewable means.  Overall, the results show that operating a 
hydrogen fuel cell research vessel on nearly 100% renewable 
hydrogen provides the dramatic reduction in vessel CO2(eq.) 
and criteria pollutant emissions commensurate with the 
problems of increased levels of infra-red radiation trapping 

gases in the atmosphere and increasing maritime air pollu-
tion worldwide.

Capital Costs and Operations and Maintenance 
Costs
The costs associated with constructing and operating/main-
tain the Zero-V were estimated.  For the Zero-V capital costs,  
we leveraged as a basis the prior cost estimate data from the 
Regional Class Research Vessel (RCRV) that Glosten designed 
for Oregon State University.  The RCRV provided a good basis 
for the Zero-V cost estimate because the size, outfitting, 
science mission equipment, and vessel capabilities are very 
similar and the RCRV project involved significant effort in 
development of cost estimates. 

The cost estimates for major systems were developed in 
several ways including built up from major equipment quota-
tions, parametric from materials and dimensions, scaling 
and adjustment of RCRV estimated costs, or best engineering 
judgment estimates.  The cost estimate was developed con-
sidering the equipment and material costs as well as labor 
hours for construction or installation. While the material 
costs are considered constant, the labor rates for shipbuild-
ing can vary significantly based on geographic location and 
economic climate in the shipbuilding industry. To capture this 
variation, the cost estimate was developed using both high 
($75 per man-hour) and low ($60 per man-hour) labor rates 
to bracket the construction cost estimate. Included in the 
cost estimate was also a 15% shipyard markup on materials 
and subcontractors, the cost of builders risk insurance (1% of 

Table IX:  Estimates of Zero-V construction costs using 
Low and High labor rates.

Construction at Low Labor Rate

Construction cost at $60 per man-hour $66,300,00

Builder’s risk insurance (1%) $663,000

Contingency (15%) $9,300,000

Total $76,000,000

Construction at High Labor Rate 

Construction cost at $75 per man-hour $71,000,000

Builder’s risk insurance (1%) $713,000

Contingency (15%) $10,000,000

Total $82,000,000
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contract value), and a contingency allowance (15% of contract 
value).  A summary is given in Table IX.

Based on this analysis, the “Low Labor Rate” construction cost 
of the Zero-V is estimated to be $76 million dollars ($76M).  
The “High Labor Rate” construction cost is estimated to be 
$82M.  The average of these construction estimates is $79M.  
A more detailed summary of the cost estimate is contained 
in Glosten’s Report, Appendix B. A high-level examination of 
the Zero-V construction cost compared to other vessels re-
vealed that although somewhat more expensive, The Zero-V 
construction costs are not unreasonable when compared to 
other modern research vessels of similar size and capabili-
ties, but not possessing the environmental benefits of the 
Zero-V. 

The operations and maintenance (O&M) costs were estimat-
ed as described in Appendix E.  Summarizing that analysis, 
we based the analysis on the known 2014 O&M costs associ-
ated with the R/V New Horizon, which is similar in size with 
the Zero-V and has the same 12 member crew.  We took the 
New Horizon budget, removed items that could easily be 
attributed to the use of diesel engines (such as diesel engine 
maintenance and overhaul costs, cost of diesel fuel) and 
added back costs associated with hydrogen use, including 
the cost of LH2, maintenance of the fuel cell balance-of-plant 
and the cost of fuel cell refurbishment.  All other vessel costs, 
such as ships payroll, non-diesel maintenance and repair, 
“other ship costs” (food, insurance, stores travel), distributed 
costs (such as employee benefits, shore support) and indirect 
costs were kept equal to the New Horizon cost numbers.  In 

this way, a reality-based estimate for the Zero-V O&M costs 
could be made.

The O&M estimate assumes the Zero-V is at sea 152 days 
a year, the number of days it requires to satisfy the annual 
roster of Scripps science missions.  Furthermore, we assume 
a fuel-cell lifetime of 12,500 hours, midway between the com-
mercial estimates [17] of 10,000 – 15,000 hours from Hydro-
genics.  If all of the fuel cells were being used during the 3648 
hours of operation in 152 days, then the entire complement 
of Zero-V fuel cells would need to be replaced every 3.43 
years.  

However, this is not the case.  Glosten has calculated that the 
average total energy output of the Zero-V fuel cells over the 
152 days in performing the Scripps science mission is only 
623 kW.   Thus, it turns out that on average only 34.6% of 
the 1.8 MW of installed fuel cell power is being used over the 
course of a year.  Of course, some vessel operations require 
all the fuel cells to be used.  Other operations require a lot 
fewer.  But the average is 34.6%. This means that instead of 
all the fuel cells needing to be replaced in 3.43 years, they will 
all need to be replaced in 9.91 years.  The ability to distribute 
the Zero-V power load in a way that extends the fuel cell life-
time dramatically reduces the O&M cost from what it might 
otherwise be. 

We estimate the annual costs associated with the fuel cell 
balance-of-plant to be 2.5% of the fuel cell powerplant capital 
cost, as recommended by Hydrogenics.  As for LH2 fuel costs, 
we assume for non-renewable hydrogen produced from 

Figure 27: (a) Linde LH2  
Refueling Trailer providing 
hydrogen to the Emeryville CA 
hydrogen station stationary 
LH2  tank.  (b) Linde personnel 
preparing hose connection; 
(c) Linde LH2  Refueling 
Trailer.  Pictured (L-R) are Kyle 
Mckeown and Nitan Natesan 
(Linde), Lennie Klebanoff 
(Sandia), and Tom Escher and 
Joe Burgard of the Red and 
White Fleet.
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natural gas, a delivered LH2 price of $6.87/kgH2 [1].  If we 
used renewable LH2, we assume a quoted price of $16.38/kg 
at today’s prices [1].  

Pulling these (and other) costs together as described in Ap-
pendix E, we find that the increase in total annual O&M cost 
for Zero-V is 7.7% higher than operating the New Horizon, at 
today’s fuel prices for fossil-NG non-renewable LH2.  Using 
renewable LH2, the total annual O&M costs for operating the 
Zero-V are 41.9% higher than operating the New Horizon. 
This larger increase is due to the current high cost of renew-
able LH2.   

The 7.7% O&M increase in running the Zero-V (compared to 
the New Horizon) is encouraging.  We have heard feedback 
from both the Scripps science team and scientists at Moss 
Landing Marine Laboratory that a 5 - 10% increase in O&M 
costs could be tolerated for the benefits afforded by the Zero-
V. These benefits include:  zero-emission operation, no risk of 
fuel spills and quieter operation.  Furthermore, in comparison 
to the New Horizon, the Zero-V offers, 33% increase in deck 
working area, 4.3% increase in lab space and a 11% increase 
in speed.  However, the Zero-V also has a 75% reduction in 
range.

Bunkering and Ports of Call
The Zero-V will primarily operate along the coast of California, 

although it has the range to transit from San Francisco, CA  to 
Honolulu, HI.  The vessel holds two LH2 tanks with hydrogen 
storage capacity 5840 kg each, for a total of 11,680 kg. Al-
though the tanks can hold 11,600 kg, typically only 10,900 kg 
of the fuel is consumable, as discussed in Appendix B.  Since 
road LH2 trailers typically can deliver 4,000 kg each, three 
trailers will be required to refuel the Zero-V at maximum. We 
recognize that many refueling operations would require only 
two trailers, as most of the vessel’s missions involve less than 
8,000 kg of hydrogen fuel consumption.  

The first bunkering feasibility question that the project 
answered was if this supply of LH2 (both fossil NG based 
hydrogen and renewable hydrogen) could be supplied by the 
major hydrogen gas suppliers.  A second feasibility question 
is if the Zero-V refueling operation could physically take place 
at the sites identified by Scripps as likely refueling sites. For 
example, is there sufficient space for two LH2 trailers to be 
refueling the Zero-V at the same time at the anticipated ports 
of call?  A third refueling question is if the refueling could 
take place within the desired time.  Scripps indicated that the 
preferred refueling time was 8 hours or less, as this is the 
duration of a typical work shift. 

A picture of a Linde LH2 tanker refueling a stationary LH2 tank 
at the Emeryville CA hydrogen station is shown in Figure 27.

In addition to LH2 refueling, there are other activities on-

Figure 28:  Location of 
the Nimitz Marine Facility 
(MarFac) at the Scripps 
Institution of Oceanography, 
San Diego CA.  (a) General 
MarFac location; (b) general 
view of MarFac facility with 
the Zero-V docked and (c) 
close-up view of the Zero-V 
docked at MarFac with two 
LH2 trailers and refueling 
stanchion shown in red. 
The refueling stanchion is 
notional only. The relative 
sizes of the Zero-V, LH2 
trailers and dock are 
properly rendered.  Satellite 
images are courtesy of 
Google Maps.



52

board the Zero-V that must be accommodated by the refuel-
ing site. These activities include: bringing 18-wheel trucks 
onto the site to deliver science equipment, using forklifts to 
off-load equipment from the supply trucks, and loading new 
equipment onboard, using cranes to load/off-load science 
equipment, storing science equipment in anticipation of ves-
sel arrival in an onsite warehouse (or other enclosed struc-
ture).

Needed facilities in support of this work includes power, sew-
age, water, internet, all of which must be provided at the refu-
eling location.  Another activity is adding/replacing crew and 
scientists for work on the vessel, which should be supported 
by proximity to hotels and restaurants.   

With these issues in mind, we examined the feasibility of 
refueling the Zero-V by first speaking with representatives 
from the major gas suppliers Linde and Air Products.  Then, 
we visited the likely ports of call, to brief them on the hydro-
gen fuel cell vessel technology, and to examine their facilities 
to see if there were any major problems with refueling the 
Zero-V there.

We start with the questions concerning LH2 supply and refuel-
ing rates and overall refueling logistics and requirements. 
Two industrial gas suppliers were contacted with regard to 
the Zero-V refueling:  Linde Gas and Air Products.  The meet-
ing with Kyle McKeown (Linde) took place on March 21, 2017 
in their Pleasanton CA offices.  The conversation with Dave 
Farese and Brian Bonner (both Air Products) took place on 
the telephone on March 23, 2017.   A full account of these 
meetings is provided in Appendix F.  

Both Linde and Air Products indicated that the best strategy 
for refueling the Zero-V would be using direct trailer refuel-
ing. In this scenario, LH2 trailers pull onto the Pier area where 
the Zero-V is docked, the trailers hook up to a dock station-
ary fueling stanchion that decouples the trailer hoses from 
a moving vessel.  Both gas suppliers indicated that complete 
refueling of the Zero-V could take place within a 9-hour 
timeframe, and both could provide access to renewable LH2, 
although it would initially be expensive. Both fuel suppliers 
intimated that a large reliable single customer for renewable 
LH2 such as the Zero-V would greatly encourage these com-
panies to make renewable LH2 more available nationwide.

Sandia (Klebanoff) then visited a number of marine facilities 
and ports to engage the local stakeholders and to determine 
their interest in the Zero-V project, make them aware of the 
nature of LH2 refueling, and to assess the compatibility of the 
Zero-V with berthing at these sites.  A full account of these 
site meetings is provided in Appendix F.

Nimitz Marine Facility (MarFac), San Diego, CA
The home port for the Zero-V would be the Nimitz Marine 
Facility (MarFac) of the Scripps Institution of Oceanography 
in San Diego CA.  Figure 28(a) shows the general location of  
within the greater San Diego area.  Figure 28(b) provides a 
general view of MarFac facility with the Zero-V docked while 
Figure 28(c) gives a close-up view of the Zero-V docked at 
MarFac along with two LH2 trailers and refueling stanchion 
shown in red. The refueling stanchion recommended by the 
gas providers is notional only. The relative sizes of the Zero-V, 
LH2 trailers and docks are properly rendered to allow an as-
sessment of available space for the LH2 refueling operation.

Figure 29: Location of the Monterey Bay Aquarium Research Institute (MBARI), within Moss Landing, 15 miles north of Monterey CA.  (a) General 
MBARI location; (b) close-up view of the Zero-V docked at MBARI Pier along with two LH2 trailers and refueling stanchion show in red. The refueling 
stanchion is notional only. The relative sizes of the Zero-V, LH2 trailers and dock are properly rendered.  Satellite images are courtesy of Google 
Maps.
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Figure 28 shows that there is ample room at MarFac to refuel 
the Zero-V.  The water depth off the pier is 17-25 feet, more 
than enough to accommodate the 12 foot draught of the 
Zero-V.  The facility already allows for refueling and restock-
ing of research vessels, and there is ample room for all of 
the activities anticipated for the Zero-V, as suggested by 
Figure 28(c). Paul Mauricio, the Port Engineer at MarFac after 
hearing a full briefing on the Zero-V on September 28, 2017, 
concluded that all aspects of Zero-V refueling operations are 
readily accommodated at MarFac.  

Moss Landing Marine Laboratories (MLML) and 
Monterey Bay Aquarium Research Institute 
(MBARI), Moss Landing, CA
The MLML is a graduate school in Marine Sciences of the 
California State University System (CSU) located within Moss 
Landing Harbor, approximately 15 miles north of Monterey 
California. The Monterey Bay Aquarium Research Institute 
(MBARI) is a private, non-profit research center, funded by 
The David and Lucile Packard Foundation also located in 
Moss Landing with pier facilities supporting research vessels.   
Since the Zero-V can perform science missions in support of 
MLML and MBARI oceanographic research and educational 
objectives, we anticipate the Zero-V will need to dock and 
refuel at the MBARI Pier indicated in Figure 29.

The Zero-V can successfully transit to and from the MBARI 
Pier. However, the MBARI Pier is much more physically 
constrained than the other refueling sites, both with regard 
to vessel navigation from the sea through Moss Landing 
Harbor, to docking at the MBARI Pier itself. In addition, there 
are buildings near the berth, which must be examined with 
regard to the fire and safety codes NFPA 55 and NFPA 2 per-
taining to LH2 refueling. 

Pier 54, Port of San Francisco, San Francisco, CA
The Zero-V project was briefed to Rich Berman of the Port 
of San Francisco on April 7, 2017.  The Port of San Francisco 
was very enthusiastic and supportive.  In addition to being 

a way of bringing zero-emission maritime technology to San 
Francisco Bay, they also were attracted by the educational 
component. Bay Area universities working with Scripps are: 
U.C. Berkeley, Stanford, San Francisco State, San Jose State 
and U.C. Santa Cruz. Scripps is the oceanographic lead for 
all the U.C. schools. There is a current initiative to increase 
collaboration between the U.C. and Cal State Universities in 
the area of ocean science and the Port of San Francisco was 
excited to be host to such a zero-emissions hydrogen vessel 
that can support this research. 

Figure 31:  Location of Wharf 5, 
Port of Redwood City, Redwood 
City CA. (a) General Wharf 5 
location relative to the San 
Francisco Bay; (b) close-up view 
of the Zero-V docked at Wharf 
5 along with two LH2 trailers 
and refueling stanchion show 
in red. The refueling stanchion 
is notional only. The relative 
sizes of the Zero-V, LH2 trailers 
and dock are properly rendered.  
Satellite images are courtesy of 
Google Maps.

Figure 30:  Location of Pier 54, San Francisco CA. (a) General Pier 54 location relative to the City of San Francisco;  (b) general view of Pier 54 
with the Zero-V docked and (c) close-up view of the Zero-V docked at Pier 54 along with two LH2  trailers and refueling stanchion show in red. The 
refueling stanchion is notional only. The relative sizes of the Zero-V, LH2  trailers and dock are properly rendered.  Satellite images are courtesy of 
Google Maps.
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The Port of San Francisco recommended using Pier 54, as 
shown in Figure 30.  Figure 30 shows that there is sufficient 
space at Pier 54 to refuel the Zero-V.  Pier 54 has direct vessel 
access from the San Francisco Bay.  There are three aspects 
of Pier 54 that need to be considered.  First, the south side 
is exposed to very rough swells during storms so the ideal 
location for the bunkering is on the north side, as indicated in 
Figure 30.  Second, a structural assessment performed by the 
Port of San Francisco in 2013 revealed deterioration of some 
piles and other concrete support members on Pier 54.  As a 
result, the pier was classified as Restricted Use and there is 
currently a 10-ton (gross) limit on vehicle traffic.  This means 
that repairs are needed if the pier is to support the weight 
three LH2 refueling trailers. Nonetheless, such repairs would 
be straightforward. Third, the current depth of the water on 
the north side of Pier 54 is estimated to be 10 - 12 feet, not 
enough for the Zero-V with a draught of 12 feet, so the area 
near the Pier would need to be dredged.  

Wharf 5, Port of Redwood City, Redwood City, CA
The Port of Redwood City is in the South San Francisco Bay, 
and is another option for Zero-V refueling in the San Francis-
co Bay.  It is an attractive destination because of its proxim-
ity to universities in the area (Stanford, San Jose State, U.C. 
Berkeley and U.C. Santa Cruz) with oceanographic research 
interests.   In addition there are ample hotels and restaurants 
nearby to support Zero-V crew exchange.  The Zero-V project 
was briefed to Mike Giari (Port Director) and Giorgio Garilli 
(Assistant Manager of Operations) on May 9, 2017.  

The Port of Redwood City is a deep-water port.  Mike Giari 
and Giorgio Garilli identified Wharf 5 as the best location for 
Zero-V refueling. Wharf 5 is shown in Figure 31.  

Wharf 5 is a large open, structurally-sound pier.  Wharf 5 is 60 
feet wide, and access is excellent - an LH2 trailer could come 
in one side and drive out the other.  The depth of the water at 
Wharf 5 is adequate for the Zero-V, with minimum depth of 
18 – 20 feet at the Wharf and 30 feet within the channel con-
necting the dock to the San Francisco Bay.  

Wharf 5 is currently set up for shore-power of 480V/60A as 
this is what prior vessels used.  Zoltan Kelety of Scripps stated 
that 480V/400A is more typical for research vessels like the 
Zero-V. Thus, we anticipate an upgrade to the Wharf 5 electri-
cal facilities would be needed for the Zero-V to berth there.  
The weight limit for Wharf 5 is 500 lbs/ft2.  This is more than 
sufficient as the LH2 trailers have a weight footprint of ~ 150 
lbs/ft2.   

Zero-V Comparison with Other 
Research Vessels

We found it helpful in considering the capabilities of the Zero-
V to understand the context of the vessel in comparison to 
other research vessels that have been deployed in the recent 
past. Figure 32 provides a high-level (qualitative) comparison 
of five diesel-fueled research vessels using the Zero-V proper-

Figure 32: Qualitative comparison of the Zero-V features with five diesel-fueled research vessels.  The diesel vessel properties are given in 
comparison to the Zero-V. Thus, ++ means much greater than the Zero-V, + means greater than the Zero-V, -- means much less than the Zero-V, - 
means less than the Zero-V, and ~ means approximately the same as the Zero-V. An x indicates the property is not present on the vessel in question.
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ties as a comparative norm.  In Figure 32, the Zero-V is com-
pared to the R/V Sally Ride, the RCRV vessel recently designed 
by Glosten, the R/V New Horizon, which was just decommis-
sioned in 2015, the R/V Hugh R. Sharp, and to the R/V Robert 
Gordon Sproul which is nearing its retirement.  The properties 
of these other vessels are given in comparison to the Zero-V.  
All of the diesel-fueled vessels have a superior range, which is 
a consequence of diesel fuel having ~ 4 times the volumetric 
energy density as LH2.  Apart from the range limitations of the 
Zero-V, in other aspects, the Zero-V is quite competitive with 
these other vessels, particularly with regard to the scientific 
capabilities and the number of scientists it can hold.  One 
design criterion of the Zero-V was to make a vessel that the 
scientists and crew would be comfortable in, and enjoy being 
on.  The feedback we received from the Scripps science team 
is that the Zero-V has succeeded in these regards. 

Regulatory Review
As part of this study, we wanted to establish a regulatory 
feasibility of the concept developed.  A challenge for regula-
tory review of the Zero-V design is that there are currently no 
specific and comprehensive rules governing hydrogen instal-
lations on ships. Indeed, one objective of this project was 
to promote hydrogen “technology transfer” to the maritime 
industry, and regulatory and classification societies in order 
to provide information they need for a science-based devel-
opment of maritime H2 regulations.   Such rules are currently 
the subject of development by the International Maritime 
Organization (IMO) and ship classification societies. The DNV 
GL rules for gas fueled vessels [18] and the IMO IGF code [19] 
govern gas fueled vessels, but are primarily specific to natural 
gas applications.  The DNV GL rules do have some regulations 
pertaining to hydrogen in Part 6 Chapter 2 Section 3, of  

Reference 18. 

However, these rules are by no means comprehensive.  46 
CFR are the federal regulations pertaining to design and op-
eration of US flagged vessels which and are enforced by the 
United States Coast Guard (USCG).  These federal regulations 
have no specific requirements for hydrogen fuel applica-
tions.  Due to the lack of a comprehensive rule set, DNV GL 
and USCG have both indicated that the design would need to 
be developed as an alternative design approach whereby the 
equivalency of the vessel safety, reliability and dependability 
to that of a conventional oil-fueled vessel would need to be 
demonstrated.  This approach requires a significant and time-
consuming level of analysis that is well beyond the scope of 
this feasibility study.

In order to provide some basis for the design of the ves-
sel, it was decided that the design would be developed for 
compliance with the DNV GL Rules for Classification: Ships 
with specific attention to Part 6 Chapter 2 Section 3, Fuel 
Cell Installations and Part 6 Chapter 2 Section 5, Gas Fueled 
Ship Installations as well as the IMO IGF Code Part A-1.  While 
these rules are primarily for natural gas installation, they are 
considered to provide a reasonable baseline level of require-
ments for hydrogen fuel as well because the properties of 
hydrogen and natural gas are similar.  There is the expecta-
tion that there will be additional requirements for hydrogen 
that will evolve as the rules are developed or as requirements 
become evident from rigorous risk analysis of a hydrogen 
fuel design.  In addition to these rules, the general require-
ments of the vessel were developed from 46 CFR Subchapter 
U (USCG rules for oceanographic research vessels).

With the understanding of the aforementioned limitations 
of the available rules, the basic Zero-V design was submitted 
independently to both the US Coast Guard and DNV GL for 
review.  The goal of these regulatory reviews was to identify 
any regulatory or safety areas of concern given consideration 
of the fundamental design, the physical and combustion 
properties of hydrogen, and the current state-of-the-art in 
PEM fuel cell technology. The following documents were 
provided.

uu General Arrangement

uu Preliminary Hazardous Zone Plan

uu Electrical One-Line Diagram

uu Concept Gas System Architecture

uu Draft Design Study Report (including fire safety sys-
tems)

Figure 33:  Design Spiral for Vessels, reproduced from Reference 20.  
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As a project partner, DNV GL also was involved in discussions 
with Sandia, which focused on the physical and combustion 
properties of LH2 and gaseous hydrogen, ventilation strate-
gies for the fuel-cell spaces and for refueling operations, and 
other technical topics.  

Both USCG and DNV GL provided review comments that are 
included in Appendix G.  In general, the response from both 
reviewers was that while additional development would be 
necessary to gain approval as an alternative design, there 
were no identified fundamental or “show-stopping” concerns 
that would prevent eventual deployment of the Zero-V.  
Furthermore, DNV GL provided a conditional approval in 
principle (CAIP) for the Zero-V design, which is also provided 
in Appendix G. 

Future Technical Work Required 
Before Full Class and USCG 
Approval and Vessel Construction
The vessel design process is often described as a design 
spiral, as depicted in Figure 33, reproduced from Reference 
[20].  The project starts at the outside of the spiral and works 
around through the vessel requirements, design and perfor-
mance. Each trip around the spiral takes the outcomes of the 
prior and refines them.  In such a manner the project works 
inward through the spiral in ever increasing detail and rigor 
until the final design is achieved.

The Zero-V project, to provide a very fundamental design 
basis as an evaluation of the feasibility of a hydrogen fuel cell 
research vessel, represents the first trip around the design 
spiral.  From this feasibility design, there is significant amount 
of additional work that is required to flesh out and refine the 
design especially in the areas peculiar to the gas system and 
the trimaran design in order for the vessel to achieve an un-
conditional (full) AIP and to receive full approval by the USCG.  

A key step to moving the project forward is to conduct a risk 
assessment of the gas systems.  Because the vessel must be 
developed and reviewed under the regulatory framework of 
an alternative design, both the USCG and classification societ-
ies will require a comprehensive and detailed risk assess-
ment of gas systems and related fire and safety systems to 
demonstrate an equivalent level of operability and safety to a 
conventional oil fueled vessel.  The first step of this is a com-
prehensive design of the systems.  Following this, a hazard-
identification (HAZID) workshop involving major project and 
regulatory stakeholders would need to be held to identify 
potential risks and hazards.  This would likely result in many 
specific areas requiring further analysis to further asses the 
level of risk.  It is anticipated that at a minimum the following 
analyses would be required:

Failure modes and effects analysis (FMEA) of the gas system, 
fuel cells, propulsion electrical/control systems, gas detection 
systems, fire detection systems, ventilation systems, fire sup-
pression systems, and emergency shutdown systems.

Gas dispersion modeling of gas releases from the vent mast 
and leaks in enclosed spaces (i.e. fuel cell rack, Fuel Cell 
Room, tank connection space), and in the weather, including:

uu Explosion analysis of the Fuel Cell Room.

uu Probabilistic damage assessment of gas system.

uu Fire risk assessment especially in way of the storage 
tanks.

A refined assessment of the ability of the Zero-V to meet the 
Scripps mission requirements would be needed, particularly 
to understand the vessel speed and range.  Computational 
Fluid Dynamics (CFD) analysis of resistance is important along 
these lines because of the limited availability of parametric 
resistance estimation methods for trimarans, especially in 
low Froude number operating regimes.  A comprehensive 
CFD study would provide improved confidence in resistance 
predictions as well as a more comprehensive understanding 
of the impact of hull form features, such as hull spacing, on 
the vessel resistance. In addition, to better define the sea-
keeping performance of the vessel, a computation seakeep-
ing analysis would be required.  In this analysis, a geometric 
model of the vessel will be analyzed in a seakeeping analysis 
software package to establish the expected vessel motions 
in a variety of sea states and to compare these motions to 
operation criteria.

Additionally, CFD could be used to optimize the hull form.  

Figure 34: Robin Madsen (Glosten) presents results of the Zero-V study 
to facility at The Scripps Institution of Oceanography. 
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Because the fuel storage capacity is a large driver in the 
vessel design, minimizing resistance of the vessel is particu-
larly critical for the Zero-V.  In several Glosten vessel design 
projects, including research vessels, hull form optimization 
studies have been conducted using CFD.  In these studies, 
the geometry of a parent hull form is manipulated within 
imposed constraints to seek a reduction in resistance.  In past 
projects hull form optimization has resulted in resistance 
reductions of as much as 15%.   

A structural design is required to take the design to the next 
phase of development.  Because the hull structure is a signifi-
cant driver of both the vessel weight and construction cost, 
developing a comprehensive hull structural arrangement 
would greatly improve accuracy of both the weight and cost 
estimates.

This feasibility study only examined vessel systems that are 
directly affected by or unique to the use of hydrogen fuel and 
fuel cells.  Additionally, these systems were only examined at 
a high level to assess feasibility, not to develop the full system 
details that would be required for vessel construction.    To 
take the vessel design forward, all vessel systems would 
require a preliminary level of design to develop the system 
requirements and sizing.  Additionally, optimization of the 
energy efficiency to minimize the ship service electrical loads 
of the vessel will be very important for the Zero-V.  Through 
a rigorous focus on reducing electrical energy use, it may be 
possible to realize significant improvement in range or reduc-
tion in required fuel storage tank size.

Zero-V Feedback Meeting 
at the Scripps Institution of 
Oceanography, San Diego, CA. 

On September 28, 2017 two meetings were held at the 
Scripps Institution of Oceanography to present the Zero-
V project results to the Scripps science community (in the 
morning) and to the Scripps research vessel operations staff  
(in the afternoon).  Each meeting began with a summary 
presentation of the feasibility results, followed by a question 

Figure 36:  (L-R), Hans-Christian Koch Wintervoll and Gerd-Michael 
Wursig present the DNV GL Conditional Approval in Principal to Lennie 
Klebanoff and Robin Madsen.  

Figure 35:  Attendees at the Final 
Project Report Out of the Zero-V 
Project to the U.S. DOT Maritime 
Administration on November 
28, 2017. (L-R):  Gerd-Michael 
Wursig (DNV GL), Tim Meyers 
(USCG), Tom Escher (Red and 
White Fleet), Thane Gilman 
(USCG), Robin Madsen (Glosten), 
Lennie Klebanoff (Sandia), Bruce 
Appelgate (Scripps), Zoltan Kelety 
(Scripps), Joe Pratt (Sandia),  John 
Miller (USCG), Hans-Christian 
Koch-Wintervoll (DNV GL), James 
Carter (USCG), Anthony Teo (DNV 
GL) and Tom Thompson (MARAD).
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and answer session, and 
lasted approximately 2 
hours each. 

For the morning meet-
ing, beginning at 
9:00am, there were 18 
in attendance, including 
representatives of the 
Scripps science staff, 
Lt. William Hawn from 
the U.S. Coast Guard as 
well as a representa-
tive from Clean Cities 
organization of San 
Diego.  Sujit Ghosh 
from MARAD attended 
by telephone.  These 
questions followed a 

Zero-V summary presentation given by Bruce Appelgate, Len-
nie Klebanoff, Robin Madsen and Sean Caughlan, as shown in 
the Figure 34. 

At 3:00 pm in the afternoon, a presentation was given to the 
Scripps operations staff.  There were 16 in attendance, in-
cluding Scripps operations staff, Mike Prince from Moss Land-
ing Marine Laboratories, Ryan Sookhoo from Hydrogenics, 
Joe Pratt from Sandia and a representative from Clean Cities 
San Diego. Appendix H gives a full account of these meetings 
and the questions and answers that were discussed. 

 
 

Zero-V Final Project Reporting 
to the U.S. Department of 
Transportation Maritime 
Administration (MARAD), 
Washington D.C.
The findings of the Zero-V project were reported on Novem-
ber 28, 2017 at the Washington D.C. headquarters of the 
U.S. Department of Transportation, Maritime Administration 
(MARAD).  Attendees included representatives from Sandia 
National Laboratories, Glosten, the Scripps Institution of 
Oceanography, DNV GL, the U.S. Coast Guard, the Red and 
White Fleet, and MARAD.  A picture of the attendees is shown 
in Figure 35.

After introductions, Bruce Appelgate described the roles that 
research vessels play in ocean science, Scripp’s need for a 
new research vessel, the desire for zero emissions, and a 
description of the science missions that the Zero-V would be 
required to execute.  The Scripps presentation was followed 
by Lennie Klebanoff (Sandia) presenting the origin of the 
Zero-V project and summarizing briefly the physical and com-
bustion properties of hydrogen and PEM fuel cell technology. 
With this introductory material established, Robin Madsen 
from Glosten gave an in-depth report out on the design, 
performance, noise level, well-to-waves CO2(eq.) and criteria 
pollutant emissions, capital and O&M costs for the hydrogen 
fuel-cell Zero-V research vessel.  

Following a break, Lennie Klebanoff summarized the two 
technical feedback meetings that were held at Scripps on 
September 17, 2017 in La Jolla California.  The morning meet-
ing engaged the Scripps science community (morning meet-
ing) for feedback, wheras the Scripps operations staff was 
engaged in the afternoon.  

The meeting then turned to the regulatory review and ap-
proval for the Zero-V. Hans-Christian Koch-Wintervoll pre-
sented the process that DNV GL used to examine the Zero-V, 
a process that led to their issuing a conditional approval in 
principle (CAIP) for the vessel.   Hans-Christian, Gerd-Michael 
Wursig and Anthony Teo (all DNV GL) presented a copy of 
the CAIP Letter to Lennie Klebanoff and Robin Madsen, in 
recognition of attaining that project milestone, as shown in 
Figure 36.

The DNV GL presentation was followed by an analogous pre-
sentation by Tim Meyers of the USCG (Figure 37), describing 
the USCG review of the Zero-V.  

Importantly, after reviewing detailed schematics, renderings 
and supporting material, neither the USCG nor DNV GL found 

Figure 38:  Michael Carter (center) of MARAD describes the current 
state of MARAD funded programs and directions of further interest.

Figure 37:  Tim Meyers (L) of the USCG 
presents results from the USCG review 
of the Zero-V.  Tim is being assisted by 
David Palacios of MARAD (R).
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any “show-stopping” problems with the use of hydrogen fuel 
cell technology onboard a research vessel, as represented 
by the Zero-V. Both DNV GL and Coast Guard also concluded 
that a more detailed vessel design (suitable as a basis for con-
struction) would be required for the next step in the approval 
process, called an unconditional Approval in Principal from 
DNV GL, or a Design Basis Letter from U.S. Coast Guard. 

After lunch, there was a discussion led by Scripps on what the 
“next steps” were for the Zero-V, with the goal of taking the 
vessel from a feasibility study to a real vessel on the water. 
Finally, Michael Carter from MARAD provided an update of 
the budget situation at MARAD, and future technical areas of 
interest as shown in Figure 38.
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Appendix: A 
IJHE Article on the Safety and 
Combustion Properties of LH2 
Compared to LNG

Presented here is a paper published in the Internation-
al Journal of Hydrogen Energy (IJHE) that compares 
and contrasts the physical and combustion properties 
of LH2 in comparison to LNG. The article is referenced:  

“Comparison of the Safety-related Physical and Combustion 
Properties of Liquid Hydrogen and Liquid Natural Gas in the 
Context of the SF-BREEZE High-Speed Fuel-Cell Ferry,” L.E. 
Klebanoff, J.W. Pratt and C.B. LaFleur, International Journal of 
Hydrogen Energy 42, 757 (2017).

Comparison of the Safety-
related Physical and Combustion 
Properties of Liquid Hydrogen 
and Liquid Natural Gas in the 
Context of the SF-BREEZE High-
Speed Fuel-Cell Ferry

L.E. Klebanoff,1,* J.W. Pratt1 and C.B. LaFleur2

1Sandia National Laboratories, Livermore CA 94551

2Sandia National Laboratories, Albuquerque, NM 87185

*Author to whom correspondence should be addressed

Abstract
We review liquid hydrogen (LH2) as a maritime vessel fuel, 
from descriptions of its fundamental properties to its prac-
tical application and safety aspects, in the context of the 
San Francisco Bay Renewable Energy Electric Vessel with 
Zero Emissions (SF-BREEZE) high-speed ferry.  Since marine 
regulations have been formulated to cover liquid natural gas 
(LNG) as a primary propulsion fuel, we frame our examina-
tion of LH2 as a comparison to LNG, for both maritime use 
in general, and the SF-BREEZE in particular.  Due to weaker 
attractions between molecules, LH2 is colder than LNG, and 
evaporates more easily. We describe the consequences of 
these physical differences for the size and duration of spills of 
the two cryogenic fuels.  The classical flammability ranges are 

reviewed, with a focus on how fuel buoyancy modifies these 
combustion limits.   We examine the conditions for direct fuel 
explosion (detonation) and contrast them with initiation of 
normal (laminar) combustion. Direct fuel detonation is not a 
credible accident scenario for the SF-BREEZE.   For both fuels, 
we review experiments and theory elucidating the deflagra-
tion to detonation transition (DDT).  LH2 fires have a shorter 
duration than energy-equivalent LNG fires, and produce 
significantly less thermal radiation.  The thermal (infrared) 
radiation from hydrogen fires is also strongly absorbed by 
humidity in the air.  Hydrogen permeability is not a leak issue 
for practical hydrogen plumbing.  We describe the chemistry 
of hydrogen and methane at iron surfaces, clarifying their im-
pact on steel-based hydrogen storage and transport materi-
als.   These physical, chemical and combustion properties are 
pulled together in a comparison of how a LH2 or LNG pool fire 
on the Top Deck of the SF-BREEZE might influence the struc-
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tural integrity of the aluminum deck. Neither pool fire sce-
nario leads to net heating of the aluminum decking.  Overall, 
LH2 and LNG are very similar in their physical and combustion 
properties, thereby posing similar safety risks. For ships utiliz-
ing LH2 or LNG, precautions are needed to avoid fuel leaks, 
minimize ignition sources, minimize confined spaces, provide 
ample ventilation for required confined spaces, and to moni-
tor the enclosed spaces to ensure any fuel accumulation is 
detected far below the fuel/air mix threshold for any type of 
combustion. 

Introduction
Keller et al. [1] have provided a compelling argument that if 
we are going to solve our fuel resource insecurity, political 
energy insecurity and environmental sustainability problems 
that accompany our current fossil-fuel-based energy infra-
structure, we as a civilization are going to need to turn to 
hydrogen.  For significant environmental benefits, particularly 
reduction of greenhouse gas (GHG) emissions, the hydrogen 
will need to be produced by renewable methods with mini-
mal (close to zero) pathway GHG emissions. One can define 
a zero-carbon energy solution as an energy system in which 
there is no net release of CO2 or other GHGs into the atmo-
sphere, either at the point of technical use, or along the path 
used to produce the fuel.   Unless we have a new transporta-
tion technology with emissions reductions approaching 80% 
or more,  the emission reductions will not be robust against 
growth in either population, or growth in the intensity with 
which technology uses energy [1].  While use of fossil-based 
hydrogen allows the introduction of the hydrogen-based 
power conversion technology [2], ultimately, renewable hy-
drogen is required.   The time-scales for technological change 
and the  ~ 50-year horizon associated with our limited fossil 
fuel resources indicate that we have to start the conversion 
to a renewable hydrogen technology now, and we need to be 
going much faster than we are [1].

As reviewed by Klebanoff et al. [2], high efficiency hydrogen 
energy conversion devices that convert hydrogen into electri-
cal or shaft power are powerful drivers for hydrogen technol-
ogy.  These conversion devices include hydrogen internal 
combustion engines (ICEs), both spark ignition and turbine 
hydrogen engines, along with hydrogen fuel cells [2]. Proton 
Exchange Membrane (PEM) fuel cells in particular are already 
finding use in the first fuel cell vehicles, portable power, 
backup power, material handling equipment and fuel cell 
mobile lighting [2].  The use of hydrogen fuel cell technology 
for maritime applications is currently being considered. 

The San Francisco Bay Area Renewable Energy Electric Vessel 
with Zero Emissions (SF-BREEZE) is a conceptual high-speed 
hydrogen fuel cell ferry designed for commercial use in the 

San Francisco Bay.  The SF-BREEZE combines renewable 
liquid hydrogen (LH2), PEM fuel cell technology, and a cata-
maran hull design to provide high-speed ferry service for 
150 passengers at 35-knot top speed.  The feasibility of such 
a vessel has been proven in a project funded by the Mari-
time Administration (MARAD) within the U.S. Department 
of Transportation.  The technical and economic feasibility 
of the vessel, its initial design, as well as the extent to which 
new maritime regulations will be required to permit safe use 
of hydrogen fuel cell technology in the ferry application are 
reported elsewhere [3].   

During the project, we analyzed the use of LH2 onboard 
the SF-BREEZE with a focus on safety.  Another cryogenic 
fuel, liquid natural gas (LNG), has found increased use as a 
primary propulsion fuel for maritime vessels. Since maritime 
regulations have been formulated to cover LNG use as a 
primary propulsion fuel, it was natural that our examination 
of the safe use of LH2 as a primary fuel for ferries be couched 
as a comparison to LNG, for both the maritime environment 
generally, and specifically for the SF-BREEZE.   This compari-
son required pulling information from many sources in order 
to form a complete picture of the differences between LH2 
and LNG as practical maritime fuels. Here we review both 
the physical and chemical nature of these fuels that impact 
safety, as well as the very different character of the fires 
derived from burning LH2 and LNG.   We supplement this 
existing information with new analyses that shed additional 
light on the uses of LH2 and LNG in marine applications.

It is timely to compare and contrast the physical and combus-
tion properties of LH2 and LNG.  In 1978, Hord provided [4] 
an excellent and comprehensive comparison of the safety 
properties of hydrogen and methane (the primary constitu-
ent of NG), with both fuels being compared to gasoline. In 
1981, Donakowski [5] assessed LH2 and LNG physical and 
combustion properties with regard to safety. Also in the early 
1980’s NASA sponsored separate work by Lockheed and 
the Arthur D. Little Company to investigate hydrogen-fueled 
commercial aircraft. Both studies involved technical and 
safety comparisons between LH2, LNG and conventional jet 
fuel (Jet-A) in their use as primary aviation fuels.  Brewer has 
published the results of the Lockheed work in both journal [6] 
and book [7] form.  The results of the A.D. Little study were 
summarized in several NASA reports in 1960, 1964 and 1982 
[8 - 10].  The comparative properties of LH2 and liquid meth-
ane (LCH4, often considered a conceptual substitute for LNG) 
for aviation were later reviewed by Contreras and co-workers 
in 1997 [11], who also reviewed some subsequent designs for 
LH2 aircraft conceived by the Airbus consortium and Boeing.   
In many ways, hydrogen use in aircraft is similar to its use 
in high-speed ferries, as both aircraft and high-speed water-
craft are very weight-sensitive applications, favoring storing 
hydrogen on-board as a liquid.  Safety comparisons between 
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compressed natural gas and compressed hydrogen as auto-
motive fuels were reported by Karim in 1983 [12].  

Since these prior comparisons, there has been significant 
progress in elucidating the combustion properties of hy-
drogen, particularly with regard to the effects of buoyancy 
and turbulent mixing on combustion and the “deflagration 
to detonation transition” (DDT). Advanced modeling studies 
have also clarified how cryogenic fuels spread and vaporize 
when spilled on the ground or other surfaces.  In addition, 
there have been a couple of decades of further experience 
handling LH2 and LNG, and development of associated codes 
and standards.  Here we provide an updated review with 
these new developments, with a focus appropriate for the 
comparison of LH2 and LNG in maritime applications gener-
ally, and for the specific case of the SF-BREEZE.  

Design of the SF-BREEZE as 
a Model of Hydrogen Use in 
Maritime Applications
Figure 1 displays engineering models of the SF-BREEZE [3]: 
The Top Deck holds a cylindrical 1200 kg capacity LH2 tank, 
with enough hydrogen for 4 hours of continuous operation.  
A desire to refuel only a couple of times per day drives the 
1200 kg capacity specification.  The high-speed (35 knots) 
requirements of the design requires the lightest method of 
storing 1200 kg of hydrogen, namely LH2 storage in a DOT-
approved double walled cryogenic tank.  The fuel cell racks 
are located on the Main Deck, adjacent to the passenger 
compartment.  The fuel cells are of the PEM variety, selected 
for their fast turn on, minimal weight, commercial availability, 

established track record and ability to run on pure hydrogen. 
LH2 is typically 99.9995% pure, which is better than the speci-
fication for hydrogen fuel purity required for PEM fuel cell 
vehicles (> 99.99 %) documented in SAE J2719.  

Unlike hydrogen derived from LH2, LNG is a mixture with 
composition that varies depending on place of origin. LNG 
is typically ~ 93% methane, ~ 5% ethane, with the balance 
being propane, butane, nitrogen and other trace gases.  The 
percentage of methane runs from 87% to 96% depending on 
source [13].  While in some cases the approximation is made 
that the physical and combustion properties of LNG can be 
fairly represented by those of liquid methane (LCH4), it is 
worth noting that the composition variations do have observ-
able effects (typically modest) on the combustion properties 
[14] and the net GHG emissions associated with LNG combus-
tion [13].  The fact that LNG consists of a mixture introduces 
the phenomenon of compositional “stratification” whereby 
density and temperature differences arising from the mixture 
can lead to increased local vaporization (called rollover) [15].

 Physical Properties of Hydrogen 
and Methane
Gaseous State
Hydrogen is the lightest gas, with a density of 0.08376 kg/
m3 at normal temperature and pressure (NTP), 293.15 K, 1 
atmosphere pressure.  Methane is considerably heavier, 
with a density at NTP of 0.65119 kg/m3.  Both gases at NTP 
are more buoyant than air, which has a NTP density of 1.204 
kg/m3.  It is generally not possible to accurately specify the 
“rising velocity” of a practical hydrogen or methane release, 

because the terminal rising velocity is 
established as a balance of the buoyant 
force (pointed up), gravitational force 
(pointed down), and the atmospheric drag 
(pointed down) on the gas volume as it 
rises.  The atmospheric drag depends on 
the shape and cross-sectional area of the 
released gas volume, which in practical 
releases is unknown and can depend on 
the initial conditions of the release, turbu-
lence and wind conditions. Furthermore, 
the density of air depends on relative 
humidity.  To give a sense of the relative 
rising rates for hydrogen and methane 
at NTP for spherical volumes of released 
gas in the absence of wind or turbulence, 

Figure 1:  Engineering Models of the SF-
BREEZE. The Top Deck holds the LH2 storage 
tank, the associated vent stack, evaporation 
equipment, and the Pilot House of the vessel. 
The Main Deck holds the PEM fuel cell power 
racks and the passenger compartment. 
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we show in Figure 2 a plot of the terminal rising velocity in 
air (under these assumptions) for both gases as a function of 
the sphere radius. For the hydrogen fuel complement of the 
SF-BREEZE (1200 kg), this mass of hydrogen would, at NTP, 
occupy a sphere with radius 15.07 m, with a terminal rising 
velocity of 27.92 m/s.  The same mass of methane would 
occupy a sphere of radius 7.61 m with terminal rising velocity 
of 13.93 m/s.  Clearly, hydrogen is significantly more buoyant 
than methane, although both rise quickly in air at NTP.

Being a homolytic diatomic molecule, hydrogen has no dipole 
moment, and vibrations of the molecule cannot produce 

charge separation along the bond axis. Consequently, hy-
drogen does not interact with infrared radiation, and is not 
a greenhouse gas.  In contrast, since methane is a hetero-
lytic molecule with different elements bonded together, the 
bonds are inherently polar, and stretches and bends of C-H 
bonds produce charge fluctuations that can couple to infra-
red electromagnetic radiation. This character makes methane 
a potent greenhouse gas, ~ 23 times more capable of trap-
ping heat in the atmosphere than CO2.   This fundamental 
difference between hydrogen and methane makes methane 
leaks from LNG infrastructure  a serious concern from envi-
ronmental, safety and economic perspectives, whereas leaks 
from a hydrogen infrastructure raise safety and economic 
concerns without environmental impact. 

Liquid State
A defining characteristic of molecular hydrogen is the very 
weak attractive van der Waals interactions between H2 
molecules.  The intermolecular attractions between H2 mol-
ecules are weaker than those between CH4 molecules, which 
explains the lower boiling temperature for LH2 compared 
to LCH4 (LNG).  The normal boiling point for hydrogen is 20 
K; the normal boiling point for LCH4 is 111 K.  An important 
consequence for the difference in boiling points is that liquid 
methane (at its boiling point) cannot liquefy air, whereas LH2 
can liquefy air, whose components N2 and O2 condense at 
77.3 K and 90.2 K, respectively.  These atmospheric gases 
can also solidify when exposed to LH2, as the melting points 
for solid N2 and solid O2 are 63.3 K and 54.8 K, respectively.  
The potential for liquefying or solidifying air introduces 
safety concerns arising from clogging hydrogen lines with 
condensed air, as well as concerns about reactivity stem-
ming from condensed oxygen.  As a practical matter, these 
air condensation issues are routinely handled in LH2 fueling 
operations by purging the LH2 plumbing lines with hydrogen 
or helium (more typically hydrogen due to its availability at 
the site and lower cost).  

The weak intermolecular attraction between H2 molecules, 
combined with hydrogen’s low mass, makes LH2 a low-density 
fluid. The density of LH2 is 71 g/L at its normal boiling point 
(NBP) of 20 K at 1 atmosphere pressure.  The density of LCH4 
at its NBP of 111 K at 1 atmosphere pressure is 422 g/L.  For 
comparison, the density of liquid water is 1000 g/L.  For the 
same amount of stored energy, LH2 has 0.38 times the mass 
of LCH4, but has 2.4 times the volume.

Both hydrogen and methane are less dense than air at room 
temperature and pressure.  An important safety-related 
question is: when these liquids evaporate, producing either 
cold hydrogen gas at 20 K, or cold methane gas at 111 K, 
how much do these gases have to warm before they become 
more buoyant than ambient air?  If we assume that for small 
leaks, the ambient air is not cooled too much and remains 
near NTP, then hydrogen will become more buoyant than 
NTP air (with density 1.204 kg/m3)  at 22.07 K [16].  In other 
words, hydrogen release from LH2 need only warm up by ~ 
2 K in order to become more buoyant than air at NTP condi-
tions. In contrast, methane needs to warm up 53.3 K, from 
111 K to 164.3 K, before its gas-phase density equals that of 
NTP air [16]. As a result, when LCH4 evaporates at 111 K, the 
cold methane gas stays non-buoyant for significantly longer 
times than does LH2.   Both LH2 and LNG at their NBP expand 
considerably when warmed to NTP.  The volume expansion 
factor for hydrogen is 847.6 and that for methane is 648.0 
when a given mass is warmed from the NBP to NTP.

Figure 2:  The terminal rising velocity for spherical volumes of 
hydrogen and methane in air at NTP (293.15 K, 1 atmosphere 
pressure).  The figure uses NTP gas densities of 1.204 kg/m3 for air, 
0.08376 kg/m3 for hydrogen and 0.65119 kg/m3  for methane.  
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Cryogenic Spills
The weak intermolecular attractions between hydrogen mol-
ecules leads to the enthalpy of vaporization ΔHvap of LH2 being 
only 0.92 kJ/mole, 9.2 times less than that of LCH4, whose 
ΔHvap value is 8.5 kJ/mole [17].  For comparison, the ΔHvap of 
liquid water is 40.66 kJ/mole, due to the strong hydrogen 
bonding found between water molecules. The extraordinarily 
low ΔHvap value for hydrogen has important consequences 
for its use as a fuel and its behavior during spills.  For equal 
amounts of stored energy (to be discussed), LH2 takes 3 times 
less thermal energy to evaporate than LCH4. Thus, in a spill, 
LH2 will cool surrounding surfaces much less than a LCH4 
(LNG) spill.  This is an important consideration for structural 
elements of a ferry, as mild ferritic steels can undergo brittle 
fracture when exposed to cryogenic temperatures [18].  The 
Top Deck of the SF-BREEZE is made of aluminum, which does 
not suffer brittle fracture [19].    

We have analyzed the effect of spilling the entire 1200 kg 
LH2 fuel complement onto the Top Deck of the SF-BREEZE, 
although we note that since the cryogenic tanks designed for 
LH2 have no history of catastrophically failing in this way, the 
U.S. Coast Guard does not consider such a spill a credible ac-
cident scenario. In such a spill, the SF-BREEZE Top Deck, with 
area 162.65 m2, thickness 0.794 cm and mass 3483 kg would 
be cooled from 298 K to 168 K.  The cooling of the aluminum 
deck is deeper if LCH4 is spilled, due to the significantly higher 
ΔHvap value of 8.5 kJ/mole.  For the same Top Deck, spilling an 
energy-equivalent mass of LCH4 (3198 kg) cools the Top Deck 
from 298 K to 111 K.  Thus, due to the higher ΔHvap value for 
methane, spills of LCH4 will produce deeper reductions in 
temperature of structural items than spills of LH2. The chem-
istry and physics of how LH2 and LNG behave when spilled 
are important for understanding not only thermal effects on 
the surroundings, but also the behavior of such pools if their 
vapors are ignited (so called “pool fires.”)   We will return to 
this topic later when we discuss the nature of pool fires in the 
maritime application.

The A.D. Little Company [10] performed an early comparison 
of LH2 and LNG (LCH4) in the context of cryogenically fueled 
commercial aircraft.  This work concentrated on the com-
bined problem of fluid flow when in contact with the ground 
along with ignition.   Witcofski and Chirivella at NASA Langley 

[20] conducted the first large-scale spill tests of LH2 in the 
absence of ignition, with a focus on the measured  hydrogen 
content of vapor clouds at varying distances from the pool 
spill.  This NASA work motivated subsequent work on predict-
ing the duration and physical extent of LH2 spills, as well as 
those of other cryogens including LCH4.  Verfonden and Dien-
hart performed pioneering model studies of the NASA experi-
ments and conducted controlled spill tests focusing on the 
extent and duration of LH2 spilled onto water and aluminum 
[21, 22], two surfaces very relevant for the SF-BREEZE applica-
tion. These workers also developed a mathematical model 
called LAuV to address the relevant phenomena involved in 
cryogenic pool spreading and vaporization.  The LAuV model 
predictions for pool radius and duration received prior valida-
tion by comparison with LNG pool spreading experiments. 

The NASA spill tests did not emphasize the size and duration 
of the LH2 pool, but one spill trial did provide data that a spill 
of 5.7 m3 (404.7 kg) of LH2 produced a maximal radius of 2 - 3 
meters and the entire pool evaporated within 5 seconds after 
cessation of active spilling (which occurred after 38 seconds). 
Verfonden and Dienhart’s model of this spill test predicted a 
LH2 radius of 6.5 m, and excellent agreement with the dura-
tion data [21, 22]. These foundational studies point to LH2 
spills having very short durations and relatively small physi-
cal extents, both attributable to the high vaporization rate 
produced by the low ΔHvap value.  Heat conduction from the 
ground is the dominant contributor to evaporation of spilled 
pools of cryogenic liquids [21, 22].  

The LAuV model gave an excellent account of the controlled 
LH2 spill tests on both water and aluminum [21, 22].   Experi-
mentally, the duration of the pool was determined mostly by 
the practical speed at which LH2 could be physically spilled, 
which was 62 seconds in these tests. For example, for 0.31 m3 
(22.0 kg) of LH2 spilled on water, the observed and calculated 
pool radii were both ~ 0.6 m, and the model predicted the 
pool completely evaporated at 62.9 seconds, within 1 second 
of completion of fuel spill.  Spills onto water had a larger 
radius (0.6 m vs. 0.4 m) than those on aluminum due to ice 
formation and the subsequent poorer heat transfer to the 
LH2 pool.  Overall, spill results on water or solid surfaces were 
comparable in size and duration.  

Table I:  Predicted Size and Duration of Instantaneous LH2 and LNG Spills from LAuV Model, from Reference [21]. 
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The LAuV model was also used to predict the pool radii and 
vaporization times (duration) for 40 m3 instantaneous spills of 
the LH2 and LNG (modeled as 87% methane and 13% pro-
pane) on solid ground.  Table I summarizes these results [21]. 

It is clear from Table I that due to the exceptionally low ΔHvap 
value, LH2 spills are very short duration events.  Using the 
duration and size predictions in Table I for 2,840 kg of LH2 as 
a basis for linear interpolation to 1200 kg, we estimate for the 
SF-BREEZE that if the entire 1200 kg contents of the LH2 tank 
instantaneously spilled onto the Top Deck, the cryogenic pool 
would last ~ 6 seconds and spread to a maximal radius of ~ 8 
meters.

More recently, theory was extended to account not only for 
the dimensions of the LH2 pool, but also for the composition 
of the vapor phase immediately above the pool.  Middha 
and co-workers [23] used a 3-D computational fluid dynam-
ics (CFD) code named FLACS to simulate the NASA and the 
Verfonden and Dienhart experiments for both pool formation 
and hydrogen content in the air above the pool and down-
range.  The FLACS and LAuV models were in general agree-
ment with each other with regard to pool formation (radius, 
duration), although the FLACS model had higher evaporation 
rates and smaller pool radii due to the inclusion of thermal 
effects other than ground conduction.  The FLACS model gave 
a reasonable account (with factors of 2) of the gas disper-
sion data that was available.  The FLACS model did not take 
into account possible gas-phase complications such as the 
condensation of air components (oxygen, nitrogen) in the 
hydrogen cloud or perhaps N2 and O2 freezing very close to 
the LH2 pool, or in the pool itself. Condensation or freezing of 
atmospheric water was not included the FLACS model studies 
[23].  The condensation/freezing of atmospheric components 
(water, O2, N2) is at the edge of the state-of-the-art in theoreti-
cal modeling of spilled cryogenic pools. 

Two other physical phenomena need to be described for hy-
drogen use in maritime applications:  hydrogen permeation 
and hydrogen embrittlement.  

Permeation
Hydrogen permeation arises from the dissociation of mo-
lecular hydrogen at metal and oxide surfaces into hydrogen 
atoms, and the subsequent diffusion of hydrogen atoms 
through materials involved in hydrogen storage and plumb-
ing lines.  Hydrogen atoms produced in this way can also lead 
to hydrogen embrittlement, which is a very important phe-
nomenon in materials science.  Many misinterpret hydrogen 
permeation (even in the absence of embrittlement) as a leak 
risk.  The concern is that hydrogen diffusing through tubing 
and other fittings can pass though the material and exit as 
hydrogen gas, thereby constituting a leak.  

Permeation as a source of leaking is not an issue for the 
practical performance of tubing, valves or other hardware 
because the quantities of gas exiting in this way are infinitesi-
mal. San Marchi, and co-workers have described hydrogen 
permeation in stainless steels at high pressure [24], reviewing 
the fundamental thermodynamics and kinetics of hydrogen 
permeation, diffusion and solubility in a material supporting 
a hydrogen pressure differential.  Hydrogen permeation is 
defined as the product D•K, where D is the diffusivity and K 
is the equilibrium constant for hydrogen dissolving from the 
gas phase into a material.  We now assess hydrogen dissolu-
tion, permeation and diffusion in metals as a leak risk using 
experimentally determined values for solubility and diffusion 
in steel alloys [24].  

We ask the question:  “If the entire 1200 kg fuel complement 
of the SF-BREEZE LH2 tank were vaporized to room tempera-
ture, and compressed to 150 psi (the maximal pressure to 
be found anywhere on the SF-BREEZE), what would the rate 
of hydrogen diffusion be through 1/16” thick 300 series (304, 
316) stainless steel?”  This corresponds to the maximal hy-
drogen permeation conditions (highest temperature, highest 
pressure, smallest hardware wall thickness) that could exist in 
the SF-BREEZE hydrogen-fueling manifold.  Studies show the 
solubility, permeation and diffusion of hydrogen in 304 and 
316 alloys are the same to within experimental accuracy [24].   
If one takes the entire 1200 kg of hydrogen, vaporizes it to 
room temperature, and enclosed it in a spherical 316 con-
tainer and compressed the gas to 150 psi, the sphere would 
have a radius of 7.0 m.  Assuming a 1/16” wall thickness for 
the sphere, we can calculate the rate of passage of hydrogen 
from the interior of the sphere to the exterior, exiting the 
sphere as hydrogen gas “leaking” across its entire external 
surface area.   Under these circumstances, the flux of hydro-
gen out of the sphere in steady state would be 1.56 x 10-9 

moles/s.  Hydrogen diffusion is a thermally activated process, 
and drops off drastically as the temperature is lowered.  At 
200 K, the rate of flux would be 1.13 x 10-14 moles/s, which 
shows how dramatically this thermally activated process is 
reduced for even mildly cryogenic conditions.  

This leakage rate of 1.56 x 10-9  moles/s needs context.  If one 
were to fill a classic model KS-21716  AT+T telephone booth 
(dimensions H x W x D = 211 cm x 85 cm x 85 cm) with this 
permeation leakage of hydrogen, it would take 60 years to 
reach the 4% LFL.  One might ask how much hydrogen the 
150 passengers on the SF-BREEZE are releasing.  Hydrogen is 
a well-known product of human metabolism, produced at ~ 
3 ppm levels in human respiration.  Assuming an average hu-
man lung tidal volume of 0.5 liters/breath, and a respiration 
rate of 20 breaths /minute, one can readily calculate that it 
would take 10.3 days for the hydrogen from passenger respi-
ration, directed into the KS-21716 phone booth, to reach the 
4% LFL.  This assumes of course that only hydrogen from the 
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respiration enters the phone booth.  The point of this discus-
sion is that permeation in the context of the SF-BREEZE is not 
an issue for leakage from plumbing systems such as valves, 
fittings, tubes, pipes, etc. because it is infinitesimal. Passenger 
breathing represents a vastly larger source of hydrogen.  It is 
also worth noting that welds do not strongly affect the rate 
of diffusion in metal samples, and there is some evidence mi-
croscopic defects in welds can actually act as hydrogen traps, 
slowing diffusion.  

One might reasonably ask if CH4 containment can lead to mo-
lecular dissociation, releasing hydrogen atoms into a vessel 
wall material where they can then diffuse, resulting in perme-
ation and perhaps even hydrogen embrittlement. The surface 
science of methane adsorbed on iron is very different from 
hydrogen adsorbed on iron.  In investigations both experi-
mental [25] and theoretical [26], methane bonds to iron films 
in a very weakly bound “physisorbed” state, characterized by 
thermal desorption from the surface at 130 K.  Methane does 
not adsorb to iron surfaces at room temperature. Even for 
temperatures below 130 K in which methane is bound to iron, 
there is no dissociation into hydrogen and carbon, because 
the energy barrier for breaking the C-H bonds is unfavorable 
[27].  In contrast, hydrogen is dissociated at iron surfaces as 
revealed in theoretical [27] and experimental [28] studies, 
forming bound chemisorbed H atoms that are stable at room 
temperature and desorb only if the temperature is raised to 
greater than ~ 625 K.  This basic surface science explains why 
methane does not dissociate at stainless steel surfaces (with 
majority component iron), and as a result is not a source of 
hydrogen atom production at internal natural gas plumbing 
or storage surfaces that would lead to hydrogen permeation 
or hydrogen embrittlement. 

Hydrogen Embrittlement
Hydrogen solution, permeation and diffusion, even though 
involving vanishingly small quantities of hydrogen from a 
leak perspective, are key ingredients to the phenomenon of 
hydrogen embrittlement. Hydrogen embrittlement is a signifi-
cant area of materials science, and it is beyond the scope of 
this review to cover it in a comprehensive manner.  Excellent 
reviews exist [29].  As described above, hydrogen embrittle-
ment does not exist for materials carrying LNG, NG or meth-
ane because there is no methane dissociation at the metallic 
surface.  On the other hand, hydrogen atoms produced by 
the dissociation of H2 at metallic surfaces can diffuse into the 
bulk of the material, and accumulate at defect sites in the 
presence of material strain (which all practical materials have 
to some extent).  Because of the combination of hydrogen, 
pre-existing defects and strain, hydrogen atoms can accumu-
late at defect sites, and form brittle metal hydrides such as 
FeH2 and CoH2.  If the pre-existing defect is a small crack, the 
hydriding of the surrounding metal can lead to facile crack 
growth and eventual material failure.  This is a problem for 

ferritic (body-centered cubic, bcc) steels, but not for austenitic 
(face-centered cubic, fcc) steels, or copper or aluminum.

As a practical matter, hydrogen embrittlement is circum-
vented in hydrogen technology by using 304 or 316 stainless 
steels, aluminum or copper in hydrogen storage systems and 
piping.  Decades of industrial experience show these materi-
als are robust to hydrogen embrittlement.   This materials 
choice is similar in spirit to choosing copper over iron in 
the manufacture of electrical wiring.  Copper has a higher 
electrical and thermal conductivity than iron, and using cop-
per reduces resistive losses and promotes thermal control. 
Similarly, the correct materials must be chosen for hydrogen 
service. 

The practical experience of the gas providers is that hydrogen 
embrittlement is not a maintenance issue for LH2 or other hy-
drogen plumbing (tubing, piping) when type 316 or 304 stain-
less steel materials choices are properly implemented [30].  
Like most commercial LH2 tanks, the interior liner of the LH2 
tank of the SF-BREEZE will be 304 stainless steel.  One could 
contemplate using lighter weight aluminum for the inner 
liner, but it is structurally weaker and requires using thicker 
liners (which mostly defeats the lighter weight advantage), 
and has an undesirable larger thermal conductivity which 
increases heat leak. 

Combustion Properties of 
Hydrogen and Methane

The physical properties just discussed for hydrogen and 
methane are the foundation for the discussion of the com-
bustion properties of these two fuels.  Table II provides 
values for “classic” physical and combustion properties of 
hydrogen and methane. The combustion properties are taken 
in part from Reference 31. 

Before discussing the combustion of these fuels by explicit ig-
nition sources, we consider the phenomenon where releases 
of these gases can spontaneously ignite even in the absence 
of specific ignition sources.   

Spontaneous Ignition
Dryer and coworkers [32] were among the first to recognize 
that compressed hydrogen and methane, when suddenly 
released, can undergo “spontaneous ignition.” Spontaneous 
ignition is a particular safety concern, because it represents 
an ignition pathway that can persist even if one has success-
fully removed all explicit ignition sources from the design 
of a particular application involving these fuels. A number 
of different mechanisms have been considered [33].  The 



69

evolving picture is that spontaneous ignition arises when a 
sufficiently high pressure boundary between the compressed 
gaseous fuel and surrounding (lower pressure) air results in 
a shock wave that can rapidly mix and heat fuel and oxygen, 
leading to ignition and flame propagation fed by the continu-
ing fuel release. Dryer and co-workers [32], along with other 
investigators [34], have examined spontaneous ignition as a 
function of release pressure, and downstream hardware con-
figuration, which can affect the course of the shock propaga-
tion and reactant mixing.  The results show that the tendency 
to spontaneously ignite is higher for hydrogen than methane. 
The minimum pressure for which spontaneous ignition has 
been observed, independent of downstream hardware ge-
ometry, is ~ 41 bar for hydrogen and ~ 100 bar for methane.  

While spontaneous ignition may be a concern for high-
pressure (350 bar, 700 bar) hydrogen systems, the SF-BREEZE 
employs LH2 storage of hydrogen. The highest pressure in 
the SF-BREEZE fueling system will be ~ 10 bar, which cor-
responds to the pressure relief for the LH2 tank vent.  The 
manifold inlet pressure to the PEM fuel cells will be ~7 bar.  
As a result, the overall SF-BREEZE system pressures are too 
low for spontaneous hydrogen ignition to come into play. The 
mechanistic cause of spontaneous ignition continues to be 
an active research topic.

Explicit Ignition
In order to discuss combustion caused by specific ignition 
sources, some definitions are in order:

Weak (Thermal) Ignition Sources:  Matches, sparks, hot sur-
faces, open flames with initiation energy of < 50 mJ are called 
“weak” or “thermal” ignition sources.  These are the ignition 

sources of accidents.

Strong (Shock Wave) Ignition Sources:  blasting caps, TNT, 
high-voltage capacitor shorts (exploding wires), lightning are 
all examples of “strong” ignition sources with initiation energy 
of > 4 MJ.  Note that strong ignition sources are ~ 108 times 
stronger than weak initiators.   This is an enormous differ-
ence in ignition input energy.  Other than lightning, strong 
ignition sources are the sources of intentional ignition, not 
accidental ignition.  

Fire:  Fire is the term for ordinary combustion familiar in 
everyday life where the flame propagates through the un-
burned fuel/air mix at low speeds (~ 20 m/s or less).  Fires 
are not loud, and produce negligible overpressure in the 
surrounding air. Fires are produced by weak ignition sources 
in contact with flammable mixtures of fuel and air.  Despite 
their familiarity, it is important from a safety perspective to 
remember that fires are dangerous.   

Deflagration:   Fast combustion where the flame propagates 
through the unburned fuel/air mix rapidly, but at subsonic 
speeds (~ 100 - 400 m/s).  Deflagrations can be loud, and can 
produce overpressures that can rupture eardrums and cause 
other injury.  Under the right conditions, deflagrations are 
initiated by weak ignition sources. From a safety perspective, 
deflagrations are very dangerous.  

Explosion or Detonation:  Technically, detonation is the 
more properly defined term for extremely fast combustion 
events where the flame propagates through the unburned 
fuel/air mix at supersonic speeds (> 700 m/s).  Explosion has 
been loosely used to label fast combustion events where 
the flame propagates through the unburned fuel/air mix at 
subsonic speeds (< 700 m/s), and can produce loud bangs 
and very damaging overpressures.  The terms explosion and 
detonation have often been used interchangeably (especially 
in the older literature referenced in this work), and will be 
so used here.   “Direct” explosions are instantaneous events 
caused by strong ignition sources with specific conditions 
of fuel/air mix and confinement.  From a safety perspective, 
explosions and detonations are very, very dangerous.  

Fires
Both H2 and CH4 mixtures with air ignite easily using weak 
ignition sources to produce fires.  Fire regulations focus on 
the “Lower Flammability Limit” (LFL), expressed as a volume 
percentage (vol%):

vol%  =  [Volume (Fuel)/Volume (Fuel + Air)] x 100

The LFL is the focus of safety regulations, since the risk of fire 
typically comes from the accumulation of flammable gas in 
initially clean air. The classic values [31] for the flammability 

Table II:  Physical and Combustion Property Values for 
Hydrogen and Methane.
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range (LFL to upper flammability limit (UFL)) for H2 = 4.0 – 75.0 
% at 298 K.  The LFL to UFL of methane is = 5.3 – 15.0 % at 
room temperature [31].  For context, the LFL – UFL values for 
gasoline are 1 – 7.6% [31].  Thus, while hydrogen has a much 
wider flammability range than methane (making it more of 
a fire risk), from the perspective of building up flammable 
gas in an initially clean environment, hydrogen and methane 
have similar LFLs, with similar threshold gas accumulations 
that can be ignited.  The minimum ignition energy for H2 is 
0.020 mJ; that for CH4 is 0.29 mJ. Static discharges from hu-
man beings are ~ 10 mJ, so both CH4 and H2, when present 
between the LFL – UFL limits, ignite easily when exposed to 
common (weak) ignition sources. Table II lists these combus-
tion properties for hydrogen and methane.

As described by Cashdollar and co-workers [35], in quiescent 
mixtures of fuel and air, fuel buoyancy alters the LFL required 
for self-sustaining fires.  In a self-sustaining fire, combustion 
advances at nearly the same speed for upward, horizontal 
and downward directions. Upward flame propagation is 
intrinsically faster than other propagation directions because 
combustion products are hotter and less dense than the 
original fuel and air mixture.  However, for sufficient con-
centrations of fuel, the combustion is hot enough that flame 
propagation is facile in all directions.  Hydrogen mixtures 
ignited at 4 % produce very little heat, and flame propagation 
is almost exclusively upward. Thus, for a spherical hydrogen/
air mixture, weak initiation at the sphere center at the LFL will 
only produce combustion for a relatively small upper slice 
of the spherical volume, producing fire that cannot sustain 
itself to the point of complete combustion of the fuel.  For 
sustained hydrogen fires, the hydrogen/air mix needs to be 
~ 8% for combustion to propagate in all three directions with 
complete combustion of the fuel [35].  Since methane is less 
buoyant than hydrogen, buoyancy effects are correspond-
ingly less, and full-three dimensional flame propagation is 
achieved at a methane/air mix of ~ 6%, up from the classic 
LFL value of 5.3 %. 

Interestingly, intentional active mixing of the fuel/air mix-
ture can largely counteract the effects of buoyancy.  In some 
of the experiments of Cashdollar et al. [35], a mixing fan 
produced flows of order 1 – 1.5 m/s along the fan rotation 
axis.  In this mildly turbulent condition, the threshold for a 
self-sustaining fire in hydrogen returned to 4%.   The effect of 
the active mixing is to introduce a velocity element that can 
overcome the influence of buoyancy and promote mixing, 
which produces hotter burning, and faster flame speeds that 
propagate well in all three directions.  For methane, for which 
buoyancy effects are small to begin with, mild turbulent mix-
ing produced the same ignition concentration threshold as 
quiescent conditions (5.3%).  

In typical accidental scenarios involving slow releases of 

hydrogen in the SF-BREEZE fuel cell rooms, we anticipate the 
conditions will correspond more closely to the quiescent sce-
nario, suggesting a LFL for sustained hydrogen combustion 
to be closer to ~ 8%.  Even with ventilation producing the 30 
room air exchanges required by U.S. Coast Guard regulations, 
the average air speed during ventilation would only be ~ 0.02 
m/s, which is unlikely to produce strong turbulent flow. 

Laboratory experiments have shown that the LFL holds even 
if the ignition source is highly intermittent.  Schefer and 
coworkers [36] have shown that in ignition tests on hydrogen 
and methane turbulent jets using a 100-mJ laser with a 9-ns 
pulsewidth, ignition is not possible unless the instantaneous 
concentration of fuel present at the time of the laser pulse is 
above the classic LFL. 

Overall, from the point of view of fire risk coming from fuel 
release into initially clean air, hydrogen and methane have 
very similar ignition risks because their LFLs are similar.

Explosion and Detonation
Hydrogen and methane can both detonate given the right 
conditions of fuel/air mixture, confinement and strength of 
ignition source.  Ng and Lee [37] have discussed the explo-
sion risk for hydrogen in the transportation setting. The 
lower explosion limit (LEL) of H2 at room temperature (% by 
volume) - upper explosion limit (UEL) = 18.3 – 59.0 % at room 
temperature [31].  The LEL to UEL of methane is = 6.3 – 13.5 
% at room temperature [31].   Thus, hydrogen has a much 
wider explosive range than methane, making it more of an 
explosion risk in general.  From the perspective of building 
up flammable gas in an initially clean environment, the LEL of 
methane (6.3%) is reached considerably sooner than that of 
hydrogen (18.3%).

In the SF-BREEZE design, hydrogen release is a concern for 
two locations.  On the Top Deck where the LH2 tank is situat-
ed, we have an essentially unconfined environment in which 
a release of H2 would be free to disperse upward without 
blockage.  In contrast, the Main Deck holds the PEM fuel cells, 
which are distributed into a Starboard (right, facing forward) 
and Port (left, facing forward) Fuel Cell Rooms.  A cutaway 
view of the Main Deck of the SF-BREEZE is shown in Figure 3:

In these fuel cell rooms, there exists a confined situation 
where hydrogen (if released) would enter an enclosed room, 
albeit with installed ventilation providing 30 room exchanges 
of air per hour. We examine combustion beyond normal fires 
to include assessment of explosions and deflagrations with 
varying degrees of confinement.   

The A.D. Little Company evaluated the practical explosion risk 
from large-scale releases of hydrogen in confined and uncon-
fined environments in a series of experiments and modeling 
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studies for the U.S. Air Force and the NASA Lewis Research 
Center over the period 1960 – 1982 [8 - 10].  These impres-
sive and comprehensive tests represent the first modern 
scientific investigations of the consequences of spilling and 
igniting large quantities of LH2.  The original work, published 
in 1960 [8] with aspects reported again in 1964 [9], reported 
the combustion of stoichiometric mixtures of hydrogen and 
air confined in large balloons with diameters ranging from 
5 to 8 feet.  Though clearly “confined,” such balloons were a 
departure from the highly confined small tube experiments 
that had been used up to that time, and gave an indication of 
combustion properties in “free space.”  For the 5-ft balloon, 
detonation of the stoichiometric H2/air mix required a strong 
ignition source (2 grams of pentolite explosive).  This data re-
vealed that a three-dimensional shock wave could be propa-
gated in “free space” in a H2/air mix if a sufficiently strong ini-
tiator were used.  Importantly, ignition of these confined H2/
air stoichiometric mixtures via weak ignition sources (sparks) 
yielded only fires with no measureable overpressure.  

The Little investigators assessed if a larger volume balloon 
could provide a sufficient path length to allow a transition 
from fire to deflagration to detonation. Using an 8-foot diam-
eter balloon containing a stoichiometric mixture of hydrogen 
and air, ignition by weak spark sources produced again only 
fire with negligible overpressure.  The conclusion from this 
work is that both confinement and explosive initiation are 
required for the direct explosion of confined hydrogen/air 
mixtures in which explosion occurs instantaneously.  Fur-
thermore, in free space (with no obstacles present), over a 
distance of ~ 4 feet (the balloon radius), there is no transition 

of the combustion from fire to deflagration to detonation us-
ing weak ignition sources.

In the LH2 spill tests using 32 gallons in which a vapor cloud 
forms in the open (no confinement of any kind), the Little re-
searchers found no detonation or tendency towards detona-
tion even when strong explosive initiators were used to ignite 
the vapor cloud. Since detonation using explosive charges 
was observed in the 5-foot balloon tests, they concluded 
that the vapor clouds above real spills had non-ideal mixing 
that inhibits direct detonation.  These observations led the 
authors to conclude [8], “even with shock-wave initiation, 
detonation is unlikely of the hydrogen-air cloud from a large-
scale spill.”  

Summarizing these early tests of practical hydrogen combus-
tion risks, direct detonation requires strong ignition sources, 
confinement, and hydrogen/air mixes within the LEL - UEL 
range.  Weak ignition sources produce fires even when the 
hydrogen/air mix is within the explosive range and confined 
in a balloon.  Ignition of vapor clouds above sizeable LH2 
releases using strong or weak ignition sources produces 
only fires.  Experimental results for ordinary combustion and 
detonation were consistent with the LFL – UFL and LEL –UEL 
ranges listed in Table II.   For LNG, ignition tests over LNG 
pools conducted at Sandia National Laboratories as part of 
the “Phoenix Program” [38] gave similar results. Ignition of 
LNG vapors above pools with weak ignition sources produced 
fires, not deflagrations or explosions.

These experimental results from the 1960s already help 

Figure 3:  Cutaway view of the Main Deck of the SF-BREEZE. The PEM fuel cells are distributed into a Starboard Fuel Cell Room and a Port Fuel Cell 
Room, with ~ 20 fuel cell racks in each room. The Passenger Compartment holds 150 passengers. The “beam” (width) of the SF-BREEZE is 10 m. The 
dimensions of each Fuel Cell Room are 7.4 m long x 5.1 m wide x 2.7 m tall.
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frame the hydrogen fire safety issues for the SF-BREEZE.  On 
the Top Deck where the LH2 is stored, fire is the only signifi-
cant combustion risk, (rather than detonation, explosion 
or deflagration) because of the open environment on the 
Top Deck and the absence of strong ignition sources.  In the 
confined Starboard and Port Fuel Cell Rooms, direct detona-
tion is not possible because of the lack of strong (intentional) 
ignition sources.  Although these rooms would have constant 
ventilation (30 room exchanges per hour) and hydrogen 
monitoring tied to redundant hydrogen shut-off valves in the 
event of a hydrogen leak, it is instructive to examine these 
fuel cell rooms to assess conceptually the role of confinement 
and internal obstacles on the acceleration of ordinary fires 
to deflagrations, with possible subsequent deflagration to 
detonation transition (DDT).

In the decades since the 1960s, there has been enormous 
growth in the scientific understanding of hydrogen and 
methane flammability, deflagration and detonation, which 
supports and helps understand the A.D. Little test results. 
This foundational understanding is essential for the de-
sign of hydrogen technology systems [37].  Matsui and Lee 
quantitatively determined [39] the minimum ignition energy 
required for direct detonation of hydrogen/air and methane/
air mixtures and how this threshold energy varies with the 
fuel/air mix. The minimum ignition energy occurs near the 
stoichiometric mix (29.53 % for H2, 9.48 % for methane), and 
is 4.16 x 106 J for hydrogen and 2.28 x 108 J for methane.  The 
value for methane is orders of magnitude larger than any 
other hydrocarbon, making methane exceptionally insensi-
tive to direct detonation. The minimum detonation energy for 
both hydrogen and methane are ~ 108 times larger than the 
energy required to start normal burning-- an enormous igni-
tion energy requirement essentially precluding direct detona-
tion of hydrogen or methane in accident scenarios. 

So far, we have considered three physical limitations to the 
direct detonation of hydrogen or methane, namely the fuel/
air mixture has to be within the range LEL – UEL, a strong 
(shock wave) initiator is required and the fuel/air mix must 
be confined.  A fourth physical requirement has been discov-
ered over the past several decades:   the combustion volume 
must be larger than the “detonation cell size” of the explosive 
mixture.  As discussed previously by Ng and Lee [37] and 
Yang [40], it has been experimentally observed that detona-
tions form distinctive physical patterns called “detonation 
cells” which can be observed in experiments as a “smoke foil” 
record [41].   For a detonation to occur, the spatial extent of 
the reacting system must be larger than one cell dimension.  
For a stoichiometric mix (equivalence ratio = 1) for hydrogen, 
at room temperature and atmospheric pressure, the deto-
nation cell size is ~ 1.5 cm [41].  The detonation cell size for 
methane at room temperature and atmospheric pressure is ~ 
33 cm [41].    For the SF-BREEZE Top Deck, and the Starboard 

and Port Fuel Cell Rooms, the physical dimensions are sig-
nificantly larger than these detonation cell sizes, meeting the 
geometry requirement imposed by the detonation cell size.  
The detonation cell size determines how wide experimental 
tube reactors must be in the transverse direction (normal to 
the flame propagation) in order to study tube-based detona-
tions in these gases.  If the tube diameter is ~ 13 times the 
detonation cell size, then a confined planar detonation can 
transform into an unconfined spherical detonation wave 
upon exit from the tube [41].  The larger detonation cell size 
for methane requires using significantly larger tubes or tun-
nels for experiments than required for hydrogen, making it 
technically more challenging to examine detonation phenom-
ena in methane.

Deflagration to Detonation Transition (DDT)
The LEL-UEL range listed in Table II is for direct detonation 
of a gas mixture assuming confinement and use of a strong 
ignition source.  The absence of strong (intentional) igni-
tion sources precludes the direct detonation of hydrogen 
and methane in accident scenarios.  However, under certain 
circumstances it is possible to have a detonation for fuel/air 
mixes even below the LEL of Table II if obstacles or internal 
structures are present within the confined reacting volume.  
Unlike direct detonation, which requires a strong ignition 
source, this type of explosion can start with a normal fire.  
In the confined/obstructed environment, the speed of the 
combustion accelerates over time and distance to a deflagra-
tion due to turbulent mixing of the unburnt fuel-air mixture 
near the obstacles.  With further acceleration, the deflagra-
tion transitions to a detonation, producing a Deflagration to 
Detonation Transition (DDT).  For H2, DDT can only occur for 
12% fuel /air mix or higher.  Both H2 and NG can experience 
DDT, although it is easier for hydrogen.  Note that for the A.D. 
Little balloon tests, which showed no acceleration of combus-
tion for either the 5-foot balloon or the 8-foot balloon, there 
were no internal structures or obstacles which would have 
promoted a DDT. 

The SF-BREEZE Starboard and Port Fuel Cell Rooms (Figure 
3) each measure 7.4 m long x 5.1 m wide x 2.7 m tall. These 
rooms each hold twenty 120 kW fuel cell racks each, which 
constitute obstacles and potential weak ignition sources 
for the present discussion.  If there were to be a significant 
hydrogen leak into one of these fuel cell rooms that was not 
detected by the hydrogen monitors (triggering shutoff of the 
H2 supply), or could not be handled by the ventilation system, 
a legitimate question is whether or not the hydrogen buildup, 
presence of confinement, obstacles and ignition sources 
could potentially lead to a fire that evolved into a DDT.  

An early and particularly illuminating series of DDT tests for 
H2/air mixtures was performed at Sandia in the early-mid 
1980s in the “FLAME Facility ” [42].   Figure 4 gives a diagram 
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of the FLAME facility. 

The FLAME tunnel was 1.83 m wide, 2.44 m tall and 30.48 
m long, and constructed of heavily reinforced concrete. 
The transverse dimensions are similar to the 5.1 m x 2.7 m 
transverse dimensions of the SF-BREEZE Starboard and Port 
Fuel Cell Rooms.  Sherman et al. placed flow obstacles in the 
tunnel, blocking one third of the cross section of the tunnel 
(33% blockage ratio), and monitored the speed of combus-
tion as it traversed the FLAME tunnel using thermocouples. 
The experiments were conducted at atmospheric pressure 
and ambient temperature.

Figure 5 shows results for the planar flame speed as a func-
tion of distance downrange from the ignition end for various 
H2/air mixtures in the tunnel with obstacles removed [42].  

This figure shows that for hydrogen concentrations of 12.9% 
or less, the flame velocities are slow, less than ~ 20 m/s. 
There is no change in the flame velocity as the flame propa-
gates down the tunnel, and thus no flame acceleration occurs 
with run distance.  This is the propagation of an ordinary fire.  

However, given confinement, significant downrange run 
distance and an increase in the hydrogen concentration 
to 18.4%, one can see in Figure 5 that the flame velocity 
increases with distance from the ignition end, reaching 
162 m/s at the end of the tunnel. Increasing the hydrogen 
concentration to 24.7%, the flame accelerates to 367 m/s 
at 25 meters.  Qualitatively, we refer to flame speeds in the 

range ~100 – 400 m/s as “deflagrations” in comparison to the 
slower “fire” flame speeds at ~ 100 m/s or less. For the 30% 
mix, a near-stoichiometric mix of hydrogen and air, one sees 
significant acceleration to 307 m/s at a run distance of 16.6 
meters.  Thereafter a dramatic jump in flame speed occurs, 
and the velocity measured 26 meters down the tunnel is 
a supersonic 927 m/s.  This represents the transition from 
deflagration to detonation.  We qualitatively refer to flame 
speeds from ~ 400 – 700 m/s as being in the “DDT” range, and 
velocities higher than ~700 m/s as a “detonation.”  Figure 5 
shows how confinement, increasing hydrogen concentration 
and run distance can cause acceleration from normal fire to 
deflagration to detonation in relatively confined spaces even 
if obstacles are absent. 

Figure 6 shows the same experiment, only with obstacles 
placed in the flame propagation path. 

The presence of obstacles induces an acceleration of the 
flame velocity at H2/air concentrations that would otherwise 
not experience flame acceleration.  Given obstacles and a 
run-up distance of 10 meters, the flame speeds for concen-
trations greater than 12% accelerate from normal fire speeds 
to deflagration speeds. With more run time and distance, 
even at mixtures as low as 15.5%, very fast deflagration 
velocities of ~ 700 m/s are observed if obstacles are present, 
corresponding to DDT. The lowest H2/air mix for which DDT 
was observed in the Sandia tests was 15% when obstacles 
where present. Note that the experiment corresponding to 
10 – 15 % hydrogen was one in which a mixing fan lost power, 

Figure 4: Schematic of the Sandia FLAME facility.  Figure is reproduced with modification from Reference 42.
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producing an inhomogeneous mixture in which the lower 
part of the tunnel had 10% hydrogen and the upper part had 
15% hydrogen [42].   Other studies [43] of large-scale hydro-
gen/air mixtures have found a lower concentration threshold 
for hydrogen DDT to be ~ 12.5% in the presence of obstacles. 

Recent studies using sophisticated experimental and theo-
retical approaches have revealed the basic mechanism for 
DDT [37, 44, 45, 46, 47].  Flame acceleration requires a feed-
back mechanism between the advancing (initially low-speed 
laminar) flame and the unburnt fuel/air mix ahead of the 
flame.  Consider the tunnel geometry of the FLAME appara-
tus in Figure 4.  At any given position and moment in time, 
the flame influences the temperature and pressure in the 
unburnt flow field ahead of the flame (towards the right in 
Figure 4).  This interaction produces small turbulent struc-
ture in the unburnt flow field. When the flame advances and 
engulfs this turbulence, the flame will burn hotter because 
the turbulence increases the area of the boundary between 
flame and unburnt fuel/air (i.e. the flame area increases), and 
the combustion itself becomes hotter because the fuel and 
air are better mixed.  This increased flame area and tem-

perature affects the new unburnt flow field ahead even more 
than before, which in turn further increases the combustion 
energy when, at a later time and downrange distance,  the 
flame encounters this new turbulent area. This feedback con-
tinues, increasing the flame speed until the flow reaches the 
sonic limit consistent with the composition of the combus-
tion products.  When the flame speed approaches the speed 
of sound, shock waves form and shock-flame interactions 
become an important mechanism for flame wrinkling and 
further turbulence generation. The deflagration transitions to 
a detonation at this point.

The role of obstacles is to increase the rate of formation of 
turbulent structures. For example, obstacles can induce vor-
tices in the upstream flow field, reminiscent of the turbulent 
structures issuing from aircraft wingtips. As flow moves past 
the edge of an obstacle, the shear layer can roll up into a spi-
raling turbulent structure that provides the feedback to the 
flame needed for an accelerated flame velocity as the flame 
moves down the tunnel.

Figure 5:  Planar flame speed plotted against distance from the 
ignition end in FLAME experiments. Obstacles were removed from 
the tunnel for these measurements. The figure uses data reported in 
Reference 42.   

 Figure 6:  Planar flame speed plotted against distance from the 
ignition end in FLAME experiments. Obstacles were placed in the 
tunnel for these measurements. The figure uses data reported 
in Reference 42.   The experiment corresponding to 10 – 15% 
hydrogen was one in which a mixing fan lost power, producing an 
inhomogeneous mixture in which the lower part of the tunnel had 10% 
hydrogen and the upper part had 15% hydrogen.  See Reference 42 for 
further details.
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Recently, Johansen and Ciccarelli [45] have captured the cre-
ation of a turbulent flow field ahead of the advancing flame 
for stoichiometric methane-air mixtures using a high-speed 
schlieren video system. The images show directly how the 
advancing flame affects the unburnt flow field ahead of the 
flame, the creation of turbulence at obstacles, and how this 
turbulence alters the combustion within the flame once the 
flame passes through the turbulent region.  Such experi-
ments have also been successfully modeled theoretically [46].  

Figures 5 and 6 showed the importance of “run up distance” 
in the DDT phenomena.  The Sandia FLAME results explain 
why there was no significant flame acceleration in the prior 
A.D. Little balloon experiments [9]:  there was insufficient 
run-up distance provided by the balloon radii of only 2.5 – 4 
feet for significant hydrogen flame acceleration to occur.   For 
the Sandia FLAME experiments, 10 meters of run-up distance 
is needed to attain deflagration speeds of 100 – 200 m/s.  
In the SF-BREEZE design, the Starboard and Port Fuel Cell 
Rooms have dimensions 5.1m wide x 2.7 m tall x 7.4 m long.  
Distributing the PEM fuel cells amongst these two rooms 
not only creates redundancy in the vessel power system (as 
required by U.S. Coast Guard regulations), but also limits the 
run-up distance available to a hydrogen fire should one break 
out in one of these rooms.

The studies of Groethe and coworkers [48] demonstrate the 
importance of limited “run-up” in limiting the acceleration of 
hydrogen combustion caused by obstacles. Their experimen-
tal setup is shown in Figure 7:

A hemispherical tent of radius 5.7 meters (300 m3 total vol-
ume) was outfitted with a weak ignition source (40 J spark) at 

the hemisphere center, along with 18 cylindrical aluminum 
cylinders measuring 0.46 m diameter by 3 m height.  The 
cylinders were arranged around a central point of ignition as 
shown in the Figure 7.  Experiments on hydrogen combustion 
were conducted with and without the cylinders present to as-
sess the role of obstacles in producing DDT in this geometry.

Figure 8 shows optical video images of the combustion using 
a 30% hydrogen-air volumetric mix [48].   

These images show the flame velocity with obstacles present 
was ~ 85 m/s, consistent with a fast laminar flame. The form 
of the flame looks like an ordinary fire.   Pressure sensors 
outside the hemispherical tent showed no overpressure 
produced by the fire of Figure 8 with or without the obstacles 
placed inside.  A reasonable explanation for the lack of 
obstacle-induced acceleration is that the geometry of Figure 7 
does not provide sufficient run-up distance.  With only 5.7 m 
of run-up available, there is insufficient distance for obstacle-
induced flame acceleration to occur. 

Although the tent provided confinement and an optimal 
near stoichiometric 30% H2/air mix, there was no detonation 
or explosion.  This is because a weak ignition source was 
used.  In one experiment, the researchers replaced the weak 
ignition source with 10 g of C-4 high explosive to initiate the 
combustion.  With a strong ignition source, confinement, the 
H2/air mix in the LEL –UEL range, and a geometry larger than 
the detonation cell size,  all the necessary ingredients were 
in place for a detonation.  Figure 9 shows high-speed video 
images of the detonation.  

The time scales in Figure 9 are much shorter than for Figure 

Figure 7:  Experimental setup for the experiments reported in Reference 48. Figure reproduced from Reference 48.
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8.  The video images show that the flame velocity is 1980 m/s, 
well into the detonation range.   Also, note the completely 
spherical shape of the detonation wave.  In a detonation, the 
flame front advances so rapidly that the fuel/air mixture has 
essentially no time to move in response to the combustion 
event.  Over the 5088 microseconds of the detonation event, 
the gas is essentially motionless, with no turbulent structures 
developed.  A nearly perfectly spherical combustion front is 
created.  In contrast, using a weak initiator in Figure 8, over 
the 65-millisecond duration of the photography the gas vol-
ume has time to react to the combustion, producing irregular 
flame structures. The work of Goethe provides a very educa-
tional and intuitive picture of the difference between ordinary 
combustion and a detonation, in addition to revealing how 
short run distances can limit DDT even when obstacles are 
present. This data supports our view that a fire is the primary 
risk on the Top Deck of the SF-BREEZE where the environ-
ment is relatively open.  Although there are obstacles on the 
Top Deck (for example the evaporator that converts LH2 to 
gaseous H2 for the fuel cells) that could possibly induce flame 
acceleration, the run distances are short where obstacles 
exist.  A quantitative assessment of flame acceleration would 
require a detailed hardware layout, which is not available at 
this point in the SF-BREEZE design process.

As noted by Sherman et al. [42], from a safety perspective, it 
is not that important if a highly accelerated flame has actually 
undergone DDT because the overpressures accompanying 
these phenomena can be similar, producing the same safety 
hazard.  Indeed, we have described the physical phenom-
ena of fire, deflagration, DDT and detonation (explosion) to 
provide the scientific basis for how hydrogen and natural gas 
may behave in an accident scenario.  All of these combustion 
phenomena can be dangerous and need to be prevented.  

Pool Fires
One of the striking differences between hydrogen and natu-

ral gas is the radiant nature of their fires.  When hydrogen 
burns, the product of combustion is primarily water vapor, 
with other species such as OH and H radicals, and HO2 and 
H2O2 produced in trace (< 1 %) amounts. As a result, the vast 
majority of thermal radiation from hydrogen fires originates 
from vibrationally excited water molecules.  In contrast, when 
methane burns, although some water is produced, most of 
the thermal radiation comes from carbon-containing species, 
and especially carbon soot, which is an efficient radiator of 
thermal energy.  As a result, the thermal radiation emitted 
from methane fires is (on a fuel LHV basis) 2 - 3 times higher 
than for a hydrogen fire.  This property is quantified as the 
“radiant fraction,” which gives the fraction of fuel combustion 
energy that is released as radiation.   We estimate that for a 
pool fire involving combustion of the entire 1200 kg of the 
LH2 fuel complement, the radiant fraction would be 0.045.  A 
pool fire burning an energy equivalent amount of methane 
(3198.9 kg) would have a radiant fraction of 0.10. Thus, the 
methane fire would release 2.2 times more radiant energy 
than a hydrogen fire for the same combustion energy.  

Because a hydrogen fire is emitting infrared (IR) radiation 
from the vibrational (bending, stretching) modes of thermally 
excited water vapor, residual water in the atmosphere (i.e. 
humidity) can absorb some of radiation from hydrogen fires, 
reducing the transmission of radiative heat.  The spectral 
match between atmospheric water absorption and flame 
water emission is not perfect due to the well-known red-shift 
that occurs in the emission spectra, as described by Tilotta 
and co-workers [49].  However, the shift is relatively small, 
producing substantial absorption of water IR emission from 
flames by atmospheric water.   Gerritsma and Haanstra [50] 
made quantitative measurements of the IR transmission of 
atmospheric air at room temperature with a relative humidity 
of 62%.  Over a 4.7-meter path length, the average transmis-
sion in the regions for the water emission bands is ~ 70%.  
Thus, ~30% of the thermal radiation issuing from a hydrogen 

Figure 8: High-speed optical video images of hydrogen combustion for a 30% hydrogen/air mixture, ignited with a 40 J spark.  Figure reproduced 
from Reference 48.
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fire over a 4.7 m distance would be blocked by atmospheric 
water vapor [49].  Wayne [51] confirmed this result and pro-
vided a convenient means of calculating atmospheric infrared 
transmissivities for a variety of humidity and temperature 
combinations.  The atmospheric absorption of thermal 
radiation from a methane fire would be less, as noted in the 
original modeling work of A.D. Little [10], where the explicit 
calculation of radiative heat transfer from hydrogen and 
methane fires was reported using atmospheric transmissivity 
data.

This difference in radiant energy has consequences for the 
impact fire has on surrounding structures and personnel. 
In their 1982 study [10], A.D. Little calculated the closest ap-
proach one could get to a pool fire of LH2 and LCH4 and still 
not suffer a thermal skin injury (whose threshold was as-
sumed to be 5 kW/m2) for varying quantities of fuel burned.   
For a fuel heat content of 144 GJ, corresponding to 1200 kg 
of LH2 and 3198.9 kg of LCH4, calculations were made of the 
closest approach to the fire in the horizontal direction at 
grade.  For 1200 kg of burning hydrogen, the closest ap-
proach is ~ 19 m.  For LCH4, the closest approach is ~ 58 m.  
One can get closer to a hydrogen fire because it radiates less 
thermal energy and there is more atmospheric absorption of 
the thermal radiation. These two effects more than compen-
sate for the slightly higher flame temperature of hydrogen 

compared to methane (Table II).

To bring together the concepts that have been discussed 
thus far for fuel buoyancy, pool formation, fuel combustion, 
and fire radiation, it is useful to compare and contrast two 
hypothetical accident scenarios where the entire 1200 kg LH2 
fuel complement of the SF-BREEZE and the energy equivalent 
in LNG is instantaneously spilled and ignited on the Top Deck 
of the vessel. This is a pool fire scenario, which has been 
the subject of many studies given its importance in fuel and 
fire safety [52-57].  It was of initial interest to the SF-BREEZE 
project, because aluminum was used as the material for the 
Top Deck (to reduce weight), but aluminum is not a structur-
ally strong as steel in traditional (diesel) fires, which initially 
raised some concerns.  Indeed, as specified by Alcan [58], “if 
a load-bearing structure made from age hardened aluminum 
alloys is exposed to temperature above 150 °C for several 
hours, then the residual mechanical characteristics  of com-
ponents made from alloys belonging to the 6000 series will 
have to be tested after fire.”  It turns out that the U.S. Coast 
Guard does not consider the spilling and ignition of the entire 
fuel complement to be a credible accident scenario for the 
SF-BREEZE, because there is no history of LH2 tanks cata-
strophically failing in this way. Nonetheless, considering this 
scenario pulls together the hydrogen and methane physical 
and combustion properties discussed thus far into a worked 

 Figure 9: High-speed optical video images of hydrogen combustion for a 30% hydrogen/air mixture, ignited with 10 grams of C-4 high explosive. 
Figure reproduced from Reference 48.
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example. 

The energy produced by burning 1200 kg of H2 is 143,952 MJ, 
using a LHV value of 119.96 MJ/kg for hydrogen.  In the 1982 
A.D. Little study [10] of crash scenarios for LH2 aircraft, pre-
dictions were made for pool diameters, duration and flame 
heights for such an accident.  According to the Little study, 
4.5% of the hydrogen combustion energy is converted to 
thermal radiation (radiant fraction = 0.045). Thus, the thermal 
energy radiated from burning the 1200 kg of hydrogen from 
the SF-BREEZE would be 6477.8 MJ.    The Little modeling 
work predicts that spilling 1200 kg (16.90 m3) of LH2 would 
result in a pool of radius of 7.5 m, yielding a pool fire of dura-
tion 7.2 seconds, and a flame height of 105 m.  Given these 
dimensions for the fire column, and the 6477.8 MJ of radiant 
energy, the emissive power of the hydrogen fire would be 
169.8 kW/m2 averaged over the entire flame surface during 
the fire duration of 7.2 seconds.  These estimates for the pool 
diameter and duration for an LH2 pool fire are consistent with 
estimates inferred from the cryogen spill investigations and 
modeling of Verfondern and Dienhart [22]. The result of the 
instantaneous spill and ignition is to produce a very tall fire. 
Tall fires do exist, as shown in Figure 10 for a 10-m diameter 
LNG (consisting of 99% methane) pool fire from the recent 
Sandia Phoenix tests [56].  

The average concentration of hydrogen within the 105 m tall 
and 15 m diameter combustion column would be 41.9%, well 
within the LFL – UFL range for hydrogen.  The radiant fraction 
estimated by Little for hydrogen is in reasonable accord with 
the expectations (13 msec) for the flame residence time cal-
culated for a hydrogen fire column of the dimensions given. 

The combustion column is so tall because hydrogen gas is so 
buoyant.  As a result, most of the thermal radiation emit-
ted from the flame surface is directed well above and away 

from the vessel, with only a small fraction directed downward 
towards the deck. The percentage of the entire flame area at 
the base of the fire column is 3.3%. Therefore, thermal radia-
tion directed from the fire to the deck is 213.7 MJ.  None of 
this IR radiation is absorbed directly by the LH2 pool, because 
hydrogen is inactive in the IR. The lack of IR absorption by LH2 
pools is an important consideration for quantitative mod-
els of LH2 pool fires.  The 213.7 MJ of IR radiation directed 
downwards passes through the LH2 pool and strikes the 
aluminum deck that can absorb the IR radiation.  Assuming a 
conservative (more highly absorbing) emissivity value of 0.4 
for aluminum [59], the total thermal energy absorbed by the 
aluminum Top Deck is 85.5 MJ.

When LH2 spills (instantaneously in this example) onto the 
Top Deck of the SF-BREEZE, the hydrogen cools the alumi-
num deck via the enthalpy of vaporization of the liquid.  For 
a conservative estimate (one that leads to the least cooling, 
and therefore the highest final temperature for the alumi-
num) we assume a liquid initially at 29 K under pressure, for 
which the enthalpy of vaporization is 323.9 kJ/kg.   Thus, 388 
MJ is needed to fully evaporate the 1200 kg of LH2 fuel.  With 
the dimensions of the Top Deck being 0.794 cm thick, with an 
area of 162.5 m2, there is sufficient thermal energy contained 
in the structure to evaporate all the LH2.  Using the temper-
ature-dependent heat capacity of aluminum, we estimate 
the final aluminum deck temperature induced by spilling the 
cryogenic LH2 fluid would be 168 K.   

With 85.5 MJ of radiant energy available to warm up the deck, 
combined with the energy required to evaporate the LH2 
(which initially cooled the deck) we calculate the final tem-
perature to be 199 K after the sequential LH2 spill and fire.   
Thus, through spilling and igniting the LH2 fuel load on the 
SF-BREEZE, the final temperature of the deck is below room 
temperature.  There is no structural risk to the aluminum 
deck, since the temperature during the spill/fire never ap-
proaches 150 °C.  There is no risk of brittle fracture, since the 
aluminum Top Deck is not susceptible to brittle fracture [19].

One can perform a similar analysis using an energy equiva-
lent amount of LCH4, namely 3198.90 kg of LCH4.  Assuming 
a fuel LHV of 45 kJ/kg to be representative of LNG, the energy 
produced by burning 3198.9 of methane is 143,952 MJ (same 
as for burning 1200 kg of hydrogen).  Methane fires emit 
more thermal radiation, since the fuel is based on carbon.  
We adopt a radiant fraction of 0.10 for methane combustion. 
Thus, the thermal energy radiated from burning the 3198.9 
kg of methane would be 14,395.2 MJ.   Scaling results from 
the analyses of Verfondern and Dienhart [22] we estimate 
this quantity of LNG would occupy a diameter of 14.0 m and 
the pool would last 12.3 seconds on the deck.  If the fire col-
umn height were 87 m (shorter than for H2 because methane 
is less buoyant), then the flame surface, for this duration, 

Figure 10:  A 10-m diameter LNG pool fire from the Sandia Phoenix 
Tests.  Figure reproduced from Reference 56. 
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would have an emissive power of 286 kW/m2, which is what 
has been measured in the Phoenix LNG pool fire tests [56].  

Note that the average concentration of methane within a 
column that was 87 m tall and 14 m in diameter would be 
25%, outside the UFL range for methane.  However, there is 
little doubt the combination of ignition and density fluctua-
tions within the vapor above the pool would lead to full col-
umn combustion.  The radiant fraction of 0.10 estimated for 
methane is in accord with the expectations (34 milliseconds) 
for the flame residence time calculated for a methane fire 
column of the dimensions given. 

The percentage of the entire methane flame area at the base 
of the column is 3.7%. Therefore, thermal radiation directed 
from the fire to the deck is 533 MJ. This value is higher than 
for hydrogen because of the higher radiant fraction for 
methane combustion.  Unlike the case for hydrogen, LCH4 is 
capable of absorbing IR radiation because CH4 vibrations do 
involve the creation of a dipole moment.  We will ignore this 
for the present, and assume that all the IR is directed onto 
the aluminum deck.  Assuming an emissivity of 0.4 for the IR 
emissivity of aluminum, the total thermal energy absorbed by 
the aluminum deck is 213 MJ.

When LNG spills (instantaneously in this example) on the 
Top Deck of the SF-BREEZE, the liquid methane cools the 
aluminum deck via the enthalpy of vaporization of the liquid.  
Using the ΔHvap value for LCH4 of 531 kJ/kg, to evaporate 
3198.90 kg of LCH4 requires 1698 MJ of thermal energy from 
the SF-BREEZE aluminum deck.  This is much larger than the 
388 MJ needed to vaporize the LH2, because the stronger 
intermolecular forces for methane lead to its higher enthalpy 
of vaporization.  Because the ΔHvap of LCH4 is so much larger 
than that for LH2, the aluminum deck will be cooled down to 
111 K, the boiling temperature of LNG, and there will still be 
LNG left over.  

With 213 MJ of radiant energy available from the methane 
fire to warm up the deck, combined with the energy required 
to evaporate the LNG (which initially cooled the deck) we can 
calculate the final temperature to be 198 K, again below room 
temperature.  This is actually quite similar to that calculated 
for LH2 (199 K).   As was the case with LH2, there is no struc-
tural risk to the Al deck, since the temperature during the 
spill/fire never approaches 150 °C.  There is no risk of brittle 
fracture, since aluminum does not suffer this materials fail-
ure mode [19].  

The LH2 and LNG spill/ignition scenarios produce very similar 
final temperatures (199 K for LH2, 198 K for LNG).  This is be-
cause the 1200 kg of LH2 cools the 0.794-cm thick aluminum 
deck less (via its lower ΔHvap) and heats the deck less (via its 
lower radiant fraction) than the case for spilling and burning 

3198.9 kg of LNG.  Liquid methane cools the deck significantly 
more (via its larger ΔHvap), but also warms the deck significant-
ly more (via its larger radiant fraction), with the two effects 
balancing to produce a similar final aluminum deck tempera-
ture as for LH2.  

The Hindenburg
When considering hydrogen for a new application, for 
example as a propulsion fuel in the high-speed ferry SF-
BREEZE, the existing community for that application usually 
references the Hindenburg accident in 1937 as a concern for 
hydrogen use in general.  Most people have seen the news-
reel images from the accident that tragically claimed the lives 
of 35 people.  In discussions with the maritime community, 
a common misconception is that the Hindenburg exploded.  
With the hydrogen combustion properties now sufficiently 
described, one can look again at the Hindenburg accident 
with an eye toward the combustion phenomena involved. 

It is clear from the photographic record of the event that the 
accident consisted of a fire, not an explosion.  Unlike explo-
sions that are extremely fast (see Figure 9), the airship initially 
stayed aloft while burning.  This is consistent with a fire.  The 
burning airship descended tail-first, because there was still 
unburned hydrogen in the nose of the airship, due to the 
relatively slow flame velocity. This also is consistent with a 
fire.   Since the airship provided confinement of the hydro-
gen, we can conclude that a weak ignition source initiated 
the hydrogen combustion, not a strong ignition source that 
would have produced a detonation.  Furthermore, there is 
no evidence for a DDT from the film record of the event.  The 
lack of explosion and the presence of an ordinary fire do not 
make the accident any less tragic. Fires are dangerous too, 
and all effort needs to be directed to preventing hydrogen-
based fires. Vessel designs that prevent fires also work to 
prevent other more dangerous events such as DDT or direct 
detonation. 

In discussions with the maritime community, it has been 
helpful to provide context for the Hindenburg accident. The 
Hindenburg held ~15 times more H2 than the SF-BREEZE. The 
method of storing hydrogen for the airship (rubberized gas 
bags) bears no resemblance to the engineered and rugged 
DOT-approved stainless steel LH2 tanks in use on the roads 
today and used in the SF-BREEZE design.  Over the past 60 
years, NASA has mastered the use of hydrogen, the “signa-
ture fuel” of the American Space Program [60].   The Space 
Shuttle held 102,900 kg of LH2, 86 times more than the SF-
BREEZE [61].   Although there have been two tragic accidents 
involving the Space Shuttles Challenger and Columbia, these 
accidents did not originate from the onboard storage or use 
of LH2.  

Through science-based safety engineering and a sound 
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understanding of hydrogen physical and combustion phe-
nomena, hydrogen technology can be used safely in mari-
time applications.  The 50-year record of transporting LNG 
throughout the world is excellent: 8 accidents involving spills, 
with no fires and no fatalities [62]. Since LH2 and LNG are 
very similar in their physical and combustion properties, 
minor augmentation of the proven and effective international 
regulations for LNG transport will enable regulated and safe 
use of hydrogen fuel cell technology in maritime applications 
such as the SF-BREEZE high-speed fuel-cell ferry.  

Summary
The safety-related physical and combustion properties of LH2 
and LNG have been reviewed in the context of the SF-BREEZE 
high-speed fuel-cell ferry.  Due to weaker interaction between 
molecules, LH2 is colder than LNG, and evaporates more 
easily. If spilled, LH2 cools surfaces less than LNG due to its 
smaller enthalpy of vaporization, ΔHvap. LH2 spills are smaller 
and shorter-lived compared to energy-equivalent LNG spills. 
LH2 pool dispersal times for the full 1200 kg of LH2 spilled on 
the SF-Breeze deck would be ~ 6 sec, with a cryogenic pool 
radius of ~ 8 m. Permeability is not a leak issue for hydrogen 
or LNG piping.   Hydrogen embrittlement is surmounted by 
using 304 and 316 stainless steel components for hydrogen 
rated hardware.  Hydrogen embrittlement does not exist for 
LNG because methane does not dissociate on the iron-based 
surfaces (e.g. stainless steel) of pipelines and conventional 
storage tanks.   

LH2 and LNG are similar in their combustion properties, with 
hydrogen having a wider flammability range. Vapors of both 
are easily ignited by weak (thermal) ignition sources and 
become flammable at low percent volume mixtures with air. 
H2 and NG vapors can both directly explode, but require con-
finement with a geometry larger than the detonation cell size, 
a strong (shock wave) initiation source and a fuel/air mixture 
in the LEL – UEL range for direct detonation. Both fuels can 
experience DDT depending on the geometry with hydrogen 
being more susceptible to DDT than methane due in part to 
its smaller detonation cell size.  DDT would be unlikely in the 
SF-BREEZE application (even in the event of failures in the H2 
leak detection, H2 shut-off and ventilation systems) because 
of the lack of confinement on the Top Deck, limited “run-
up” distances and the reduced physical dimensions in the 
Starboard and Port Fuel Cell Rooms that also limit “run-up.”   
LH2 fires burn out faster than LNG fires, and produce signifi-
cantly less thermal radiation, with the hydrogen fire thermal 
radiation also strongly absorbed by humidity in the air.  In a 
hypothetical scenario (judged not to be a credible accident 
threat by the U.S. Coast Guard) where the entire 1200 kg fuel 
complement of the SF-BREEZE were released and ignited, 
the temperature of the Top Deck would still be below room 

temperature due to the combined effects of cryogenic cool-
ing and hydrogen fire radiant heating. Although an analogous 
LNG spill would cool the aluminum deck more, the higher ra-
diant flux would heat the deck more, producing a similar final 
temperature.  The results show it is safe to use aluminum for 
the Top Deck of the SF-BREEZE from the point of view of large 
fuel pool fires because the Top Deck does not approach 150 
°C if the fuel complement were spilled and ignited.   

Since LH2 and LNG are similar in their physical and combus-
tion properties, they pose similar safety risks. For both LH2 
and LNG ships, precautions are needed to avoid fuel leaks, 
minimize ignition sources, minimize run-up distances and 
confined spaces through design, provide ample ventilation 
for confined spaces, and monitor the enclosed spaces to 
ensure any fuel accumulations are detected and controlled 
(via H2 supply shutoff) far below the fuel/air mix thresholds 
for any type of combustion.
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Executive Summary 
Sandia National Laboratories (Sandia) in collaboration with the U.S. Department of 
Transportation Maritime Administration (MARAD) has been working to advance marine 
hydrogen fuel cell applications for a number of years.  Previous projects have included fuel cell 
power for refrigerated intermodal shipping containers and a fuel cell passenger ferry feasibility 
study.  Sandia seeks to build on these prior developments and tasked Glosten to assess the 
feasibility of a hydrogen fuel cell powered oceanographic research vessel, nicknamed the Zero-
V. 

Glosten, in partnership with the Scripps Institution of Oceanography (SIO), the DNV GL marine 
classification society, Sandia, and MARAD has established the fundamental requirements and 
regulatory framework for a ground-breaking design of a hydrogen fueled oceanographic research 
vessel for operations in the coastal waters of the State of California.  A concept design using 
liquefied hydrogen fuel was developed in order to assess the feasibility of such a vessel.  The 
design efforts examined the hydrogen storage and fuel systems, vessel arrangements, hydrogen 
safety, powering and operational performance, access to key ports of call, weights and stability, 
vessel cost, and regulatory requirements.  Through this examination, it was determined that it is 
feasible to build and operate a zero-emissions hydrogen fuel cell powered coastal research vessel 
using commercially established technology.  The resulting design of the Zero-V is a highly 
capable oceanographic research vessel meeting all the owner (SIO) requirements for diverse 
oceanographic work. 

The vessel developed is a 170 foot aluminum trimaran.  The design evolved to this size and type 
primarily from the space requirements for the storage of the hydrogen fuel.  Because the trimaran 
design has a wide beam, it provides the stability needed for fuel storage tanks on the 01 Deck 
and also benefits from ample space for large laboratory, working, and accommodation spaces as 
well as high capability science mission equipment.  The primary performance limitation is the 
range limit of 2,400 nautical miles, the minimum required based on the mission requirements 
from Scripps.  The construction cost of the Zero-V, estimated at $76-82M, was found to be 
reasonable for a vessel of this size and capability when compared to other modern, diesel fueled, 
research vessels.   

The design of the Zero-V was reviewed by both DNV GL and the United Stated Coast Guard to 
assess the regulatory feasibility.  The process revealed gaps in applicability of current regulations 
to a hydrogen fueled vessel but uncovered no fundamental concerns for either the vessel design 
or a path to approval for such a novel vessel.  Based on the design, DNV GL issued a conditional 
approval in principal (CAIP). 

Overall, the design and review of the Zero-V has shown that from a technical and regulatory 
standpoint it is feasible to build and operate a zero-emissions hydrogen fuel cell powered coastal 
research vessel. 
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Section 1 Introduction 
Sandia National Laboratories (Sandia) in collaboration with the U.S. Department of 
Transportation Maritime Administration (MARAD) has been working on the development of 
marine hydrogen fuel cell applications for a number of years.  Previous projects have included 
hydrogen fuel cell power for refrigerated intermodal shipping containers and a fuel cell 
passenger ferry feasibility study.  Sandia seeks to build on these prior developments with 
additional fuel cell vessel design development for differing types of vessels including an 
oceanographic research vessel.   

Sandia’s interest in a hydrogen fuel cell powered research vessel coincides with Scripps 
Institution of Oceanography’s need for a new coastal research vessel and the University of 
California’s Carbon Neutrality Initiative.    
The Scripps Institution of Oceanography (Scripps) at the University of California San Diego is 
one of the world’s premier oceanographic research institutions and operates fleet of research 
vessel from coastal to global class ships.  Scripps’ current coastal research vessel is the R/V 
Robert Gordon Sproul.  Built in 1981, the R/V Sproul is nearing the end of its service life and 
will require replacement soon.  Scripps and Sandia are both interested in exploring the feasibility 
of a new hydrogen fuel cell powered coastal research vessel to replace the R/V Robert Gordon 
Sproul and support the University of California’s goals to reduce emissions of air pollutants and 
greenhouse gasses.   

The purpose of this study was to evaluate the feasibility of a hydrogen fuel cell powered research 
vessel considering required vessel mission performance, cost, regulatory acceptance, and access 
to key ports of call. 
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Section 2 Vessel Requirements 
The vessel requirements came from a combination of general requirements that are typical of 
oceanographic research vessels, specific requirements from Scripps to meet the requirements of a 
new California coastal research vessel, and facility limitations for intended operating locations. 

The general vessel requirements are the following. 

 US flagged. 

 United States Coast Guard inspected vessel, 46 CFR Subchapter U oceanographic 
research vessel. 

 Classed by DNV GL  A1, E0, FC (Power), Gas Fueled, Battery (safety). 

 Zero air emissions 
Table 1 Science mission requirements 

Cruise Speed 10 knots cruise, calm water 
Speed in Seaway 12 knots, calm water (sprint) 

9 knots, SS4 (sea state 4) 
7 knots, SS5 

Range 2,400  nm (nautical miles) 
Station Keeping 2 knots beam current, 25 knots wind at best heading 
Endurance 15 days 
Main Lab Space 800 ft2 
Wet Lab Space 500 ft2 
Computer Lap Space 120 ft2 
Working Deck Space 1,200 ft2 
Portable Vans 2 
Crew Berths 11 
Scientist Berths 18 
A-Frame 12,000 ST SWL (safe working load) 
Main Crane 8,000 lbs @ 12' over the side 
Portable Crane 4,000 lbs SWL 
Side Frame 5,000 lbs SWL 
Trawl Winch 10,000m 3/8 3x19 wire 
Hydro Winch 10,000m 0.322 EM Wire, 10,000m 1/4 3x19 wire 
Science Payload 50 LT 

 

Scripps additionally provided operational profiles for 14 notional missions that the vessel must 
be capable of performing. 
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Table 2 Notional Science Missions 

Mission 
Length 
(Days) 

Participants 
Science,  Techs 

Number of 
Missions Per Year 

Coastal Mooring 1 15 1 6 
Deep Moorings (4000 m) & towed sonar 5 13 2 2 
Mapping (multibeam & towed CHIRP) 5 7 1 2 
Class cruise: biology 1 40 4 6 
Class cruise: geology 1 40 4 6 
Class cruise: ROV 1 20 4 4 
ROV survey 7 12 4 2 
Geology sampling 5 10 2 2 
FLIP anchor handling 3 2 2 6 
UAV flight ops (aerial drones) 4 10 1 2 
AUV ops (Remus, Wave glider, Spray etc) 4 10 1 5 
Physical oceanography 8 14 1 4 
Biogeochemical survey 8 14 1 2 

 

2.1 Dimensional Limitations 
Other research institutions in addition to Scripps would use the Zero-V California coastal 
research vessel.  Specifically the Moss Landing Marine Laboratory (MLML) located in Moss 
Landing Harbor in Monterey Bay, CA, would use the vessel frequently.  The primary marine 
facility in Moss Landing Harbor is currently the Monterey Bay Aquarium Research Institute 
(MBARI).  Accessing this facility imposes some dimensional constraints on the vessel, as the 
navigation channel in Moss Landing Harbor is narrow and relatively shallow.  The MBARI pier 
is a horseshoe-shaped pier and the vessel would be required to tie up inside.  Moss Landing 
Harbor and the MBARI pier can be seen in Figure 1.  Accessing Moss Landing and the MBARI 
pier imposes the following maximum dimensions on the vessel. 
Table 3 Dimension constraints for accessing MBARI pier 

Dimension Maximum 
Length 170' 
Beam 56' 
Draft 12' 

The MBARI Pier was found to be the most dimensionally restrictive of the expected ports of 
call.  Designing the vessel to access MBARI guarantees its accessibility to other Ports such as 
the Mar-Fac Facility at Scripps, or Pier 54 in the Port of San Francisco, or Wharf 5 of the Port of 
Redwood City. 
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Figure 1 Moss Landing Harbor, Monterey Bay CA  
(Imagery ©2017 Google, TerraMetrics, Data SCUMB SFML, CA OPC, Map Data ©2017 Google ) 

MBARI pier 



97

 
Sandia Zero-V  25 November 2017  
Design Study Report 6 Job 17003.01, Rev A 
 

Section 3 Vessel Design 

3.1 Hull Type 
Hull type options for ocean-going vessels include monohulls, catamarans, and trimarans.  
Monohulls are the most common type of ocean-going vessel and the vast majority of large 
oceanographic research vessels are monohulls.  There are, however, numerous ocean-going 
multi-hull vessels in service around world including some oceanographic research vessels.  A 
monohull design for the Zero-V was initially investigated because it is the most conventional 
research vessel hull.  However as the project progressed, it was apparent that the monohull 
design could not support the space needed for the hydrogen storage tanks while meeting both the 
vessel space requirements and the dimensional constraints.  For this reason the design evolved to 
a trimaran design because it offers significantly more space on deck due to a greater beam.  A 
catamaran hull was also considered but not pursued.  The benefits, drawbacks, and limitations of 
each hull type as applicable to the Zero-V are discussed in more details in the following sections. 

3.1.1 Monohull 
Monohulls offer the largest amount of volume within the hull below the main deck and have 
relatively simple and efficient hull structure, making a monohull typically less expensive to build 
than a multihull of the same displacement.  This is the primary reason that monohulls are the 
most common and conventional hull for large ocean-going research vessels.  Additionally, 
monohulls of conventional proportions (ratios of length, beam, draft, and displacement) can have 
excellent seakeeping performance and maneuverability.  However, monohulls are often stability 
limited.  This is especially true of research vessels, which tend to have very large superstructures 
and deckhouses with a high center of gravity.   

For the Zero-V it was determined that due to the large size of the hydrogen fuel storage tanks, 
the tanks would need to be located above deck rather than inside the hull.  A monohull would not 
have the necessary stability to accommodate the substantial weight of the fuel tanks at a high 
location in the vessel.  Increasing the stability would require unusual vessel proportions such as a 
very wide shallow hull, which would have significant adverse effects of the vessel’s resistance as 
well as motions and seakeeping performance.  For this reason, a monohull was not well suited 
for this particular vessel’s requirements and constraints. 
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Figure 2 Monohull research vessel R/V New Horizon (photo from www.unols.org) 
 

3.1.2 Catamaran 
Catamarans are the most common multihull.  They offer a wide vessel affording significantly 
more above-deck space compared to a monohull.  Catamarans have excellent stability due to the 
wide separation of the waterplane areas (intersection area of the hull and the water) of the two 
hulls.  This creates higher righting forces (forces restoring the vessel to vertical position) than 
can be achieved with a monohull of equal displacement.  Catamarans are typically designed for 
high-speed operations with very slender hulls to reduce the vessel resistance at high speed.  
However, the slenderness of the hulls also causes catamarans to have much lower displacements 
and waterplane areas compared to similar sized monohulls, making them weight sensitive i.e. 
small changes in weight significantly affect the vessel’s draft, heel and trim.  Additionally, the 
slenderness of the hulls affords little space below decks for machinery, equipment, 
accommodations, or service spaces.  While this is not a problem for a vessel like a passenger 
ferry, which is dominated by above-deck cabins, it makes the arrangement of a research vessel 
requiring large volumes both above and below the deck difficult.  Another significant drawback 
of a conventional catamaran design is that they tend to have poorer seakeeping performance than 
both monohulls and trimarans and tend to have very abrupt motions.  This is undesirable for a 
research vessel that requires the ability to perform work on deck and in the labs both on station 
and underway. 
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Figure 3 Catamaran passenger ferry 

3.1.3 Trimaran 
The trimaran design with a center hull and two smaller side hulls is something of a blend 
between the monohull and the catamaran.  The center hull, while more slender than a monohull, 
still has substantial breadth and can accommodate the machinery, storage, control and science 
spaces that are typically located in the hull of a research vessel.  Additionally the trimaran has a 
wide deck allowing for a large deckhouse and superstructure for accommodations, laboratory, 
and service spaces.   

The trimaran has excellent stability characteristics due to the righting forces from the widely 
spaced water planes of the outer hulls.  This allows the vessel to have a higher center of gravity 
than a monohull, thereby accommodating the fuel storage tanks in an elevated, above-deck 
location.  The increased righting forces of the outer hulls does result in increased seakeeping 
motion responses, especially roll response in beam seas, when the direction of waves is coming 
from the side of the vessel.  However, the seakeeping performance can still be excellent with 
greater than 95% vessel operability.  Seakeeping is further discussed in Section 4.5. 

Due to the slenderness of the outer hulls, the trimaran is more weight sensitive than a monohull.  
However, the substantial center hull mitigates this significantly, making the trimaran less weight-
sensitive than a typical catamaran.  Additionally because the Zero-V will operate at a relatively 
low speed for a trimaran, the hull can be fuller (less slender) than typical of a high-speed 
trimaran.  This also serves to mitigate the sensitivity of the design to weight. 

The design of the trimaran also results in significant directional stability, which is good for 
course-keeping but makes maneuvering more difficult than either a catamaran or a trimaran.  
This results in increased thrust required for station keeping and turning.  However, these 
limitations can be overcome by proper selection and arrangement of maneuvering equipment 
such as high-lift rudders, bow thrusters, and stern thrusters, all of which are incorporated into the 
Zero-V design. 

In the case of the Zero-V, the dimensional limitations of the vessel restricted the beam and 
therefore forced the hull spacing of the trimaran to be less than is optimal for resistance based on 
some of the design literature available.  However, the impact of this on the Zero-V is estimated 
to be mitigated greatly by the relatively low speed operation of this vessel with the expectation 
that the hydrodynamic interaction between the hulls is less important at low speeds.  Ultimately, 
it is expected that for the Zero-V operating conditions, the resistance of a monohull and a 
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trimaran of similar length and displacement is nearly equivalent.  Resistance and powering is 
further discussed in Section 4.1. 

 
Figure 4 Trimaran research vessel Zero-V 

3.2 Arrangements 
Arrangements for the vessel were developed to meet all of the space and volume requirements of 
the vessel as well as for fitment of the machinery, service, and control spaces necessary for 
operation of the vessel.  Additionally, the arrangements consider the operations of the vessel 
such as access between science spaces, the working deck, and science handling systems as well 
as visibility and sight lines from control stations to the working areas and equipment.  The 
arrangements also incorporate special requirements specific to the use of liquefied gas fuel.  The 
most significant of these special requirements are hazardous areas, discussed in Section 3.7.2, 
and the restriction that the hydrogen storage tanks be located no closer to the sides of the vessel 
than 20% of the overall width (beam) of the vessel.  For example if the vessel’s beam is 50 feet, 
the hydrogen tanks shall be no closer than 10 feet from the sides of the vessel.  

The Zero-V design follows traditional arrangements for a research vessel despite the trimaran 
hull type.  The power plant, machinery, machinery operating station, stores, main winches, and 
scientific acoustic equipment are located below the main deck in the hull.  The main deck 
contains the working deck, laboratories, main service spaces, and science berthing.  The upper 
decks contain the crew berthing and navigation spaces.  The major deviation from conventional 
research vessel arrangements is that the fuel storage is located on the 01 Deck rather than in the 
inner bottom of the hull. 
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Figure 5 Zero-V Inboard Profile 

 

 
Figure 6 Zero-V 3D Arrangement 

The location of the fuel storage was driven by a combination of factors.  Conventionally, the 
diesel fuel oil tanks are in the inner bottom of the hull against the shell.  These tanks therefore 
are of limited height and have odd but generally prismatic shapes.  The diesel fuel storage is 
typically split into many tanks to accommodate the vessel watertight subdivision, arrangements, 
and stability limitations.  Figure 7 shows an example diesel fuel oil storage arrangement with 11 
storage tanks that is illustrative of a typical research vessel.  
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Figure 7 Example of typical inner bottom diesel fuel oil storage tank arrangement for a research vessel. 

(Diesel fuel tanks indicated with bold green outlines) 

LH2, because it is a cryogenic liquid stored at pressure, is stored in vacuum-insulated Type C 
cylindrical pressure vessels.  The fitment of cylindrical type C storage tanks into a prismatic hull 
is both challenging and space inefficient.  It is desirable to have fewer large LH2 storage tanks 
because large diameter tanks are more volume, weight, and cost efficient.  In addition, the heat 
leakage from large diameter LH2 tanks is, as a percentage of the amount of LH2 stored, smaller 
than from smaller cryogenic vessels.  Thus, undesirable  "boil off" of the LH2 is less for larger 
LH2 tanks than for smaller tanks.  Furthermore, the volumetric energy density (energy in the fuel 
per unit of volume) of LH2 is 4.2 times lower than that of diesel fuel, making the amount of 
tankage for an equivalent fuel energy more than four times the volume.  Because of these factors, 
it was found that the size of the storage fuel tanks required to meet range was too large to fit 
inside the hull of a vessel that met the dimensional limitations.  For this reason, the fuel tanks are 
located above the deck in the weather.  On research vessels, the Main Deck is the most valuable 
real estate for working and laboratory spaces.  Because large storage tanks located on the Main 
Deck would be too disruptive to the working spaces and science operations, the tanks are located 
on the 01 Level aft weather deck.  

Details of the vessel’s arrangements can be seen in the General Arrangement Drawing in 
Appendix A.  

3.3 Propulsion System 

3.3.1 Objectives and Requirements 
The primary objective of the propulsion system selection is to allow the vessel to achieve the 
mission and design requirements given in Section 2.  An electric, direct drive, twin propeller 
arrangement was selected.  In this arrangement, each propeller shaft is directly driven by a high-
torque permanent magnet motor.  This arrangement is simple, efficient, and quiet.  An integrated 
hydrogen fuel cell electric plant provides both propulsion and ship service electrical power.  

To provide the required position keeping ability for on-station science work, the vessel is fitted 
with a retractable azimuthing (rotating 360 degrees) bow thruster as well as stern thrusters in 
each outer hull.  These thrusters provide thrust at the bow and stern ends of the vessel to help 
control the ship’s heading and position during maneuvering, docking, and station keeping.  
Additionally, high-lift flap rudders are provided to maximize steering forces produced from the 
main propellers during station keeping.   

Table 4 summarizes the propulsion equipment specifications. 
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Table 4 Propulsion system equipment 

Equipment Type Description 
Electrical Power 10 fuel cell racks Each Rack contains six (6) FC modules.  Each FC 

module delivers 30 kW (kilowatts), for a total rack 
power of 180 kW, and a total installed power of 
1,800 kW. 

Propulsion Motors Two (2) electric motors High torque permanent magnet, 500 kW 
Bow Thruster One (1) retractable 

azimuthing thruster 
Fixed pitch ducted propeller, electric motor driven L-
drive, 500 kW 

Stern Lateral 
Thrusters 

Two (2) identical tunnel 
thrusters 

Fixed pitch, mounted in side hulls, 500 kW 

Propellers Two (2) identical fixed 
pitch propellers 

Approx. 2.1 m in diameter 

Rudders Two (2) identical, high-
lift rudders 

Flap type 

 

The propulsion system block diagram showing the main propulsion switchboard (SWBD) and 
the ship service switchboard is depicted in Figure 8.  The propulsion switchboard provides power 
to all the major propulsion loads and well as to the ship service switchboard.  The ship service 
switchboard provides power to the vessel’s auxiliary equipment, hotel, and lighting systems.  
The propulsion system is configured to provide redundancy and flexibility for different operating 
conditions.  This creates a capable propulsion system that can operate efficiently for the varied 
operational and mission demands of a general-purpose research vessel. 

 
Figure 8 Propulsion system block diagram 

3.3.2 Propulsion Motors 
The Zero-V will use two propulsion motors to power to its propellers.  Based on the resistance 
and powering calculations, it was determined that 500 kW motors will provide sufficient power 
for the various mission requirements and also have enough reserve power for safe operation in 
heavy seas and for dynamic positioning.  There are several manufacturers offering marine 
propulsion motors of this size. 

High-torque alternating current (AC) permanent magnet type motors were selected as the 
propulsion motors.  These motors can be directly coupled to the propeller shaft to provide 

DC/AC 
Drive 

DC/AC 
Converter 

DC/DC 
Converter 
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efficient and quiet operation.  AC permanent magnet motors were preferred over DC motors for 
several reasons.  AC motors, especially permanent magnet type, are lighter, more compact, and 
more efficient than typical DC motors.  Additionally AC motors tend to require less 
maintenance.  The propulsion motors would be resiliently mounted in the hull to reduce the 
transmission of structure-borne underwater noise. 

3.3.3 Propulsors 
The vessel is outfitted with two fixed pitch propellers.  Each propeller is approximately 2.1 m in 
diameter.  Fixed pitch propellers were chosen for their simplicity, low capital and operating cost, 
and quiet operation.  The propellers should be of wake-adapted design to minimize underwater 
noise as well as maximize efficiency.  The propellers are assumed to be fully non-cavitating at 
speeds up to 8 knots. 

3.3.4 Rudders 
High-lift flap rudders are used for maneuvering the vessel.  Compared to conventional spade 
rudders, the flap rudders provide both high turning forces underway and superior thrust control 
for position keeping. 

3.3.5 Bow Thrusters 
A 500 kW retractable azimuthing bow thruster is located in the forward section of the center 
hull.  This thruster provides sufficient maneuvering and dynamic positioning (ability to hold 
vessel position relative to a fixed position on the seabed) capability for the vessel under the 
required operating conditions.  The bow thruster can provide thrust in both a lowered position, or 
while retracted into a thruster tunnel in the hull.  While in the lowered position, the thruster 
extends below the bottom of the hull and can rotate 360 degrees to provide thrust in any 
direction.  For operation in shallow water such as when docking, the thruster can operate while 
retracted into a tunnel within the hull.  In this position, the thruster can only provide sideways 
thrust.  The bow thruster is powered by a permanent magnet AC motor for maximum efficiency 
and minimum size.  A typical retractable bow thruster is shown in Figure 9.  

 
Figure 9 Brunvoll Azimuth Combi Thruster 
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3.3.6 Stern Transverse Thrusters 
To increase docking and position keeping performance, stern thrusters are provided in each side 
hull.  Because of the trimaran’s center hull, thrust directed inward by the stern thrusters would 
suffer significant thrust loss due to hydrodynamic effects and would likely create excessive 
noise.  For this reason, it is assumed that the stern thrusters will only be operated to provide 
outward thrust away from the vessel and therefore only one of them would be operating at a 
time.   

Conventional electric motor driven tunnel thrusters were selected for the stern thrusters.  To 
increase compactness and efficiency, permanent magnet AC motors are used. 

Rim drive tunnel thrusters were also considered but not selected.  A rim drive tunnel thruster is a 
permanent magnet (PM) motor, where the stator of the electric motor is integrated into the tunnel 
and the thruster blades are fastened to the inside of the rotor.  This reduces the necessary space 
above the impeller where a typical induction motor would be installed.  The compact rim drive is 
an attractive option for the space constrained side hulls.  Advantageous characteristics also 
include reduced noise and vibration, as well as high efficiency PM motors.  However, rim drive 
thruster are three to four times the cost of conventional thrusters.  Because conventional thrusters 
provide satisfactory performance for this vessel, the added cost of rims drives is not justified.  

 
Figure 10 Electric motor driven tunnel thruster 

(Schottel STT) 

 
Figure 11 Rim thruster (Schottel SRT) 
 

 

3.4 Integrated Electric Plant 
Propulsion power for Zero-V is supplied by an integrated electric plant consisting of hydrogen 
proton exchange membrane (PEM) fuel cells and lithium ion batteries.  The fuel cells are 30kW 
Hydrogenics HyPM HD 30 fuel cell power modules arranged into power racks each holding six 
modules.  Each rack has a total power output of 180 kW.  With ten racks total, the vessel has 
1,800 kW of installed power.   

The fuel cell racks are distributed with five racks in each of two separate fuel cell spaces.  This 
allows the vessel to continue operation at reduced power if one space must be taken out of 
service for maintenance or in response to a hydrogen leak or a failure in the space.   
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Figure 12 Rendering of one fuel cell power module and a four-module rack (Hydrogenics Corporation) 

The fuel cell power modules have an operating voltage between 60 and 100 VDC (Volts Direct 
Current).  All the modules in a rack operate in series making the output of the power rack 360-
600 VDC.  Each power rack supplies power to the propulsion switchboard through a DC-DC 
converter that converts the voltage to a steady nominal voltage of 900 VDC.  The various large 
loads such as propulsion, thruster, and winch motors are supplied from the propulsion 
switchboard through DC-AC drives.  Additionally the ship service electrical power is supplied to 
the 480 VAC (Volts Alternating Current) ship service switchboard by redundant DC-AC power 
converters.  Smaller loads such as lighting, fans, or pumps are supplied from the ship service 
switchboard.  The electrical system architecture can be seen in Figure 8 and in the electrical one-
line diagram (Reference 5) that is included in Appendix A. 

The efficiency of the PEM fuel cells varies with power output.  The fuel cell power modules 
have a peak efficiency of approximately 51%.  However, when operating at rated power output, 
the efficiency is closer to 43%.  The fuel cell efficiency will be slightly higher at the beginning 
of service but degrades over time.  Figure 13 shows the typical performance of the fuel cell 
power modules at the end of their service life.  



107

 
Sandia Zero-V  25 November 2017  
Design Study Report 16 Job 17003.01, Rev A 
 

 
Figure 13 Typical HyPM® HD 30 performance (Hydrogenics Corporation) 

The service life for the fuel cell is driven by lifetime of the proton exchange membrane inside the 
fuel cell module and is based on the operating hours of the cell stack.  The fuel cells can achieve 
10,000 to 15,000 hours of operation before requiring reconditioning to replace the membranes.  
The voltage of the cells degrades throughout its service life.  They will continue to produce 
power, but at increased current and lower efficiency.  At the end of the service life, the 
membranes must be replaced.  The service life of the membranes is only consumed when the fuel 
cell is producing power.  When the fuel cells are in standby, they are not consuming the 
operating life. 

Fuel cells can assume load fairly quickly. From a cold, turned-off state, the PEM fuel cells take 
approximately 5 seconds to go from offline to standby and less than 30 seconds to go from 
standby to full rated power output.  However, operations such as dynamic positioning can have 
very fast, transient spikes in vessel propulsion electrical load that could challenge the ability of 
the fuels cells to respond quickly enough.  To account for these transient loads, the electrical 
plant also has two lithium-ion battery banks.  The battery banks are each able to provide 100 kW 
of power nearly instantaneously in response to load demands.  With the fuel cells providing the 
base load power, the batteries will charge or discharge as required to manage transient loads.  
Additionally, the batteries can be used as a power sink for dynamic braking of large motors such 
as propulsion motors or winches.  This allows energy to be recovered during operations such as 
paying out a winch, thereby increasing overall vessel efficiency. 

3.5 Fuel Gas Systems 
Hydrogen gas is used for the fuel cell fuel.  The hydrogen is stored as liquefied hydrogen gas 
(LH2) in two storage tanks located in the weather on the 01 Level aft deck as shown in Figure 14.  
The hydrogen is bunkered and stored as cryogenic liquid at -253°C (–423°F) and then vaporized 
to gas, warmed to above 0°C and delivered to the fuel cells.  The fuel gas system consists of 
storage tanks, gas vaporization equipment, a gas distribution system, and a bunkering system.  
For redundancy, the gas storage and distribution systems are arranged as two parallel systems.  
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Each system is fed primarily by one tank and serves one fuel cell space.  Crossovers between the 
systems allow either tank to serve both Fuel Cell Rooms.   

A concept of the fundamental fuel gas system architecture was developed leveraging to a large 
extent the arrangements of marine liquefied natural gas (LNG) fuel systems, as well as industrial 
liquefied hydrogen systems.  A concept sketch of the fuel gas system architecture is included in 
Appendix A.  While this sketch is useful to communicate the fundamental philosophy of the fuel 
gas system architecture, significant additional development of the fuel gas system will be 
required to flesh out the details and support a comprehensive operational and risk assessment of 
the system.  A cryogenic gas systems supplier experienced with both industrial LH2 systems and 
marine LNG systems would be a critical partner in this effort. 

 

 
Figure 14 Fuel storage tank location 

3.5.1 Gas Storage 
The LH2 is stored in two cylindrical pressure vessel storage tanks each with a molded volume 
(water volume) of 28,800 gallons.  This gives each tank a capacity of 5,840 kg of LH2.  The 
tanks are Type C independent tanks of fully stainless steel double wall construction with vacuum 
insulation between the primary containment and the outer shell.  The tanks will have a design 
pressure of 150 pounds per square inch gage (psig), and a typical operating pressure around 100 
psig.  A tank connection space, sometimes called a cold box, is located on the inboard side of 
each tank.  The tank connection space contains all the pipe penetrations into the tank below the 
full liquid level.  In this way, any liquid leaks resulting from a failure of a pipe penetration into 
the tank would be contained by the tank connection space. 

3.5.2 Gas Distribution System 
Each tank connection space will contain all of the gas piping and equipment that processes 
liquefied gas.  This includes a pressure-building unit (PBU), a gas vaporizer, and gas delivery 
piping and valves.  

LH2 Tanks 



109

 
Sandia Zero-V  25 November 2017  
Design Study Report 18 Job 17003.01, Rev A 
 

In normal operation, pressurized LH2 fuel is conveyed from the bottom of the tank to the 
vaporizer where it is evaporated to “warm” hydrogen vapor at a temperature of approximately 
0°C.  The “warm” gas vapor is then delivered to the fuel cells by way of the gas supply piping 
and a gas supply unit (GSU).  The vaporizer is a shell and tube heat exchanger that is specifically 
designed for cryogenic services and uses ambient seawater as the heating medium.  The Zero-V 
uses commercially available Thermax Cold Water Cryogenic Vaporizers model P25-20.  The 
vaporizer is capable of delivering the gas within 10°F of the incoming seawater temperature and 
can operate with seawater temperature as low as 50°F.  While this is anticipated to be sufficient 
for operations in the coastal areas of California, a detailed climatology study of the sea 
temperature in the operating area would be required.  If necessary, the seawater could be heated 
using waste heat recovered from the fuel cell cooling system.  

 
Figure 15 Thermax Cold Water Cryogenic Vaporizer 

The LH2 is pushed through the vaporizer by increasing the pressure in the storage tank to the 
operating pressure using a pressure-building unit (PBU).  The PBU is a small evaporator that 
takes a small amount of LH2 from the tank, vaporizes it, and sends the vapor back into the gas 
cushion at the top of the tank to increase the pressure in the tank.  This type of delivery system is 
commonly used on LNG fueled vessels and cryogenic delivery trucks.  Cryogenic pumps are 
expensive and are typically only used where necessary, such as high pressure applications. 

Each gas system is fitted with a remotely operated tank isolation valve immediately at the liquid 
piping penetration into the tank.  This valve can be used to shut off supply of LH2 in an 
emergency.  Additionally, each gas system is also fitted with a master gas valve where the gas 
vapor piping exits the tank connection space.  This valve can be used for emergency shutdown of 
vaporized gas.  Typically, the master gas valve would be used for emergency shutdown of the 
gas supply system unless a leak detection alarm has occurred inside the tank connection space. 

The gas supply piping is led from each of the tank connection spaces to the master gas valves 
and then down to the GSU for each fuel cell space, which are located adjacent to the Fuel Cell 
Rooms.  From the GSUs, the piping is led into the fuel cell spaces and to the fuel cell racks.  
Everywhere gas piping is led inside the vessel, it is inside of gas-tight ventilated ducts.  There 
will be one GSU, inside a dedicated enclosure, for each of the Fuel Cell Rooms.  

All of the gas supply piping will be low pressure piping, with the gas pressure not exceeding 150 
psig and typically operating around 100 psig.  Pressure relief valves inside the GSU will ensure 
that the gas pressure does not exceed the maximum allowable pressure. 
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The gas supply unit (GSU) will consist of the double block-and-bleed valve, pressure control 
valve, and a nitrogen purging connection.  On either side of the double block-and-bleed valve 
will be a vent valve that allows the gas supply piping upstream and downstream of the double 
block-and-bleed valve to be vented to the gas vent mast.  The nitrogen injection valve will be 
located upstream of the double block-and-bleed valve, to facilitate inerting the gas supply line 
between the double block-and-bleed valve and the storage tank, as well as from the GSU to the 
fuel cells.  Nitrogen inerting of the piping would only be done if required for maintenance and is 
only done for “warm” gas piping.  In normal operation, the gas supply piping would always 
contain hydrogen.  The double block-and-bleed valve is used to secure the hydrogen supply to 
each fuel cell space for both normal shutdown of the equipment in the space or for emergency 
shutdown. 

The GSU for each fuel cell space will be installed inside a gas tight enclosure in the GSU room 
adjacent to the Fuel Cell Rooms.  The ventilation ducting around the gas supply piping will be 
connected to the GSU enclosure thereby ventilating the enclosure.  The GSU enclosure will be 
considered a Zone 1 hazardous area, and will not have access doors.  Hazardous areas are further 
discussed in Section 3.7.2.  Maintenance and service access to the enclosure will be through a 
bolted hatch that will only be opened when the gas supplying line has been inerted with nitrogen.  
After the gas supply lines are inerted, the GSU enclosure is not a hazardous space. 

The gas supply piping from the GSUs enters each fuel cell space where it branches to the fuel 
cell racks.  Each fuel cell rack supply branch contains a block-and-bleed valve near the fuel cell 
rack connection.  This valve is remotely operated and is used to isolate the fuel supply to each 
fuel cell rack for normal shutdown of the fuel cell.  This allows the branch piping to each fuel 
cell rack to be depressurized whenever the rack is not operating.  This significantly reduces both 
the risk and consequence of a leak within the fuel cell rack.  An additional manual isolation valve 
is located upstream of the block-and-bleed valve for maintenance isolation of each fuel cell rack. 

3.5.3 Gas Vents 
There are several gas vents in the gas system.  The vents are either from pressure relief valves or 
from bleed lines for purging gas supply and bunkering lines.  All the gas vents lead to a gas vent 
mast. 

3.5.3.1 Gas Vent Mast 
Because of the hazardous nature of vented gas, all gas vents are connected to a gas vent mast.  In 
accordance with regulations, the gas vent mast must be located such that the gas outlet is 
sufficiently far from any potential ignition source (4.5m), working deck (6m), or a ventilation 
intake (10m).  The gas vent mast will be located at the top of the vessel navigation and 
communication mast and will be the highest point of the vessel.  It has been assumed that due to 
the buoyant nature and rapid dispersion characteristics of hydrogen gas, the hazardous area 
associated with the vent mast is a hemisphere of radius 4.5m above the vent outlet with a 
cylindrical skirt that extends 3m below the outlet (Reference 4).  This assumption requires 
additional support though gas dispersion modeling to validate the approach for regulatory 
approval. 

3.5.3.2 Bleed Vents 
Bleed vents are used to bleed hydrogen from fuel gas piping and are designed for safe venting 
and/or purging of gas lines for fuel cell shutdown, bunkering, and in response to a gas system 
alarm.  
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The gas supply line will be vented by bleed valves in the GSU enclosure and at the fuel cell 
racks.  When gas supply to a fuel cell rack or a Fuel Cell Room is stopped with the double block-
and-bleed valve, the bleed valve will open to vent the pipe between the stop valves.  The bleed 
valve will be connected via the vent pipe to the gas vent mast.  All gas vent piping within the 
interior of the vessel will run through the ventilated gas pipe ducts.   

In addition to the bleed line from the double block-and-bleed valve, there will also be bleed 
valves on either side of the double block-and-bleed valve that vent the gas supply piping in case 
of an automatic closure of the master gas valve.  These bleed valves will be connected to the vent 
pipe. 

A vent valve in the bunkering line will be located near the tanks.  The bunkering vent will be 
used for purging the bunkering pipe to the vent mast with hydrogen before and after the 
bunkering process. 

The storage tanks will be connected to the vent mast by bleed valves located in the tank 
connection spaces.  These valves will be normally closed, but can be opened to allow purging of 
the tanks for maintenance.  

3.5.3.3 Pressure Relief Valves 
There are several pressure relief valves in the system to prevent the hydrogen pressure from 
exceeding the maximum allowable pressure of the fuel system (150 psig).  There will be two sets 
of pressure relief valves and rupture discs on the tanks with one set active at all times.  The relief 
valves and rupture discs are set at progressively higher pressure to provide multiple levels of 
protection of the tank.  Additionally, there are pressure relief valves in all sections of liquid 
piping in which LH2 could become trapped and a pressure relief valve from each GSU.  If any 
pressure relief valve lifts, the gas is vented to the gas mast through the vent piping. 

Gas Release 
With marine LNG fuel applications, routine venting of gas to the vent mast is not permitted.  The 
vent mast is solely to be used for emergency or pressure relief valve releases.  This LNG gas 
venting philosophy is not aligned with current widely accepted industrial practices for LH2 
handling.  In industrial LH2 storage and transfer, hydrogen gas is routinely and safely vented to 
atmosphere during normal operating procedures.  One key difference in the release of hydrogen 
verses natural gas vapors is that the methane vented from LNG is a significant air pollutant and 
greenhouse gas, while hydrogen is neither.  Additionally, unlike natural gas, hydrogen is buoyant 
in air even for temperatures only a few degrees above the boiling point of -253°C.  This prevents 
hydrogen from ever settling or pooling in low points. 

Because there is no established regulatory standard for venting of hydrogen fuel gas in marine 
applications, it is proposed that the accepted industrial procedures be adapted to marine 
applications.  This proposal is supported by other accepted marine practices involving release of 
hydrogen gas.  One such example is the venting of hydrogen gas that is formed as a byproduct of 
large scale electrochlorination-type ballast water treatment systems.  Electrochlorination systems 
generate hypochlorite disinfectant products by electrolyzing seawater.  In this process, hydrogen 
gas is evolved as a byproduct and is entrained in the disinfectant process stream.  To avoid 
accumulation of hydrogen gas in the vessel’s ballast tanks, the hydrogen gas is separated and 
vented to weather.  The considerations for arrangement and safety of the hydrogen venting in 
ballast treatment applications is codified in the various shipbuilding rules of the major marine 
classification societies.  With the appropriate diligence and risk assessment, it is reasonable that 
the practices established for venting of hydrogen in ballast water treatment systems could be 
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extended to venting of hydrogen gas fuel.  In fact, for some very large ballast water treatment 
systems, the amount of hydrogen vented may be comparable to or greater than the amount of boil 
off gas from the Zero-V LH2 tanks. 

One of the principle methodologies for handling of hydrogen venting in electrochlorination 
systems is the use of hydrogen dilution systems.  The dilution systems consists of redundant 
blowers that force sufficient quantity of air into the hydrogen vent system to dilute the hydrogen 
to a level that is safely below the lower flammability limit.  A similar dilution system could be 
employed for routine venting of hydrogen fuel gas. 

Alternatively, there are provisions in the various classification society rules including the DNV 
GL rules (Reference 1) for venting flammable concentrations of hydrogen from ballast water 
treatment systems.  It is not unreasonable that this could also be extended to venting of hydrogen 
fuel gas through careful analysis and risk assessment.  Hydrogen gas disperses quite rapidly 
when released to the atmosphere.  Sandia National Laboratories is currently examining the 
dispersion of vented hydrogen using computational fluid dynamics.  Through such analysis and 
prudent placement of the vent mast outlet, it is plausible to demonstrate that the quantities of 
hydrogen released through routine operations such as from boil-off gas or purging of bunker 
lines can be released safely. 

3.5.4 Bunker Process and Piping 
Discussions with the gas suppliers Linde and Air Products revealed that the preferred and most 
flexible way to refuel the Zero-V is by LH2 trailer trucks.  Tanker truck refueling also eliminates 
the burden to ports of call of having to establish hydrogen fueling infrastructure at their sites.  
Truck trailers are currently used for filling of industrial and hydrogen fueling station LH2 storage 
tanks across United States and several suppliers are operating in the California market.  
According to one of the LH2 fuel suppliers serving California, an LH2 trailer can deliver 
approximately 4,000 kg of LH2.  With a total of 10,900 kg of consumable fuel, three trailers 
would be required to fully fuel the Zero-V.  However, most mission profiles require less than 
8,000 kg of fuel, allowing typical bunkering with two trailers.  Delivery of a full trailer load of 
fuel takes approximately 3.5 to 4 hours.  To expedite the bunkering, the bunker piping system 
and process will facilitate two LH2 trailers simultaneously bunkering the vessel with one trailer 
bunkering each tank.  Having each trailer independently bunker a separate tank was the much-
preferred method by the LH2 suppliers who indicated that ganging trucks together to bunker a 
single tank, while possible, is challenging from a pressure management perspective.  

The hydrogen is bunkered into the storage tanks as liquid hydrogen.  A bunkering station 
containing the bunkering hose connection flanges is located on the starboard side of the 01 
Level.  The bunkering station is open to the weather to provide for good natural ventilation and 
will be constructed with a sloped, smooth overhead such that any released hydrogen vapor will 
be naturally directed to weather and cannot become trapped.  The bunker station consists of hose 
connections with dry-break emergency release couplings, pressure gauges, manual stop valves, 
and remotely operated emergency stop valves.   

The bunker piping is led from the bunker station to the tanks.  To accommodate the cryogenic 
temperature in the liquid state, all bunker piping is constructed of austenitic stainless steel and is 
double walled and vacuum insulated as is standard industry practice.  The double wall vacuum 
insulated pipe serves to provide secondary containment and to minimize heat ingress into the 
LH2 during bunkering.  To allow for simultaneous but independent bunkering of both tanks, each 
tank has a dedicated bunkering pipe from a bunker flange to the tank.  A crossover between the 
two bunker lines would allow a single bunker flange to be used to fill both tanks.  



113

 
Sandia Zero-V  25 November 2017  
Design Study Report 22 Job 17003.01, Rev A 
 

Several discussions were had with Linde and Air Products regarding the bunkering process to 
gain understanding of the current operations for filling of industrial and fueling station LH2 
storage tanks and potential operations for marine vessel bunkering.  It is anticipated that marine 
bunkering will be similar to filling the storage tanks at hydrogen vehicle refueling stations, with 
some differences. 

One notable difference is that the LH2 suppliers expressed some uncertainty about connecting a 
hose directly from the trailer to the vessel bunkering station for several reasons.  First, the current 
experience of the LH2 trailer operators is to connect to a stationary fueling connection.  There 
was some concern about deviating from standard operations and training to connect to a moving 
vessel.  Additionally, the typical LH2 transfer hoses are very short in order to manage the heat 
influx through the hose and would likely be inadequate to reach from the truck on a pier to the 
bunker flange on the vessel.  As such, it was recommended to have some intermediate LH2 
transfer infrastructure, such as a fueling stanchion, available at the port facilities where the vessel 
will bunker.   

It is anticipated that the intermediate transfer equipment would be similar to loading arms that 
are already widely used in the marine industry.  These have already been developed for 
cryogenic liquefied gasses such as LNG and could reasonably be extended to LH2.  Potentially, 
the loading arm would be mobile trailer-based infrastructure that could be moved to various ports 
where bunkering occurs.  Figure 16 shows an example of a mobile marine loading arm.  This 
particular loading arm is a Wiese Europe model Atlanta arm customized for a mobile 
application.  According to Wiese Europe literature, the Atlanta arm is rated for -196°C.  Ideally, 
something similar could be developed with vacuum-insulated transfer piping to handle 
the -253°C temperature required for LH2.  Because both tanks can be bunkered simultaneously 
from two trucks, it would be necessary for the arm to have two sets of transfer piping. 

 
Figure 16 Mobile marine loading arm (Wiese Europe) 

With a shore-based loading arm, the LH2 trailers would connect to the stationary arm and the arm 
would be connected to the vessel via flexible hoses.  Because the arm can be positioned close to 
the bunker flanges, only short hoses would be required. 
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Bunkering operations would be similar to bunkering of LNG that is currently done by vessels in 
the United States and around the world.  Several authorities have developed guidelines for 
bunkering of LNG including USCG (References 15 and 16) and ABS (Reference 17).  In general 
this guidance can be extended to LH2 bunkering as well, however some differences will exist due 
to differing properties and risks of LH2.  Because marine bunkering of LH2 is not yet an 
established practice, detailed bunkering operations and facilities plans including risk assessment 
would be required to be developed in coordination with the cognizant authorities in all locations 
where bunkering is to occur. 

The following conceptual bunkering procedure is adapted with modification from the current 
practices for LNG bunkering: 

Bunkering Procedure 
1. Vessel is moored with the starboard side to the pier and made ready for bunkering.  The 

cognizant authorities such as the local Captain of the Port (COTP) shall be notified that 
bunkering of LH2 will be performed.  

2. Safety checks are performed of all equipment involved in the bunkering process to ensure 
it is in good operating condition and properly aligned for bunkering operations.  This also 
includes testing of sensing and alarm systems, emergency shutdown systems, and 
communications systems. 

3. Loading arm is brought into position and connected to the vessel bunker flanges. 

4. LH2 trucks are brought into position and connected to the loading arm. 

5. The trucks build pressure in the LH2 trailers to the transfer pressure. 

6. Bunkering piping valves are aligned to the vessel’s vent mast and the truck pushes cold 
hydrogen vapor through the bunkering hoses and piping and to the vent mast.  This is 
necessary to purge the bunkering piping of any contaminant gasses and to cool them 
down before liquid transfer commences.  The use of the vessel vent mast during 
bunkering is a notable divergence from LNG bunkering procedures.  This is further 
discussed in Section 3.5.3. 

7. Once the pipes are purged and cooled, the bunker piping valves are aligned to the LH2 
storage tanks and liquid transfer begins. 

8. Pressure is controlled in LH2 tanks by alternating between bottom filling and top filling 
though spray bars to collapse the vapor in the head space. 

9. Once the tanks are filled to the desired level, liquid transfer is stopped.  Cold hydrogen 
gas is used to push remaining liquid to the tanks to the greatest extent possible.  Any 
liquid remaining in the transfer piping must be vented to the vessel’s vent mast. 

10. Bunkering and transfer piping, now containing only cold gas, is isolated from the LH2 
storage tanks and the LH2 trailer.  The pipe is then vented to the vent mast to depressurize 
all bunkering and LH2 transfer piping and hoses. 

11. Valves at the bunkering flange are secured and hose connections to the loading arm are 
broken and hoses removed. 

12. The truck is moved to a designated safe area at the port facility to depressurize the trailer 
tank before the trailer drives on public roads (as required by DOT regulations).  This may 
require a fixed vent mast at the port facility. 
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3.6 Auxiliary Systems 
This section will address aspects of the design of auxiliary systems that are peculiar to a 
hydrogen fueled vessel.  It will not address aspects of the of the auxiliary systems design that are 
standard vessel systems.  The seawater cooling, cathode air, and ventilation systems are unique 
propulsion support systems on the Zero-V and are discussed in the following sections.  

3.6.1 Seawater Cooling 
The seawater cooling system provides cooling for the fuel cell racks. Each Fuel Cell Room will 
have a dedicated seawater cooling system.  

A Sperre Rack Cooler heat exchanger will be installed in the double bottom of the vessel, below 
each Fuel Cell Room.  Deionized water is primary coolant and circulated through the fuel cells 
and through the hot side of the rack cooler by the cooling pumps in the fuel cell racks.  Seawater 
is the secondary coolant and is pumped through the cool side of the rack cooler. This system 
serves to transfer the waste heat from the hydrogen fuel cells to the seawater. 

 
Figure 17 Sperre Rack Cooler heat exchanger 

The cooler has two elements which service the five fuel cells for a total heat transfer of 
1,560 kW of heat dissipation for each Fuel Cell Room. This will require a seawater flow rate of 
1,695 gpm (gallons per minute) at the maximum electrical production. Because the rack cooler 
requires very high flow rates with relatively low pressure drop, axial flow pumps are well suited 
for this application.  Each seawater pump would be approximately 10 horsepower. 

3.6.2 Cathode Air 
Air must be supplied to the fuel cells to provide oxygen to the cathodes.  The cathode air is 
ambient outdoor air that is filtered but otherwise requires no special preparation.  Each fuel cell 
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rack requires a supply of 530 cfm (cubic feet per minute) for a total of 2650 cfm per Fuel Cell 
Room.  This is a similar quantity to the combustion air that would be required by an equivalent 
diesel generator set.  The cathode air would be supplied by two supply fans to a common supply 
plenum leading to the Fuel Cell Room and branch supply ducts to each fuel cell rack.  The 
supply fans would have variable frequency drives to permit modulation of the flow rate 
depending on the air demand of the fuel cells. 

The air from the cathode is then exhausted by an exhaust fan in each fuel cell module.  The 
oxygen levels in the exhausted air is reduced to about 12%.  With this level of oxygen, 
exhausting the air to a well-ventilated location in the weather where it can rapidly mix with fresh 
air poses little risk of adverse effects on personnel.  This is accomplished by exhaust ducts from 
each rack that are led to a common exhaust plenum in each Fuel Cell Room and then lead to 
weather.  Because the fuel cell cathode air exhaust fans have very low static pressure, two 
exhaust fans in each cathode air exhaust system would ensure that the plenum is always under 
slight negative pressure.  The exhaust fans would be configured to modulate flow in order to 
maintain a set point pressure in the exhaust plenum. 

3.6.3 Ventilation 
Ventilation is very important in a gas fueled vessel as it is used to mitigate the effects of any gas 
leaks within the vessel.  There are two primary ventilation systems serving this purpose.  One is 
for ventilation of the Fuel Cell Rooms.  The other is for ventilation of the secondary containment 
duct around the fuel gas supply and vent piping.   

Each Fuel Cell Room has an independent ventilation system consisting of powered supply and 
powered exhaust.  The supply to the space provides outdoor air from a safe location in the 
weather located on the forward end of the 02 Deck as shown in Reference 4.  Redundant supply 
fans are required to ensure that ventilation of the space is not interrupted due to equipment 
failures.  Redundant fans are also used to exhaust air from the Fuel Cell Room to a location in 
the weather on the aft end of the deckhouse on the 01 Level as shown in Reference 4.  Because 
hydrogen is highly buoyant, the exhaust air is taken from the high point in the space.  In 
accordance with DNV GL requirements (Reference 1) for fuel cell spaces where hydrogen is 
present, the overhead of the space will be smooth with no obstructing structures and arranged to 
be upward sloping up towards the ventilation outlet.  Under normal conditions both the supply 
and exhaust ducting and weather terminals are not considered hazardous areas.  However, under 
gas detection event in the fuel cell space, they would become classified as gas hazardous.  Any 
electrical equipment that impacts the hazardous area would either need to be rated for use in a 
hydrogen atmosphere or electrically disconnected as part of the emergency shutdown (ESD) 
sequence.  Hazardous areas and emergency shutdown are further discussed in Section 3.7.2. 

In accordance with DNV GL regulations (Reference 1) for spaces containing hydrogen pipes the 
ventilation rate must be sufficient to avoid gas concentration in the flammable range in all 
leakage scenarios, including pipe rupture.  It is anticipated that the rate of 30 air changes per 
hour required for spaces containing other flammable gas pipes, such as for natural gas, is 
sufficient to achieve this requirement.  However, a detailed analysis of potential hydrogen 
releases and the ventilation rate is required in future development. 

All hydrogen gas piping routed through enclosed spaces in the vessel will be contained within a 
gas tight duct that provides a secondary containment of any gas that is leaked from the pipe.  
Similar to the fuel cell spaces, the gas pipe ducting will be ventilated throughout its entire length 
at a rate sufficient to avoid gas concentration in the flammable range in all leakage scenarios, 
including pipe rupture.  It is again anticipated that the rate of 30 air changes per hour is sufficient 
to achieve this requirement but a detailed analysis is required to confirm.  The ventilation of the 
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gas pipe ducts is by fully redundant exhaust fans that maintain the ducting under a slight negative 
pressure and exhaust the air to a location in the weather. 

3.7 Electrical  

3.7.1 Load Analysis 
The electrical load analysis (ELA) was developed using estimates for the ship service, 
emergency, propulsion and science system electrical loads.  Electrical load and demand factor 
estimates from other similar sized research vessels including the Regional Class Research Vessel 
(RCRV) developed for Oregon State University were used as a reference.  The ship service 
electrical load estimate reflects the expectation that substantial efforts will be made to increase 
the energy efficiency of the Zero-V to minimize both required fuel storage volume and 
environmental impact.  The ELA is preliminary, and requires further refinement as the vessel 
design is developed and specific equipment is selected.  The ELA can be seen in Appendix B.   

The main propulsion and ship service loads are supplied with power from 10 racks of 6 fuel 
cells.  Because the fuel cells operate with a unity power factor (the ratio of real and apparent 
power), much like a battery, and the propulsion and ship service loads typically have a power 
factor between 0.8 and 0.9, the limits on apparent power (kVA) governs utilization of the fuel 
cells.  The fuel cells provide 1,800 kVA for the vessel.  Under calm water cruise conditions, 
approximately 470 kVA are used for the vessel propulsion, while 250 kVA supplies the ship’s 
service loads.  However, under sprint conditions, maximum propulsion power, the total electrical 
load is 1500 kVA.  Adding in a 10% design margin and a 10% growth margin for future 
modification, this requires the full 1,800 kVA capacity of the electrical plant.  To ensure that as 
the ship service loads fluctuate the total power demanded does not exceed the plant capacity, an 
automated power management system would control and limit the power to the propulsion 
motors under sprinting conditions. 

The fuel cell racks supply DC power to the main propulsion switchboard at 360VDC - 720VDC. 
The propulsion switchboard supplies power to the propulsion motors, thrusters, and ship service 
switchboard through an inverter and transformer. Reference 5 and Figure 8 show the details of 
the electrical system architecture. 

There are seven operating profiles considered in the ELA. The Transit scenario is applicable 
when the vessel is transiting between stations, and not performing science operations. The 
Towing scenario represents when the vessel is moving at slow speed (2 knots) and using the 
towing winch. The Loitering and On Station profiles represent light and heavy dynamic 
positioning respectively. In these scenarios, the bow and stern thrusters are being utilized, along 
with heavy science equipment demands. The In Port scenario represents the vessel's electrical 
demands while in port. Sprint was also included in the ELA but is not a normal operating profile. 

The most demanding normal operating profiles are Transit and On Station (DP). These scenarios 
will require a minimum of 5 and 7 fuel cell racks respectively to be operating to supply sufficient 
power. 

The small emergency load of 162 kVA can be accommodated by two fuel cell racks 

The shore power load for the vessel is 180 kVA.  The shore power connection will be sized to 
accommodate this load. 
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3.7.2 Electrical Safety and Hazardous Areas 
In addition to the standard marine vessel electrical safety considerations, there are several 
additional considerations that are specific to the use of gas fuel including hydrogen.  The primary 
considerations are designation of hazardous areas and the safety of electrical appliance or 
equipment installed in those areas.  The hazardous areas are areas that either have hydrogen gas 
atmospheres under normal conditions (i.e. the inside of fuel piping) or potentially may have 
hydrogen gas atmospheres under normal or abnormal conditions do to a fault or failure.  The IGF 
code (Reference 2) provides definitions of the zonal classification and size of various hazardous 
area associated with the use of natural gas fuel.  This hazardous area classification was 
considered to be applicable to hydrogen gas as well.  A gas dispersion analysis of releases of 
hydrogen is required to validate this assumption.  The designation of hazardous areas for the 
Zero-V can be seen in the Hazardous Zone Plan drawing (Reference 4) which is included in 
Appendix A.  Figure 17 shows a 3D representation of the hazardous areas.  As can be seen, care 
was taken in the locations of sources of hazardous areas to avoid hazardous areas impinging on 
science working areas or entrances into the interior of the vessel.  

To prevent ignition of flammable gasses, electrical equipment installations in hazardous zones is 
restricted.  Electrical wiring and equipment is generally prohibited from installation in hazardous 
areas unless it is essential to operation of equipment within the hazardous area.  Where electrical 
equipment is installed in hazardous areas, it must be certified safe for use in the applicable 
hazardous zone. 

 
Figure 18 Hazardous areas 
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The Fuel Cell Rooms of the Zero-V require additional consideration.  Under normal operating 
conditions, the atmospheres of the Fuel Cell Rooms would contain no hydrogen and are gas safe.  
However, the construction of the fuel cells is such that a single failure could result in the release 
of hydrogen into the Fuel Cell Room causing the space to become gas hazardous.  This single 
failure release potential requires the fuel cell spaces to be arranged as emergency shutdown 
(ESD) protected machinery spaces.  In the event of abnormal conditions involving gas hazards, 
emergency shutdown of non-safe equipment (ignition sources) and machinery must be 
automatically executed.  Any equipment that must remain in use or operating during these 
conditions must be of a certified safe type.  The emergency shutdown of equipment is achieved 
by complete and immediate disconnection of electrical power to all non-gas safe equipment in 
the Fuel Cell Room.  In general all electrical equipment that is not essential for the safe operation 
of the vessel would be part of the ESD circuits.  ESD of a Fuel Cell Room would be initiated 
upon detection of a gas leak or fire within the space or from a failure of the ventilation serving 
the space.  In addition to electrical disconnection, ESD of a Fuel Cell Room would initiate 
immediate shutdown of the hydrogen supply to the space. 

3.8 Fire Safety Specification 
This section has been developed using the International Code of Safety for Ships using Gases or 
other Lower-flashpoint Fuels (IGF Code, Reference 2) and the DNV GL regulations for Gas 
Fuelled Ship Installations (Reference 1) and Fuel Cell Installations (Reference 1).  Gas fueled 
vessels have several safety requirements beyond those of diesel fueled ships that have been 
developed by the regulatory bodies to address the risks of gas fueled propulsion.  

IGF code is the primary international construction and safety code for gas-fueled ships.  The 
majority of the rules in the IGF code are contained in Part A-1 which covers specific 
requirements for ships using natural gas fuel.  There is no part specific to hydrogen fuel.  
However, much of part A-1 can reasonably be extended to hydrogen fuel as a baseline level of 
requirements.  On this basis, the IGF code Part A-1 has been applied to this vessel as guidance 
for hydrogen fuel cell installations.  However, there may be some additional or differing 
requirements that come about as hydrogen fueled vessel regulation progresses.  

The additional requirements beyond conventional ship fire safety systems pertaining to Zero-V 
involve additional structural fire protection surrounding the storage tanks and Fuel Cell Rooms, a 
substantial water-spray system, specific firemain configuration, additional dry-chemical fire-
extinguishing capabilities and additional fire detection and alarm capabilities. The following sub-
sections provide more information on the detailed requirements and how the vessel’s design and 
arrangement will meet them.  

3.8.1 Structural Fire Protection 
There are additional structural fire protection regulations for gas fueled vessels.  These are 
summarized below:  

 All boundaries facing the fuel tanks on the open deck will be shielded by A-60 class 
divisions.  These spaces include, but are not limited to:  

o Bulkhead forward of the tanks on 01 Deck. 

o Bulkhead forward of the tanks on 02 Deck. 

o Aft bulkhead of the Pilothouse. 

o Deck of the Pilothouse. 
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o Pilothouse windows will be rated A-0. 

o 01-Deck below tanks. 

o Control station bulkheads. 

o Control station windows will be rated A-0. 

o Emergency generator room bulkheads. 

 The boundaries of the Fuel Cell Rooms will be insulated to A-60 rating. 

 Fuel Cell Rooms will have gas-tight steel bulkheads.  

 The ventilation trunks into the Fuel Cell Rooms will be insulated A-60.  

3.8.2 Water-Spray System 
The vessel is required by regulatory requirements to have a water spray system for cooling and 
fire prevention that covers all exposed parts of the fuel storage tanks located on the open deck.  
Additionally, the water spray system also provides coverage for boundaries of the 
superstructures, control spaces, bunkering station, and occupied deckhouses facing the storage 
tanks and within 10m of the tanks.  

The following sketches show the areas which will be protected by the water spray system. 

  
Figure 19 Area protected by water spray system: 02 Deck 

 
Figure 20 Area protected by water spray system: 01 Deck 
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The water spray and firemain will be a combined system, with a pump capacity capable of 
serving both systems simultaneously.  The combined system will have isolation valves installed 
to isolate damaged sections near the fuel storage tanks. 

The water spray system will be sized at 10 L/min/m2 for horizontal projected surfaces and 
4 L/min/m2 for vertical surfaces in accordance with regulatory requirements for LNG fueled 
vessels (References 1 and 2).  There will be isolation valves at least every 40 m to isolate 
damaged sections as necessary.  

The water-spray system will have remote start of the pumps from the Pilothouse, and the 
Electrical and Engineers Operating Station (EOS). Any normally closed valves in the system will 
also be controlled from the Pilothouse and the EOS.  

The nozzles of this system will be an approved full bore type and arranged to provide effective 
distribution of water throughout the spaces. 

In other hydrogen fueled projects (Reference 14), the use of aqueous film forming foam (AFFF) 
fire suppression has been discussed.  The current IGF code only specifies the use of a water 
system.  However, the use of an AFFF system around the tank location certainly warrants 
consideration during a fire risk assessment to determine if it would appreciably reduce the risk or 
consequence of a fire in the storage tank location. 

3.8.3 Firemain 
The vessel will be fitted with a firemain system serving all parts of the vessel.  The firemain will 
be configured such that it can be isolated should any part of the system be damaged near the 
tanks.  The isolation of this section will not impede the ability of the firemain to service the rest 
of the vessel. 

3.8.4 Fixed Fire Suppression 
The Fuel Cell Rooms will be fitted with clean agent fixed fire suppression systems.  3M NOVEC 
1230 is the recommended agent because it safe for personnel, does not damage electronics or 
leave residue, and has zero ozone depleting potential and zero global warming potential.  The 
fixed fire suppression system would be manually deployed.  Upon deployment, ventilation to the 
Fuel Cell Rooms would be automatically shut down to prevent removal of the clean agent from 
the space.  Consideration should be given during risk assessments in future phases as to whether 
some passive vents at the top of the space should remain open to allow for natural escape of 
hydrogen gas.  This could be accomplished by shutdown of fans without closure of the dampers 
in the ventilation exhaust ducts.  Deployment of the fixed fire suppression system would also 
result in emergency shutdown of the fuel gas supply to the affected space.   

3.8.5 Dry Chemical Fire-Extinguishing 
A portable dry powder extinguisher of at least 5 kg will be located near the bunkering station. As 
the bunkering station onboard Zero-V is on the open deck, an enclosed system to flood the space 
is not practical.  

3.8.6 Fire Detection and Alarm 
In addition to the standard vessel fire detection system, additional fire detection will be installed 
in the Fuel Cell Rooms.  The fire detection will be installed such that it is evident from the 
Pilothouse and EOS which detectors have alarmed. 
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Upon active fire detection in the Fuel Cell Room, the automatic shutdown of the fuel gas supply 
to the Fuel Cell Room will occur.  Following typical shutdown procedures in the activation of a 
fire detector, the ventilation to this space will stop automatically, and the fire dampers will close.  

Fire detection of hydrogen fires presents some challenges.  Hydrogen fires do not emit smoke, 
are nearly invisible to the naked eye, and have little infrared heat radiation.  For these reasons, 
specialized fire detectors specifically for hydrogen fire detection applications will be required in 
the Fuel Cell Rooms and other locations where there is risk of a hydrogen fire.  There are several 
technologies available for hydrogen flame detection including multispectrum IR, UV, and 
combination IR/UV detectors.  Because the consequence of false alarms is emergency shutdown 
of the Fuel Cell Room, special care will be required to select a flame detection system and to 
minimize all potential sources of false alarm detections. 

3.8.7 Gas Detection and Alarm 
A hydrogen gas detection and alarm system is required to monitor areas where a potential 
hydrogen gas atmosphere could occur.  This includes detection in each fuel cell rack, Fuel Cell 
Rooms, GSU enclosures, gas pipe ducts, and tank connection spaces.  In many cases, multiple 
detectors will be required depending on the size and arrangement of the protected space.  A gas 
dispersion analysis will be required to determine the quantity and locations for gas detection.  
Because the Fuel Cell Room is an ESD protected space, a gas detection event in a Fuel Cell 
Room would trigger immediate shutdown of the gas supply to the space as well as disconnection 
of all electrical equipment in the space that are not certified safe for use in a hydrogen gas 
atmosphere. 
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Section 4 Vessel Performance 

4.1 Speed and Power 
Estimating the speed and power requirements of the vessel is very important for determining the 
fuel consumption of the vessel underway.  This is especially important for the Zero-V because 
the low volumetric energy density of LH2 make the fuel storage requirements to meet range a 
major design driver.  At this level of design, the best industry practice for determining powering 
is to rely upon parametric hull series data for similar hull designs. Using regression analysis, 
typically in a program like NavCad®, one can develop a fairly accurate estimate of the hull 
resistance using the vessel’s principal hull dimensions. The regressions help to account for the 
shape of the hull to more accurately estimate the overall resistance of the design. 

Unfortunately there is limited data on trimaran hull forms with little to no available data in the 
speed range of this vessel (Froude number < 0.3). Consequently, a simplified approach was used 
to estimate the speed and power of this vessel. 

Instead of using regressions, the resistance of the hull was calculated directly using the ITTC 
method.  Using the ITTC method (Reference 11) for estimating hull drag, hull resistance can be 
broken down into multiple components based upon the source of the drag; frictional resistance 
(Rf), residuary or wave-making resistance (Rr), appendage resistance (Rapp), and air resistance 
(Rair).  The ITTC method uses coefficients, which as a function of wetted surface area can be 
used to calculate the various drag components.  The Frictional Coefficient (Cf) is calculated 
using the Reynolds number.  In the ITTC method, a form factor (1+k) is introduced to modify Cf 
to help account for the form (shape) of the hull. This form factor can be modified further to also 
help account for the interaction effects between the hulls (1+βk).  

Without specific regression equations from similar trimaran hull-forms to estimate the 
appropriate form factor, the Molland algorithm (Reference 12) for catamarans was used instead.  
The Molland Algorithm is a regression equation that can be used to calculate the form factor for 
each hull, based upon their slenderness ratio.  Once the individual Cf’s were calculated, the 
frictional resistance was calculated for each of the three hulls based upon their respective wetted 
surface area and then summed together to estimate the total frictional resistance of the trimaran. 

The residuary resistance was similarly calculated for each of the three hulls and then summed 
together to estimate the total wave-making resistance.  Again without regression data, the 
residuary resistance had to be calculated more generically.  Design charts from Harvald’s 
“Resistance and Propulsion of Ships” (Reference 10) that define the residuary resistance 
coeffeicient (Cr) as a function of prismatic coefficient were referenced.  The Residuary 
Resistance coefficients were interpolated from these charts and then the Correlation allowance 
(Ca) of 0.0004 was added to each Cr before calculating Rr. 

As the level of the Zero-V design is not far enough along to accurately calculate the appendage 
drag (Rapp), and air resistance (Ra), it was assumed that the combined effect of the two drag 
components would add 20% to the total resistance of the vessel. Consequently, after frictional 
and residuary resistance were added together, a factor of 1.2 was applied to the total to calculate 
the total resistance including Rapp and Ra. 

Figure 18 below shows the breakdown of the resistance components over the operational speed 
range of the vessel. The total resistance is not predicted to drastically increase until after the 
design speed of 10 knots 
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Figure 21 Speed and resistance 

Assuming a 0.64 quasi propulsive coefficient, and a 98% mechanical efficiency, the required 
brake horsepower (BHP) per shaft is plotted in Figure 19 below. At the calm water design speed 
of 10 knots the BHP per shaft is estimated to be 250 horsepower. 
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Figure 22 Speed and power 

This resistance and powering assessment is a high-level estimate.  A detailed analysis using 
computational fluid dynamics (CFD) and model testing will be required to optimize the hullform 
and accurately determine the propulsion requirements for this vessel.  This is especially 
important for the Zero-V design due to the uniqueness of a low speed trimaran. 

4.2 Range and Endurance 
To accomplish repositioning of the vessel, the range was established in the mission requirements 
as 2,400 nautical miles.  Additionally SIO provided 13 different typical mission profiles the 
vessel needed to accomplish.  The fuel consumption for each of the mission profiles as well as 
for 2,400 nm endurance cruise at 10 knots was calculated.  It was found that the governing 
condition for fuel consumption was the endurance cruise.  The fuel consumption of each mission 
profile is given in Table 4.  The detailed calculation can be seen in Appendix B. 
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Table 5 Fuel consumption 

Mission Hydrogen Consumed, kg 
Coastal Mooring 1,208 
Deep Moorings (4000m) & towed sonar 5,352 
Mapping (multibeam & towed CHIRP) 4,015 
Class Cruise biology 492 
Class Cruise geology 492 
Class Cruise ROV 492 
ROV Survey 7,670 
Geology Sampling 5,979 
FLIP Anchor Handling 2,605 
UAV Flight Ops 3,000 
AUV Ops (REMUS, Wave Flider, Spray etc) 2,279 
Physical oceanography 8,243 
Biochemical Survey 7,654 
Endurance 10,664 

The fuel storage tank sizing was based on this fuel consumption.   

However, LH2 tank filling and storage must be carefully calculated and controlled due to some 
unique properties of cryogenic liquefied gasses.  Because the fuel is delivered and stored at 
cryogenic temperatures, the tanks must undergo a special cool down procedure before they can 
be filled with LH2 for the first time.  Once the tanks are filled with LH2, they must always be 
kept cold.  To accomplish this, some amount of liquid fuel remains in the tanks at the end of 
every voyage.  This liquid amount is known as a “heel”.  With LNG applications, a heel of 
approximately 5% is fairly common and it has been assumed that a 5% heel is sufficient for the 
Zero-V LH2 tanks.   

Additionally, the density of LH2 changes substantially with temperature, which makes it 
necessary to account for the expansion of the liquid in the storage tank.  The LH2 that is loaded 
into the tanks is typically cooled to a temperature at or below –423°F, the saturation temperature 
at atmospheric pressure.  However, heat ingress into the tanks causes the fuel to boil.  If the 
boiloff gas is always removed from the tanks the fuel would remain at a steady temperature until 
all the fuel is boiled off.  However, if the pressure is allowed to increase in the tank, the 
corresponding saturation temperature increases and the fuel can warm and expand.  As the 
pressure builds in the tanks, the fuel can continue to warm and expand up to the point at which it 
reaches the Maximimum Allowable Relief Valve Setting (MARVS) and the tanks start venting 
the boil off gas.  To prevent the tank from becoming liquid full when the fuel expands, there 
must be sufficient volume in the tank for the fuel to expand from the density at the loading 
condition to the density at the saturation temperature associated MARVS. This temperature is 
referred to as the reference temperature.  The regulations require that the maximum fill level of 
the tanks is such that at the reference temperature, the tank will not be more than 98% full.   

Because the fuel is delivered at -253°C from the trucks, the tanks can only be loaded to 75.5% 
full to prevent the tank from being liquid full when the gas warms up to the reference 
temperature of -243°C at the 115 psia MARVS. 

The combined effect of the loading limit and the heel is that the consumable volume of the 
storage tanks is only 70.5% of the molded volume.  Based on this and the fuel consumption, the 
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tanks were sized at molded volume of 28,825 gallons which equate to a total consumable fuel 
amount of 10,900 kg of hydrogen between the two tanks. 

The standard tank loading limits previously discussed were used as the basis for the tank sizing 
because they are conservative.  There are allowances in the rules that may permit increased 
loading of the tanks up to 95% full at loading conditions.  Both the DNV GL rules and the IGF 
code allow a higher loading limit to be used when the tanks are located where there is a very 
small probability of an external fire and there is a means of controlling the tank pressure other 
than by fuel consumers.  The tank location on the weather deck of the 01 level is a low fire risk 
location.  Although there is not active pressure control devices like a reliquifaction system or a 
thermal oxidizer to manage pressure in the tanks from boil off gas, venting of the boil off 
through the vent mast has been considered.  Venting of boil off gas to weather is currently 
standard practice for industrial LH2 storage and could reasonably be extended to marine 
installations with careful application.  Venting of hydrogen is discussed more in Section 3.5.3. 

The use of increased loading limits would significantly increase the useable fuel and the range of 
the vessel.  Additionally, the range of the vessel can be increased by slowing down to an 
economical cruise speed of 9 knots. Table 5 presents the range available at both standard and 
increased loading for speeds of 9 and 10 knots.   
Table 6 Comparison of vessel ranges at 9 or 10 knots cruising speed 

Loading Speed, kts Consumable LH2, kg Range, nm 
Standard Loading (75.5%) 10 10,902 2,454 
Increased Loading Limit (85%) 10  12,368 2,784 
Max Increased Loading Limit (95%) 10 13,914 3,132 
Standard Loading (75.5%) 9 10,902 2,729 
Increased Loading Limit (85%) 9 12,368 3,096 
Max Increased Loading Limit (95%) 9 13,914 3,483 

 

Using the maximum increased loading limit and a cruise speed of 9 knots increases the range by 
more than 40%.  It is recommended that the use of an increased loading limit for the Zero-V be 
further explored with regulatory bodies. 

4.3 Weights Estimate 
Trimarans are known for being weight sensitive, and this vessel is no exception. A preliminary 
structural weight model was developed for an all steel vessel and was found to be too heavy for 
the design to be feasible.  Consequently the structure model was re-evaluated considering 
variants with a steel hull with partial-aluminum superstructure and an all-aluminum vessel. The 
results of this evaluation showed that the only viable option was an all-aluminum structure. This 
is consistent with other trimaran designs like the trimaran variant of the US Navy’s Littoral 
Combat Ship which is also made completely from aluminum. 

Glosten has recently designed a mono-hull research vessel of similar proportions to the Zero-V. 
Given the similarities in size, mission, and crew compliment, the weight estimate for the existing 
design was exploited as a basis to build out a weight estimate for this vessel.  Where the designs 
digressed, such as with the propulsion system and the hull type and material, the appropriate 
weight items were replaced/added/removed as necessary to accurately represent the actual 
components in the Zero-V.  Additionally, the center of gravity of the remaining weight items 
were moved to correctly locate them in the vessel.  
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Weight and VCG (vertical center of gravity) margins for this design were selected per the 
SAWE’s suggested margins (Reference 13).  While the complete vessel design is only at a 
feasibility level, the weight estimate is closer to a concept level weight estimate.  Consequently, 
an 18% weight margin and 12% VCG margin were assumed for all weight groups, assuming a 
low risk concept level design.  A breakdown of the lightship weight, including post-delivery 
mods can be found below.  The weight estimate, organized following the Ship Work Breakdown 
System (SWBS), details the breakdown of the weights and their longitudinal center of gravity 
(LCG), transverse center of gravity (TCG) and vertical center of gravity (VCG). 
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Table 7 Lightship Weight Estimate 

      Weight LCG TCG VCG 
SWBS Entry Description   (LT) (ft-FR 0) (ft-CL +S) (ft-ABL) 

              

100 Hull Structure   270.00 91.71 -0.88 19.00 
  Welding Allowance 1.5% 4.05 91.71 -0.88 19.00 
  Mill Tolerance Allowance 2.0% 5.40 91.71 -0.88 19.00 

  
Brackets, Inserts and Doublers 

Allowance 2.0% 5.40 91.71 -0.88 19.00 

  Total Hull Structure   284.85 91.71 -0.88 19.00 
  Weight/VCG Margin 18.0% 51.27   12.0% 2.28 
  Total Hull Structure w/ margins   336.12 91.71 -0.88 21.28 

200 Propulsion System   10.94 137.74 0.00 6.21 
  Weight/VCG Margin 18.0% 1.97   12.0% 0.74 

  Propulsion System w/ margins   12.91 137.74 0.00 6.95 
300 Electrical System   59.26 90.22 0.70 18.69 

  Weight/VCG Margin 18.0% 10.67   12.0% 2.24 
  Electrical System w/ margins   69.93 90.22 0.70 20.93 

400 Command and Surveillance   9.07 66.57 -1.24 38.29 
  Weight/VCG Margin 18.0% 1.63   12.0% 4.60 

  Command and Surveillance w/ margins   10.71 66.57 -1.24 42.89 
500 Auxiliary Systems   198.74 73.31 -0.23 20.02 

  Weight/VCG Margin 18.0% 35.77   12.0% 2.40 

  Auxiliary Systems w/ margins   234.52 73.31 -0.23 22.43 
600 Outfitting and Furnishings   152.26 77.36 -0.93 24.78 

  Weight/VCG Margin 18.0% 27.41   12.0% 2.97 
  Outfitting and Furnishings w/ margins   179.67 77.36 -0.93 27.76 

700 Mission Equipment   69.43 137.70 4.98 26.52 
  Weight/VCG Margin 18.0% 12.50   12.0% 3.18 

  Mission Equipment w/ margins   81.93 137.70 4.98 29.70 
             
  Lightship Subtotal w/o margins   784.56 88.57 -0.08 21.07 
  Net Margins 18.0% 141.22   12% 2.53 

  Lightship at Delivery w/ margins   925.78 88.57 -0.08 23.60 
1200 Post Delivery Outfit   14.99 109.85 9.19 16.53 

  Weight/VCG Margin 6.7% 1.00   3.03% 0.50 

  Post Delivery Outfit w/ margins   15.99 109.85 9.19 17.03 
             

  
Operational Lightship Subtotal w/o 
margins   799.55 88.97 0.09 20.98 

  Operational Lightship w/margins   941.77 88.94 0.08 23.49 

In addition to the lightship weights, the operation weights for the vessel were estimates 
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Table 8 Operating weights 

Item Weight, LT LCG TCG VCG 
Science Payload 50.00 160.00 0.00 21.00 
Crew & Effects 5.00 60.00 0.00 30.00 
Fuel 20.00 112.50 0.00 37.50 
Tanks 25.00 90.00 0.00 5.00 
Consumables 12.50 90.00 0.00 21.00 
Total Operating Weights 112.50 123.78 0.00 20.78 

Because research vessel typical are planned to be in use for a long time, a 60 LT service life 
allowance was also included for future modification to the vessel throughout its life. 
Table 9 Departure weight summary 

Item Weight, LT LCG TCG VCG 
Operational Lightship w/margins 941.77 88.94 0.08 23.49 
Operating Weights 112.50 123.78 0.00 20.78 
New Departure Weight 1054.27 92.65 0.07 23.20 
Contract Mod & Service Life Allowance 60.00 88.94 0.08 23.49 

End of Life Departure Weight 1114.27 92.45 0.07 23.21 

 

4.4 Stability 
As a research vessel, the Zero-V will be designated a USCG subchapter U vessel. This means 
that it must meet the intact stability criteria of CFR46 170.170 (Weather) and 170.173 (Unusual 
proportions and Form). These stability criteria were evaluated to determine the maximum VCG 
that the vessel may have and still pass the criteria. The vessel was evaluated in GHS™ (General 
Hydrostatics) to determine the maximum operational VCG over its range of operational 
displacements. A plot was developed from the results of this analysis and can be found below.  
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Figure 23 Stability Plot 

The figure also includes three load cases (Lightship, Departure, and End of Life Departure). 
Only the departure conditions need to be shown due to the fact that the fuel is positioned high on 
the vessel, and as it is consumed, the VCG will decrease, improving stability. This is a feature of 
this design which is atypical to conventionally fueled vessels. Normally conventional vessels see 
their VCG increase as they consume fuel, which can cause them to become unstable if the VCG 
is not properly controlled and offset with ballast. 

Concerning ballast, a minimal system will be needed to adjust trim and heel to accommodate the 
variable science equipment and stores weights that will be loaded on board for each mission. 

It should also be noted that the LCB (longitudinal center of buoyancy) and LCG are not currently 
coincident. This will lead to an unacceptable amount of forward trim if not addressed in future 
work. To improve the numbers, the weight estimate will need to be refined by developing a full 
structural weight model and adjustments made to the arrangements to shift weights aft. 
Additionally, as part of hullform optimization, there should also be a focus on moving the LCB 
forward to better align with the LCG. That modification in combination with an improved weight 
estimate should correct the discrepancy between LCB and LCG.  

4.5 Seakeeping 
Good seakeeping performance is important for research vessels to maximize the operability of 
the vessel for mission activities.  Although the scope of this project did not include seakeeping 
analysis, prior research vessel design work by Glosten provides some general expectations.   

Glosten performed a study for a client that investigated variants of a research vessel design 
including both a 170' x 41' monohull with a displacement of 1,250 long tons and a 170'x56' 
trimaran with a displacement of 1,175 long tons.  Because of the similarity in size of these 
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vessels to the Zero-V, this study provides applicable expectations of seakeeping performance for 
the Zero-V. 

In this study it was found that while there were some differences in the seakeeping performance 
of the variants, they both provided excellent seakeeping in conditions up to Sea State 4 (4 ft to 8 
ft significant wave height).  An operability analysis for central California offshore conditions 
found that both the monohull and the trimaran exceeded 95% operability with respect to 
operating limitations for motions (displacement, velocity, and acceleration) at the A-frame and to 
motion sickness incidence in the Main Lab and the Pilothouse.  In other words, the expectation is 
that the vessel would be operable for science work in 95% of the annual expected of sea 
conditions in central California waters. 

4.6 Position Keeping 
A preliminary dynamic positioning (DP) capability study was performed by Kongsberg and 
indicates 500 kW tunnel thrusters will provide satisfactory DP capability.  The vessel is able to 
maintain position with 1 knot beam current and more than 25 knots wind and waves from any 
heading.  With 2 knots beam current, the vessel can still maintain position with significant wind 
and waves at best heading.  Figure 20 and Figure 21 show the DP capability plots for these 
conditions. 

 
Figure 24 DP capability in one knot beam current 
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Figure 25 DP capability plot in two knots beam current 

These DP capabilities are expected to be sufficient for performing the typical on-station work 
this vessel would engaged in. 

4.7 Underwater Radiated Noise 
One of the benefits of hydrogen fuel cells is that they are very quiet compared to diesel engines.  
The reduction in noise from elimination of diesel engines, one of the largest noise sources 
onboard conventional vessels, has two significant benefits.  The reduction in airborne noise from 
the engine and the engine exhaust improves habitability both inside the vessel and on the 
working decks.  Additionally, the reduction in noise helps the vessel achieve underwater radiated 
noise (URN) limits. 

Low URN is very important for research vessels to avoid interference with scientific instruments 
such as sonars and to minimize detection from marine wildlife.  Based on discussions with 
Scripps, the URN goal for the Zero-V is to meet the limits from the International Council for the 
Exploration of the Sea (ICES) Report 209 at a speed of 8 knots.  The ICES Report 209 limits are 
a commonly used standard for URN limits of research vessels.  Noise Control Engineering 
(NCE), a Glosten subsidiary, developed an estimate of the URN levels for the Zero-V.  The 
estimate was developed using the URN predictions for the RCRV, developed for Oregon State 
University, as a baseline because the vessels are of similar size and propulsion power.   

The RCRV URN analysis was done using the NCE-developed software program, 
DesignerNOISE ™.  This software computes the individual sound contributions from Airborne 
(AB), First Structureborne (FSB) and Secondary Structureborne (SSB) noise paths.  
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DesignerNOISE ™ uses Statistical Energy Analysis (SEA) based algorithms and as such it 
computes the vibration on each of the elements within the vessel model.  A hull vibration-to-
underwater noise transfer function is then applied to compute URN at 1 meter from the hull. 

To establish an estimate for the Zero-V, the RCRV URN predictions were adjusted to account 
for the removal of the noise source from the diesel engines.  This method provides a relatively 
rough estimate, but as can be seen in Figure 26, the result suggests that, with noise treatments 
such as damping material on the hull and vibration isolation of large rotating machinery, the 
Zero-V can meet the limits in ICES Report 209.  The Zero-V URN estimate was done for a steel 
hull and was not revised to account for the aluminum hull.  The aluminum hull may require 
additional damping material to achieve ICES Report 209 limits.  To establish a more accurate 
estimate, a full DesignerNOISE ™ model is required.  This is beyond the scope of this feasibility 
study. 

 
Figure 26 Zero-V Underwater Radiated Noise Prediction (estimate) 
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Section 5 Regulatory Review 
As part of this study, Sandia and MARAD wish to establish a regulatory feasibility of the 
concept developed.  A challenge for regulatory review of the Zero-V design is that there are 
currently no specific and comprehensive rules governing hydrogen installations on ships.  Such 
rules are currently the subject of development by IMO, DNV GL, and other classification 
societies. The DNV GL rules for gas fueled vessels (Reference 1) and the IMO IGF code 
(Reference 2) govern gas fueled vessels, but are primarily specific to natural gas applications.  
The DNV GL rules do have some regulations pertaining to hydrogen in Part 6 Chapter 2 Section 
3, of Reference 1. However, these rules are by no means comprehensive.  46 CFR are the federal 
regulations pertaining to design and operation of US flagged vessels which and are enforced by 
the United States Coast Guard (USCG).  These federal regulations have no specific requirements 
for hydrogen fuel applications.  Due to the lack of a comprehensive rule set, DNV GL and 
USCG have both indicated that the design would need to be developed as an alternative design 
approach whereby the equivalency of the vessel safety, reliability and dependability to that of a 
conventional oil-fueled vessel would need to be demonstrated.  This approach requires a 
significant and time-consuming level of analysis that is well beyond the scope of this feasibility 
study. 

In order to provide some basis for the design of the vessel, it was decided that the design would 
be developed for compliance with the DNV GL Rules for Classification: Ships with specific 
attention to Part 6 Chapter 2 Section 3, Fuel Cell Installations and Part 6 Chapter 2 Section 5, 
Gas Fueled Ship Installations as well as the IMO IGF Code Part A-1.  While these rules are 
primarily for natural gas installation, they are considered to provide a reasonable baseline level 
of requirements for hydrogen fuel as well.  There is the expectation that there will be additional 
requirements for hydrogen that will evolve as the rules are developed or as requirements become 
evident from rigorous risk analysis of a hydrogen fuel design.  In addition to these rules, the 
general requirements of the vessel were developed from 46 CFR Subchapter U (USCG rules for 
oceanographic research vessels). 

With the understanding of the aforementioned limitations on the available rules, the basic Zero-V 
design was submitted to both the US Coast Guard and DNV GL for review.  The goal of the 
regulatory review is to identify any regulatory or safety areas of concern given consideration of 
the fundamental design. The following documents were provided. 

 General Arrangement 

 Preliminary Hazardous Zone Plan 

 Electrical One-Line Diagram 

 Concept Gas System Architecture 

 Draft Design Study Report (including fire safety systems) 

Both USCG and DNV GL provided review comments that are included in Appendix E.  In 
general, the response from both reviewers was that while additional development would be 
necessary to gain approval as an alternative design, there were no identified fundamental 
concerns that would render the project infeasible.  Furthermore, DNV GL provided a conditional 
approval in principle (CAIP), which is also provided in Appendix E. 

 



136

 
Sandia Zero-V  25 November 2017  
Design Study Report 45 Job 17003.01, Rev A 
 

Section 6 Cost Estimate 
A preliminary construction cost estimate was developed for the Zero-V design.  This cost 
estimate leveraged as a basis the cost estimate data from the Regional Class Research Vessel 
(RCRV) that Glosten designed for Oregon State University.  The RCRV provided a good basis 
for the cost estimate for Zero-V because the size, outfitting, science mission equipment, and 
vessel capabilities are very similar and the RCRV project involved significant effort in 
development of cost estimates. 

To develop the estimate, costs were broken down using the ship work breakdown structure to 
provide more discrete division and organization of the cost items.  Cost were organized into eight 
SWBS groups (000 through 700) which were in turn broken down into major systems. 
Table 10  

SWBS No Group  Major Components 
000 Shipyard Engineering & 

Services 
Production design engineering, planning & 
management, documentation, inspections/tests/trials, 
models and mockups 

100 Structure Hull, foundations, masts and other structures 
200 Propulsion  Propulsion motors, shafting/bearing, propellers 
300 Electric Plant Fuel cells, batteries, switchgear, power distribution 

and conversion equipment, emergency generator, 
electric cables, lighting 

400 Command and 
Surveillance 

Navigation systems, machinery control, alarm and 
monitoring systems, communication systems, 
entertainment systems 

500 Auxiliary Systems Piping systems, HVAC, fuel storage, fuel systems, 
steering, bow/stern thrusters, anchors, mooring 
systems, pollution control systems, lifesaving 
equipment, small boats 

600 Outfit & Furnishings Paint and markings, joiner work, furnishings, ship 
fittings, doors/hatches/ladders, insulation 

700 Science Outfit Lab outfit, cranes, winches, over-the-side handling 
systems, science acoustic suite 

The cost estimates for major systems were developed in one of several ways including built up 
from major equipment quotations, parametric from materials and dimensions, scaling and 
adjustment of RCRV estimated costs, or best engineering judgment estimates. 

The cost estimate was developed considering the equipment and material costs as well as labor 
hours for construction or installation. While the material costs are considered constant, the labor 
rates for shipbuilding can vary significantly based on geographic location and economic climate 
in the shipbuilding industry.  To capture this variation, the cost estimate was developed using 
both high ($75 per man-hour) and low ($60 per man-hour) labor rates to bracket the construction 
cost estimate.  Included in the cost estimate was also a 15% shipyard markup on materials and 
subcontractors, the cost of builders risk insurance (1% of contract value), and a contingency 
allowance (15% of contract value). Table 9 contains the high-level summary of the construction 
cost estimate.  A more detailed summary of the cost estimate is contained in Appendix D. 
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Table 11 Construction cost estimate in USD, Q2 2017 

Construction at Low Labor Rate 
Construction cost at $75 per MH $66,300,000 
Builder's risk insurance (1%) $663,000 
Contingency (15%) $9,300,000 
Total $76,000,000 

Construction at High Labor Rate 
Construction cost at $60 per MH $71,000,000 
Builder’s risk insurance (1%) $713,000 
Contingency (15%) $10,000,000 
Total $82,000,000 

 

A high-level examination of the construction cost compared to other vessels revealed that 
although somewhat more expensive, it is not unreasonable when compared to other modern 
research vessels of similar size and capabilities. 
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Section 7 Future Work 
The vessel design process is often described as a design spiral.  The project starts at the outside 
of the spiral and works around through the vessel requirements, design and performance. Each 
trip around the spiral takes the outcomes of the prior and refines them.  In such a manner the 
project works inward through the spiral in ever increasing detail and rigor until the final design is 
achieved. 

 

 
Figure 27 J. Evans visualized the ship design spiral in “Basic Design Concepts,” Naval Engineers Journal, 

1959 

This project, to provide a very fundamental design basis as an evaluation of the feasibility of the 
vessel, represents the first trip around the design spiral.  From this feasibility design, there is 
significant amount of additional work that is required to flesh out and refine the design especially 
in the areas peculiar to the gas system and the trimaran design.  This section discusses some next 
steps required to further develop the design. 

7.1 Gas System Development and Risk Assessment 
A key step to moving the project forward is to conduct a risk assessment of the gas systems.  
Because the vessel must be developed and reviewed under the regulatory framework of an 
alternative design, both the US Coast Guard and classification societies will require a 
comprehensive and detailed risk assessment of gas systems and related fire and safety systems to 
demonstrate an equivalent level of operability and safety to a conventional oil fueled vessel.  The 
first step of this is a comprehensive design of the systems.  Following this, a hazard identification 
(HAZID) workshop involving major project and regulatory stakeholders would need to be held 
to identify potential risks and hazards.  This would likely result in many specific areas requiring 
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further analysis to further asses the level of risk.  It is anticipated that at a minimum the 
following analysis would be required: 

 Failure modes and effects analysis (FMEA) of the gas system, fuel cells, propulsion 
electrical/control systems, gas detection systems, fire detection systems, ventilation 
systems, fire suppression systems, and emergency shutdown systems. 

 Gas dispersion modeling of gas releases from the vent mast and leaks in enclosed spaces 
(i.e. fuel cell rack, Fuel Cell Room, tank connection space), and in the weather. 

 Explosion analysis of the Fuel Cell Room. 

 Probabilistic damage assessment of gas system. 

 Fire risk assessment especially in way of the storage tanks. 

7.2 CFD Analysis and Hull Form Optimization 
Computational fluid dynamics analysis of resistance is important for future work because of the 
limited availability of parametric resistance estimation methods for trimarans, especially in low 
Froude number operating regimes.  A comprehensive CFD study would provide improved 
confidence in resistance predictions as well as a more comprehensive understanding of the 
impact of hull form features, such as hull spacing, on the vessel resistance. 

Additionally, CFD could be used to optimize the hull form.  Because the fuel storage capacity is 
a large driver in the vessel design, minimizing resistance of the vessel is particularly critical for 
the Zero-V.  In several Glosten vessel design projects, including research vessels, hull form 
optimization studies have been conducted using CFD.  In these studies, the geometry of a parent 
hull form is manipulated within imposed constraints to seek a reduction in resistance.  In past 
projects hull form optimization has resulted in resistance reductions of as much as 15%.    

7.3 Structural Design 
A structural design is required to take the design to the next phase of development.  Because the 
hull structure is a significant driver of both the vessel weight and construction cost, developing a 
comprehensive hull structural arrangement would greatly improve accuracy of both the weight 
and cost estimates. 

7.4 Vessel Systems Design and Energy Optimization 
This feasibility study only examined vessel systems that are directly affected by or unique to the 
use of hydrogen fuel and fuel cells.  Additionally these systems were only examined a high level 
to assess feasibility, not to develop the full system details.  To take the vessel design forward, all 
vessel systems would require a preliminary level of design to develop the system requirements 
and sizing.  Additionally, optimization of the energy efficiency to minimize the ship service 
electrical loads of the vessel will be very important for the Zero-V.  Through a rigorous focus on 
reducing electrical energy use, it may be possible to realize significant improvement in range or 
reduction in required fuel storage tank size. 

7.5 Seakeeping and Motions 
To better define the seakeeping performance of the vessel, a computation seakeeping analysis is 
required.  In this analysis a geometric model of the vessel will be analyzed in a seakeeping 
analysis software package to establish the expected vessel motions in a variety of sea states and 
to compare these motions to operation criteria.
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Hazardous Zones Plan 

Electrical Oneline Diagram 

Concept Gas System 
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10/03/17 08:59:48 Glosten Page 1
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 900 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 92.45a TCG = 0.00 VCG = 24.92

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

10.784 0.50f 0.00 900.00 0.00 0.000 0.00 16.03(3)
10.753 0.51f 5.00s 900.01 0.00 0.497 1.24 14.77(3)
10.657 0.55f 10.00s 899.99 0.00 1.035 5.06 13.45(3)
10.526 0.64f 15.00s 899.77 0.00 1.627 11.69 12.09(3)
10.485 0.79f 17.81s 899.85 0.00 1.752 16.47 11.43(3)
10.410 0.94f 20.00s 899.67 0.00 1.677 20.22 10.99(3)
10.119 1.28f 25.00s 900.23 0.00 1.671 28.68 10.01(3)

9.568 1.57f 30.00s 900.01 0.00 1.751 37.21 9.07(3)
9.453 1.60f 30.76s 899.99 0.00 1.752 38.54 8.92(3)
8.681 1.75f 35.00s 900.00 0.00 1.722 45.93 8.11(3)
7.525 1.86f 40.00s 899.99 0.00 1.682 54.46 6.00(1)
6.269 1.97f 45.00s 899.99 0.00 1.536 62.54 3.66(1)
5.027 2.09f 50.00s 899.99 0.00 1.134 69.32 1.31(1)
4.330 2.17f 52.82s 899.96 0.00 0.823 72.09 -0.00(1)
3.792 2.23f 55.00s 899.98 0.00 0.547 73.59 -1.02(1)
2.835 2.33f 58.86s 900.02 0.00 0.000 74.67 -2.80(1)
2.551 2.36f 60.00s 899.99 0.00 -0.175 74.57 -3.32(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 5.43 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.75 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.76 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 37.21 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 54.46 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 17.25 P
--------------------Relative angles measured from 0.000 ---------------------

900 24.92

Sandia National Laboratories, Zero-V
Stability Appendix

October 2017 | Glosten
17003.01, Rev -
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10/03/17 08:59:48 Glosten Page 2
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 900 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 3
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 925 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 92.64a TCG = 0.00 VCG = 24.99

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

10.983 0.50f 0.00 925.00 0.00 0.000 0.00 15.83(3)
10.954 0.52f 5.00s 925.02 0.00 0.453 1.13 14.58(3)
10.852 0.55f 10.00s 924.98 0.00 0.945 4.61 13.25(3)
10.714 0.64f 15.00s 924.83 0.00 1.508 10.72 11.90(3)
10.654 0.80f 18.15s 924.77 0.00 1.680 15.78 11.15(3)
10.580 0.92f 20.00s 924.77 0.00 1.621 18.83 10.77(3)
10.255 1.24f 25.00s 925.29 0.00 1.615 27.01 9.81(3)

9.657 1.51f 30.00s 925.00 0.00 1.680 35.22 8.84(3)
9.565 1.53f 30.58s 924.99 0.00 1.681 36.20 8.73(3)
8.731 1.67f 35.00s 924.70 0.00 1.644 43.58 7.87(3)
7.551 1.76f 40.00s 924.99 0.00 1.593 51.69 5.71(1)
6.287 1.85f 45.00s 924.99 0.00 1.415 59.26 3.34(1)
5.040 1.97f 50.00s 924.99 0.00 0.985 65.37 0.98(1)
4.522 2.02f 52.09s 924.96 0.00 0.749 67.18 -0.00(1)
3.801 2.09f 55.00s 924.98 0.00 0.377 68.84 -1.37(1)
3.144 2.16f 57.65s 925.08 0.00 0.000 69.33 -2.61(1)
2.557 2.22f 60.00s 924.99 0.00 -0.361 68.91 -3.69(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 4.93 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.68 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.58 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 35.22 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 51.69 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 16.46 P
--------------------Relative angles measured from 0.000 ---------------------

925 24.99

Sandia National Laboratories, Zero-V
Stability Appendix

October 2017 | Glosten
17003.01, Rev -
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10/03/17 08:59:48 Glosten Page 4
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 925 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 5
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 950 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 92.83a TCG = 0.00 VCG = 25.04

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

11.181 0.50f 0.00 950.00 0.00 0.000 0.00 15.63(3)
11.148 0.51f 5.00s 950.00 0.00 0.412 1.03 14.38(3)
11.047 0.55f 10.00s 949.98 0.00 0.865 4.21 13.05(3)
10.903 0.64f 15.00s 949.87 0.00 1.400 9.84 11.70(3)
10.820 0.80f 18.47s 949.87 0.00 1.620 15.12 10.87(3)
10.748 0.90f 20.00s 949.84 0.00 1.578 17.56 10.56(3)
10.383 1.21f 25.00s 950.00 0.00 1.572 25.53 9.60(3)

9.741 1.44f 30.00s 950.24 0.00 1.620 33.49 8.62(3)
8.779 1.58f 35.00s 949.80 0.00 1.578 41.52 7.64(3)
7.578 1.66f 40.00s 949.93 0.00 1.518 49.27 5.42(1)
6.310 1.74f 45.00s 950.00 0.00 1.309 56.40 3.04(1)
5.059 1.85f 50.00s 950.00 0.00 0.853 61.91 0.66(1)
4.712 1.88f 51.39s 949.96 0.00 0.694 62.98 -0.00(1)
3.814 1.96f 55.00s 949.98 0.00 0.225 64.67 -1.71(1)
3.423 2.00f 56.58s 950.11 0.00 0.000 64.84 -2.45(1)
2.564 2.08f 60.00s 950.00 0.00 -0.526 63.94 -4.06(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 4.48 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.62 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 33.49 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 49.27 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 15.78 P
--------------------Relative angles measured from 0.000 ---------------------

950 25.04

Sandia National Laboratories, Zero-V
Stability Appendix

October 2017 | Glosten
17003.01, Rev -
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10/03/17 08:59:48 Glosten Page 6
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 950 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 7
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 975 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 93.02a TCG = 0.00 VCG = 25.06

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

11.378 0.50f 0.00 975.00 0.00 0.000 0.00 15.44(3)
11.344 0.51f 5.00s 975.00 0.00 0.377 0.94 14.18(3)
11.243 0.55f 10.00s 975.00 0.00 0.794 3.85 12.86(3)
11.092 0.64f 15.00s 974.88 0.00 1.305 9.06 11.51(3)
10.983 0.80f 18.75s 974.99 0.00 1.576 14.49 10.61(3)
10.915 0.88f 20.00s 974.90 0.00 1.550 16.45 10.36(3)
10.512 1.17f 25.00s 974.70 0.00 1.543 24.29 9.40(3)

9.819 1.38f 30.00s 975.03 0.00 1.577 32.07 8.41(3)
8.832 1.50f 35.00s 974.99 0.00 1.528 39.87 7.41(3)
7.610 1.56f 40.00s 974.96 0.00 1.462 47.35 5.14(1)
6.337 1.63f 45.00s 975.00 0.00 1.225 54.14 2.74(1)
5.081 1.73f 50.00s 975.00 0.00 0.746 59.16 0.34(1)
4.903 1.74f 50.71s 974.98 0.00 0.663 59.67 0.00(1)
3.829 1.83f 55.00s 975.01 0.00 0.101 61.35 -2.05(1)
3.654 1.85f 55.70s 975.07 0.00 0.000 61.38 -2.39(1)
2.569 1.93f 60.00s 975.01 0.00 -0.662 59.99 -4.42(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 4.10 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.58 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 32.07 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 47.35 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 15.28 P
--------------------Relative angles measured from 0.000 ---------------------

975 25.06

Sandia National Laboratories, Zero-V
Stability Appendix

October 2017 | Glosten
17003.01, Rev -
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10/03/17 08:59:48 Glosten Page 8
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 975 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 9
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1000 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 93.20a TCG = 0.00 VCG = 25.11

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

11.573 0.50f 0.00 1,000.0 0.00 0.000 0.00 15.24(3)
11.538 0.51f 5.00s 1,000.0 0.00 0.340 0.85 13.99(3)
11.436 0.55f 10.00s 1,000.0 0.00 0.722 3.49 12.67(3)
11.278 0.63f 15.00s 999.9 0.00 1.208 8.27 11.32(3)
11.077 0.86f 20.00s 1,000.1 0.00 1.518 15.16 10.15(3)
10.637 1.14f 25.00s 999.7 0.00 1.504 22.85 9.20(3)

9.893 1.31f 30.00s 1,000.0 0.00 1.519 30.39 8.20(3)
8.882 1.41f 35.00s 1,000.0 0.00 1.463 37.87 7.19(3)
7.644 1.46f 40.00s 1,000.0 0.00 1.386 45.01 4.87(1)
6.367 1.53f 45.00s 1,000.0 0.00 1.119 51.35 2.45(1)
5.103 1.61f 50.00s 1,000.0 0.00 0.616 55.79 0.03(1)
5.090 1.61f 50.05s 1,000.0 0.00 0.610 55.82 0.00(1)
3.921 1.69f 54.67s 1,000.0 0.00 0.000 57.28 -2.24(1)
3.838 1.70f 55.00s 1,000.0 0.00 -0.047 57.27 -2.39(1)
2.569 1.79f 60.00s 1,000.0 0.00 -0.822 55.15 -4.79(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.70 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.52 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 30.39 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 45.01 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 14.62 P
--------------------Relative angles measured from 0.000 ---------------------

1000 25.11
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GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1000 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 11
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1025 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 93.39a TCG = 0.00 VCG = 24.98

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

11.768 0.50f 0.00 1,025.0 0.00 0.000 0.00 15.05(3)
11.732 0.51f 5.00s 1,025.0 0.00 0.322 0.80 13.79(3)
11.626 0.55f 10.00s 1,025.0 0.00 0.685 3.31 12.48(3)
11.462 0.63f 15.00s 1,024.9 0.00 1.163 7.88 11.13(3)
11.236 0.84f 20.00s 1,025.2 0.00 1.551 14.70 9.95(3)
10.756 1.10f 25.00s 1,024.8 0.00 1.542 22.60 9.00(3)

9.966 1.25f 30.00s 1,025.0 0.00 1.551 30.32 7.99(3)
8.931 1.33f 35.00s 1,025.0 0.00 1.501 37.98 6.97(3)
7.678 1.37f 40.00s 1,025.0 0.00 1.426 45.31 4.60(1)
6.395 1.43f 45.00s 1,025.0 0.00 1.141 51.81 2.16(1)
5.272 1.48f 49.40s 1,025.0 0.00 0.696 55.92 0.00(1)
5.119 1.49f 50.00s 1,025.0 0.00 0.625 56.31 -0.29(1)
3.925 1.56f 54.68s 1,025.0 0.00 0.000 57.84 -2.58(1)
3.844 1.57f 55.00s 1,025.0 0.00 -0.046 57.83 -2.74(1)
2.564 1.64f 60.00s 1,025.0 0.00 -0.824 55.70 -5.16(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.52 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.55 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 30.32 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 45.31 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 14.98 P
--------------------Relative angles measured from 0.000 ---------------------

1025 24.98
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GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1025 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 13
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1050 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 93.57a TCG = 0.00 VCG = 24.85

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

11.961 0.50f 0.00 1,050.0 0.00 0.000 0.00 14.85(3)
11.925 0.51f 5.00s 1,050.0 0.00 0.306 0.76 13.60(3)
11.814 0.55f 10.00s 1,050.0 0.00 0.652 3.14 12.28(3)
11.643 0.63f 15.00s 1,049.9 0.00 1.124 7.53 10.95(3)
11.389 0.82f 20.00s 1,050.3 0.00 1.585 14.30 9.75(3)
10.869 1.06f 25.00s 1,049.9 0.00 1.582 22.41 8.81(3)
10.036 1.19f 30.00s 1,049.7 0.00 1.585 30.33 7.79(3)

8.980 1.25f 35.00s 1,050.0 0.00 1.540 38.16 6.75(3)
7.714 1.28f 40.00s 1,050.0 0.00 1.464 45.68 4.34(1)
6.420 1.32f 45.00s 1,050.0 0.00 1.162 52.34 1.87(1)
5.451 1.36f 48.76s 1,050.0 0.00 0.781 56.03 0.00(1)
5.131 1.37f 50.00s 1,050.0 0.00 0.634 56.91 -0.61(1)
3.922 1.43f 54.70s 1,050.0 0.00 0.000 58.46 -2.94(1)
3.846 1.43f 55.00s 1,050.0 0.00 -0.044 58.46 -3.09(1)
2.556 1.49f 60.00s 1,050.0 0.00 -0.825 56.32 -5.53(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.34 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.58 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 30.33 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 45.68 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 15.35 P
--------------------Relative angles measured from 0.000 ---------------------

1050 24.85
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10/03/17 08:59:48 Glosten Page 14
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1050 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 15
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1075 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 93.75a TCG = 0.00 VCG = 24.63

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

12.155 0.50f 0.00 1,075.3 0.00 0.000 0.00 14.66(3)
12.116 0.51f 5.00s 1,075.0 0.00 0.299 0.75 13.41(3)
11.998 0.55f 10.00s 1,075.0 0.00 0.637 3.07 12.09(3)
11.820 0.63f 15.00s 1,074.9 0.00 1.114 7.39 10.76(3)
11.536 0.79f 20.00s 1,075.3 0.00 1.649 14.27 9.56(3)
11.149 0.97f 23.75s 1,075.0 0.00 1.663 20.59 8.85(3)
10.975 1.02f 25.00s 1,075.0 0.00 1.662 22.67 8.61(3)
10.344 1.10f 28.75s 1,075.0 0.00 1.664 28.94 7.84(3)
10.107 1.12f 30.00s 1,075.0 0.00 1.663 31.02 7.58(3)

9.028 1.18f 35.00s 1,075.0 0.00 1.631 39.25 6.54(3)
7.747 1.19f 40.00s 1,075.0 0.00 1.558 47.24 4.07(1)
6.439 1.21f 45.00s 1,075.0 0.00 1.245 54.35 1.57(1)
5.626 1.23f 48.13s 1,075.0 0.00 0.932 57.77 0.00(1)
5.140 1.25f 50.00s 1,075.0 0.00 0.713 59.31 -0.94(1)
3.842 1.29f 55.00s 1,075.0 0.00 0.033 61.25 -3.44(1)
3.787 1.29f 55.22s 1,075.3 0.00 -0.001 61.25 -3.55(1)
2.543 1.34f 60.00s 1,075.0 0.00 -0.746 59.50 -5.91(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.27 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.66 P
(3) Absolute Angle at MaxRA > 25.00 deg 28.75 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 31.02 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 47.24 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 16.22 P
--------------------Relative angles measured from 0.000 ---------------------

1075 24.63
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10/03/17 08:59:48 Glosten Page 16
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1075 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 17
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1100 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 93.93a TCG = 0.00 VCG = 24.40

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

12.346 0.50f 0.00 1,100.3 0.00 0.000 0.00 14.47(3)
12.305 0.51f 5.00s 1,100.0 0.00 0.294 0.74 13.22(3)
12.182 0.54f 10.00s 1,100.0 0.00 0.627 3.02 11.90(3)
11.996 0.62f 15.00s 1,099.9 0.00 1.112 7.31 10.58(3)
11.679 0.77f 20.00s 1,100.0 0.00 1.716 14.32 9.37(3)
11.076 0.97f 25.00s 1,100.0 0.00 1.749 23.22 8.41(3)
10.177 1.06f 30.00s 1,100.0 0.00 1.748 31.98 7.38(3)

9.078 1.10f 35.00s 1,099.9 0.00 1.727 40.68 6.32(1)
7.776 1.09f 40.00s 1,100.0 0.00 1.655 49.15 3.80(1)
6.458 1.10f 45.00s 1,100.0 0.00 1.334 56.73 1.27(1)
5.799 1.11f 47.51s 1,100.0 0.00 1.087 59.78 -0.00(1)
5.146 1.12f 50.00s 1,100.0 0.00 0.799 62.13 -1.26(1)
3.838 1.15f 55.00s 1,100.0 0.00 0.119 64.49 -3.79(1)
3.628 1.15f 55.80s 1,100.1 0.00 0.000 64.54 -4.19(1)
2.529 1.18f 60.00s 1,100.0 0.00 -0.657 63.19 -6.29(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.22 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.75 P
(3) Absolute Angle at MaxRA > 25.00 deg 25.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 31.98 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 49.15 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 17.17 P
--------------------Relative angles measured from 0.000 ---------------------

1100 24.4
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GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1100 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 19
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1125 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 94.10a TCG = 0.00 VCG = 24.18

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

12.536 0.50f 0.00 1,125.2 0.00 0.000 0.00 14.28(3)
12.494 0.51f 5.00s 1,125.0 0.00 0.291 0.73 13.03(3)
12.364 0.54f 10.00s 1,125.0 0.00 0.618 2.98 11.71(3)
12.170 0.62f 15.00s 1,124.9 0.00 1.112 7.24 10.39(3)
11.819 0.75f 20.00s 1,125.0 0.00 1.778 14.39 9.19(3)
11.174 0.93f 25.00s 1,125.0 0.00 1.833 23.67 8.22(3)
10.246 1.00f 30.00s 1,125.0 0.00 1.828 32.85 7.19(3)

9.125 1.02f 35.00s 1,125.0 0.00 1.817 41.96 6.07(1)
7.804 1.00f 40.00s 1,125.0 0.00 1.745 50.89 3.53(1)
6.473 0.99f 45.00s 1,125.0 0.00 1.415 58.90 0.97(1)
5.970 0.99f 46.90s 1,125.0 0.00 1.232 61.42 -0.00(1)
5.150 0.99f 50.00s 1,125.0 0.00 0.877 64.71 -1.59(1)
3.832 1.01f 55.00s 1,125.0 0.00 0.198 67.46 -4.14(1)
3.480 1.01f 56.33s 1,125.1 0.00 0.000 67.59 -4.82(1)
2.513 1.03f 60.00s 1,125.0 0.00 -0.575 66.56 -6.66(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.18 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.83 P
(3) Absolute Angle at MaxRA > 25.00 deg 25.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 32.85 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 50.89 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 18.04 P
--------------------Relative angles measured from 0.000 ---------------------

1125 24.18
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GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1125 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 21
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1150 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 94.27a TCG = 0.00 VCG = 23.92

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

12.725 0.50f 0.00 1,150.2 0.00 0.000 0.00 14.09(3)
12.681 0.51f 5.00s 1,150.0 0.00 0.291 0.73 12.84(3)
12.545 0.54f 10.00s 1,150.0 0.00 0.619 2.99 11.52(3)
12.340 0.61f 15.00s 1,149.9 0.00 1.128 7.28 10.21(3)
11.959 0.73f 20.00s 1,150.0 0.00 1.852 14.64 9.01(3)
11.269 0.88f 25.00s 1,150.0 0.00 1.935 24.38 8.03(3)
10.317 0.94f 30.00s 1,150.0 0.00 1.929 34.07 6.99(3)

9.170 0.95f 35.00s 1,150.0 0.00 1.928 43.71 5.83(1)
7.829 0.90f 40.00s 1,150.0 0.00 1.858 53.21 3.26(1)
6.485 0.87f 45.00s 1,150.0 0.00 1.524 61.77 0.67(1)
6.139 0.87f 46.30s 1,150.0 0.00 1.401 63.67 -0.00(1)
5.151 0.86f 50.00s 1,150.0 0.00 0.986 68.12 -1.92(1)
3.823 0.86f 55.00s 1,150.0 0.00 0.310 71.43 -4.50(1)
3.269 0.87f 57.08s 1,150.0 0.00 0.000 71.76 -5.56(1)
2.496 0.87f 60.00s 1,150.0 0.00 -0.457 71.10 -7.04(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.18 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.93 P
(3) Absolute Angle at MaxRA > 25.00 deg 25.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 34.07 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 53.21 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 19.14 P
--------------------Relative angles measured from 0.000 ---------------------

1150 23.92

Sandia National Laboratories, Zero-V
Stability Appendix

October 2017 | Glosten
17003.01, Rev -



197

10/03/17 08:59:48 Glosten Page 22
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1150 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

0 5 10 15 20 25 30 35 40 45 50 55 60

Degrees of Heel --> Starboard

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

F
T

GM = 3.18

Righting Arm

0

10

20

30

40

50

60

70

F
T

-
D

e
g

Righting Area

-5

0

5

10

15

F
T

0 5 10 15 20 25 30 35 40 45 50 55 60

Flood Pt. Height

Sandia National Laboratories, Zero-V
Stability Appendix

October 2017 | Glosten
17003.01, Rev -



198

10/03/17 08:59:48 Glosten Page 23
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1175 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 94.44a TCG = 0.00 VCG = 23.66

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

12.914 0.50f 0.00 1,175.1 0.00 0.000 0.00 13.90(3)
12.867 0.51f 5.00s 1,175.0 0.00 0.293 0.73 12.65(3)
12.725 0.53f 10.00s 1,175.0 0.00 0.625 3.01 11.34(3)
12.508 0.61f 15.00s 1,174.9 0.00 1.149 7.36 10.03(3)
12.093 0.72f 20.00s 1,174.7 0.00 1.925 14.95 8.84(3)
11.486 0.83f 24.30s 1,175.0 0.00 2.038 23.65 7.98(3)
11.363 0.84f 25.00s 1,175.0 0.00 2.037 25.07 7.84(3)
10.388 0.89f 30.00s 1,175.0 0.00 2.030 35.37 6.80(3)

9.210 0.87f 35.00s 1,175.0 0.00 2.039 45.53 5.59(1)
7.852 0.80f 40.00s 1,175.0 0.00 1.969 55.59 2.99(1)
6.497 0.76f 45.00s 1,175.0 0.00 1.632 64.70 0.37(1)
6.306 0.75f 45.71s 1,175.0 0.00 1.567 65.83 -0.00(1)
5.151 0.73f 50.00s 1,175.0 0.00 1.096 71.59 -2.25(1)
3.812 0.72f 55.00s 1,175.0 0.00 0.424 75.46 -4.85(1)
3.053 0.71f 57.84s 1,175.0 0.00 0.000 76.07 -6.32(1)
2.475 0.71f 60.00s 1,175.0 0.00 -0.338 75.70 -7.42(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.22 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 2.04 P
(3) Absolute Angle at MaxRA > 25.00 deg 35.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 35.37 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 55.59 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 20.22 P
--------------------Relative angles measured from 0.000 ---------------------

1175 23.66
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GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1175 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 25
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1200 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 94.60a TCG = 0.00 VCG = 23.44

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

13.101 0.50f 0.00 1,200.1 0.00 0.000 0.00 13.71(3)
13.051 0.51f 5.00s 1,200.0 0.00 0.292 0.73 12.46(3)
12.905 0.53f 10.00s 1,200.0 0.00 0.627 3.01 11.15(3)
12.672 0.60f 15.00s 1,199.9 0.00 1.165 7.40 9.86(3)
12.226 0.70f 20.00s 1,199.8 0.00 1.981 15.15 8.66(3)
11.680 0.78f 23.75s 1,200.0 0.00 2.126 22.98 7.91(3)
11.457 0.80f 25.00s 1,200.0 0.00 2.123 25.64 7.66(3)
10.457 0.83f 30.00s 1,200.0 0.00 2.112 36.36 6.60(3)

9.247 0.78f 35.00s 1,200.0 0.00 2.124 46.94 5.34(1)
8.914 0.76f 36.23s 1,200.0 0.00 2.127 49.55 4.70(1)
7.872 0.70f 40.00s 1,200.0 0.00 2.052 57.45 2.71(1)
6.504 0.64f 45.00s 1,200.0 0.00 1.711 66.94 0.07(1)
6.471 0.64f 45.12s 1,200.0 0.00 1.699 67.15 -0.00(1)
5.148 0.60f 50.00s 1,200.0 0.00 1.174 74.23 -2.58(1)
3.799 0.57f 55.00s 1,200.0 0.00 0.506 78.49 -5.21(1)
2.888 0.56f 58.39s 1,200.0 0.00 0.000 79.36 -6.97(1)
2.452 0.55f 60.00s 1,200.0 0.00 -0.252 79.16 -7.80(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.23 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 2.13 P
(3) Absolute Angle at MaxRA > 25.00 deg 36.23 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 36.36 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 57.45 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 21.09 P
--------------------Relative angles measured from 0.000 ---------------------

1200 23.44
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GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1200 LT
-0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 27
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 900 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 93.98a TCG = 0.00 VCG = 24.79

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height
9.915 0.00 0.00 900.00 0.00 0.000 0.00 15.83(3)
9.889 0.02f 5.00s 900.00 0.00 0.516 1.29 14.58(3)
9.810 0.07f 10.00s 899.99 0.00 1.075 5.25 13.26(3)
9.697 0.16f 15.00s 899.80 0.00 1.712 12.18 11.90(3)
9.653 0.33f 18.16s 899.99 0.00 1.882 17.91 11.15(3)
9.600 0.46f 20.00s 899.75 0.00 1.824 21.32 10.78(3)
9.345 0.81f 25.00s 900.00 0.00 1.833 30.56 9.80(3)
8.818 1.10f 30.00s 900.26 0.00 1.884 39.84 8.82(3)
7.949 1.28f 35.00s 899.66 0.00 1.841 49.19 7.84(3)
6.819 1.40f 40.00s 899.80 0.00 1.793 58.28 5.53(1)
5.569 1.50f 45.00s 899.99 0.00 1.662 66.95 3.17(1)
4.334 1.62f 50.00s 899.99 0.00 1.273 74.40 0.82(1)
3.906 1.67f 51.75s 899.96 0.00 1.089 76.47 -0.00(1)
3.106 1.76f 55.00s 899.97 0.00 0.695 79.39 -1.52(1)
1.903 1.88f 59.84s 900.00 0.00 0.000 81.13 -3.77(1)
1.864 1.88f 60.00s 900.00 0.00 -0.025 81.13 -3.84(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 5.68 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.88 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 39.84 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 58.28 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 18.44 P
--------------------Relative angles measured from 0.000 ---------------------

900 24.79
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GHS 15.00 170x56x12 Trimaran

MAX VCG @ 900 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 29
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 925 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 94.15a TCG = 0.00 VCG = 24.83

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

10.111 0.00 0.00 925.00 0.00 0.000 0.00 15.64(2)
10.084 0.02f 5.00s 925.00 0.00 0.474 1.19 14.38(3)
10.004 0.07f 10.00s 924.98 0.00 0.990 4.83 13.06(3)

9.887 0.16f 15.00s 924.83 0.00 1.598 11.26 11.71(3)
9.825 0.34f 18.44s 924.73 0.00 1.819 17.19 10.89(3)
9.773 0.44f 20.00s 924.83 0.00 1.773 19.99 10.57(3)
9.484 0.78f 25.00s 924.72 0.00 1.782 28.98 9.60(3)
8.906 1.04f 30.00s 925.02 0.00 1.821 37.97 8.60(3)
8.009 1.20f 35.00s 924.98 0.00 1.773 46.99 7.61(3)
6.853 1.30f 40.00s 924.87 0.00 1.719 55.73 5.25(1)
5.598 1.39f 45.00s 925.00 0.00 1.560 63.97 2.87(1)
4.357 1.51f 50.00s 925.00 0.00 1.144 70.83 0.50(1)
4.098 1.53f 51.06s 924.98 0.00 1.030 71.99 0.00(1)
3.123 1.63f 55.00s 925.00 0.00 0.545 75.12 -1.86(1)
2.179 1.72f 58.79s 925.05 0.00 0.000 76.18 -3.64(1)
1.871 1.74f 60.00s 925.00 0.00 -0.188 76.07 -4.21(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 5.22 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.82 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 37.97 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 55.73 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 17.75 P
--------------------Relative angles measured from 0.000 ---------------------

925 24.83
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GHS 15.00 170x56x12 Trimaran

MAX VCG @ 925 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 31
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 950 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 94.31a TCG = 0.00 VCG = 24.84

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

10.306 0.00 0.00 950.00 0.00 0.000 0.00 15.44(2)
10.279 0.02f 5.00s 950.00 0.00 0.437 1.09 14.19(3)
10.195 0.06f 10.00s 949.98 0.00 0.916 4.46 12.87(3)
10.076 0.16f 15.00s 949.84 0.00 1.498 10.45 11.52(3)

9.995 0.34f 18.73s 950.00 0.00 1.770 16.59 10.62(3)
9.943 0.42f 20.00s 949.89 0.00 1.739 18.81 10.37(3)
9.619 0.75f 25.00s 949.73 0.00 1.745 27.63 9.40(3)
8.998 0.98f 30.00s 950.03 0.00 1.772 36.42 8.39(3)
8.066 1.12f 35.00s 949.98 0.00 1.723 45.19 7.38(1)
6.889 1.21f 40.00s 949.91 0.00 1.666 53.66 4.97(1)
5.630 1.29f 45.00s 950.00 0.00 1.479 61.58 2.58(1)
4.383 1.39f 50.00s 950.00 0.00 1.039 67.98 0.19(1)
4.287 1.40f 50.39s 950.01 0.00 0.996 68.38 0.00(1)
3.136 1.50f 55.00s 950.01 0.00 0.422 71.70 -2.20(1)
2.404 1.56f 57.92s 950.07 0.00 0.000 72.33 -3.59(1)
1.877 1.60f 60.00s 950.00 0.00 -0.322 71.99 -4.57(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 4.82 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.77 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 36.42 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 53.66 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 17.25 P
--------------------Relative angles measured from 0.000 ---------------------

950 24.84
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GHS 15.00 170x56x12 Trimaran

MAX VCG @ 950 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 33
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 975 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 94.48a TCG = 0.00 VCG = 24.94

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

10.500 0.00 0.00 975.00 0.00 0.000 0.00 15.25(2)
10.473 0.02f 5.00s 975.00 0.00 0.395 0.99 13.99(3)
10.384 0.06f 10.00s 974.98 0.00 0.830 4.03 12.68(3)
10.262 0.16f 15.00s 974.87 0.00 1.380 9.51 11.33(3)
10.109 0.40f 20.00s 975.04 0.00 1.679 17.26 10.16(3)

9.749 0.72f 25.00s 974.70 0.00 1.673 25.77 9.20(3)
9.085 0.92f 30.00s 975.26 0.00 1.679 34.14 8.18(3)
8.123 1.04f 35.00s 974.99 0.00 1.623 42.43 7.13(1)
6.928 1.11f 40.00s 974.95 0.00 1.555 50.38 4.70(1)
5.662 1.19f 45.00s 975.00 0.00 1.334 57.67 2.29(1)
4.471 1.27f 49.73s 975.02 0.00 0.896 63.03 0.00(1)
4.404 1.27f 50.00s 975.00 0.00 0.865 63.26 -0.13(1)
3.145 1.37f 55.00s 975.01 0.00 0.227 66.07 -2.55(1)
2.749 1.39f 56.57s 975.11 0.00 0.000 66.24 -3.31(1)
1.877 1.45f 60.00s 975.00 0.00 -0.532 65.35 -4.94(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 4.35 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.68 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 34.14 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 50.38 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 16.23 P
--------------------Relative angles measured from 0.000 ---------------------

975 24.94
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GHS 15.00 170x56x12 Trimaran

MAX VCG @ 975 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 35
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1000 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 94.64a TCG = 0.00 VCG = 24.81

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

10.694 0.00 0.00 1,000.1 0.00 0.000 0.00 15.06(2)
10.665 0.02f 5.00s 1,000.0 0.00 0.375 0.94 13.80(3)
10.570 0.06f 10.00s 1,000.0 0.00 0.789 3.83 12.48(3)
10.446 0.16f 15.00s 999.9 0.00 1.328 9.07 11.14(3)
10.273 0.39f 20.00s 1,000.0 0.00 1.704 16.71 9.96(3)

9.874 0.68f 25.00s 999.8 0.00 1.700 25.38 9.00(3)
9.160 0.86f 30.00s 1,000.0 0.00 1.705 33.89 7.97(3)
8.178 0.97f 35.00s 1,000.0 0.00 1.656 42.31 6.88(1)
6.966 1.02f 40.00s 1,000.0 0.00 1.592 50.44 4.44(1)
5.689 1.08f 45.00s 1,000.0 0.00 1.352 57.87 2.00(1)
4.652 1.14f 49.08s 1,000.0 0.00 0.972 62.67 0.00(1)
4.418 1.15f 50.00s 1,000.0 0.00 0.869 63.52 -0.45(1)
3.148 1.23f 55.00s 1,000.0 0.00 0.222 66.32 -2.90(1)
2.760 1.25f 56.53s 1,000.1 0.00 0.000 66.49 -3.64(1)
1.872 1.31f 60.00s 1,000.0 0.00 -0.540 65.57 -5.32(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 4.13 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.71 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 33.89 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 50.44 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 16.55 P
--------------------Relative angles measured from 0.000 ---------------------

1000 24.81
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GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1000 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 37
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1025 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 94.80a TCG = 0.00 VCG = 24.67

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

10.885 0.00 0.00 1,025.0 0.00 0.000 0.00 14.86(2)
10.855 0.02f 5.00s 1,025.0 0.00 0.357 0.89 13.61(3)
10.755 0.06f 10.00s 1,025.0 0.00 0.752 3.65 12.29(3)
10.628 0.16f 15.00s 1,024.9 0.00 1.283 8.68 10.96(3)
10.432 0.37f 20.00s 1,025.2 0.00 1.736 16.26 9.76(3)

9.996 0.65f 25.00s 1,025.0 0.00 1.733 25.12 8.80(3)
9.238 0.80f 30.00s 1,025.0 0.00 1.737 33.80 7.77(3)
8.233 0.89f 35.00s 1,024.9 0.00 1.696 42.40 6.63(1)
7.003 0.94f 40.00s 1,025.0 0.00 1.635 50.73 4.18(1)
5.713 0.98f 45.00s 1,025.0 0.00 1.375 58.34 1.71(1)
4.830 1.01f 48.44s 1,025.0 0.00 1.055 62.55 0.00(1)
4.431 1.03f 50.00s 1,025.0 0.00 0.881 64.06 -0.77(1)
3.149 1.09f 55.00s 1,025.0 0.00 0.227 66.91 -3.24(1)
2.752 1.11f 56.55s 1,025.1 0.00 0.000 67.08 -4.01(1)
1.863 1.15f 60.00s 1,025.0 0.00 -0.538 66.17 -5.69(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.93 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.74 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 33.80 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 50.73 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 16.94 P
--------------------Relative angles measured from 0.000 ---------------------

1025 24.67
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MAX VCG @ 1025 LT
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USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 39
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1050 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 94.96a TCG = 0.00 VCG = 24.46

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

11.076 0.00 0.00 1,050.0 0.00 0.000 0.00 14.67(2)
11.044 0.02f 5.00s 1,050.0 0.00 0.347 0.87 13.42(3)
10.937 0.05f 10.00s 1,050.0 0.00 0.732 3.55 12.10(3)
10.808 0.16f 15.00s 1,049.9 0.00 1.262 8.47 10.77(3)
10.588 0.35f 20.00s 1,050.3 0.00 1.793 16.11 9.57(3)
10.360 0.51f 22.80s 1,050.0 0.00 1.805 21.19 9.04(3)
10.113 0.61f 25.00s 1,049.9 0.00 1.798 25.16 8.60(3)

9.314 0.74f 30.00s 1,050.0 0.00 1.805 34.24 7.56(3)
8.290 0.82f 35.00s 1,050.0 0.00 1.776 43.21 6.39(1)
7.036 0.84f 40.00s 1,050.0 0.00 1.720 51.96 3.91(1)
5.733 0.87f 45.00s 1,050.0 0.00 1.448 59.97 1.41(1)
5.005 0.89f 47.81s 1,050.0 0.00 1.189 63.69 0.00(1)
4.439 0.91f 50.00s 1,050.0 0.00 0.947 66.03 -1.10(1)
3.146 0.95f 55.00s 1,050.0 0.00 0.290 69.19 -3.60(1)
2.637 0.97f 56.97s 1,050.1 0.00 0.000 69.48 -4.57(1)
1.850 1.00f 60.00s 1,050.0 0.00 -0.473 68.77 -6.07(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.83 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.81 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 34.24 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 51.96 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 17.72 P
--------------------Relative angles measured from 0.000 ---------------------

1050 24.46
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MAX VCG @ 1050 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 41
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1075 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 95.12a TCG = 0.00 VCG = 24.28

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

11.266 0.00 0.00 1,075.0 0.00 0.000 0.00 14.48(2)
11.232 0.01f 5.00s 1,075.0 0.00 0.336 0.84 13.23(3)
11.118 0.05f 10.00s 1,075.0 0.00 0.709 3.44 11.91(3)
10.986 0.15f 15.00s 1,074.9 0.00 1.239 8.24 10.59(3)
10.742 0.33f 20.00s 1,075.3 0.00 1.839 15.91 9.38(3)
10.457 0.50f 23.13s 1,075.0 0.00 1.860 21.77 8.78(3)
10.224 0.57f 25.00s 1,074.9 0.00 1.853 25.24 8.41(3)

9.389 0.68f 30.00s 1,075.0 0.00 1.860 34.61 7.37(3)
9.243 0.70f 30.77s 1,075.0 0.00 1.861 36.04 7.20(3)
8.344 0.75f 35.00s 1,075.0 0.00 1.838 43.87 6.15(1)
7.065 0.75f 40.00s 1,075.0 0.00 1.783 52.94 3.64(1)
5.751 0.76f 45.00s 1,075.0 0.00 1.498 61.24 1.11(1)
5.178 0.76f 47.19s 1,075.0 0.00 1.298 64.31 -0.00(1)
4.444 0.78f 50.00s 1,075.0 0.00 0.990 67.54 -1.42(1)
3.140 0.81f 55.00s 1,075.0 0.00 0.330 70.91 -3.95(1)
2.557 0.83f 57.24s 1,075.1 0.00 0.000 71.29 -5.07(1)
1.835 0.85f 60.00s 1,075.0 0.00 -0.432 70.70 -6.44(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.69 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.86 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.77 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 34.61 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 52.94 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 18.33 P
--------------------Relative angles measured from 0.000 ---------------------

1075 24.28
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MAX VCG @ 1075 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 43
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1100 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 95.28a TCG = 0.00 VCG = 24.10

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

11.456 0.00 0.00 1,100.1 0.00 0.000 0.00 14.29(2)
11.418 0.01f 5.00s 1,100.0 0.00 0.327 0.82 13.04(3)
11.299 0.04f 10.00s 1,100.0 0.00 0.691 3.35 11.72(3)
11.162 0.15f 15.00s 1,099.9 0.00 1.221 8.06 10.41(3)
10.891 0.32f 20.00s 1,100.0 0.00 1.885 15.77 9.20(3)
10.543 0.48f 23.44s 1,100.0 0.00 1.917 22.42 8.53(3)
10.330 0.53f 25.00s 1,100.0 0.00 1.910 25.39 8.21(3)

9.464 0.63f 30.00s 1,100.0 0.00 1.916 35.05 7.17(3)
9.258 0.64f 31.07s 1,100.0 0.00 1.917 37.09 6.94(3)
8.393 0.67f 35.00s 1,100.0 0.00 1.900 44.61 5.91(1)
7.092 0.65f 40.00s 1,100.0 0.00 1.845 53.98 3.37(1)
5.764 0.64f 45.00s 1,100.0 0.00 1.548 62.57 0.81(1)
5.347 0.64f 46.58s 1,100.0 0.00 1.405 64.90 0.00(1)
4.447 0.65f 50.00s 1,100.0 0.00 1.033 69.10 -1.75(1)
3.131 0.67f 55.00s 1,100.0 0.00 0.372 72.68 -4.30(1)
2.471 0.68f 57.51s 1,100.1 0.00 0.000 73.15 -5.57(1)
1.817 0.69f 60.00s 1,100.0 0.00 -0.390 72.67 -6.82(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.61 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.92 P
(3) Absolute Angle at MaxRA > 25.00 deg 31.07 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 35.05 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 53.98 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 18.93 P
--------------------Relative angles measured from 0.000 ---------------------

1100 24.1

Sandia National Laboratories, Zero-V
Stability Appendix

October 2017 | Glosten
17003.01, Rev -



219

10/03/17 08:59:48 Glosten Page 44
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1100 LT
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USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 45
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1125 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 95.44a TCG = 0.00 VCG = 23.90

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

11.644 0.00 0.00 1,125.0 0.00 0.000 0.00 14.11(2)
11.602 0.01f 5.00s 1,125.0 0.00 0.320 0.80 12.85(3)
11.480 0.04f 10.00s 1,125.0 0.00 0.681 3.28 11.54(3)
11.335 0.15f 15.00s 1,124.8 0.00 1.214 7.95 10.23(3)
11.036 0.30f 20.00s 1,125.0 0.00 1.935 15.74 9.02(3)
10.618 0.45f 23.75s 1,125.0 0.00 1.983 23.22 8.27(3)
10.431 0.49f 25.00s 1,125.0 0.00 1.979 25.70 8.02(3)

9.540 0.57f 30.00s 1,125.0 0.00 1.982 35.71 6.98(3)
9.311 0.58f 31.14s 1,125.0 0.00 1.983 37.98 6.73(3)
8.438 0.59f 35.00s 1,125.0 0.00 1.972 45.61 5.67(1)
7.115 0.55f 40.00s 1,125.0 0.00 1.917 55.34 3.10(1)
5.774 0.53f 45.00s 1,125.0 0.00 1.611 64.27 0.51(1)
5.515 0.53f 45.98s 1,125.0 0.00 1.524 65.80 0.00(1)
4.446 0.52f 50.00s 1,125.0 0.00 1.093 71.11 -2.08(1)
3.121 0.52f 55.00s 1,125.0 0.00 0.431 74.98 -4.66(1)
2.350 0.53f 57.90s 1,125.0 0.00 0.000 75.62 -6.14(1)
1.796 0.53f 60.00s 1,125.0 0.00 -0.329 75.27 -7.20(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.54 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.98 P
(3) Absolute Angle at MaxRA > 25.00 deg 31.14 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 35.71 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 55.34 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 19.63 P
--------------------Relative angles measured from 0.000 ---------------------

1125 23.9
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GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1125 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 47
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1150 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 95.59a TCG = 0.00 VCG = 23.65

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

11.831 0.00 0.00 1,150.0 0.00 0.000 0.00 13.92(2)
11.786 0.01f 5.00s 1,150.0 0.00 0.319 0.80 12.66(3)
11.662 0.04f 10.00s 1,150.0 0.00 0.682 3.28 11.35(3)
11.506 0.14f 15.00s 1,149.8 0.00 1.225 7.97 10.05(3)
11.181 0.29f 20.00s 1,150.0 0.00 1.998 15.94 8.84(3)
10.728 0.42f 23.75s 1,150.0 0.00 2.074 23.70 8.09(3)
10.529 0.44f 25.00s 1,150.0 0.00 2.072 26.30 7.83(3)

9.613 0.51f 30.00s 1,150.0 0.00 2.073 36.78 6.78(3)
9.180 0.52f 32.04s 1,150.0 0.00 2.075 41.00 6.33(3)
8.479 0.51f 35.00s 1,150.0 0.00 2.072 47.15 5.42(1)
7.136 0.45f 40.00s 1,150.0 0.00 2.019 57.39 2.82(1)
5.784 0.41f 45.00s 1,150.0 0.00 1.709 66.81 0.20(1)
5.680 0.41f 45.39s 1,150.0 0.00 1.675 67.47 -0.00(1)
4.444 0.39f 50.00s 1,150.0 0.00 1.190 74.14 -2.41(1)
3.107 0.38f 55.00s 1,150.0 0.00 0.532 78.51 -5.02(1)
2.153 0.37f 58.58s 1,150.2 0.00 -0.001 79.47 -6.86(1)
1.773 0.37f 60.00s 1,150.2 0.00 -0.224 79.31 -7.58(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.53 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 2.08 P
(3) Absolute Angle at MaxRA > 25.00 deg 32.04 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 36.78 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 57.39 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 20.61 P
--------------------Relative angles measured from 0.000 ---------------------

1150 23.65
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MAX VCG @ 1150 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 49
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1175 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 95.74a TCG = 0.00 VCG = 23.42

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

12.018 0.00 0.00 1,175.0 0.00 0.000 0.00 13.73(2)
11.973 0.01f 5.00s 1,175.2 0.00 0.317 0.79 12.47(3)
11.844 0.04f 10.00s 1,175.0 0.00 0.683 3.27 11.17(3)
11.676 0.14f 15.00s 1,174.8 0.00 1.236 7.99 9.87(3)
11.323 0.27f 20.00s 1,175.0 0.00 2.049 16.10 8.67(3)
10.834 0.38f 23.75s 1,175.0 0.00 2.160 24.12 7.90(3)
10.628 0.40f 25.00s 1,175.0 0.00 2.158 26.82 7.65(3)

9.683 0.46f 30.00s 1,175.0 0.00 2.154 37.73 6.59(3)
8.517 0.43f 35.00s 1,175.0 0.00 2.159 48.51 5.18(1)
8.133 0.41f 36.45s 1,175.0 0.00 2.161 51.63 4.42(1)
7.156 0.35f 40.00s 1,175.0 0.00 2.106 59.23 2.55(1)
5.844 0.30f 44.81s 1,175.0 0.00 1.807 68.71 0.00(1)
5.791 0.29f 45.00s 1,175.0 0.00 1.791 69.05 -0.10(1)
4.441 0.26f 50.00s 1,175.0 0.00 1.273 76.80 -2.75(1)
3.093 0.23f 55.00s 1,175.0 0.00 0.617 81.58 -5.37(1)
1.979 0.21f 59.15s 1,175.0 0.00 0.000 82.88 -7.52(1)
1.749 0.21f 60.00s 1,175.0 0.00 -0.133 82.83 -7.96(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.51 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 2.16 P
(3) Absolute Angle at MaxRA > 25.00 deg 36.45 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 37.73 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 59.23 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 21.50 P
--------------------Relative angles measured from 0.000 ---------------------

1175 23.42
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GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1175 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 51
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1200 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 95.88a TCG = 0.00 VCG = 23.21

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

12.205 0.00 0.00 1,200.0 0.00 0.000 0.00 13.54(2)
12.157 0.01f 5.00s 1,200.2 0.00 0.314 0.79 12.29(3)
12.027 0.04f 10.00s 1,200.0 0.00 0.684 3.26 10.98(3)
11.845 0.14f 15.00s 1,199.8 0.00 1.248 8.01 9.69(3)
11.459 0.26f 20.00s 1,199.6 0.00 2.092 16.24 8.50(3)
10.942 0.34f 23.75s 1,200.0 0.00 2.239 24.49 7.72(3)
10.729 0.36f 25.00s 1,200.0 0.00 2.237 27.29 7.47(3)

9.752 0.40f 30.00s 1,200.2 0.00 2.224 38.58 6.39(3)
8.553 0.34f 35.00s 1,200.0 0.00 2.234 49.72 4.93(1)
8.151 0.32f 36.48s 1,200.0 0.00 2.239 53.03 4.14(1)
7.174 0.25f 40.00s 1,200.0 0.00 2.179 60.82 2.27(1)
6.006 0.18f 44.24s 1,200.0 0.00 1.922 69.56 -0.00(1)
5.798 0.17f 45.00s 1,200.0 0.00 1.859 71.00 -0.41(1)
4.437 0.12f 50.00s 1,200.0 0.00 1.340 79.00 -3.08(1)
3.079 0.08f 55.00s 1,200.0 0.00 0.687 84.12 -5.73(1)
1.829 0.05f 59.62s 1,200.0 0.00 0.000 85.74 -8.15(1)
1.725 0.05f 60.00s 1,200.0 0.00 -0.058 85.73 -8.34(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.48 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 2.24 P
(3) Absolute Angle at MaxRA > 25.00 deg 36.48 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 38.58 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 60.82 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 22.23 P
--------------------Relative angles measured from 0.000 ---------------------

1200 23.21
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GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1200 LT
0. DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 53
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 900 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 95.59a TCG = 0.00 VCG = 24.63

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height
9.039 0.50a 0.00 900.00 0.00 0.000 0.00 15.51(2)
9.019 0.48a 5.00s 900.00 0.00 0.541 1.35 14.39(3)
8.950 0.43a 10.00s 899.97 0.00 1.123 5.49 13.07(3)
8.859 0.31a 15.00s 899.79 0.00 1.810 12.78 11.72(3)
8.809 0.13a 18.53s 900.11 0.00 2.031 19.63 10.88(3)
8.774 0.03a 20.00s 900.07 0.00 1.992 22.58 10.58(3)
8.552 0.34f 25.00s 899.74 0.00 2.012 32.70 9.60(3)
8.039 0.62f 30.00s 900.25 0.00 2.033 42.82 8.58(3)
7.194 0.80f 35.00s 899.97 0.00 1.980 52.88 7.44(1)
6.089 0.92f 40.00s 899.79 0.00 1.925 62.64 5.06(1)
4.845 1.02f 45.00s 899.99 0.00 1.811 72.01 2.69(1)
3.610 1.14f 50.00s 900.00 0.00 1.436 80.23 0.32(1)
3.444 1.16f 50.68s 900.00 0.00 1.368 81.19 0.00(1)
2.377 1.26f 55.00s 900.01 0.00 0.866 86.06 -2.04(1)
1.113 1.37f 60.00s 900.02 0.00 0.145 88.66 -4.39(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 6.02 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 2.03 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 42.82 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 62.64 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 19.83 P
--------------------Relative angles measured from 0.000 ---------------------

900 24.63
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10/03/17 08:59:48 Glosten Page 54
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 900 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 55
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 925 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 95.74a TCG = 0.00 VCG = 24.63

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height
9.233 0.50a 0.00 925.00 0.00 0.000 0.00 15.31(2)
9.212 0.48a 5.00s 925.00 0.00 0.502 1.26 14.20(3)
9.138 0.43a 10.00s 924.98 0.00 1.044 5.11 12.88(3)
9.047 0.32a 15.00s 924.82 0.00 1.704 11.93 11.53(3)
8.982 0.13a 18.75s 925.08 0.00 1.980 18.89 10.63(3)
8.946 0.04a 20.00s 925.05 0.00 1.950 21.35 10.37(3)
8.690 0.31f 25.00s 924.74 0.00 1.967 31.26 9.39(3)
8.132 0.56f 30.00s 925.02 0.00 1.980 41.14 8.37(3)
7.257 0.73f 35.00s 924.98 0.00 1.929 50.94 7.19(1)
6.130 0.83f 40.00s 924.83 0.00 1.873 60.44 4.79(1)
4.881 0.92f 45.00s 925.00 0.00 1.733 69.49 2.40(1)
3.633 1.02f 50.00s 925.00 0.00 1.332 77.26 0.01(1)
3.633 1.03f 50.01s 925.01 0.00 1.331 77.28 0.00(1)
2.389 1.13f 55.00s 925.01 0.00 0.744 82.53 -2.39(1)
1.116 1.23f 60.00s 925.02 0.00 0.013 84.48 -4.76(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 5.59 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.98 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 41.14 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 60.44 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 19.31 P
--------------------Relative angles measured from 0.000 ---------------------

925 24.63
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10/03/17 08:59:48 Glosten Page 56
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 925 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 57
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 950 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 95.88a TCG = 0.00 VCG = 24.59

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height
9.425 0.50a 0.00 950.00 0.00 0.000 0.00 15.12(2)
9.403 0.48a 5.00s 950.00 0.00 0.469 1.17 14.00(3)
9.323 0.43a 10.00s 949.98 0.00 0.977 4.77 12.68(3)
9.233 0.32a 15.00s 949.83 0.00 1.615 11.20 11.34(3)
9.157 0.14a 18.75s 949.99 0.00 1.948 17.92 10.42(3)
9.115 0.06a 20.00s 950.04 0.00 1.928 20.35 10.17(3)
8.825 0.28f 25.00s 949.77 0.00 1.942 30.15 9.19(3)
8.225 0.51f 30.00s 950.01 0.00 1.949 39.88 8.15(3)
7.320 0.65f 35.00s 949.98 0.00 1.903 49.53 6.94(1)
6.175 0.75f 40.00s 949.97 0.00 1.848 58.91 4.52(1)
4.912 0.82f 45.00s 950.00 0.00 1.683 67.79 2.11(1)
3.815 0.89f 49.35s 950.00 0.00 1.326 74.41 0.00(1)
3.653 0.91f 50.00s 950.01 0.00 1.260 75.25 -0.31(1)
2.395 1.00f 55.00s 950.00 0.00 0.657 80.12 -2.73(1)
1.248 1.07f 59.49s 950.00 0.00 0.000 81.64 -4.89(1)
1.114 1.08f 60.00s 950.00 0.00 -0.082 81.62 -5.13(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 5.22 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.95 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 39.88 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 58.91 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 19.03 P
--------------------Relative angles measured from 0.000 ---------------------

950 24.59
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10/03/17 08:59:48 Glosten Page 58
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 950 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 59
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 975 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 96.02a TCG = 0.00 VCG = 24.58

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height
9.619 0.50a 0.00 975.32 0.00 0.000 0.00 14.93(2)
9.591 0.48a 5.00s 975.00 0.00 0.436 1.09 13.81(3)
9.505 0.44a 10.00s 974.98 0.00 0.910 4.44 12.49(3)
9.416 0.32a 15.00s 974.83 0.00 1.524 10.47 11.16(3)
9.282 0.07a 20.00s 975.03 0.00 1.902 19.13 9.97(3)
9.066 0.18f 23.75s 975.00 0.00 1.906 26.34 9.24(3)
8.957 0.25f 25.00s 974.96 0.00 1.906 28.73 8.99(3)
8.313 0.45f 30.00s 974.90 0.00 1.906 38.31 7.95(3)
7.383 0.58f 35.00s 974.98 0.00 1.861 47.75 6.69(1)
6.216 0.66f 40.00s 974.99 0.00 1.804 56.92 4.26(1)
4.939 0.71f 45.00s 975.00 0.00 1.611 65.51 1.82(1)
3.994 0.76f 48.71s 975.00 0.00 1.301 70.95 -0.00(1)
3.668 0.78f 50.00s 975.03 0.00 1.166 72.55 -0.63(1)
2.397 0.86f 55.00s 975.00 0.00 0.547 76.91 -3.08(1)
1.438 0.91f 58.74s 975.00 0.00 0.000 77.96 -4.90(1)
1.107 0.93f 60.00s 975.00 0.00 -0.199 77.83 -5.51(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 4.84 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.91 P
(3) Absolute Angle at MaxRA > 25.00 deg 25.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 38.31 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 56.92 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 18.60 P
--------------------Relative angles measured from 0.000 ---------------------

975 24.58

Sandia National Laboratories, Zero-V
Stability Appendix

October 2017 | Glosten
17003.01, Rev -



235

10/03/17 08:59:48 Glosten Page 60
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 975 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 61
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1000 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 96.16a TCG = 0.00 VCG = 24.42

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height
9.809 0.50a 0.00 1,000.3 0.00 0.000 0.00 14.74(2)
9.779 0.48a 5.00s 1,000.0 0.00 0.418 1.04 13.62(3)
9.687 0.44a 10.00s 1,000.0 0.00 0.872 4.25 12.30(3)
9.599 0.32a 15.00s 999.8 0.00 1.477 10.06 10.97(3)
9.448 0.09a 20.00s 1,000.2 0.00 1.934 18.65 9.77(3)
9.283 0.09f 22.77s 1,000.0 0.00 1.940 24.05 9.24(3)
9.083 0.21f 25.00s 999.8 0.00 1.937 28.38 8.79(3)
8.398 0.39f 30.00s 999.9 0.00 1.940 38.14 7.74(3)
7.447 0.51f 35.00s 1,000.0 0.00 1.907 47.77 6.46(1)
6.253 0.57f 40.00s 1,000.0 0.00 1.855 57.18 3.99(1)
4.962 0.61f 45.00s 1,000.0 0.00 1.645 66.00 1.52(1)
4.173 0.64f 48.07s 1,000.0 0.00 1.388 70.68 0.00(1)
3.679 0.66f 50.00s 1,000.1 0.00 1.188 73.16 -0.96(1)
2.397 0.72f 55.00s 1,000.0 0.00 0.562 77.62 -3.43(1)
1.408 0.77f 58.83s 1,000.0 0.00 0.000 78.72 -5.31(1)
1.097 0.78f 60.00s 1,000.0 0.00 -0.185 78.61 -5.88(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 4.62 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.94 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.00 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 38.14 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 57.18 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 19.05 P
--------------------Relative angles measured from 0.000 ---------------------

1000 24.42
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10/03/17 08:59:48 Glosten Page 62
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1000 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 63
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1025 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 96.30a TCG = 0.00 VCG = 24.26

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height
9.999 0.50a 0.00 1,025.2 0.00 0.000 0.00 14.55(2)
9.966 0.49a 5.00s 1,025.0 0.00 0.401 1.00 13.43(3)
9.868 0.45a 10.00s 1,025.0 0.00 0.839 4.09 12.11(3)
9.780 0.32a 15.00s 1,024.8 0.00 1.436 9.71 10.79(3)
9.611 0.10a 20.00s 1,025.2 0.00 1.967 18.25 9.58(3)
9.436 0.06f 22.64s 1,025.0 0.00 1.978 23.48 9.07(3)
9.205 0.18f 25.00s 1,024.8 0.00 1.970 28.15 8.59(3)
8.480 0.34f 30.00s 1,024.9 0.00 1.977 38.09 7.54(3)
8.343 0.36f 30.78s 1,025.0 0.00 1.978 39.64 7.37(3)
7.509 0.44f 35.00s 1,025.0 0.00 1.952 47.94 6.22(1)
6.288 0.47f 40.00s 1,025.3 0.00 1.904 57.59 3.72(1)
4.983 0.50f 45.00s 1,025.0 0.00 1.677 66.62 1.23(1)
4.348 0.51f 47.44s 1,025.0 0.00 1.474 70.48 -0.00(1)
3.686 0.54f 50.00s 1,025.0 0.00 1.210 73.92 -1.28(1)
2.394 0.58f 55.00s 1,025.0 0.00 0.579 78.47 -3.78(1)
1.372 0.62f 58.93s 1,025.0 0.00 0.000 79.64 -5.73(1)
1.088 0.62f 60.00s 1,025.2 0.00 -0.170 79.54 -6.26(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 4.46 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 1.98 P
(3) Absolute Angle at MaxRA > 25.00 deg 30.78 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 38.09 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 57.59 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 19.50 P
--------------------Relative angles measured from 0.000 ---------------------

1025 24.26
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MAX VCG @ 1025 LT
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USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 65
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1050 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 96.44a TCG = 0.00 VCG = 24.11

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

10.187 0.50a 0.00 1,050.2 0.00 0.000 0.00 14.36(2)
10.151 0.49a 5.00s 1,050.0 0.00 0.385 0.96 13.24(3)
10.049 0.45a 10.00s 1,050.0 0.00 0.810 3.93 11.92(3)

9.958 0.32a 15.00s 1,049.8 0.00 1.398 9.39 10.60(3)
9.768 0.12a 20.00s 1,050.0 0.00 1.998 17.87 9.39(3)
9.576 0.03f 22.62s 1,050.0 0.00 2.014 23.17 8.88(3)
9.324 0.14f 25.00s 1,049.9 0.00 2.002 27.95 8.40(3)
8.564 0.29f 30.00s 1,050.0 0.00 2.011 38.06 7.34(3)
8.334 0.31f 31.28s 1,050.0 0.00 2.014 40.64 7.07(3)
7.565 0.37f 35.00s 1,050.0 0.00 1.991 48.09 5.97(1)
6.315 0.38f 40.00s 1,050.0 0.00 1.946 57.95 3.46(1)
5.000 0.39f 45.00s 1,050.0 0.00 1.702 67.15 0.93(1)
4.520 0.39f 46.83s 1,050.0 0.00 1.551 70.13 -0.00(1)
3.692 0.41f 50.00s 1,050.0 0.00 1.226 74.56 -1.61(1)
2.387 0.44f 55.00s 1,050.0 0.00 0.589 79.17 -4.14(1)
1.343 0.46f 58.99s 1,050.2 0.00 -0.001 80.36 -6.13(1)
1.073 0.47f 60.00s 1,050.2 0.00 -0.161 80.28 -6.64(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 4.28 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 2.01 P
(3) Absolute Angle at MaxRA > 25.00 deg 31.28 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 38.06 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 57.95 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 19.89 P
--------------------Relative angles measured from 0.000 ---------------------

1050 24.11
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MAX VCG @ 1050 LT
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10/03/17 08:59:48 Glosten Page 67
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1075 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 96.57a TCG = 0.00 VCG = 23.94

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

10.375 0.50a 0.00 1,075.1 0.00 0.000 0.00 14.17(2)
10.336 0.49a 5.00s 1,075.0 0.00 0.372 0.93 13.05(3)
10.231 0.45a 10.00s 1,075.0 0.00 0.788 3.81 11.74(3)
10.135 0.32a 15.00s 1,074.8 0.00 1.370 9.14 10.42(3)

9.928 0.13a 20.00s 1,075.0 0.00 2.035 17.62 9.21(3)
9.692 0.02f 22.80s 1,074.8 0.00 2.059 23.41 8.65(3)
9.440 0.11f 25.00s 1,074.9 0.00 2.045 27.92 8.20(3)
8.649 0.23f 30.00s 1,075.0 0.00 2.057 38.26 7.15(3)
8.389 0.26f 31.38s 1,075.0 0.00 2.060 41.11 6.85(3)
7.618 0.29f 35.00s 1,075.0 0.00 2.040 48.53 5.73(1)
6.343 0.28f 40.00s 1,075.0 0.00 1.998 58.64 3.19(1)
5.014 0.27f 45.00s 1,075.0 0.00 1.741 68.07 0.63(1)
4.691 0.27f 46.22s 1,075.0 0.00 1.640 70.14 0.00(1)
3.695 0.28f 50.00s 1,075.0 0.00 1.256 75.65 -1.94(1)
2.379 0.30f 55.00s 1,075.0 0.00 0.617 80.41 -4.49(1)
1.278 0.31f 59.17s 1,075.2 0.00 -0.001 81.72 -6.60(1)
1.056 0.31f 60.00s 1,075.2 0.00 -0.131 81.66 -7.01(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 4.14 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 2.06 P
(3) Absolute Angle at MaxRA > 25.00 deg 31.38 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 38.26 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 58.64 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 20.37 P
--------------------Relative angles measured from 0.000 ---------------------

1075 23.94
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MAX VCG @ 1075 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 69
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1100 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 96.70a TCG = 0.00 VCG = 23.77

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

10.562 0.50a 0.00 1,100.1 0.00 0.000 0.00 13.98(2)
10.520 0.49a 5.00s 1,100.0 0.00 0.360 0.90 12.86(3)
10.414 0.45a 10.00s 1,100.0 0.00 0.770 3.71 11.55(3)
10.313 0.33a 15.00s 1,099.8 0.00 1.347 8.93 10.24(3)
10.085 0.14a 20.00s 1,100.0 0.00 2.069 17.41 9.03(3)

9.790 0.00 23.12s 1,100.0 0.00 2.103 24.00 8.40(3)
9.554 0.07f 25.00s 1,099.9 0.00 2.091 27.94 8.01(3)
8.730 0.18f 30.00s 1,100.0 0.00 2.102 38.52 6.96(3)
8.454 0.20f 31.42s 1,100.0 0.00 2.104 41.50 6.65(3)
7.668 0.22f 35.00s 1,100.0 0.00 2.089 49.02 5.49(1)
6.368 0.19f 40.00s 1,100.0 0.00 2.048 59.37 2.91(1)
5.027 0.16f 45.00s 1,100.0 0.00 1.779 69.03 0.32(1)
4.861 0.16f 45.63s 1,100.0 0.00 1.728 70.13 0.00(1)
3.697 0.15f 50.00s 1,100.0 0.00 1.288 76.79 -2.27(1)
2.371 0.15f 55.00s 1,100.0 0.00 0.645 81.69 -4.85(1)
1.209 0.16f 59.36s 1,100.1 0.00 -0.001 83.13 -7.07(1)
1.036 0.15f 60.00s 1,100.1 0.00 -0.101 83.10 -7.39(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 4.01 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 2.10 P
(3) Absolute Angle at MaxRA > 25.00 deg 31.42 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 38.52 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 59.37 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 20.85 P
--------------------Relative angles measured from 0.000 ---------------------

1100 23.77
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GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1100 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 71
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1125 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 96.83a TCG = 0.00 VCG = 23.60

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

10.750 0.50a 0.00 1,125.1 0.00 0.000 0.00 13.80(2)
10.705 0.49a 5.00s 1,125.0 0.00 0.350 0.88 12.68(3)
10.598 0.45a 10.00s 1,125.0 0.00 0.756 3.62 11.37(3)
10.490 0.33a 15.00s 1,124.8 0.00 1.329 8.76 10.06(3)
10.239 0.15a 20.00s 1,125.0 0.00 2.097 17.24 8.85(3)

9.854 0.01a 23.64s 1,125.0 0.00 2.148 25.09 8.11(3)
9.667 0.03f 25.00s 1,124.9 0.00 2.140 28.02 7.83(3)
8.807 0.13f 30.00s 1,125.0 0.00 2.147 38.84 6.76(3)
8.547 0.14f 31.29s 1,125.0 0.00 2.148 41.62 6.48(3)
7.715 0.14f 35.00s 1,125.0 0.00 2.137 49.57 5.24(1)
6.391 0.09f 40.00s 1,125.0 0.00 2.096 60.16 2.64(1)
5.040 0.04f 45.00s 1,125.0 0.00 1.816 70.04 0.02(1)
5.028 0.04f 45.04s 1,125.0 0.00 1.812 70.12 0.00(1)
3.699 0.02f 50.00s 1,125.0 0.00 1.320 77.97 -2.60(1)
2.360 0.01f 55.00s 1,125.0 0.00 0.676 83.02 -5.20(1)
1.137 0.00 59.56s 1,125.0 0.00 0.000 84.60 -7.55(1)
1.018 0.00a 60.00s 1,125.3 0.00 -0.070 84.58 -7.78(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.89 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 2.15 P
(3) Absolute Angle at MaxRA > 25.00 deg 31.29 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 38.84 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 60.16 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 21.32 P
--------------------Relative angles measured from 0.000 ---------------------

1125 23.6
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MAX VCG @ 1125 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 73
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1150 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 96.95a TCG = 0.00 VCG = 23.37

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

10.937 0.50a 0.00 1,150.1 0.00 0.000 0.00 13.61(2)
10.892 0.49a 5.00s 1,150.2 0.00 0.346 0.87 12.49(3)
10.784 0.45a 10.00s 1,150.0 0.00 0.755 3.59 11.18(3)
10.667 0.33a 15.00s 1,149.7 0.00 1.333 8.74 9.89(3)
10.391 0.16a 20.00s 1,150.0 0.00 2.142 17.33 8.67(3)

9.961 0.03a 23.75s 1,150.0 0.00 2.223 25.66 7.90(3)
9.779 0.00 25.00s 1,150.0 0.00 2.221 28.43 7.64(3)
8.881 0.07f 30.00s 1,150.0 0.00 2.221 39.66 6.57(3)
8.446 0.07f 32.06s 1,150.0 0.00 2.223 44.24 6.10(3)
7.757 0.06f 35.00s 1,150.0 0.00 2.219 50.77 5.00(1)
6.413 0.01a 40.00s 1,150.0 0.00 2.182 61.78 2.37(1)
5.194 0.07a 44.47s 1,150.0 0.00 1.937 71.06 0.00(1)
5.050 0.07a 45.00s 1,150.0 0.00 1.895 72.08 -0.28(1)
3.697 0.11a 50.00s 1,150.0 0.00 1.398 80.40 -2.93(1)
2.349 0.14a 55.00s 1,150.0 0.00 0.757 85.85 -5.56(1)
0.998 0.16a 60.00s 1,150.0 0.00 0.017 87.83 -8.15(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.85 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 2.22 P
(3) Absolute Angle at MaxRA > 25.00 deg 32.06 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 39.66 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 61.78 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 22.12 P
--------------------Relative angles measured from 0.000 ---------------------

1150 23.37
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MAX VCG @ 1150 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 75
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1175 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 97.07a TCG = 0.00 VCG = 23.14

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

11.123 0.50a 0.00 1,175.1 0.00 0.000 0.00 13.42(2)
11.076 0.49a 5.00s 1,175.2 0.00 0.344 0.86 12.30(3)
10.971 0.45a 10.00s 1,175.0 0.00 0.757 3.58 11.00(3)
10.843 0.33a 15.00s 1,174.7 0.00 1.343 8.76 9.71(3)
10.540 0.17a 20.00s 1,175.0 0.00 2.183 17.47 8.50(3)
10.082 0.06a 23.75s 1,175.0 0.00 2.304 26.02 7.72(3)

9.888 0.03a 25.00s 1,175.0 0.00 2.301 28.90 7.46(3)
8.953 0.01f 30.00s 1,175.0 0.00 2.296 40.52 6.37(3)
7.798 0.02a 35.00s 1,175.0 0.00 2.300 52.01 4.75(1)
7.342 0.05a 36.72s 1,175.0 0.00 2.304 55.97 3.84(1)
6.434 0.11a 40.00s 1,175.0 0.00 2.265 63.47 2.09(1)
5.357 0.18a 43.91s 1,175.0 0.00 2.058 71.95 -0.00(1)
5.059 0.19a 45.00s 1,175.0 0.00 1.974 74.15 -0.59(1)
3.697 0.24a 50.00s 1,175.0 0.00 1.477 82.78 -3.26(1)
2.338 0.28a 55.00s 1,175.0 0.00 0.838 88.63 -5.91(1)
0.977 0.32a 60.00s 1,175.0 0.00 0.104 91.03 -8.53(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.82 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 2.30 P
(3) Absolute Angle at MaxRA > 25.00 deg 36.72 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 40.52 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 63.47 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 22.95 P
--------------------Relative angles measured from 0.000 ---------------------

1175 23.14
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GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1175 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B
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10/03/17 08:59:48 Glosten Page 77
GHS 15.00 170x56x12 Trimaran

MAX VCG @ 1200 LT
0.5 DEG TRIM

USCG 170.173 PARAGRAPH B

RIGHTING ARMS vs HEEL ANGLE
LCG = 97.19a TCG = 0.00 VCG = 22.93

Origin Degrees of Displacement Righting Arms Flood Pt
Depth---Trim----Heel----Weight(LT)---in Trim--in Heel---> Area--Height

11.309 0.50a 0.00 1,200.1 0.00 0.000 0.00 13.24(2)
11.261 0.49a 5.00s 1,200.2 0.00 0.341 0.85 12.12(3)
11.159 0.44a 10.00s 1,200.0 0.00 0.757 3.56 10.82(3)
11.020 0.32a 15.00s 1,199.7 0.00 1.353 8.77 9.54(3)
10.691 0.18a 20.00s 1,200.2 0.00 2.216 17.58 8.33(3)
10.199 0.09a 23.75s 1,200.0 0.00 2.378 26.32 7.54(3)

9.993 0.07a 25.00s 1,200.0 0.00 2.373 29.29 7.28(3)
9.022 0.05a 30.00s 1,200.0 0.00 2.360 41.27 6.17(3)
7.836 0.11a 35.00s 1,200.0 0.00 2.370 53.08 4.50(1)
7.354 0.15a 36.78s 1,200.1 0.00 2.378 57.31 3.54(1)
6.453 0.22a 40.00s 1,200.0 0.00 2.334 64.90 1.81(1)
5.522 0.28a 43.35s 1,200.0 0.00 2.162 72.46 0.00(1)
5.067 0.31a 45.00s 1,200.0 0.00 2.039 75.92 -0.89(1)
3.695 0.37a 50.00s 1,200.0 0.00 1.541 84.87 -3.59(1)
2.326 0.43a 55.00s 1,200.0 0.00 0.905 91.04 -6.27(1)
0.956 0.48a 60.00s 1,200.0 0.00 0.175 93.78 -8.91(1)

Distances in FEET.------Specific Gravity = 1.025.-----------Area in Ft-Deg.

Critical Points----------------------LCP-----TCP-----VCP
(1) Vent Louver FLOOD 145.00a 28.00 35.00
(2) A-Frame Wire Chase FLOOD 138.00a 7.50 25.75
(3) CTD Wire Chase FLOOD 122.00a 14.00 25.75

LIM---------------170.173 Paragraph b CRITERION-------Min/Max--------Attained
(1) GM Upright > 0.49 Ft 3.78 P
(2) Righting Arm at 30 deg or MaxRA > 0.66 Ft 2.38 P
(3) Absolute Angle at MaxRA > 25.00 deg 36.78 P
(4) Area from abs 0.000 deg to 30 > 10.30 Ft-deg 41.27 P
(5) Area from abs 0.000 deg to 40 or Flood > 16.90 Ft-deg 64.90 P
(6) Area from 30 deg to 40 or Flood > 5.60 Ft-deg 23.64 P
--------------------Relative angles measured from 0.000 ---------------------

1200 22.93

Sandia National Laboratories, Zero-V
Stability Appendix

October 2017 | Glosten
17003.01, Rev -
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Operational Weights
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 Regulatory Review 
United States Coast Guard Comments 

DNV GL Comments and Statement of Conditional Approval in Principal 
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Zero-V Hydrogen Research Vessel Design Review
 

Zero/V Regulatory Review

General Arrangement
Preliminary Hazardous Zone Plan

Concept Gas System Architecture

Electrical One-line Diagram: System Architecture

Hazardous Zone 3d View

Rules for Classification: Ships
International Code of Safety for Ships Using Gases or Other Low-Flashpoint Fuels 
(IGF Code) 

Equivalency Determination –
Design Criteria for Natural Gas Fuel Systems (Change-1)
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Equivalents

Guidelines on Alternative Design and Arrangements for 
SOLAS II-1 and III (MSC.1/Circ.1212)
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DNV GL Headquarters, Veritasveien 1, P.O.Box 300, 1322 Høvik, Norway. Tel: +47 67 57 99 00. www.dnvgl.com 

DM2f9c05 

Robin Madsen
Att: rtmadsen@glosten.com

DNV GL AS Approval
LNG, Cargo Handling & Piping 
Systems
P.O. Box 300
1322 Høvik
Norway
Tel: +47 67 57 90 26 

Job ID:
MCANO385-Zero/V-1

Date:
2017-11-01

Our reference:
MCANO385/HCKW/
P26305-J-3 

Your reference:

HØVIK LNG, CARGO HANDLING & PIPING SYSTEMS, Id. No. P26305 
Zero-V conditional AIP review 

Reference is made to your letter dated 2017-10-21. The following documents are stamped 2017-11-01 
and given the status as shown below: 

Document No Rev DNV GL No Title Code Status

1 LH2 Tank Vent Diagram for 
Hans-Christian 

For Inf.

2 Hydrogenics Power Rack 
Pictures and Diagrams 

For Inf.

3 Documentation on PEM Fuel 
Cells and Hydrogenics Fuel Cell 
Racks 

For Inf.

4 17003.01-540-01 Concept Gas 
System_Rev -_Signed 

Examined 
w/comm 

5 17003.01-300-01 Electrical 
Oneline Diagram_Rev-_Signed 

Examined

6 17003.01-070-01_General 
Arrangement Rev -_Signed 

Examined 
w/comm 

7 17003.01-000-01_ Hazardous 
Zones Plan_Rev-_Signed 

Examined 
w/comm 

8 17003.01 Sandia Design Study 
Report Rev P2 

For Inf.

    
Document No. (empty), "LH2 Tank Vent Diagram for Hans-Christian" has the following comments: 

    
2 LH2 Tanks - Loss of vacuum insulation Important Note 
Reference is made to sheet 3. The rate of boil-off should be evaluated to document the statements 
regarding the capacities of the pressure relief valves, including the 3-way transfer valve. 

Loss of vacuum insulation will lead to a colder outer shell, the effect of cryogenic cooling of supports 
and deck structures should be evaluated and documented. 

    
7 3 way valve Important Note 
The 3 way valve will be subject to special consideration, with respect to reliability and potential for 
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erronous operation (human error). 

    
Document No. (empty), "Documentation on PEM Fuel Cells and Hydrogenics Fuel Cell Racks" has the 
following comment: 

    
9 Certification of fuel cells Important Note 
The fuel cells are subject to certification, and should be delivered with a product certificate. The test 
programme can be based on the IEC standard 62282-3-1 "Stationary fuel cell power systems - Safety". 
Environmental and operating conditions in a ship shall also be taken into account. Please also note that 
according to DNVGL Rules, use of flammable materials is only acceptable for electrical isolating 
purposes and shall be minimized as far as practicable. 

    
Document No. (empty), "17003.01-540-01 Concept Gas System_Rev -_Signed" has been reviewed in 
accordance with DNVGL Rules for Ships Pt. 6 Ch. 2, IGF Code Pt. A, with the following comments: 

    
3 Tank rooms/tank connection spaces Important Note 
The IGF Code requires that a tank connection space (TCS) shall be able to fully contain LNG leakages. 
Given the differences in environmental impact between natural gas and hydrogen, and the high 
evaporation rate of the latter, it should be evaluated whether the tank rooms/TCSs should be closed 
and able to contain LH2 leakages, or if it is more suitable to construct a semi open TCS, providing 
natural ventilation and mechanical and environmental protection.

If fully closed tank room/TCS are selected, a pressure build-up analysis in case of major LH2 leakages 
should be provided. 

    
8 Isolated pipe segments Important Note 
Pipe segments and components that may be isolated in a liquid condition shall be provided with 
pressure relief valves. This applies for any part of piping from the tank isolation valve in the gas supply 
lines up to the first isolation valve after the liquid H2 is fully vaporized. If the vaporizers can be 
isolated, these should also be fitted with pressure relief valves. 

    
10 Materials Important Note 
On a general note, austenitic stainless steel should be used for materials in contact with hydrogen fuel. 
Use of other materials should be subject to special consideration. Materials and other piping 
specifications have not been reviewed at this stage, but will be subject to approval at the detailed 
design stage. 

    
13 Double-block-and-bleed arrangement Important Note 
The N2 supply should be installed to prevent the return of hydrogen to any non-hazardous spaces 

    
15 Pressure relief valve maintenance Important Note 
Stop valves shuold be fitted before and after the pressure relief valves at the tanks. These shall enable 
in-service maintenance without the risk of release of hydrogen gas through the (potentially) open pipe. 
Therefore, each group of relief valves/rupture disc should be possible to isolate from the vent mast. The 
stop valves shall be arranged to minimize the possibility that all pressure relief valves for one tank are 
isolated simultaneously. Physical interlocks shall be included to this effect. Reference is made to DNVGL 
Rules Pt. 6 Ch. 2 Sec. 5 (Gas fuelled ship installations). Although these rules are, as the IGF Code, 
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written for use with natural gas, it is considered that the safety philosophy in this specific issue should 
be the same. 

    
Document No. (empty), "17003.01-300-01 Electrical Oneline Diagram_Rev-_Signed" has been 
reviewed in accordance with DNVGL Rules for Ships Pt. 6 Ch. 2, IGF Code Pt. A 

    
Document No. (empty), "17003.01-070-01_General Arrangement Rev -_Signed" has been reviewed in 
accordance with DNVGL Rules for Ships Pt. 6 Ch. 2, IGF Code Pt. A, with the following comments: 

    
1 LH2 Tanks - Mechanical damage Important Note 
It is assumed that the tank location fulfills the probabilistic and deterministic criteria as described in the 
IGF Code [5.3] for collision protection. It is also assumed that the applicability of the requirements, as 
they are developed for natural gas, will be considered at the detailed design stage.

The need for mechanical protection of the tanks should be assessed, with respect to cargo operations, 
ship operations, green sea etc. 

    
4 Cryogenic cooling Important Note 
The effects of cryogenic cooling of decks and structures below any LH2 leakage points should be 
evaluated in the detailed design stage. 

    
14 Bunkering lines Action Required 
In general, bunkering lines should be arranged as self-draining towards the tank. If this is impractical 
due to the location of the tanks on the 01 Deck, other suitable means should be provided to relieve the 
pressure and remove liquid contents from the bunker lines.

It must be ensured in the detailed design stage that the bunkering manifold is designed to withstand 
the external loads it is subjected to during bunkering. This shall include the forces on the manifold in a 
scenario where the bunkering line is released by a breakaway coupling.

Please address follow-up to the approval expert 

    
Document No. (empty), "17003.01-000-01_ Hazardous Zones Plan_Rev-_Signed" has been reviewed 
in accordance with DNVGL Rules for Ships Pt. 6 Ch. 2, IGF Code Pt. A, with the following comments: 

    
5 Extent of hazardous zones Important Note 
It is noted that the hazardous zone classification described for natural gas is used. As the properties of 
hydrogen differs from those of natural gas, the extent of the zones should be evaluated. 

Around the vent mast, the Code specifies a hazardous zone of 4.5 meters. This is justified by the 
requirements for tank holding times and boil-off gas management systems. As the application of 
hydrogen may introduce a different approach to these safety measures, the zone around the vent mast 
should be given special consideration. 

    
6 Flanges and valves Important Note 
During the detailed design of the vessel, it must be taken into account that all flanges, valves and other 
leakage points in the hydrogen system generates hazardous spaces. The hazardous zones will affect 
locations of other ship systems and accommodation, service stations etc. This has not been evaluated 
at this stage. 
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12 ESD Concept Action Required 
It is noted the ESD Concept will be applied to the fuel cell spaces. It should be noted that the ESD 
philosophy is developed for use in connection with natural gas systems, and will not necessarily fulfill 
the safety requirements for hydrogen systems. Applying the ESD concept will be subject to special 
consideration in the next stage of the project.

Please address follow-up to the approval expert 

    
Document No. (empty), "17003.01 Sandia Design Study Report Rev P2" has the following comment: 

    
11 Safety/reliability philosophy Important Note 
Before the detailed design stage of the project, a safety/reliability philosophy document should be 
developed. The overall design should ensure that any single failure in the fuel cell power installation will 
not lead to an unacceptable loss of power (for definition, please see: DNVGL Rules Pt. 6 Ch. 2 Sec. 5 
Table 1). Further, any safety actions required by rules, regulations or findings in a HAZID/Risk 
assessment shall not lead to an unacceptable loss of power. 

    
Approval Expert for this approval is Hans-Christian Koch-Wintervoll. 

Sincerely 
for DNV GL AS 

Torill Grimstad Osberg 
Head of Section 

Hans-Christian Koch-Wintervoll 
Contact Person 
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Appendix: C
Emissions of Radiation Trapping 
Gases and Criteria Pollutants

As discussed previously, hydrogen has the potential 
to form the basis for a zero-CO2 (eq.) energy system.  
This section assesses the impact on GHG (infra-
red radiation trapping gases) and criteria pollutant 

emissions of using hydrogen PEM fuel cell technology in the 
Zero-V research vessel application.  Greenhouse gas (GHG) 
and criteria pollutant emissions are determined and directly 
compared with those from an equivalent diesel-powered ves-
sel, as well as a vessel fueled with biodiesel fuel.  

In order to calculate the GHG and criteria pollutant emissions 
associated with vessel operation, the thermal efficiency of the 
power generating equipment must be known at various par-
tial load states to calculate the fuel demand.  Figure 1 gives 
the thermal efficiency, as a percentage of the LHV of the input 
fuel, for the PEM fuel cells and the diesel engines across their 
operating ranges.  The figure assumes a LHV value of hydro-
gen of 119.96 MJ/kg, and a LHV value for diesel fuel of 43.4 
MJ/kg.  The PEM fuel cell data is from Hydrogenics specifica-
tions for the HD-30 PEM fuel cell [1, 2], which is the core fuel 
cell component for the Zero-V PEM fuel cell power system.   
The HD-30 has a maximal power rating of 33 kW.  In Figure  
1, we show a typical (generic) results for the partial-load 
thermal efficiency of a large diesel engine which would power 
a diesel vessel equivalent to the Zero-V.  For this analysis, we 
assumed the maximum diesel engine thermal efficiency was 
41.91%, with a partial load profile nominally following that of 
Figure 1.   

The maximal efficiency of the PEM fuel cell is 53.3%, for a 
fuel cell power about 25% of the full rated power, or 8.25 kW 
in Figure 2.  There are 60 HD-30 fuel cell units on the Zero-V 
(10 fuel cell racks, with each rack holding six HD-30 fuel cell 
units).  As a result, for any power demand greater than 8.25 
kW and less than 60 x 8.25 kW = 495 kW, the power load 
can be distributed amongst the fuel cells so that the optimal 
53.3% efficiency is maintained.  

Using these considerations, we calculated the annual fuel 
consumption for the Zero-V and for the equivalent diesel-fu-
eled vessel in performing the 14 Scripps science missions de-
scribed previously. In a year, the Zero-V will consume 142,459 
kg of hydrogen.  The equivalent diesel-fueled vessel would 
consume 504,638 kg of diesel fuel.  This quantity of hydrogen 

corresponds (using LHV) to 1.709 x 107 MJ of hydrogen fuel 
energy.  Concomitantly, this quantity of diesel fuel corre-
sponds (using LHV) to 2.19x107 MJ of fuel energy. Thus, we 
see right away that the Zero-V running on hydrogen is about 
22% more energy efficient than the equivalent diesel vessel.

Water is the only product of PEM fuel cell operation. There 
is no formation of CO2, NOx, SOx, or particulate matter (PM), 
making the PEM fuel cell a zero-emissions power plant.  As 
a result, the GHG emissions associated with Zero-V consist 
entirely of the emissions associated with the production and 
transport of LH2 to the vessel.  This fuel pathway is referred 
to as “well-to-tank” (WTT).  Analogously, GHG emissions are 
also associated with the production and delivery of diesel 
fuel.  If the diesel fuel originates from petroleum, then there 
is the additional GHG emissions associated with releasing 
CO2 upon combustion.  As a result, GHG emissions from the 
“diesel equivalent vessel” involve two sources:  1) the WTT 
production and delivery of the diesel fuel and 2) the combus-
tion of the fuel assuming the diesel is derived from petro-
leum.  For light-duty vehicles, this entire pathway is referred 

Figure 1: Thermal efficiency of the Zero-V HD-30 PEM fuel cell (thick 
blue line) and that for the diesel engine (thin red line) used for the 
“equivalent” diesel vessel performing the same mission as the Zero-V.  
For the HD-30, the maximal power (100% load) is 33 kW.  For one of 
the diesel engines, the maximal power is 1700 kW.  The figure assumes 
a LHV value of hydrogen of 119.96 MJ/kg, and a LHV value for diesel 
fuel of 43.4 MJ/kg.  
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to as “well-to-wheels” as it includes combustion of the fuel 
onboard the vehicle.  For our maritime application, we refer 
to this pathway as “well-to-waves” (WTW).

Our GHG estimates rely on the WTT GHG analysis conducted 
by the European commission for automotive fuels in 2007 [3], 
which were updated in 2013 [4].  These studies considered a 
wide variety of pathways (both fossil fuel and renewable) for 
generating hydrogen. As described in Reference [3], the WTT 
analysis considers the process of producing, transporting, 
manufacturing and distributing a number of fuels, including 
hydrogen, diesel, and biodiesel fuel.  The study covers all 
steps in producing and delivering a final fuel product to the 
storage tank of an end use (vehicle, vessel) with the steps de-
fining a WTT pathway. Energy costs and GHG emissions are 
assessed along various fuel production/delivery pathways. 
The study assumes the infrastructure for fuel production 
and delivery already exists, hence it does not consider GHG 

emissions associated with construction or decommissioning 
of plants (which are relatively negligible anyway.  For fuels 
of biomass origin, such as biodiesel or hydrogen from wood 
gasification, the predicted GHG emissions do not include 
emissions caused by land use change, but do include N2O 
emissions from use of fertilizer and N2O release from agricul-
tural lands.

The prior SF-BREEZE project report [5] and a recent publi-
cation [6] reviews the 4 general categories defining a WTT 
pathway.  The Production and Conditioning at Source cat-
egory captures all operations required to extract, capture or 
cultivate the primary energy source at its point of capture.  
The Transportation to Processing Plant category captures the 
transportation of the primary energy carrier to the processing 
plant where the primary energy carrier is refined into finished 
fuel.  The Processing at Plant category captures the energy 
and GHG emissions involved in processing and transforming 

Figure 2: WTT LH2 pathways considered in the GHG analysis of the Zero-V. Pathway codes in parenthesis identify the pathway describe in detail in 
the European Commission Reports [3, 4].
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the product into a final fuel to an agreed upon specification 
near the final market.  Furthermore, if the hydrogen needs to 
be liquefied (as it does for the Zero-V), liquefaction also takes 
place at the centralized plant and involves significant en-
ergy input with associated GHG emissions.  The Distribution 
category captures the energy and GHG emissions associated 
with transport to the final customer end use.  While hydrogen 
may one day be delivered by pipeline, for the Zero-V applica-
tion, we consider LH2 to be initially delivered by road tanker 
carrying LH2. Taken together, the emissions associated with 
these four categories are added together to form the WTT 
pathway emissions, which is the emissions already released 
by the time the fuel is delivered to the vessel.  If in using the 
fuel the vessel has emissions, then these need to be added to 
the WTT emissions to form the well-to-waves (WTW) emis-
sions, which capture the entire emissions associated with fuel 
production and delivery as well as vessel use.

The major GHGs accounted for in the study are carbon 
dioxide (CO2), methane (CH4) and nitrous oxide (N2O).  The 
results are expressed as “CO2 equivalence” (CO2 (eq.)) and 
each gas is assigned a CO2 (eq.) “weighting factor.”  CO2 has 
a weighting factor of 1, whereas CH4 has a factor of 23 and 
N2O has a weighting factor of 296.  Thus methane is 23 times 
more potent a GHG than carbon dioxide, which makes NG 
leakage a significant concern for GHG emissions associated 
with NG transport.   Carbon dioxide is produced in gigantic 
quantities by combustion of fossil fuels.  Nitrous oxide emis-
sion derives primarily from nitrogen fertilizer production and 
release from open agricultural fields. Although produced in 
relatively smaller amounts, N2O is an important GHG because 
of its very large weighting factor of 296.  In contrast to CO2, 
CH4, and N2O, H2 is not a GHG, so leaks of hydrogen, while an 
economic loss, have no environmental impact.

The LH2 WTT pathways considered in this study are depicted 
in Figure 2 and have also been presented elsewhere [5, 6].   
Approximately 90% of the hydrogen used today comes from 
the steam reforming of fossil NG. Steam methane reforming 
to LH2 is identified in the EU Commission study as pathway 
GPLH1b.  The NG is conditioned at the source, transported 
via NG pipeline 4000 km, reformed at a central reforming 
facility, liquefied at the plant, and then transported as a liquid 
in a road tanker a distance of 300 km.   Since all of the carbon 
in fossil-based NG is released into the atmosphere during 
pathway GPLH1b, we anticipate large GHG emissions from 
the Zero-V using LH2 from this pathway.   

A second LH2 production pathway is electrolysis of water 
using grid power, in this case, the grid mix of the European 
Union.  This pathway is indicated in Figure 2, and identified 
in the EU Commission report as pathway EMEL1/LH1.  Table 
1 compares the 2007 EU grid mix assumed for the study 
[3], and that of the State of California in 2014 [7].  There are 

distinct differences between the two grid mixes.  The EU has 
more low-carbon nuclear, while the State of CA has con-
siderably less high-carbon coal.  The State of CA has more 
low-carbon wind, but less zero-carbon hydroelectric power.  
Overall, we judge these two grid mixes to be comparable as 
bases for GHG calculations. More recent assessments of the 
EU grid mix in 2013 show only small variations from the grid 
mix of 2007 [4].

“Renewable Pathways” of hydrogen production are those that 
don’t involve the release of carbon, or if carbon is released, 
then it came recently from CO2 in the air, making the path-
way “carbon neutral.”  The EU commission studies [3, 4] 
incorporated one renewable pathway that led directly to LH2, 
namely wood gasification (WFLH1).  Other renewable path-
ways to hydrogen include using offshore wind to electrolyze 
water (WDEL1/CH2) and using nuclear generated electricity 
to electrolyze water (NUEL/CH1), as depicted in Figure 2. For 
these later two pathways, compressed hydrogen gas was 
produced, not LH2. To estimate a GHG emission number for 
the pathway that would have led to LH2, we modified the 
path to include a hydrogen liquefaction step, and increased 
the GHG emissions reported by the EU commission for the 
renewable compressed hydrogen product by a factor of 1.286 
to reflect increased emissions associated with liquefaction us-
ing renewable energy. This factor was determined by taking 
the ratio of the GHG emissions reported for making LH2 by 
fossil NG reforming (GPLH1b), 126.3 g CO2 (eq.)/MJfuel to the 
GHG emissions reported for making compressed hydrogen 
by fossil NG reforming  (GPCH2b), 98.2 g CO2 (eq.)/MJfuel. That 
ratio is 1.286 and is used to correct renewable pathway GHG 
emission reported for compressed gas to obtain the GHG 
emission for producing LH2 via the same production method.   

The results for the EU Commission report for total WTT GHG 
emissions in CO2 (eq.) for the LH2 production pathways of 
Figure 2 are reported in Figure 3.  Only the total GHG figure 
is given.  The EU Commission report [3] can be consulted for 

Table 1: A comparison of the 2007 EU grid mix assumed in the studies 
of Reference [3] with the 2014 State of California grid mix described in 
Reference [7].
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the breakdown in the GHG emissions according to each path-
way step (production at source, transportation to processing 
plant, processing to fuel, and fuel transport to market).

Figure 3 shows that the current commercial method of 
making LH2, namely NG reforming to hydrogen followed by 
liquefaction (GPLH1b) produces 126.3 grams of CO2 (eq.) per 
megajoule of LH2 on a LHV basis.  Recall that the LHV of hy-
drogen is 119.96 MJ/kg.  Thus, 15.1 kg of CO2 (eq.) emissions 
are released in the production of 1 kg of LH2.   

Water electrolysis using conventional grid power comprised 
of the EU mix produces 235.9 grams of CO2 (eq.)/MJfuel, sig-
nificantly worse than the fossil NG reforming route.  This is 
because water electrolysis is very energy intensive.  The EU 
Commission reports that it takes 1.13 MJ of process energy 
for every 1.0 MJ of LH2 fuel produced by NG reforming.  In 
contrast, it takes 4.22 MJ of process energy to make 1.0 MJ 
of LH2 via water electrolysis.  Thus, if the current carbon-rich 
electrical grid is used to perform the electrolysis, LH2 produc-
tion via water electrolysis is not competitive from a GHG per-
spective with steam methane reforming. We will not consider 
water electrolysis via the grid further. 

Figure 3 shows that when renewable sources of hydrogen 
are available, then fuel pathway GHG emissions are dramati-

cally reduced.  Wood gasification (WFLH1) yields 8.1 grams 
of CO2(eq.) for every 1.0 MJ (LHV) of LH2. Electrolysis of water 
using low-carbon electricity sources such as nuclear power 
or wind also yield very low GHG emission values of 9.0 and 
11.7 g CO2 (eq.)/MJfuel , respectively. Taking the average of 
these renewable paths, we get an average renewable GHG 
emissions for the production and delivery of renewable LH2 
as 9.6 grams CO2(eq.)/MJfuel.  Since PEM fuel cells produce no 
emissions of any kind at the point of use, these WTT LH2 pro-
duction numbers provide the entire basis for estimating GHG 
emissions from the Zero-V.  In other words, since the PEM 
fuel cell is zero emissions, the WTT emissions equal the WTW 
emissions for hydrogen PEM fuel cell technology.

In contrast, the use of diesel fuel on the “equivalent diesel-
powered vessel “ has two components of GHG emission. The 
first component lies in the production and delivery of diesel 
fuel.  The EU Commission study reports that GHG emissions 
associated with diesel production is 14.2 g CO2 (eq.)/MJfuel.  Re-
calling the LHV of diesel is 43.4 MJ/kg,  and noting the density 
of diesel fuel is 0.832 kg/L, making one gallon of diesel fuel 
releases 1.94 kg CO2 (eq.) per gallon produced.  This figure 
is significantly less than the 15.1 kg of CO2 (eq.) emissions 
released in the production of 1 kg of LH2 by fossil NG reform-
ing.  The emissions for manufacture of diesel fuel are less 
because there is dramatically less process energy used in 
refining petroleum to diesel fuel than in steam reforming 
NG to hydrogen.  The EU Commission reports that it takes 
0.16 MJ of process energy to make 1.0 MJ of diesel fuel. This 
can be compared to the 1.13 MJ of process energy it takes to 
make 1.0 MJ of LH2 fuel by NG reforming.  Only a portion of 
the process energy is tied up in liquefaction of hydrogen. The 
EU reports that to make and deliver 1.0 MJ of hydrogen com-
pressed to 880 bar (pathway GPCH2b) still requires 0.72 MJ of 
process energy.  Summarizing, making LH2 is very energy in-
tensive compared to making diesel fuel, even when using the 
least-energy-intensive pathway for making hydrogen, namely 
steam reforming of fossil NG. 

Since the carbon atoms in fossil diesel fuel came from the 
atmosphere millions of years ago, its combustion represents 
a significant addition to CO2 already in the atmosphere.   The 
EU commission reports that burning diesel fuel produces 73.2 
g CO2 (eq.)/MJfuel. This is nearly all produced as CO2, assuming 
the average chemical formula for diesel fuel is C12H23.  Thus, 
the total WTW GHG emissions from making and burning (to 
completion) 1.0 MJ (LHV) of fossil-derived diesel fuel is 14.2 g 
CO2 (eq.) + 73.2 g CO2 (eq.) = 87.4 g CO2 (eq.)/MJfuel.

We consider “biodiesel fuel,” specifically fatty acid methyl 
ester (FAME), to be the “renewable” fuel that could be used 
in an “equivalent biodiesel vessel.” We don’t anticipate there 
would be dramatic changes to the engines, fuel tanks, fueling 
systems or passenger capacity upon using biodiesel.  With 

Figure 3: Total fuel pathway (WTT) GHG emissions in grams CO2 (eq.)/
MJfuel for the LH2 production pathways considered in this study: (L-
R); NG reforming, electrolysis of water using the EU grid mix, wood 
gasification, water electrolysis using nuclear-based electricity, water 
electrolysis using wind-based electricity, and the average of the 
renewable paths.  The figure reports the GHG emissions associated 
with producing one MJ of finished fuel on a LHV basis, MJfuel.GHG 
emissions in units of grams CO2 (eq.)/MJfuel  are given for the LH2 
production pathways considered in this study.  The figures report the 
GHG emissions associated with producing one MJ of finished fuel on a 
LHV basis, MJfuel.
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the hardware, weight and passenger allotment of the vessel 
remaining the same, we can use the same general vessel de-
sign as the “equivalent diesel vessel” assess GHG emission for 
an equivalent vessel to the Zero-V, only running on biodiesel.  

The EU Commission reports [3, 4] the energy and GHG emis-
sions associated with making and delivering biodiesel fuel, 
with the most updated figures from the 2013 Report [4]. In 
Europe, biodiesel is mostly produced from rapeseed with 
some production using sunflower seeds as the feedstock.  
Since the carbon in these living materials came recently 
from atmospheric CO2, burning biodiesel with CO2 release 
is considered carbon neutral, and the WTW GHG emissions 
equal the WTT GHG emissions for biodiesel.  However, the 
WTT GHG emissions for making and delivering biodiesel are 
not zero, since significant process energy is needed for farm-
ing the seeds and converting the biomass to fuel.  Making 
biofuels from these seeds takes 1.20 MJ of process energy 
for every megajoule of biodiesel fuel produced. This is 7.5 
times more process energy than it takes to make the energy 
equivalent of diesel fuel from petroleum (0.16 MJ/MJfuel).   The 
WTT GHG emissions associated with making biodiesel fuel by 
the rapeseed and sunflower pathways is (taking the average 
of the two feedstocks) 55.0 g CO2 (eq.)/MJfuel [4].  Although 
burning biodiesel does not release net CO2, criteria pollutants 
are created, such as NOx, HC and PM. 

With this information in hand about the WTT GHG emissions 
associated with making and delivering LH2 via the pathways 
of Figure 3, the WTT GHG emissions associated with making 
and delivering fossil diesel and biodiesel, as well as the GHG 

emissions associated with burning fossil diesel, we can now 
assess and compare the well-to-waves GHG emissions from 
the Zero-V, an “equivalent diesel vessel” and “an equivalent 
biodiesel vessel”  all in performing the same 14 Scripps sci-
ence mission in a given year.  The results are shown in Figure 
4. Figure 4 shows that the annual WTW GHG emissions from 
the Zero-V fueled with LH2 from fossil NG would be 2.16 
Gigagrams (Gg) of CO2 (eq.) per year, produced entirely dur-
ing the production and delivery of the LH2 fuel. Recall that 
a “Gigagram” is 1x109 grams. This is slightly worse than the 
equivalent vessel running on fossil diesel, with WTW GHG 
emissions of 1.91 Gg CO2 (eq.)/year, despite the fact that the 
Zero-V is 22% more energy efficient than the equivalent die-
sel vessel.  The reason for this increase is the fact that making 
hydrogen is energy intensive in the first place, and hydrogen 
liquefaction involves significant energy and associated GHG 
emissions. This produces undesirable GHG emissions for the 
Zero-V along the fuel production and delivery path.

The situation is dramatically improved using renewable 
hydrogen.  Taking the average value of the renewable pro-
duction pathways, 9.6 g CO2 (eq.)/MJfuel in Figure 3, Figure 
4 shows the annual WTW GHG emissions from the Zero-V 
using renewable LH2 becomes 0.164 Gg CO2 (eq.)/year.  This is 
91.4% less than the WTW GHG emissions from the Diesel Ves-
sel running on conventional diesel fuel.  Figures 3 and 4 show 
that the real potential in hydrogen technology to reduce GHG 
lies NOT in the use of hydrogen derived from fossil NG, but 
rather in using renewable hydrogen.  The renewable hydro-
gen considered for Figures 3 and 4 is nearly 100% renew-
able.  In our discussions with the gas suppliers, renewable 
LH2 can be made available to the Zero-V today in the quanti-
ties required, and are currently working to make renewable 
hydrogen more broadly available. 

One could consider using biodiesel to power an “equivalent 
biodiesel vessel.”  Figure 4 shows that the well-to-waves GHG 
emissions are indeed reduced, from 1.91 Gg CO2 (eq.)/year 
for diesel fuel to 1.20 Gg CO2 (eq.)/year for biodiesel. This rep-
resents a 37% reduction in GHG emissions.  The reduction is 
not as large as one might expect from a biofuel because mak-
ing biodiesel is energy intensive.  The analysis does not take 
into account that more biodiesel would have to be stored on 
the equivalent vessel because the LHV of biodiesel is ~ 37 MJ/
kg [8], down from 43.4 MJ/kg for diesel fuel.  The extra bio-
diesel fuel needing to be stored would increase the weight of 
the vessel, increasing the energy demand in the performance 
of the 14 Scripps science missions.  Also, we note here that 
the biodiesel results in Figure 4 are for the particular FAME 
biodiesel productions paths considered in Ref. [4].  Biodiesel 
production paths can vary considerably, especially with re-
gard to the fertilizer and water requirements.  The WTW GHG 
emissions for a particular biodiesel pathway differing from 
those of Ref. [4] would have to be evaluated separately. 

Figure 4: Predicted well-to-waves (WTW) GHG emissions per year for 
the Zero-V operating on fossil-based and renewable LH2 , compared to 
an equivalent diesel or biodiesel vessel.  
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Traditional biodiesel is the fatty acid methyl ester product 
that results from the transesterification of vegetable oil 
or animal fats with methanol.  The oils themselves are not 
compatible with diesel engine operation due to their higher 
viscosities, thus requiring the transesterification processing.  
In the ~2010 timeframe, there emerged alternative methods 
of oil processing that produced fuels whose composition 
more closely resembled fossil diesel.  These products are 
called “renewable diesel” or “green diesel”. Renewable diesel 
is produced primarily by “hydrodeoxygenation” in which the 
oil or fat feedstock is treated with hydrogen at elevated tem-
peratures and pressures to produce long chain alkanes (not 
the esters of biodiesel) that resemble the components of fos-
sil diesel fuel. In Europe, the product is called “hydrotreated 
vegetable oil” (HVO). The 2013 EU commission study [4] re-
ports that the WTT GHG emissions (grams CO2 (eq.)/MJfuel) for 
HVO and biodiesel are essentially the same. This means that 
the WTW GHG emissions for the “equivalent vessel” operating 
on renewable diesel would be essentially the same as that 
depicted in Figure 4 for biodiesel.

Summarizing the GHG results of Figure 4, hydrogen PEM fuel 
cell technology can dramatically reduce the GHG emissions 
from a high-performance research vessel. However, nearly 
100% renewable hydrogen must be used to achieve the 
desired deep cuts in GHG emissions that are commensurate 
with the challenge presented by increased levels of infra-red 
radiation trapping gases in the atmosphere.    

1.1.1.1 Results: Criteria Pollutant 
Emissions

Criteria pollutant emissions from the combustion of fossil 
fuels, among them nitrogen oxides (NOx), hydrocarbons (HC) 
and particulate matter (PM) continues to be of concern due 
to their immediate adverse health effects. Since the PEM fuel 
cell does not involve combustion, it is incapable of producing 
criteria pollutants at the point of use.  As a result, any criteria 
pollutant emissions associated with the Zero-V arise entirely 
from emissions associated with the production and transport 
of LH2 to the vessel, namely the WTT criteria pollutant emis-
sions.  Criteria pollutant emissions can arise from combustion 
used to create the process heat needed to heat the reactants 
of the SMR process or as a byproduct of the SMR process.  
Alternatively, combustion could be used to generate the elec-
tricity used in hydrogen liquefaction.  

Analogously, criteria pollutant emissions are associated with 
the production and delivery of diesel fuel.  For example, the 
diesel-fueled tanker truck delivering diesel fuel is a source of 
diesel pathway criteria pollutant emissions.  If the diesel fuel 
originates from petroleum (“fossil diesel”), then there is the 

additional criteria pollutant emissions associated with burn-
ing the fuel in the research vessel diesel engines.  As a result, 
criteria pollutant emissions from an equivalent diesel-pow-
ered vessel using fossil diesel fuel involve two sources:  (1) 
production and delivery of the diesel fuel and (2) combustion 
of the fuel onboard the vessel.  If the diesel fuel originates 
from biomass (“biodiesel”), there are still criteria pollutant 
emissions released on the vessel, even though biodiesel 
reduces GHG emissions because the carbon released on the 
vessel originated recently from CO2 in the air.

The European commission WTT analysis for automotive fuels 
in 2007 [3], updated in 2013 [4], were used as the basis for 
our GHG analysis. However, these studies did not provide in-
formation on criteria pollutant WTT emissions.   For WTT fuel 
pathway criteria pollutant emissions, we use a 2007 analysis 
conducted by Unnasch and Pont of TIAX LLC for the California 
Energy Commission (CEC).[9] 

The TIAX WTT study provides estimates for criteria pollutant 
emissions based on the energy consumption of various fuel 
paths, including the production and delivery of LH2, diesel 
fuel and biodiesel.  Combustion energy consumption is the 
principle source of criteria emission in these fuel pathways. 
The study reports emissions from the perspective of expo-
sure to an individual in California, and thus is somewhat 
California specific.   This is an advantage of the analysis for 
the present purposes as we consider the case of the Zero-V 
initially operating along the California coastline.  

The TIAX study generally follows the spirit of the pathways in-
dicated in Figure 2.  The pathway for production of LH2 from 
fossil NG is similar to that in Figure 2 (labeled GPLH1b from 
the European Commission study), except that the distance for 
LH2 road transport was assumed to be 80.5 km (50 miles) in-
stead of 300 km.  The renewable pathways for LH2 production 
shown in Figure 2, namely wood gasification, wind electrolysis 
of water and nuclear power electrolysis of water, were not 
considered in the TIAX criteria pollutant emissions analyses.  

Table 2: WTT criteria pollutant emissions for fuel pathways on a LHV 
basis.  GJfuel represents the lower heating value (LHV) of the indicated 
fuel in gigajoules (GJ).  1 GJ = 1 x 109 J. The 100% Renewable LH2 fuel 
pathway assumes the hydrogen is delivered 80.5 km (50 miles) in a 
diesel-fueled trailer.
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However, there was an analysis performed for criteria emis-
sions associated with conventional water electrolysis (labeled 
EMEL1/CH1 from the European Commission study) producing 
gaseous hydrogen using 70% renewable power at an on-site 
facility (i.e.  no road transport).  We multiply the criteria pol-
lutant emissions for this 70% renewable path by the factor 
1.286 to account for emissions associated with liquefaction 
using renewable energy, and also add emissions associated 
with tanker transport of the LH2 over a distance of 80.5 km 
(50 miles).  We adopt this revised pathway to represent crite-
ria pollutant emissions associated with “70% Renewable LH2.”

Using 100% renewable electricity for the fuel manufacturing, 
the WTW criteria pollutant emissions for the Zero-V would 
collapse to those for LH2 trailer transport operating on diesel 
fuel.  If the LH2 trailer ran on 100% renewable hydrogen in-
stead of diesel fuel, the criteria pollutant emissions could be 
essentially eliminated.  

Table 2 reports the WTT criteria pollutant emissions asso-
ciated with the fuel pathways for LH2 produced by steam 
methane reforming of fossil NG, 70% renewable LH2, 100% 
renewable LH2 (with diesel truck transport), fossil diesel fuel 
and biodiesel. The results are reported in terms of grams of 
pollutant emitted per gigajoule (LHV) of the fuel energy.  

The “Fossil NG LH2 Fuel Pathway” has sizeable criteria pollut-
ant emissions.  This is due to the use of combustion (typically 
of NG) to heat the SMR reactor to the required ~ 900 °C.  In 
addition, combustion is used to provide electricity for the 
process equipment via the California grid (of which 50.9% is 
derived from burning NG or coal, see Table 1), and combus-
tion is used to power the LH2 tanker truck as it drives 80.5 km 
in delivering LH2. In the TIAX study [9] it was noted for this 
fuel pathway that there exists somewhat high PM emissions 
for natural gas combined cycle power plants which constitute 
44.5% of the California grid mix.  The origin is not the in-
creased (~ 2x) PM emissions associated with LH2 trailer trans-
port compared to diesel fuel transport [9].  Indeed, the PM 
release from trailer transport of 4000 kg of LH2 a distance of 
80.5 km is predicted [9] to be only 0.029 g/GJfuel  ; ~0.6% of the 
overall WTT PM emissions of 5.0 g/GJfuel for the Fossil NG LH2 
Fuel Pathway reported in Table 2.   It is the energy intensity of 
hydrogen production, not transport, which drives the associ-
ated WTT criteria pollutant emissions.

The “70% Renewable LH2 Fuel Pathway” has substantially re-
duced NOx emissions because the electrolysis of water does 
not require the high process heat of the SMR production 
method.  However, as stated previously, electrolysis of water 
is very energy intensive.  Recall that it takes 4.22 MJ of pro-

cess energy to make 1.0 MJ of LH2 (LHV) via 
water electrolysis.  The 30% of the energy 
that is not renewable (fossil-fuel based), 
combined with the large requirement for 
electrolysis process energy, produce non-
zero amounts of NOx, HC and PM emissions 
per GJfuel, as shown in Table 2. Using 100% 
renewable electricity for the fuel manufac-
turing, the WTW criteria pollutant emissions 
for the Zero-V collapses to those for LH2 
trailer transport operating on diesel fuel.  
It is conceivable that hydrogen-powered 
trailers, running on 100% renewable hydro-
gen, will one day be the preferred delivery 
method for hydrogen. For this case, the 
emissions associated with 100% Renewable 
LH2 would essentially vanish.

Table 2 also lists the WTT criteria pollutants 
associated with making and delivering fossil 
diesel and biodiesel. The criteria pollut-
ant emissions for biodiesel are generally 
higher than for fossil diesel because of the 
increased process energy needed to make 
biodiesel fuel, as mentioned earlier.

Using these values in Table 2, we can 
calculate the annual fuel pathway (WTT) 
criteria pollutant emissions for the Zero-V 

Table 3: Fuel pathway (WTT) criteria pollutant emissions and well-to-waves (pathway + engine, 
WTW) emissions on a kilograms/year basis calculated for the Zero-V and the equivalent diesel 
research vessel and the equivalent biodiesel research vessel.  The engine criteria pollutant 
emissions of the equivalent diesel and equivalent biodiesel research vessels are set to the Tier 
4 limits for engine operation.
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and again compare to the equivalent diesel vessel and the 
equivalent biodiesel vessel.  We do this by combining the WTT 
criteria pollutant emission values in Table 2 with the vessel 
fuel use numbers for the Zero-V and the equivalent diesel 
vessel. These results are shown in Table 3 for the Zero-V and 
equivalent diesel and biodiesel research vessels. Well-to-
waves (WTW) criteria pollutant emissions (pathway + engine) 
for the Zero-V are equal to the LH2 well-to-tank (WTT) fuel 
pathway emissions because the PEM fuel cell criteria pollut-
ant emissions are zero. 

For Table 3 we constrain both the diesel and biodiesel engine 
emissions of the Vallejo to be at the Tier 4 criteria pollutant 
emission limits.  In this way, we are comparing the Zero-V to a 
new vessel build (one based on either fossil diesel or bio-
diesel) which must meet the Tier 4 limits by regulation.  While 
the hydrogen PEM fuel cell technology automatically satisfies 
the Tier 4 criteria emission requirements because it is zero-
emission technology at the point of use, the WTW hydrogen 
analyses capture important fuel production pathway and 
delivery emissions.

The results for WTW criteria pollutant emissions shown 
in Table 3 are presented graphically in Figure 5.  The first 
aspect of Figure 5 to notice is that the WTW criteria pollut-
ant emissions for the “equivalent vessel” running on diesel 
fuel or biodiesel are very nearly the same.  Although the WTT 

criteria pollutant emissions for the production and delivery 
of biodiesel are higher than those for fossil diesel (see Table 
3) due to the increased process energy required, the WTT 
criteria pollutant emissions are only a small fraction of the 
overall WTW criteria pollutant emissions, as indicated in Table 
3.  This finding, combined with the onboard criteria emissions 
for the equivalent vessel running on fossil diesel or biodiesel 
set equal to each other at the Tier 4 limits, produces the simi-
larity for these fuels seen in Figure 5.

The TIAX report [9] did not examine criteria emissions from 
renewable diesel  because it was a barely emerging technol-
ogy at the time of the report.  There have been no published 
analyses of the WTT criteria pollutant emissions associated 
with the production and delivery of renewable diesel. Howev-
er, the EU Commission study [4] reports that the WTT energy 
required to make HVO (renewable diesel) and biodiesel are 
very nearly the same.  This suggests that the WTW criteria 
pollutant emissions from the equivalent vessel operating on 
renewable diesel would be similar to that reported in Table 
3 and Figure 5 for the vessel operating on biodiesel. This 
finding is analogous to the similarity of renewable diesel and 
biodiesel in the WTW GHG emissions discussed previously in 
connection with Figure 4.

Table 3 and Figure 5 show that the Zero-V operating on LH2 
derived from NG SMR reduces WTW NOx by ~ 81.3% below 

Figure 5 : Predicted annual well-to-waves (WTW) criteria pollutant emissions for the Zero-V operating on various hydrogen fuels, and the equivalent 
diesel and biodiesel vessels constrained to Tier 4 emission limits. 
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that of the equivalent vessel operating on fossil diesel fuel 
(but held to Tier 4 emission standards).  Using 70% Renew-
able LH2 on the SF-BREEZE, the WTW NOx is reduced 99.1% 
below the equivalent vessel fossil diesel levels. These re-
ductions in NOx can be traced to relatively less NOx being 
produced when NG is burned for SMR process heat, and 
dramatically less NOx associated with electrolysis of water 
using 70% renewable electricity [9].  WTW HC is reduced ~ 
88.3% below that of the equivalent vessel operating on fossil 
diesel fuel (but held to Tier 4 emission standards) when the 
Zero-V is operated on LH2 derived from NG SMR.  Using 70% 
Renewable LH2, the WTW HC is reduced 93.3% below the Tier 
4 equivalent vessel fossil diesel levels.  

Figure 5 shows that the WTW PM emissions associated with 
the Zero-V using 70% Renewable LH2 are only slightly smaller 
than the WTW PM emissions of the equivalent vessel running 
on fossil diesel.  In the TIAX study [9] it was noted for this fuel 
pathway that there exists somewhat high PM emissions for 
natural gas combined cycle power plants which constitute 
44.5% of the California grid mix.  

Using 100% renewable electricity, the WTW criteria pollut-
ant emissions for the Zero-V collapse to those for LH2 trailer 
transport operating on diesel fuel.  Thus, using 100% renew-
able electricity, the Zero-V WTW emissions would represent a 
99.6% reduction in NOx, a 99.7% reduction in HC and a 99.4% 
reduction in PM compared to the equivalent vessel running 
on diesel fuel with Tier 4 emission constraints.  If the LH2 
trailer ran on 100% renewable hydrogen instead of diesel 
fuel, the criteria pollutant emissions could be essentially 
eliminated.  

Summarizing these criteria pollutant emission results, the 
Zero-V goes far beyond the Tier 4 criteria pollutant emis-
sions requirements for new vessel construction in the U.S. 
because the powerplant is zero emissions at the point of use.  
Hydrogen PEM fuel cell technology can dramatically reduce 
WTW NOx and HC emissions below the most advanced Tier 
4 criteria pollutant emissions requirements regardless of 
whether the hydrogen is made by NG reforming or using 
more renewable means.  Overall, the results show that op-
erating a hydrogen fuel cell ferry on nearly 100% renewable 
hydrogen provides the dramatic reduction in vessel GHG and 
criteria pollutant emissions commensurate with the problems 
of global climate change and increasing maritime air pollution 
worldwide.
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Appendix: D
TRD Article on CO2(eq.) and 
Criteria Pollutant Emissions from 
the SF-BREEZE

Presented here is a paper published in Transportation 
Research Part D that discusses in detail the CO2(eq.) 
and criteria pollutant emissions from the SF-BREEZE 
fuel cell ferry.  The article is referenced:  “Comparison 

of the Greenhouse Gas and Criteria Pollutant Emissions from 
the SF-BREEZE High-Speed Fuel-Cell Ferry with a Diesel Ferry,” 
L.E. Klebanoff , J.W. Pratt, C.M. Leffers, K.T. Sonerholm, T. 
Escher, J. Burgard, and S. Ghosh, Transportation Research D 
54, 250 (2017). 
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Abstract
A theoretical comparison is made of the “well to waves” 
(WTW) greenhouse gas (GHG) and criteria pollutant emissions 
from the SF-BREEZE high-speed hydrogen PEM fuel cell ferry 
and the VALLEJO ferry powered by traditional diesel engine 
technology but constrained to Tier 4 emissions standards.  
The emissions were calculated for a common maritime 
mission, the current ferry route between Vallejo CA and San 
Francisco CA. Calculations are made of the energy required 
for the SF-BREEZE and VALLEJO to perform the mission route 
profile. The SF-BREEZE requires 10.1% more fuel energy than 
the VALLEJO, primarily due to the SF-BREEZE being heavier.  
Estimates are made for the SF-BREEZE GHG emissions as-
sociated with five LH2 fuel production pathways including 
renewable and non-renewable (fossil-fuel based) methods. 
Estimates are also made for GHG emissions associated with 
fossil-diesel production and delivery as well as those for bio-
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diesel, which can be considered a renewable “drop-in” fuel re-
placement for conventional diesel fuel. We find that the GHG 
emissions for the SF-BREEZE using non-renewable LH2 are 
significantly higher than for the Tier 4 diesel-fueled VALLEJO 
on a per passenger basis.  However, using renewable LH2, the 
GHG emissions for the SF-BREEZE ferry are reduced 75.8% 
compared to the diesel-fueled VALLEJO operating at Tier 4 
emissions standards. We also compare the criteria pollut-
ant emissions (NOx, HC, PM10) for the SF-BREEZE to that of 
the VALLEJO held to Tier 4 emissions standards fueled by 
diesel fuel or biodiesel. Hydrogen PEM fuel cell technology 
dramatically reduces NOx and HC emissions below the most 
advanced Tier 4 criteria pollutant emissions requirements 
regardless of whether the LH2 is made by NG reforming or via 
water electrolysis using 70% renewable energy.  Renewable 
LH2 made with greater than 84% renewable process energy 
is needed to also drop the SF-BREEZE PM10 emissions below 
that of Tier 4 for high-speed fuel cell ferry transportation.   
Overall, the results show that operating a hydrogen fuel 
cell ferry on nearly 100% renewable hydrogen provides the 
dramatic reduction in GHG and criteria pollutant emissions 
commensurate with the problems of global climate change 
and maritime air pollution worldwide. 

Introduction
Keller et al. have described [1] the growing problem of green-
house gas (GHG) emissions (such as CO2, CH4, N2O), its origin 
in the early 1900s, and how hydrogen can form the basis for 
a zero-carbon energy system.  Unless we have new trans-
portation technology with emissions reductions approaching 
80% or more,  the emission reductions will not be robust 
against growth in either population, or in the intensity with 
which technology uses energy [1].  Such deep cuts are con-
sistent with recommendations from the Intergovernmental 
Panel on Climate Change (IPCC) [2] and U.S National Academy 
of Sciences studies [3].  While use of fossil-based hydrogen 
allows the introduction of the hydrogen-based power conver-
sion technology [4], ultimately renewable hydrogen may be 
required to provide the GHG reduction commensurate with 
the global climate change problem. 

Criteria pollutant emissions from the combustion of fossil 
fuels, among them nitrogen oxides (NOx), hydrocarbons (HC) 
and particulate matter (PM) continue to be of concern due 
to their immediate adverse health effects.  These adverse 
health effects include worsening of asthma, chronic bronchi-
tis, respiratory tract infection, heart disease and stroke [5]. 
Although criteria pollutant emissions have been regulated 
from land-based transportation since the 1960’s, regulation 
of criteria pollutant marine emissions has only existed since 
1999 when the U.S. EPA introduced the Tier 1 Marine Engine 

Standards. 

Psaraftis and Kontovas [6] estimated that in 2007, aggregate 
CO2 emissions from all marine vessels (including crude oil 
tankers, cargo vessels, Ro-Ro vessels, and passenger ships) 
summed to 943.4 million metric tonnes (MMT), with 89% of 
the marine CO2 emissions coming from large international 
cargo vessels. Boden and coworkers [7] have estimated that 
global GHG emissions in 2007 were 31,284 MMT CO2 (eq.). 
Thus, worldwide maritime transportation accounts for ~ 3.0% 
of global GHG emissions. Excluding large international cargo 
vessels, marine transportation accounts for 0.33% of global 
GHG emissions. 

Since January 2013 energy efficiency regulations have been 
in place for large new ocean-going vessels such as tankers, 
bulk carriers, gas carriers and container ships.  Known as the 
“Amendments to MARPOL Annex VI,” the Energy Efficiency 
Design Index (EEDI) is the first legally binding global manda-
tory GHG emission reduction regulation since the 1997 Kyoto 
Protocols. The regulation requires a “phased in” increase in 
vessel energy efficiency, thereby reducing both GHG and 
criteria pollutant emissions, to an ultimate target of 30% 
improvement by 2025 and beyond [8].  Unfortunately, the 
benefits derived from the 30% reduction in emissions will be 
eroded by expected increase in the size of the fleet of such 
vessels in the near future.  There has yet to be established 
GHG regulations for the smaller passenger vessels (“ferries”) 
being considered here.  

The International Maritime Organization’s (IMO) Third IMO 
GHG Study 2014 [9] comprehensively describes the expected 
increases in worldwide shipping emissions over the next 35 
years as global GDP increases and marine transportation 
increases along with it.  The study examines various cases of 
shipping types, efficiency improvements, and fuel types and 
concludes that even with projected improvements, in 2050 
GHG emissions from shipping will be ~ 50% to 250% higher 
than 2012 levels.  Particularly important are the following 
observations about GHG emission projections [9]:

“The emissions projections show that improvements in effi-
ciency are important in mitigating emissions growth but even 
the most significant improvements modelled do not result in 
a downward trend. Compared to regulatory or market-driven 
improvements in efficiency, changes in the fuel mix have a 
limited impact on GHG emissions, assuming that fossil fuels 
remain dominant.”

In other words, despite reductions in per-unit GHG emis-
sions due to fuel changes and efficiency improvements, the 
increase in maritime transportation activity will still result in 
an overall increase in sector GHG emissions as long as fossil 
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fuels are the primary fuel.  An analogous conclusion was also 
drawn for the light-duty vehicle market [1].  The only way to 
truly reduce GHG emissions in the face of increasing trans-
portation activity is to transition to a zero GHG-emitting mode 
of transportation.

On a more local level, the California Air Resources Board 
(ARB) has estimated [10] that the total GHG emissions for the 
State of California in 2014 were 441.5 MMT CO2 (eq.).  ARB 
has also made emissions estimates for “harbor craft,” defined 
as all vessels that operate within California coastal waters 
and inland waterways, and has a home port located in Cali-
fornia.  By definition, harbor craft excludes the large interna-
tional cargo vessels, but includes ferries.  The California ARB 
estimates harbor craft GHG emissions in 2014 were 1.548 
MMT CO2 (eq.) [10].  Thus, in California, harbor craft account 
for 0.35% of the statewide California GHG emissions, in good 
accord with the 2007 global estimate [6] for fractional GHG 
emissions from such vessels.

As for criteria pollutant emissions, ARB data indicate that 
harbor craft emitted 2.8% of the NOx emissions in the State 
of California, 0.095% of the HC emissions, and 0.10% of the 
PM emissions in the State. Although these numbers may 
seem small, as noted by Corbett and Farrell [11], emissions 
from passenger ferries constitute a highly visible pollution 
source in close proximity to dense population areas where 
emissions most adversely affect human health. Indeed, the 
California ARB considers passenger ferries, along with other 
commercial harbor craft, to be important sources of pollutant 
emissions in California, especially in coastal areas with high 
marine activity.  In 2004, ARB estimated that emissions from 
commercial harbor craft in the San Francisco Bay Area Air 
Quality Management District (BAAQMD) were equivalent to 
nearly 60% of the heavy-duty diesel trucks in the area [12].

Consequently, criteria pollutant emissions from harbor craft 
have come under increasing levels of regulation [13].  In 1999, 
the U.S. Environmental Protection Agency (EPA) instituted the 
Tier 1 Marine Engine Standards [14].  These regulations were 
enforced on engines built in the model year 2004.  Stricter 
U.S. EPA Tier 2 regulations were created to cover marine 
engines built in model year 2007.  These criteria emission 
regulations were followed by the U.S. EPA Tier 3 Marine 
Standards for marine diesel Category 1 engines, with the 
Tier 3 standards imposed on engines built in the 2012 – 2014 
timeframe. The current U.S. EPA regulations for criteria pol-
lutant emissions from marine propulsion engines are the Tier 
4 Marine Standards [15].  Any new build of a passenger ferry 
in the U.S. must adhere to the Tier 4 emission standards.  For 
the passenger ferry discussed here, the Tier 4 emission limits 
are set per propulsion engine output energy:  NOx = 1.8 g/kW-
hr, HC  = 0.19 g/kW-hr and PM = 0.04 g/kW-hr. 

Recently, there has been increasing efforts to understand not 
only GHG and criteria pollutant emissions associated with 
larger Emission Control Areas (ECAs) (e.g. Baltic Sea, North 
Sea), [16] but also for specific ports as well [17-22].  Port 
emissions derive from trucks transporting shipping contain-
ers [17,18], landside equipment and emissions from vessels 
[19-22].  For vessels, Chang and co-workers have examined 
the emission inventory for a variety of fossil-fuel vessels at 
the Port of Incheon Korea for both criteria pollutants [19] 
and CO2 [20].  Song considered the GHG and criteria pollut-
ant emission inventories and associated social costs for the 
Yangshan Port south of Shanghai China [21].  Tzannatos has 
examined the criteria pollution emissions from passenger 
vessel traffic at the Port of Piraeus in Greece [22].  

Amongst the different types of vessels at ports, there is 
increased interest in passenger ferries as a way to relieve the 
oversubscription of land transportation modes. This interest 
generates renewed focus on the GHG and criteria pollutant 
emissions coming from ferries.  In this work, we examine the 
impact on the GHG and criteria pollutant emissions of using 
hydrogen PEM fuel cell technology in a high-speed ferry ap-
plication.  Emissions are directly compared with those from 
a present day diesel-powered high-speed ferry considered to 
be operating under Tier 4 emission constraints fueled with 
either traditional diesel fuel or biodiesel.  Since we use a fuel-
cell ferry designed to match the mission of the analogous die-
sel ferry, the emission comparisons should be quite accurate 
for the high-speed class of ferries.  

Our objective is not to conduct an inventory of emissions in 
the San Francisco Bay Area, or for any specific geographic 
region.  Rather, the results reported here provide the first 
technical input for hydrogen fuel-cell vessel emissions that 
will inform future studies calculating the vessel emission 
inventories for ports and larger ECAs in which hydrogen 
infrastructure and technology has been introduced or is be-
ing contemplated. Our work also emphasizes that emissions 
associated with fuel production must be explicitly examined 
for future studies of marine emissions derived from hydro-
gen use, and we present the first such “well-to-waves” (WTW) 
analysis associated with hydrogen vessel operation

Background on Hydrogen and 
Proton Exchange Membrane Fuel 
Cells
As reviewed by Klebanoff et al. [4], high efficiency hydrogen 
energy conversion devices that convert hydrogen into electri-
cal or shaft power are powerful drivers for hydrogen technol-
ogy.  Proton Exchange Membrane (PEM) fuel cells in particu-
lar are already finding use in light-duty fuel-cell vehicles and 
other mobility power applications.  A hydrogen fuel cell is an 
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electrochemical device that executes the hydrogen/oxygen 
reaction (1) without direct combustion [4]: 

 2H2 (g) + O2 (g)  2H2O (g)  +  Q,  (1)

where hydrogen (H2) is stored in some fashion, oxygen (O2) 
typically comes from the air, and Q is the energy released 
by the reaction, apportioned between electrical work and 
thermal energy. The PEM fuel cell is perhaps the simplest of 
the fuel cells [4].  

The most gravimetrically and volumetrically efficient way 
of storing large amounts of hydrogen is as liquid hydrogen 
(LH2).  LH2 is very similar to liquid natural gas (LNG) in its 
physical properties, with LH2 being colder.   Both LH2 and LNG 
are cryogenic fuels stored in sturdy double-walled vacuum-in-
sulated vessels, and vaporize readily to gases that are lighter 
than air.  Both hydrogen/air and natural gas/air mixtures 
can be ignited easily by weak ignition sources such as static 
electric discharges and hot surfaces.  A detailed comparison 
of the safety-related physical and combustion properties of 
LH2 and LNG has recently been published by Klebanoff and 
co-workers [23].

Figure 1 shows the relevant reactions in a H2 PEM fuel cell 

[4].  At the anode, hydrogen gas ionizes, releasing protons to 
the membrane and electrons to the external circuit.  At the 
cathode, oxygen molecules are reduced in an acidic environ-
ment by electrons from the circuit, forming water molecules.  
Protons pass through the proton exchange membrane, from 
anode to cathode, completing the circuit while electrons are 
driven through the load by the electromotive force of reac-
tion (1). 

Commercial fuel cell units consist of “stacks” of the funda-
mental PEM fuel cell unit shown in Figure 1.  The PEM fuel 
cell generates electricity with a thermal efficiency (electri-
cal work out/fuel energy in) of ~ 41 – 53%, depending on 
the load. It uses pure hydrogen (typically > 99.95% pure) at 
the anode, and can operate at relatively low temperatures 
(50 – 100 ºC), using a catalyst (typically platinum) to increase 
the reaction kinetics.  PEM fuel cells are dramatically quieter 
than internal combustion engine (ICE) technology [4].  Since 
there is no combustion occurring in the fuel cell and the fuel 
is pure hydrogen, there is zero NOx emission, zero SOx, zero 
hydrocarbons (HC) and zero particulate emission.  The PEM 
fuel cell is certified as a zero-emissions power system by the 
California ARB. The PEM fuel cell offers high power density, 
high efficiency, the potential for good cold and transient 
performance and is amongst the lightest and most compact 
of fuel cells. Furthermore, the PEM fuel cell is commercially 
available with an excellent performance track record.  These 
advantages, combined with it being a zero-emission source, 
made the PEM fuel cell the hydrogen engine of choice for the 
San Francisco Bay Renewable Energy Electric Vessel with Zero 
Emissions (SF-BREEZE). 

The thermal efficiency of the electrochemical process can 
be significantly higher than traditional internal combustion 
engines (ICEs), due to engine materials limits to the tempera-
ture at which combustion can be conducted. However, in the 
absence of such limits, both ICEs and fuel cells have equiva-
lent thermal efficiencies [24-26]. Whereas traditional gasoline 
combustion has a thermal efficiency of ~35%, limited by the 
temperatures achievable in traditional combustion systems, 
the thermal efficiency of the electrochemical process can 
exceed ~ 50%.  Thus, 50% of the energy released by reaction 
(1) can be converted to electricity, with the remaining 50% 
constituting “waste heat” which is removed from the system 
by cooling air or liquid.  In “combined cycle” fuel cell systems, 
this waste heat can be captured and used, which would 
increase the effective fuel-cell system thermal efficiency 
beyond 50%.

Theory/Calculations
Design of the SF-BREEZE
The SF-BREEZE is a high-speed hydrogen fuel-cell ferry 
designed for commercial use on the San Francisco Bay. As de-
picted in its current design shown in Figure 2, the SF-BREEZE 
combines hydrogen fuel, PEM fuel cell technology, and a 
catamaran hull design to provide high-speed ferry service for 
150 passengers at 35-knot top speed.  The feasibility of such 
a vessel has been recently proven in a project funded by the 
Maritime Administration (MARAD) within the U.S. Department 
of Transportation.  We report elsewhere details of the initial 
design of the vessel by the Elliott Bay Design Group (EBDG, 

Figure 1:  Schematic diagram of a PEM fuel cell, reproduced with 
permission from Reference 4. 
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the project’s naval architect), as well as assessments of the 
technical and economic feasibility [27].    

The SF-BREEZE Top Deck holds a cylindrical 1200 kg capacity 
liquid hydrogen (LH2) tank, with enough hydrogen for 4 hours 
of continuous operation.  The plan to refuel only two times 
per day drives the 1200 kg capacity specification.  The high-
speed (35 knots) specification requires the lightest method of 
storing 1200 kg of hydrogen, namely LH2 storage in a DOT-ap-
proved double-walled cryogenic tank.  The forty-one 120 kW 
PEM fuel cell racks, each rack containing 4 fuel cell units of 
nominal power 30 kW, are located on the Main Deck, adjacent 
to the passenger compartment.  Although PEM fuel cells can 
use “industrial grade” hydrogen (99.95% pure), LH2 is typically 
99.9995% pure. 

Diesel Ferry (VALLEJO) Specifications
We will be comparing the GHG and criteria pollutant emis-
sions of the SF-BREEZE with a conventional diesel-powered 
ferry. Figure 3 shows pictures and information for the SF-
BREEZE and the VALLEJO, a diesel-fueled ferry currently in 
service on the San Francisco Bay.  The VALLEJO was chosen 
as a comparison because it represents typical ferries in use 
around the world today and operates on a route that is well-
characterized and appropriate for the SF-BREEZE.  This choice 
in no way was intended to find fault with the VALLEJO, the 
transit agency that operates it, or the public that supports it.

The feasibility study for the SF-BREEZE targeted a “Subchap-
ter T” vessel, which has a passenger limit of 150 passengers.  
Subchapter T regulatory requirements are somewhat relaxed 
compared to the larger Subchapter K vessels with a pas-
senger limit of 600, which was thought to facilitate design 
approval by the U.S. Coast Guard and the American Bureau 
of Shipping (ABS).    Although the VALLEJO is a larger ves-
sel, carrying twice the passengers as the SF-BREEZE, the two 
vessels can be compared for their GHG and criteria pollutant 
emissions on a per passenger basis.  

For this analysis, the Hydrogenics HD-30 fuel cell was ad-
opted as representative of PEM fuel cells in general [28].  The 
HD-30 has a rated maximum power of 33 kW.  Four HD-30 
units are assembled per rack, giving a nominal rack power of 
120 kW.  With forty-one 120 kW racks onboard, the maximum 
power for the SF-BREEZE is 4920 kW, with 4400 kW propul-
sion power required to achieve 35-knot speed.   

The VALLEJO is powered by two MTU 16V4000 Diesel Engines 
[29] with a maximum power each of 1700 kW, giving a total 
installed propulsion power of 3400 kW. Both vessels are 
assumed to have a “hotel” or ship service power of 120 kW, 
which is needed for normal vessel electrical needs such as 
navigation, lights, and propulsion cooling systems for both 
vessels.

Figure 2:  Engineering Models 
of the SF-BREEZE. The Top 
Deck holds the LH2 storage 
tank, the associated vent 
stack, evaporation equipment, 
and the Pilot House of the 
vessel. The Main Deck holds 
the PEM fuel cell power 
racks and the passenger 
compartment. 
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Route Profile and Energy
The GHG and criteria pollutant emissions analyses for the SF-
BREEZE and the VALLEJO are based on the energy expended 
by each vessel performing the same maritime mission.   The 
existing Vallejo to San Francisco route was chosen for the 
maritime mission. This route is shown in Figure 4, with de-
tailed route information given in Figure 5 and Table I.   The 
Vallejo to San Francisco route involves passenger loading at 
the Vallejo Ferry Terminal, maneuvering the vessel away from 
the Vallejo Terminal within the Mare Island Channel, naviga-

tion at slow speeds through the Mare Island Channel, high-
speed crossing on the open San Francisco Bay, maneuvering 
at the Port of San Francisco Ferry Building Terminal, and 
passenger unloading. Figure 5 gives the trip profile (speed 
vs. time) for the existing Vallejo-SF ferry service, while Table I 
gives additional information on the distances involved. 

The Vallejo to San Francisco route was chosen to provide a 
stiff challenge to the fuel-cell ferry design.  First, the existing 
service requires a top speed of 35 knots, the fastest vessel in 
regular service on the San Francisco Bay.  Second, the route 
is 24 nautical miles long, the longest ferry route currently in 
service on the bay, which places demands on the SF-BREEZE 
design range.  An additional benefit of using this route for the 
maritime mission is that detailed information (step duration, 
speed) is available for this route, which formed the basis for 
Figure 5 and Table I. 

The SF-BREEZE design generated by EBDG,  public informa-
tion about the VALLEJO ferry, along with Figure 5 and Table I 
allow a calculation of the energy needed by both the SF-
BREEZE and the VALLEJO ferries to perform the Vallejo to San 
Francisco  maritime mission.   These energy calculations are 
shown in Tables II and III for the SF-BREEZE and the VALLEJO 
ferries, respectively, and form the basis for the GHG and 
criteria pollutant emissions estimates for these vessels. These 
energy estimates assume vessel operation in a quiescent 
sea state, but with a 13.5 knot head wind.  No other energy 
margins are assumed. The SF-BREEZE energy requirements 
take into account the efficiencies of the electric drive compo-
nents powered by the fuel cells, including DC-DC converters 
for power conditioning, DC-AC inverters and AC permanent 

Figure 3:  (Top):  
Engineering model for 
the SF-BREEZE.  (Bottom):  
Photograph of the 
VALLEJO ferry. 

Figure 4:   Existing ferry route for the VALLEJO, providing ferry service 
between Vallejo, CA and San Francisco, CA.  
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magnet electric motors that provide shaft power [27]. The 
propulsor (water jet) efficiency is also taken into account.

Power Plant Efficiencies
Tables II and III list the total energy required for each step of 
the Vallejo-SF trip.  In order to calculate the GHG and criteria 
pollutant emissions associated with vessel operation, the 
thermal efficiency of the power generating equipment must 
be known at various partial load states to calculate the fuel 
demand.  Figure 6 gives the thermal efficiency, as a percent-
age of the LHV of the input fuel, for the PEM fuel cells and the 
diesel engines across their operating ranges.  

The maximal efficiency of the PEM fuel cell is 53.3%, for a 
fuel cell power about 25% of the full rated power, or 8.25 
kW in Figure 6.  There are 164 HD-30 fuel cell units on the 
SF-BREEZE (41 fuel cell racks, with each rack holding four 
HD-30 fuel cell units).  As a result, for any power demand 
greater than 8.25 kW and less than 164 x 8.25 kW = 1353 
kW, the power load can be distributed amongst the fuel cells 
so that the optimal 53.3% efficiency is maintained.  This is 
an important inherent advantage of having many fuel cells 
as opposed to a few large diesel engines – the number of 
fuel cells producing power can be controlled.  At part load, 
the operator can choose to use more cells at lower power 
to achieve maximal efficiency and reduce fuel cost, or can 
choose to operate fewer cells at higher power to reduce the 
number of hours each cell operates on average.  As shown 

Figure 5:  Route profile (speed versus time) for a one-way trip from the 
Vallejo CA Ferry Terminal to the San Francisco Ferry Building Terminal 
onboard the VALLEJO ferry. 

Table I:  Vallejo To San Francisco Ferry Route Details:  Step Distance 
(in nautical miles, nm), Cumulative Distance, Step Speed, Step 
Duration and Cumulative Time are shown for a one-way trip onboard 
the VALLEJO from the Vallejo Ferry Terminal in Vallejo CA to the San 
Francisco Ferry Building Terminal in San Francisco, CA.  

Table II:  Vallejo to San Francisco Energy Requirements for the SF-
BREEZE:  The energy demands on the SF-BREEZE for performing each 
step of the Vallejo to San Francisco Ferry route are listed.  The lower 
heating value (LHV) of the LH2 fuel needed to perform the step is 
also shown, which is a function of the fuel cell (FC) thermal efficiency 
appropriate for that step. The hydrogen lower heating value (LHV) is 
119.96 MJ/kg.  The total engine energy (service energy + propulsion 
energy) needed for the one-way trip is 1.125 x 1010 J. The total 
hydrogen fuel energy (LHV) needed for the one-way trip is 2.39 x 1010 J.

Table III:  The energy demands on the VALLEJO ferry for performing 
each step of the Vallejo to San Francisco Ferry route.  The lower 
heating value (LHV) of the diesel fuel needed to perform the step is 
also shown, which is a function of the diesel engine thermal efficiency 
appropriate for that step. The fossil diesel fuel LHV is 43.4 MJ/kg. The 
total engine energy (service energy + propulsion energy) needed for the 
one-way trip is 8.78 x 109 J. The total diesel fuel energy (LHV) needed 
for the one-way trip is 2.17 x 1010 J.
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in Table II, for all trip steps except for the San Francisco Bay 
Crossing, the fuel cells operate at the maximal efficiency of 
53.3%.   For total power loads greater than 1353 kW, there is 
a steady decline in PEM fuel cell thermal efficiency suggested 
by Figure 6.  At full SF-BREEZE power, required for the SF-Bay 
crossing, the fuel cell thermal efficiency is 46.6% with all the 
fuel cells sharing the power equally.  

This fuel cell power distribution architecture is conceptually 
different than that of the VALLEJO. With two diesel engines 
on the VALLEJO driving the water jets independently of each 
other, for any given propulsion power, the propulsion load is 
assumed to be split evenly between the two diesel engines 
for the vessel to track in a straight line (except for low power 
maneuvering of the vessel in port). Thus, during operation at 
less than maximal load, the two diesel engines are operat-
ing at the same sub-maximal thermal efficiencies as listed 
in Table III. The highest diesel engine efficiency, 41.9%, is 
achieved for the SF-Bay crossing.   

Tables II and III show that the crossing of San Francisco Bay 
consumes the vast majority of the energy needed for this 
maritime mission. For the SF-BREEZE, the crossing requires 
89.8% of the total mission energy; for the VALLEJO, the per-
centage is 89.3%.  Thus, the SF Bay crossing drives ~ 90% of 
the GHG and criteria pollutant emissions from these vessels 
during the voyage. The total fuel energy required for the trip, 
combined with the LHV numbers for the two fuels allows a 

calculation of the total fuel consumption for each vessel.  For 
the SF-BREEZE, the LH2 consumption per trip is 199.2 kg.  For 
the VALLEJO, the diesel fuel consumption per trip is 500.0 kg, 
or 601.0 L (158.8 gallons).  

The fuel energy (on a LHV basis) per trip required for the 
SF-BREEZE is 10.1% more than for the VALLEJO. This is a 
consequence of the SF-BREEZE being heavier. Despite the 
fact that hydrogen is the lightest fuel, the weights of the fuel 
cell power racks, liquid hydrogen tank, evaporator and other 
“balance-of-plant” items are heavier than the two diesel 
engines with their associated balance-of-plant.  Although the 
fuel cells on the SF-BREEZE are more efficient than the two 
diesel engines on the VALLEJO, the higher weight tips the fuel 
energy consumption balance in favor of the VALLEJO. 

Results and Discussion
GHG Emissions
As described by Eq. (1), water is the only product of PEM fuel 
cell operation. There is no formation of CO2, NOx, SOx, or PM, 
making the PEM fuel cell a zero-emissions power plant.  As a 
result, the GHG emissions associated with SF-BREEZE consist 
entirely of the emissions associated with the production and 
transport of LH2 to the vessel.  This fuel pathway is referred 
to as “well-to-tank” (WTT).  Analogously, GHG emissions are 
associated with the production and delivery of diesel fuel.  If 
the diesel fuel originates from petroleum, then there is the 
additional GHG emissions associated with releasing CO2 upon 
combustion.  As a result, GHG emissions from the VALLEJO 
involve two sources:  the WTT production and delivery of the 
diesel fuel, and combustion of the fuel assuming the diesel is 
derived from petroleum.  For light-duty vehicles, this entire 
pathway is referred to as “well-to-wheels” as it includes com-
bustion of the fuel onboard the vehicle.  For our maritime ap-
plication, we refer to this pathway as “well-to-waves” (WTW).

Our GHG estimates rely on the WTT GHG analysis conducted 
by the European Commission for automotive fuels in 2007 
[30], which were updated in 2013 [31].  We chose this study 
because its authors come from a variety of stakeholders 
including automakers (Ford, Renault, Volvo, Fiat, etc.), energy 
companies (Exxon/Mobile, BP, Shell, etc.) and environmental 
experts from across the EU.  In addition, the study considered 
a wide variety of pathways (both fossil fuel and renewable) 
for generating hydrogen. There is also a greater cumulative 
experience with diverse energy pathways in Europe than else-
where in the world, which provides confidence in the study 
results.   

As described in Reference 30, the WTT analysis considers 
the process of producing, transporting, manufacturing and 
distributing a number of fuels, including hydrogen, diesel and 

Figure 6:  Thermal efficiency of the SF-BREEZE HD-30 PEM fuel cell (thick 
blue line) and the VALLEJO’s MTU 16V4000 diesel engine (thin red line) 
as a function of the partial load.  For the HD-30, the maximal power 
(100% load) is 33 kW.  For one of the MTU 16V4000 diesel engines, 
the maximal power is 1700 kW.  The figure assumes a LHV value of 
hydrogen of 119.96 MJ/kg, and a LHV value for diesel fuel of 43.4 MJ/kg.  



288

biodiesel fuel.  The study covers all steps in producing and 
delivering a final fuel product to the storage tank of an end 
use (vehicle, vessel) with the steps defining a WTT pathway. 
Energy costs and GHG emissions are assessed along various 
fuel production/delivery pathways. The study assumes the 
infrastructure for fuel production and delivery already exists, 
hence it does not consider GHG emissions associated with 
construction or decommissioning of plants. It turns out the 
GHG contributions from these infrastructures are relatively 
small and within the uncertainty of the estimates.  For fuels 
of biomass origin, such as biodiesel or hydrogen from wood 
gasification, the predicted GHG emissions do not include 
emissions caused by land use change, but do include N2O 
emissions from use of fertilizer and N2O release from agricul-
tural lands.

There are 4 general categories defining a WTT pathway:

Production and Conditioning at Source:  Generally a fuel can 
be produced from a number of different primary energy 
sources, obtained by extraction (as in hydrocarbons or fissile 
material for nuclear power), capture (as in solar or wind), or 
growing (as in biomass).  The Production and Conditioning at 
Source category captures all operations required to extract, 
capture or cultivate the primary energy source at its point of 
capture. For example, petroleum needs to be extracted from 
the ground. Typically this is done using the natural pressure 
of the oil field, but it can also require deliberate gas injection 
to boost pressure. The extracted or harvested primary energy 
carrier typically requires some form of treatment or condi-
tioning before it can be safely transported elsewhere. For ex-
ample, water may need to be separated out.  The energy and 
GHG emissions associated with such operations at the source 
are examined in the EU Commission study in this category.

Transportation to Processing Plant:   This category captures the 

Figure 7:  WTT LH2 pathways considered in the GHG analysis of the SF-BREEZE.  Pathway codes in parenthesis identify the pathway described in 
detail in the European Commission studies of References 30 and 31.
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transportation of the primary energy carrier to the processing 
plant where the primary energy carrier is refined into finished 
fuel.  Since this refining is typically not conducted near the 
source, the transportation distances can be quite long.  For 
natural gas (NG), transportation represents the largest energy 
requirement.  Western Siberian fields are ~ 7000 km from 
Europe.  Pipelines require compression stations at regular 
intervals along the transport path, consuming energy and 
producing associated GHG emissions.  Leakage in NG pipe-
lines also represents a transportation pathway source of GHG 
emissions.  This has direct relevance for hydrogen, as steam 
methane reforming (SMR) of NG is currently the dominant 
method of producing hydrogen.  

Processing at Plant:  This category captures the energy and 
GHG emissions involved in processing and transforming 
the product into a final fuel to an agreed upon specification 
near the final market.  For the example of hydrogen genera-
tion from NG, steam methane reforming takes place at the 
processing plant and requires significant energy input to 
produce the furnace temperatures (~ 900 °C) needed for the 
reformation process. Furthermore, if the hydrogen needs to 
be liquefied (as it does for the SF-BREEZE), liquefaction also 
takes place at the centralized plant and involves significant 
energy input with associated GHG emissions.  

Distribution:  This category captures the energy and GHG 
emissions associated with transport to the final customer end 
use.  For NG, distribution is made via an extensive pipeline 
distribution network.  Hydrogen can also delivered by pipe-
line, but for delivery to hydrogen stations serving light-duty 
fuel cell vehicles, or a hydrogen station serving the SF-
BREEZE, the hydrogen will initially be delivered by road tanker 
carrying LH2. For some light-duty vehicle hydrogen stations, 
hydrogen is delivered as a compressed gas. 

The major GHGs accounted for in the study are carbon diox-
ide (CO2), methane (CH4) and nitrous oxide (N2O).  The results 
are expressed as “CO2 equivalence” (CO2 (eq.)) and each gas 
is assigned a CO2 (eq.) “weighting factor.”  CO2 has a weight-
ing factor of 1, whereas CH4 has a factor of 23 and N2O has 
a weighting factor of 296.  Thus methane is 23 times more 
potent a GHG than carbon dioxide, which makes NG leakage 
a significant concern for GHG emissions associated with NG 
transport.   Carbon dioxide is produced in gigantic quantities 
by combustion of fossil fuels.  Nitrous oxide emission derives 
primarily from nitrogen fertilizer production and release 
from open agricultural fields. Although produced in relatively 
smaller amounts, N2O is an important GHG because of its 
very large weighting factor of 296.  In contrast to CO2, CH4 and 
N2O, hydrogen is not a GHG, so leaks of hydrogen, while an 
economic loss and a safety concern, have no environmental 
impact.

The LH2 WTT pathways considered in this study are depicted 
in Figure 7.   Approximately 90% of the hydrogen used today 
comes from the steam reforming of fossil NG. Steam meth-
ane reforming to LH2 is identified in the EU Commission study 
as pathway GPLH1b.  The NG is conditioned at the source, 
transported via NG pipeline 4000 km, reformed at a central 
reforming facility, liquefied at the plant, and then transported 
as a liquid in a road tanker a distance of 300 km.   Since all of 
the carbon in fossil-based NG is released into the atmosphere 
during pathway GPLH1b, we anticipate large GHG emissions 
from the SF-BREEZE using LH2 from this pathway.  

A second LH2 production pathway is conventional electrolysis 
of water using grid power, in this case, the grid mix of the 
European Union.  This pathway is indicated in Figure 7, and 
identified as pathway EMEL1/LH1.  Table IV compares the 
2007 EU grid mix assumed for the study [30], and that of the 
State of California in 2014 [32].  

There are distinct differences between the two grid mixes.  
The EU has more low-carbon nuclear, while the State of CA 
has considerably less high-carbon coal.  The State of CA has 

Table IV:  A comparison of the 2007 EU grid mix assumed in the 
studies of Reference 30 with the 2014 State of California grid mix from 
Reference 32. 
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more low-carbon wind, but less zero-carbon hydroelectric 
power.  Overall, we judge these two grid mixes to be compa-
rable as bases for GHG calculations. While we note the over-
all comparability of the grid mixes in Table IV, we emphasize 
that we are not attempting to predict emission inventories 
for a particular geographic region, but rather to compare 
emission differences between a high-speed hydrogen fuel-
cell ferry and the analogous diesel and biodiesel vessels 
performing the same route profile.  Using the common EU 
commission analyses for these fuels allows this comparison 
for the GHG emissions to be made.

“Renewable Pathways” of hydrogen production are those that 
don’t involve the release of carbon, or if carbon is released, 
then it came recently from CO2 in the air, making the path-
way “carbon neutral.”  The EU commission studies [30,31] 
incorporated one renewable pathway that led directly to LH2, 
namely wood gasification (WFLH1).  Other renewable path-
ways to hydrogen include using offshore wind to electrolyze 
water (WDEL1/CH2) and using nuclear generated electricity 
to electrolyze water (NUEL/CH1), as depicted in Figure 7. For 
these later two pathways, compressed hydrogen gas was 
produced, not LH2. To estimate a GHG emission number for 
the pathway that would have led to LH2, we modified the 
path to include a hydrogen liquefaction step, and increased 
the GHG emissions reported by the EU commission for the 
renewable compressed hydrogen product by a factor of 
1.286 to reflect increased emissions associated with liquefac-
tion using renewable energy. This factor was determined by 
taking the ratio of the GHG emissions reported for making 

LH2 by fossil NG reforming (GPLH1b), 
126.3 g CO2 (eq.)/MJfuel to the GHG emissions reported for 
making compressed hydrogen by fossil NG reforming  (GP-
CH2b), 98.2 g CO2 (eq.)/MJJfuel. That ratio is 1.286 and is used 
to correct renewable pathway GHG emission reported for 
compressed gas to obtain the GHG emission for producing 
LH2 via the same production method.   

The results for the EU Commission report for total WTT GHG 
emissions in CO2 (eq.) for the LH2 production pathways of 
Figure 7 are reported in Figure 8.  The report [30] can be 
consulted for the breakdown in the GHG emissions according 
to each pathway step (production at source, transportation 
to processing plant, processing to fuel, and fuel transport to 
market). 

Figure 8 shows that the current commercial method of 
making LH2, namely NG reforming to hydrogen followed by 
liquefaction (GPLH1b) produces 126.3 grams of CO2 (eq.) per 
megajoule of LH2 on a LHV basis.  Recall that the LHV of hy-
drogen is 119.96 MJ/kg.  Thus, 15.1 kg of CO2 (eq.) emissions 
are released in the production of 1 kg of LH2. Water electroly-
sis using conventional grid power produces 235.9 grams of 
CO2 (eq.)/MJfuel, significantly worse than the fossil NG reform-
ing route.  This is because water electrolysis is very energy 
intensive.  The EU Commission reports that it takes 1.13 MJ of 
process energy for every 1.0 MJ of LH2 fuel produced by NG 
reforming.  In contrast, it takes 4.22 MJ of process energy to 
make 1.0 MJ of LH2 via water electrolysis.  Thus, if the current 
carbon-rich electrical grid is used to perform the electrolysis, 
LH2 production via water electrolysis is not competitive from 
a GHG perspective with steam methane reforming. We will 
not consider water electrolysis via the grid further, but will 
assess its GHG and criteria pollutant emissions when low-
carbon (renewable) sources of electricity are available. 

Figure 8 shows that when renewable sources of hydrogen 
are available, then fuel pathway GHG emissions are dramati-
cally reduced.  Wood gasification (WFLH1) yields 8.1 grams 
of CO2(eq.) for every 1.0 MJ (LHV) of LH2. Electrolysis of water 
using low-carbon electricity sources such as nuclear power 
or wind also yield very low GHG emission values of 9.0 and 
11.7 g CO2 (eq.)/MJfuel , respectively. Taking the average of 
these renewable paths, we get an average renewable GHG 
emissions for the production and delivery of renewable LH2 
as 9.6 grams CO2(eq.)/MJfuel.  Since PEM fuel cells produce no 
emissions of any kind at the point of use, these WTT LH2 pro-
duction numbers provide the entire basis for estimating GHG 
emissions from the SF-BREEZE.  In other words, since the PEM 
fuel cell is zero emissions, the WTT emissions equal the WTW 
emissions.

In contrast, the use of diesel fuel on the VALLEJO has two 
components of GHG emission. The first component lies in the 

Figure 8:  Total fuel pathway (WTT) GHG emissions in grams CO2 (eq.)/
MJfuel for the LH2 production pathways considered in this study: (L-
R); NG reforming, electrolysis of water using the EU grid mix, wood 
gasification, water electrolysis using nuclear-based electricity, water 
electrolysis using wind-based electricity, and the average of the 
renewable paths.  The figure reports the GHG emissions associated 
with producing one MJ of finished fuel on a LHV basis, MJfuel.
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production and delivery of diesel fuel.  The EU Commission 
study reports that GHG emissions for diesel production is 
14.2 g CO2 (eq.)/MJfuel.  Recalling the LHV of diesel is 43.4 MJ/
kg,  and noting the density of diesel fuel is 0.832 kg/L, making 
one gallon of diesel fuel releases 1.94 kg CO2 (eq.) per gallon 
produced.  This figure is significantly less than the 15.1 kg of 
CO2 (eq.) emissions released in the production of 1 kg of LH2 
by fossil NG reforming.  The emissions for manufacture of 
diesel fuel are less because there is dramatically less process 
energy used in refining petroleum to diesel fuel than in steam 
reforming NG to hydrogen.  The EU Commission reports that 
it takes 0.16 MJ of process energy to make 1.0 MJ of diesel 
fuel. This can be compared to the 1.13 MJ of process energy 
it takes to make 1.0 MJ of LH2 fuel by NG reforming.  Only 
a portion of the process energy is tied up in liquefaction of 
hydrogen. The EU reports that to make and deliver 1.0 MJ of 
hydrogen compressed to 880 bar (pathway GPCH2b) still re-
quires 0.72 MJ of process energy.  Summarizing, making LH2 
is very energy intensive compared to making diesel fuel, even 
when using the least-energy-intensive pathway for making 
hydrogen, namely steam reforming of fossil NG. 

Since the carbon atoms in fossil diesel fuel came from the 
atmosphere millions of years ago, its combustion represents 
a significant addition to CO2 already in the atmosphere.   The 
EU commission reports that burning diesel fuel produces 
73.2 g CO2 (eq.)/MJfuel. This is nearly all produced as CO2 itself.  
Thus, the total WTW GHG emissions from making and burn-
ing (to completion) 1.0 MJ (LHV) of fossil-derived diesel fuel 
is 14.2 g CO2 (eq.) + 73.2 g CO2 (eq.) = 87.4 g CO2 (eq.)/MJfuel. 
Thus, fuel production accounts for 16.2% of the total GHG 
emissions associated with producing and using diesel fuel. 

We consider biodiesel fuel to be the “renewable” version of 
diesel fuel that could be used in the VALLEJO. Since bio-
diesel could be to first approximation a “drop in” fuel for the 
VALLEJO, we can consider the impact of fueling the VALLEJO 
with a renewable biodiesel because we don’t anticipate there 
would be very significant changes to the engines, fuel tanks, 
fueling systems or passenger capacity.  With the hardware, 
weight and passenger allotment of the vessel remaining the 
same, we can use the same values of “step energy” shown in 
Table III to assess the WTW GHG emission for the VALLEJO 
running on biodiesel.  

The EU Commission reports [30,31] the energy and GHG 
emissions associated with making and delivering biodiesel 
fuel, with the most updated figures from the 2013 Report 
[31]. In Europe, biodiesel is mostly produced from rapeseed 
with some production using sunflower seeds as the feed-
stock.  Since the carbon in these living materials came recent-
ly from atmospheric CO2, burning biodiesel with CO2 release 
is considered carbon neutral, and the WTW GHG emissions 
equal the WTT GHG emissions for biodiesel.  However, the 

WTT GHG emissions for making and delivering biodiesel are 
considerable, since significant process energy is needed for 
farming the seeds and converting the biomass to fuel.  Mak-
ing biofuels from these seeds takes 1.20 MJ of process energy 
for every megajoule of biodiesel fuel produced. This is 7.5 
times more process energy than it takes to make the energy 
equivalent of diesel fuel from petroleum (0.16 MJ/MJfuel).   The 
WTW GHG emissions associated with making biodiesel by 
the rapeseed and sunflower pathways is (taking the average 
of the two feedstocks) 55.0 g CO2 (eq.)/MJfuel [31].  Although 
burning biodiesel does not release net CO2, criteria pollutants 
are created, such as NOx, HC and PM. 

With this information in hand about the GHG emissions as-
sociated with making and delivering LH2 via the pathways 
of Figure 7, the GHG emissions associated with making and 
delivering fossil diesel and biodiesel, as well as the GHG emis-
sions associated with burning fossil diesel, we can now assess 
the well-to-waves GHG emissions from both the SF-BREEZE 
and the VALLEJO in travelling from Vallejo CA to San Francisco 
CA.  The results are shown in Figure 9.

Figure 9 shows that the GHG emissions from the SF-BREEZE 
fueled with LH2 from fossil NG would be 20.12 kg CO2 (eq.)/
passenger/trip, produced entirely during the production and 
delivery of the LH2 fuel. This is significantly worse than the 
VALLEJO running on fossil diesel, with GHG emissions of 6.32 
kg CO2 (eq.)/passenger/trip.  The reasons for this increase are 
that the SF-BREEZE carries half the number of passengers as 
the VALLEJO and also requires more fuel energy. Since the 

Figure 9:  Predicted well-to-waves (WTW) GHG emissions per passenger 
for the SF-BREEZE and the VALLEJO for the Vallejo-San Francisco route 
described in Figures 4 and 5 and in Table I. Emissions are given based 
on a one-way trip.  Note the change in vertical scales units from Figure 
8 to Figure 9. 
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GHG results are normalized to the number of passengers, 
this produces a factor-of-two increase for the SF-BREEZE GHG 
emissions based on passenger capacity alone.  Further in-
creases in the GHG emissions come from the fact that making 
hydrogen is energy intensive in the first place, and hydrogen 
liquefaction involves significant energy and associated GHG 
emissions. Thus, the reduced passenger count, the higher 
fuel energy consumption, and GHG penalties associated with 
making hydrogen from fossil NG and liquefying it, produce 
undesirable GHG emissions for the SF-BREEZE along the 
hydrogen fuel production and delivery path.

The situation is dramatically improved using renewable hy-
drogen.  Taking the average value of the renewable produc-
tion pathways, 9.6 g CO2 (eq.)/MJfuel in Figure 8, Figure 9 shows 
the GHG emissions from the SF-BREEZE becomes 1.53 kg CO2 
(eq.)/passenger/trip.  This is 75.8% less than the GHG emis-
sions from the VALLEJO running on conventional diesel fuel 
on a per passenger, per trip basis.  

Figures 8 and 9 show that the real potential in hydrogen tech-
nology to reduce GHG lies NOT in the use of hydrogen de-
rived from fossil NG, but in using renewable hydrogen.  The 
renewable hydrogen considered for Figures 8 and 9 is nearly 
100% renewable. In California, the current mandate is that 
all state-funded hydrogen stations being built in the State for 
light-duty fuel-cell vehicles need to provide hydrogen that 
is at least 33% renewable. That percentage must increase 
significantly to make the cuts in GHG emissions needed to 
properly address global climate change. In our discussions 
with the gas suppliers, renewable LH2 can be made available 
to the SF-BREEZE today.  The major gas suppliers are cur-
rently working to make renewable hydrogen more broadly 
available. 

One could consider using biodiesel as a drop-in renewable 
fuel for the VALLEJO.  Figure 9 shows that the GHG emissions 
are indeed reduced, from 6.32 kg CO2 (eq.)/passenger/trip for 
diesel fuel to 3.98 kg CO2 (eq.)/passenger/trip for biodiesel. 
The analysis does not take into account that more biodiesel 
would have to be stored on the VALLEJO because the LHV of 
biodiesel is ~ 37 MJ/kg [33], down from 43.4 MJ/kg for diesel 
fuel.  The extra biodiesel fuel needing to be stored would 
increase the weight of the VALLEJO, increasing the energy de-
mand for the trip from Vallejo to San Francisco.  Also, we note 
here that the biodiesel results in Figure 9 are for the particu-
lar biodiesel productions paths considered in Reference 30.  
Biodiesel production paths can vary considerably, especially 
with regard to the fertilizer and water requirements.  The 
GHG emissions for a particular biodiesel pathway differ-
ing from those of Reference 31 would have to be evaluated 
separately. 

Summarizing the GHG results of Figure 9, hydrogen PEM fuel 

cell technology can dramatically reduce the GHG emissions 
from high-speed ferry operations. However, nearly 100% re-
newable hydrogen must be used to achieve the desired deep 
cuts (76%) in GHG emissions that are commensurate with the 
challenge presented by global climate change.  

Criteria Pollutant Emissions
Criteria pollutant emissions from the combustion of fossil 
fuels, among them nitrogen oxides (NOx), hydrocarbons (HC) 
and particulate matter (PM) continues to be of concern due 
to their immediate adverse health effects. Since the PEM fuel 
cell does not involve combustion, it is incapable of produc-
ing criteria pollutants at the point of use.  As a result, any 
criteria pollutant emissions associated with the SF-BREEZE 
arise entirely from emissions associated with the production 
and transport of LH2 to the vessel, namely the WTT criteria 
pollutant emissions.  Criteria pollutant emissions can arise 
from combustion used to create the process heat needed to 
heat the reactants of the SMR process or as a byproduct of 
the SMR process.  Alternatively, combustion could be used to 
generate the electricity used in hydrogen liquefaction.  

Analogously, criteria pollutant emissions are associated with 
the production and delivery of diesel fuel.  For example, the 
diesel-fueled tanker truck delivering diesel fuel is a source of 
diesel pathway criteria pollutant emissions.  If the diesel fuel 
originates from petroleum (“fossil diesel”), then there is the 
additional criteria pollutant emissions associated with burn-
ing the fuel in the ferry diesel engines.  As a result, criteria 
pollutant emissions from the VALLEJO using fossil diesel fuel 
involve two sources:  (1) production and delivery of the diesel 
fuel and (2) combustion of the fuel onboard the vessel.  If the 
diesel fuel originates from biomass (“biodiesel”), there are 
still criteria pollutant emissions released on the vessel, even 
though biodiesel reduces GHG emissions because the carbon 
released on the vessel originated recently from CO2 in the air. 
Indeed, combustion of biodiesel can lead to increased levels 
of criteria pollutant emissions because its heating value is 
lower than fossil diesel. 

Although the European Commission WTT analysis for auto-
motive fuels in 2007 [30], updated in 2013 [31], were used as 
the basis for our GHG analysis, these studies do not provide 
information on criteria pollutant WTT emissions.   For fuel 
pathway criteria pollutant emissions, we use a 2007 analysis 
conducted by TIAX LLC for the California Energy Commission 
(CEC) [34]. 

The TIAX WTT study provides estimates for criteria pollutant 
emissions based on the energy consumption of various fuel 
paths, including the production and delivery of LH2, diesel 
fuel and biodiesel.  Combustion energy consumption is the 
principle source of criteria emission in these fuel pathways. 
The study reports emissions from the perspective of expo-
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sure to an individual in California, and thus is somewhat Cali-
fornia specific. For example the electricity grid mix employed 
was that of California, and California emissions standards 
on stationary equipment were assumed [34].   Our objec-
tive, however, is not to predict a criteria pollutant inventory 
of maritime emissions for California, but rather to compare 
emissions for the hydrogen high-speed ferry technology with 
the analogous diesel ferry (constrained to Tier 4 limits).  Us-
ing the common TIAX WTT analyses allows this comparison 
for the criteria pollutant emissions to be made. 

The TIAX study generally follows the spirit of the pathways in-
dicated in Figure 7.  The pathway for production of LH2 from 
fossil NG is similar to that in Figure 7 (labeled GPLH1b from 
the European Commission study), except that the distance 
for LH2 road transport was assumed to be 80.5 km (50 miles) 
instead of 300 km.  The renewable pathways for LH2 pro-
duction shown in Figure 7, namely wood gasification, wind 
electrolysis of water and nuclear power electrolysis of water, 
were not considered in the TIAX criteria pollutant emissions 
analyses.  However, there was an analysis performed for cri-
teria emissions associated with conventional water electroly-
sis producing gaseous hydrogen using 70% renewable power 
at an on-site facility (i.e.  no road transport).  We multiply the 
criteria pollutant emissions for this 70% renewable path by 
the factor 1.286 to account for emissions associated with 
liquefaction using renewable energy, and also add emissions 
associated with tanker transport of the LH2 over a distance of 
80.5 km.  We adopt this revised pathway to represent criteria 
pollutant emissions associated with “70% Renewable LH2.”

Table V reports the WTT criteria pollutant emissions associ-
ated with the fuel pathways for LH2 produced by SMR of fossil 
NG, 70% renewable LH2, fossil diesel fuel and biodiesel. The 
results are reported in terms of grams of pollutant emit-
ted per gigajoule (LHV) of the fuel energy.  The TIAX study 
reported PM emissions as PM10 (particles with diameter less 
than 10 μm).

The “Fossil NG LH2 Fuel Pathway” has sizeable criteria pollut-

ant emissions.  This is due to the use of combustion (typically 
of NG) to heat the SMR reactor to the required ~ 900 °C.  In 
addition, combustion is used to provide electricity for the 
process equipment via the California grid (of which 50.9% is 
derived from burning NG or coal, see Table IV), and combus-
tion is used to power the LH2 tanker truck as it drives 80.5 km 
in delivering LH2. In the TIAX study [34] it was noted for this 
fuel pathway that there exists somewhat high PM10 emissions 
for natural gas combined cycle power plants which consti-
tute 44.5% of the California grid mix.  The origin is not the 
increased (~ 2x) PM10 emissions associated with LH2 trailer 
transport compared to diesel fuel transport [34].  Indeed, the 
PM10 release from trailer transport of 4000 kg of LH2 a dis-
tance of 80.5 km is predicted to be only 0.029 g/GJfuel  ; ~ 0.6% 
of the overall WTT PM10 emissions of 5.0 g/GJfuel for the Fossil 
NG LH2 Fuel Pathway reported in Table V.   It is the energy 
intensity of hydrogen production, not transport, that drives 
the associated WTT criteria pollutant emissions.

The “70% Renewable LH2 Fuel Pathway” has substantially 
reduced NOx emissions because the electrolysis of water 
does not require the high process heat of the SMR produc-
tion method.  However, as stated previously, electrolysis of 
water is very energy intensive.  The 30% of the energy that is 
not renewable (fossil-fuel based), combined with the large re-
quirement for electrolysis process energy, produce non-zero 
amounts of NOx, HC and PM emissions per GJfuel, as shown in 
Table V.

Table V also lists the WTT criteria pollutants associated with 
making and delivering fossil diesel and biodiesel. The criteria 
pollutant emissions for biodiesel are generally higher than for 
fossil diesel because of the increased process energy needed 
to make biodiesel fuel. 

Using these values in Table V, combined with the vessel 
energy use numbers for the SF-BREEZE and the VALLEJO 
reported in Tables II and III, respectively, we can calculate the 
fuel pathway (WTT) and well-to-waves (WTW) criteria pollut-
ant emissions on a per passenger per trip basis. These results 
are shown in Table VI for the SF-BREEZE and the VALLEJO. 
Well-to-waves (WTW) criteria pollutant emissions (pathway + 
engine) for the SF-BREEZE are equal to the LH2 well-to-tank 
(WTT) fuel pathway emissions because the PEM fuel cell crite-
ria pollutant emissions are zero. The results for WTW criteria 
pollutant emissions shown in Table VI are presented graphi-
cally in Figure 10.  For Table VI and Figure 10, we constrain 
the diesel and biodiesel engine emissions of the VALLEJO to 
be at the Tier 4 criteria pollutant emission limits.  Brynolf and 
co-workers have described some emission compliance strate-
gies for diesel-fueled vessels [35].  While the hydrogen PEM 
fuel cell technology automatically satisfies the Tier 4 criteria 
emission requirements because it is zero-emission technol-
ogy at the point of use, the WTW analysis captures important 

Table V:  WTT criteria pollutant emissions for fuel pathways on a LHV 
basis.  GJfuel represents the lower heating value (LHV) of the indicated 
fuel in gigajoules (GJ).  1 GJ = 1 x 109 J.  
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fuel production pathway and delivery emissions. 

The first aspect of Figure 10 to notice is that the WTW criteria 
pollutant emissions for the VALLEJO running on diesel fuel 
or biodiesel are very nearly the same.  Although the WTT 
criteria pollutant emissions for the production and delivery of 
biodiesel are higher than those for fossil diesel (see Table VI) 
due to the increased process energy required, the WTT crite-
ria pollutant emissions are only a small fraction of the overall 
WTW criteria pollutant emissions, as indicated in Table VI.  

Thus, the WTW criteria pollutant emissions are very nearly 
the same for the VALLEJO operating on fossil diesel fuel or 
biodiesel.  In practice, the criteria pollutant emissions from 
the VALLEJO running on biodiesel would be somewhat larger 
than the VALLEJO running on fossil diesel fuel even when 
using Tier 4 engines because the LHV of biodiesel is less than 
that of fossil diesel [33], requiring the burning of a higher 
mass of biodiesel in the engine for a given energy output. 
This subtlety was not taken into account in our analysis. 

Table VI and Figure 10 show that the SF-BREEZE operating on 
LH2 derived from NG SMR reduces NOx by ~ 51.3% below that 
of the VALLEJO operating on fossil diesel fuel (but held to Tier 
4 emission standards).  Using 70% Renewable LH2 on the SF-
BREEZE, the NOx is reduced 97.7% below the Tier 4 VALLEJO 
levels. These reductions in NOx can be traced to relatively 

less NOx being produced when NG is burned for SMR process 
heat, and dramatically less NOx associated with electrolysis 
of water using 70% renewable electricity [34].  Turning to HC 
emissions, we see that HC is reduced ~ 68.8% below that of 
the VALLEJO operating on fossil diesel fuel (but held to Tier 4 
emission standards) when the SF-BREEZE is operated on LH2 
derived from NG SMR.  Using 70% Renewable LH2, the HC is 
reduced 82.1% below the Tier 4 VALLEJO levels.  

Figure 10 shows that the PM10 emissions associated with the 
SF-BREEZE using 70% Renewable LH2 are higher than that 
of the PM emissions of the VALLEJO running on fossil diesel.  
If the production of LH2 from water electrolysis were con-
ducted using 84% renewable electricity or higher, the PM10 
emissions would fall below that for the VALLEJO running on 
diesel fuel with Tier 4 compliance.   Using 100% renewable 
electricity, the criteria pollutant emissions for the SF-BREEZE 
would collapse to those for LH2 trailer transport operating 
on diesel fuel, giving SF-BREEZE NOx , HC and PM10 emissions 
of 0.133 grams/passenger/trip, 0.0133 grams/passenger/trip 
and 0.00465 grams/passenger/trip, respectively.  Thus, using 
100% renewable electricity, the SF-BREEZE emissions would 
represent a 99.1% reduction in NOx, a 99.2% reduction in 
HC and a 98.6% reduction in PM10 compared to the VALLEJO 
running on diesel fuel with Tier 4 emission constraints.  If the 
LH2 trailer ran on 100% renewable hydrogen instead of diesel 
fuel, the criteria pollutant emissions could be essentially 
eliminated.  

Summarizing these criteria pollutant emission results, the 
SF-BREEZE goes far beyond the Tier 4 criteria pollutant emis-
sions requirements for new ferry construction in the U.S. 
because the powerplant is zero emissions at the point of use.  
Hydrogen PEM fuel cell technology can dramatically reduce 
NOx and HC emissions below the most advanced Tier 4 crite-
ria pollutant emissions requirements regardless of whether 
the hydrogen is made by NG reforming or via water electroly-
sis using 70% or greater renewable energy.  Renewable LH2 
made with greater than 84% renewable process energy is 
required to also drop the SF-BREEZE PM10 emissions below 
that equivalent to Tier 4 requirements for high-speed fuel cell 
ferry transportation.  

Our work takes place against the backdrop of prior measure-
ments of maritime criteria pollutant emissions. These prior 
studies [36-39] report emissions per engine power or energy 
output, in units of g/MJ or g/kW-hr, respectively.  For compari-
son to this prior work, we summarize in Table VII the criteria 
pollutant (NOx, HC and PM10) and GHG (CO2 (eq.)) emissions 
per trip for the SF-BREEZE running on LH2 derived from fossil 
NG and renewable LH2, as well as for the VALLEJO running 
on fossil diesel fuel and biodiesel constrained to the Tier 
4 criteria pollutant emission limits.  This comparison does 
not normalize for the number of passengers being carried. 

Table VI:  Fuel pathway (WTT) criteria pollutant emissions and well-to-
waves (pathway + engine, WTW) emissions on a grams per passenger/
trip basis calculated for the SF-BREEZE and the VALLEJO for the 
Vallejo to San Francisco route of Figure 4.  The SF-BREEZE carries 150 
passengers, while the VALLEJO carries 300 passengers. The engine 
criteria pollutant emissions of the VALLEJO are set to the Tier 4 limits 
for both fossil diesel and biodiesel operation.
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Rather, it is a direct comparison of criteria and GHG emission 
on a “total engine energy” basis for these vessels performing 
one trip from Vallejo to San Francisco using the route profile 
of Figure 5.  Recall that the total engine energy required (ser-
vice energy + propulsion energy) of the SF-BREEZE to execute 
the Vallejo to San Francisco route is 1.125 x 1010 J (see Table 
II) and that for the VALLEJO running the same route is 8.78 x 
109 J (see Table III).

The results of the measurements of criteria pollutant emis-
sions [36 - 39] from various vessels report NOx emissions in 
the range 12 -15 g/kW-hr, HC in the range 0.027 – 0.208 g/kW-
hr, and PM in the range 0.11 – 0.29 g/kW-hr.  These emissions 
reflect engine pollution without selective catalytic reduction 
(SCR). Nuszkowski and co-workers [36] conducted a study 
in which engine emissions were measured with and without 
SCR treatment.  The study found that SCR reduced NOx emis-
sions from 15.35 g/kW-hr to 5.54 g/kW-hr.   These post-treat-
ment emissions are generally consistent with observations by 
Cooper [37] in which NOx measurements for a marine diesel 
engine with SCR was observed to be 2.0 g/kW-hr.  Since none 
of these marine engines were under Tier 4 constraints, their 
criteria pollutant emissions are larger than those estimated 
for the SF-BREEZE using fossil NG LH2 or renewable LH2, as 
well as those estimated for the VALLEJO using fossil diesel 
fuel or biodiesel under Tier 4 emission constraints.  Note that 
the experiments measure emissions from the engine output 
only, and do not include fuel pathway criteria pollutant emis-
sions. 

Our intent is that these results provide useful input data for 
future efforts to calculate GHG and criteria pollutant emis-
sions for ports and larger ECAs involving hydrogen vessels 
and infrastructure.  However, we caution that the results are 
for a specific maritime application, that of a high-speed (35 
knot) 24-nm range commuter ferry carrying 100 to 300 pas-
sengers.  Although any hydrogen fuel-cell vessel would have 
zero emissions from the vessel itself, from the well-to-waves 
perspective, the emission comparison between hydrogen 
vessels and the diesel and biodiesel vessels (constrained to 
Tier 4 limits) is likely to be different for different combinations 
of vessel route speed, range, and passenger capacity; vessels 
which could also enter into the vessel inventory for a specific 

Figure 10:  Predicted well-to-
waves (WTW) criteria pollutant 
emissions per passenger for the 
SF-BREEZE and the VALLEJO on 
the Vallejo-San Francisco route 
described in Figures 4 and 5 and 
in Table I. Emissions are given 
based on a one-way trip.  The SF-
BREEZE carries 150 passengers, 
while the VALLEJO carries 300 
passengers.  The VALLEJO engine 
emissions are set equal to the 
Tier 4 limits for both fossil diesel 
and biodiesel operation.

a) Criteria pollutant (NOx, HC, PM10) emissions per trip for SF-BREEZE 
fueled with Renewable LH2 based on TIAX WTT input data [34] assuming 
70% renewable energy used in the production of LH2. 
 
b) CO2 (eq.) emissions per trip for SF-BREEZE fueled with Renewable LH2 
based on EU WTT input data [30] assuming fully renewable energy used 
in the production of LH2.

Table VII:  Well-to-waves (WTW) criteria pollutant and GHG emissions 
(in grams) reported per integrated engine output energy (in MJ and 
kW-hr) for the SF-BREEZE and the VALLEJO for the Vallejo-San Francisco 
route described in Figures 4 and 5 and in Table I.  
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port.  Indeed, in a follow-on project, we are currently examin-
ing how the fuel-cell ferry benefits change over a wide range 
of vessel size, speed, range and passenger capacity. 

Our criteria pollutant emission results report PM10 emis-
sions.  This was necessitated by our use of the TIAX criteria 
pollutant emissions for hydrogen, diesel and biofuel produc-
tion that reported particulate matter emissions in the form 
of PM10.  An improved analysis would result if particle emis-
sions for fuel production pathways were available specifying 
the more dangerous smaller particle sizes, such as PM2.5.  A 
review of particulate matter emissions from marine diesel 
engines is provided by Di Natale and Carotenuto [40]. 

In our analysis, we have placed fuel production pathway 
emissions on an equal footing with emissions coming from 
the vessel itself, which is inherent in the WTW formalism.  
This approach is reasonable and indeed responsible.  Figure 
10 shows that for the SF-BREEZE operating on 100% renew-
able LH2, dramatic reductions in criteria pollutant emissions 
below Tier 4 limits are achieved.  However, there are some 
marine applications where zero-emissions from the vessel 
are the overriding priority, even if emissions occur elsewhere 
from fuel production. Lack and Corbett have discussed [41] 
the problem of “black carbon,” defined as the subset of 
particulate emissions with average particle diameter ~ 0.2 
micron that possesses high carbon content and strongly 
absorbs light. Black carbon (BC) can produce significant local-
ized heating when deposited on snow and ice [41], making BC 
a particular threat to the Arctic environment. Although scrub-
bers can remove BC from the diesel engine exhaust stream, 
the efficiency of removal for the small 0.2 micron particles is 
uncertain [41].  Thus, for vessels currently operating in Arctic 
waters and the increasing marine traffic expected for the 
Arctic as polar sea ice recedes, zero BC emissions from the 
vessel itself will become a top priority.  A hydrogen fuel-cell 
vessel by its nature provides zero emissions of PM, NOx and 
HC at the point of use.  

Conclusions
A theoretical comparison was made between the WTW GHG 
and criteria pollutant emissions from the SF-BREEZE high-
speed hydrogen PEM fuel cell ferry and the VALLEJO Ferry, 
powered by traditional diesel engine technology. The emis-
sions were calculated for a common maritime mission, the 
current ferry route between Vallejo CA and San Francisco 
CA. This route is challenging for the design of the fuel-cell 
vessel because it is a long ferry route (24 nautical miles) and 
demands a high transit speed of 35 knots.  Calculations were 
made of the fuel energy required for the SF-BREEZE and 
VALLEJO to perform the mission route profile, taking into ac-
count the varying engine efficiencies in effect during different 

parts of the voyage.  It was found that the SF-BREEZE requires 
10.1% more fuel energy (LHV) than the VALLEJO, primarily 
due to the SF-BREEZE being heavier.  Since the PEM fuel cell 
is a zero-emissions power plant, the GHG emissions for the 
Vallejo to San Francisco route are determined entirely by the 
GHG emissions associated with hydrogen production.  In con-
trast, for the VALLEJO, if fossil-based diesel fuel is used, the 
vessel GHG emissions are determined by the sum of the GHG 
emissions associated with diesel fuel production and delivery 
plus the carbon released in diesel combustion onboard the 
vessel.  

A description was given of the 2007/2013 European Com-
mission studies of GHG emissions associated with hydrogen, 
diesel and biodiesel fuel production.   Using this prior work, 
estimates were made for the SF-BREEZE GHG emissions as-
sociated with five LH2 production pathways. We also exam-
ined the VALLEJO GHG emissions associated with fossil-diesel 
production and use, as well as that for biodiesel which can 
be considered a renewable “drop-in” fuel replacement for 
conventional diesel fuel. The GHG results show that hydrogen 
PEM fuel cell technology can dramatically reduce the GHG 
emissions from high-speed ferry operations. However, nearly 
100% renewable hydrogen must be used to achieve the de-
sired deep cuts (76%) in GHG emissions that are commensu-
rate with the challenge presented by global climate change.   

We also compared the criteria (NOx, HC, PM10) pollutant emis-
sions for the SF-BREEZE to that of the VALLEJO constrained to 
Tier 4 emissions standards fueled by diesel fuel or biodiesel.  
While the hydrogen PEM fuel cell technology goes far beyond 
the Tier 4 criteria emission requirements because it is zero-
emission technology at the point of use, it is important to 
consider the fuel production pathway and delivery emissions 
in a well to waves (WTW) analysis.  Using estimates for criteria 
pollutant emissions from a study by TIAX associated with the 
production of LH2 (by both renewable and non-renewable 
means) diesel and biodiesel,  we compared the WTW criteria 
pollutant (NOx, HC, PM10) emissions for the SF-BREEZE to that 
of the VALLEJO fueled by diesel fuel or biodiesel. Compared 
to VALLEJO Tier 4 emissions using diesel fuel, the SF-BREEZE 
using LH2 derived from steam reforming of fossil natural 
gas reduces NOx by 51.3%, HC by 68.8%, but PM10 emissions 
increase a factor of 2.5 times. Renewable LH2 made with 
greater than 84% renewable process energy is required to 
also dramatically drop the SF-BREEZE WTW PM10 emissions 
below that of the equivalent Tier 4 for high-speed fuel cell 
ferry transportation.  Using 100% renewable electricity, there 
would be a 99.1% reduction in NOx, a 99.2% reduction in HC 
and a 98.6% reduction in PM compared to the VALLEJO run-
ning on diesel fuel with Tier 4 emission constraints.

Summarizing, the results show that operating a hydrogen 
fuel cell ferry on nearly 100% renewable hydrogen provides 
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the dramatic reduction in vessel GHG and criteria pollutant 
emissions commensurate with the problems of global climate 
change and increasing maritime air pollution worldwide. 
These results can be used in future analyses of GHG and cri-
teria pollutant emission in areas where hydrogen vessels and 
infrastructure have been introduced.

Glossary of Abbreviations
ARB:  Air Resources Board (California)

BAAQMD:  Bay Area Air Quality Management District

BC:  Black Carbon

CEC:  California Energy Commission

DOT:  U.S. Department of Transportation

EBDG:  Elliott Bay Design Group

EEDI:  Energy Efficiency Design Index

GHG:  Greenhouse Gas

HC:  Hydrocarbons

ICE:  Internal Combustion Engine

LH2:  Liquid Hydrogen

LHV:  Lower Heating Value

LNG:  Liquid Natural Gas

MARAD:  Maritime Administration (U.S.)

MMT:  million metric tonne

NG:  Natural Gas

NOx:  Oxides of nitrogen

PEM:  Proton Exchange Membrane

PM:  Particulate Matter

PM10:  Particulate matter with diameter less than 10 microm-
eters.

PM2.5:  Particulate matter with diameter less than 2.5 microm-
eters

SF-BREEZE:  San Francisco Bay Renewable Energy Electric Ves-
sel with Zero Emissions

SMR:  Steam methane reforming

WTT:  Well-to-Tank

WTW:  Well-to-Waves
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Appendix: E

New Horizon
Built: 1978 
Mid-Life: 1996 
Length: 170’ 
Beam: 36’ 
Draft (max): 12’ 
ITC Gross Tonnage: 797 tons 
ITC Net Tonnage: 239 tons 
Registered Tonnage, Gross: 297 tons 
Registered Tonnage, Net: 202 tons 
Loaded Displacement: 1,007 long tons 
Crew: 12 
Scientific berting: 19 
Main Engines: Two D398, 850 hp Catepillar Models 
Bow Thruster: LIPS Variable-Speed Electric Tunnel 200kW 
Propulsion: Two, controllable pitch 
Water Capacity: 2,300 gal 
Ship Service Generators: Two 230 kW 
Fuel Consumption: 1,000 gal/day (average) 
Transit Speed for Cruise Planning: 9.0 knots (variable with 
speed/time estimates) 
Minimum Speed: variable to 0 
Endurance: 40 days max (fuel) 
Range: 9,600 miles (fuel) 
Fuel Capacity: 40,000 (planning)  
Radio Call Sign: WKWB 
Laboratory Space: 1,265 sq. ft 
Main Deck Working Area: 1,730 sq. ft.  
Freeboard: 3.5 ft. 

Zero-V
Design Speed: 10 knots  
Main Laboratory” 670 sq. ft.  
Wet Lab: 650 sq. ft. (Total = 1320 sq. ft.) 
Main Deck Working Area (Aft. + Side): 2300 sq. ft.  
Freeboard: 9 ft. 

Zero-V Mission: 
•  Zero emissions  
•  General purpose R/V 
•  Coastal operations - CA 
•  2400nm range 
•  Dynamic positioning18 scientists, 11 crew 
•  Large lab spaces  
•  Large working deck 
•  Substantial over-the-side handling systems 
•  Low underwater noise  
•  Capable hydro acoustic suite

Vessel Particulars: 
Length: 170’-0” 
Beam: 56’-0 
Draft: 12’-0” 
Depth: 21’-0” 
Fuel Cell Power: ~1.8 MW 
LH2:  ~ 11,000 kg

Annual Operations Cost Estimates for the Zero-V
Base the Zero-V annual operating and maintenance cost estimate from the 2014 Annual Budget Estimate for the New Horizon, 
provided to Lennie Klebanoff from Bruce Appelgate on 8/10/17.
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New Horizon Baseline Figures
New Horizon Days at Sea:  179

Total Ships Payroll: $1,228,455 
(12 crew, includes all salaries, overtime, fringe benefits) 
 
Maintenance and Repair: $565,667 
($400,000/yr for 5-year engine overhaul + $165,667 normal 
M&R) 

Fuel (diesel, $3.50/gal):  $625,305 
For our estimate, use the Robin Madsen’s diesel consumption 
for the Zero-V of 504,638 kg (158, 691 gallons) @ $3.50/gallon 
= $555,419.

Other Ship Costs:  $621,141 
(food, insurance, stores, travel)

Total Ship Costs = Payroll + M&R + Fuel + Other Ship Costs:  
$2,970,682.

Total Distributed Costs: $371,316 
(Salaries, Employee Benefits, Shore Support)

Total Direct Costs = Total Ship Costs + Total Distributed 
Costs:  $3,341,998

Indirect Cost:  $614,139

Total New Horizon O&M Cost = Total Direct Costs + Indi-
rect Cost:  $3,956,137

Adjustments to this baseline for the Zero-V
Fuel Cell Refurbishment: We have 60 Hydrogenics HD30 
fuel cell units on the Zero-V.  The number of days the vessel 
is operating is 152 from Robin.  This corresponds to 3648 
hours of operation in a year.  The fuel cell lifetime is reported 
to be 10,000 – 15,000 hours from Hydrogenics.  Let’s assume 
12,500 hours.   Thus if all of the fuel cells were being used 
during the 3648 hours of operation, then all of the fuel cells 
would need to be replaced every 3.43 years.  

However, this is not the case.  Robin has calculated that 
the total energy output of the Zero-V fuel cells over the 152 
days in performing the Scripps science mission is 2,272, 525 
kW-hours.  Thus, over the 3648 hours in the 152 days of use, 
the average power is (2,272,525 kW-hrs)/3648 hours = 623 
kW.   Thus, it turns out that on average only 34.6% of the 1.8 
MW of installed fuel cell power is being used over the course 
of a year.  Of course, some vessel operations require all the 
fuel cells to be used.  Other operations require a lot less.  But 
the average is 34.6%. This means that instead of all the fuel 
cells needing to be replaced in 3.43 years, they will need to 
be replaced in 9.91 years.  This new consideration leads to a 

considerably reduced O&M cost. 

The cost to replace an HD30 fuel cell unit is estimated to be 
(in current dollars) $30,000/unit.   Thus, to replace all 60 HD 
30 units on the Zero-V would require $1,800,000.  If all of the 
fuel cells are replaced every 9.91 years, then the annual cost 
is $1,800,000/9.91 years = $181,635.

Fuel Cell Balance of Plant (BOP) Maintenance 
Hydrogenics reports we should use a budget of 2.5% of the 
fuel cell powerplant capital cost to cover the yearly BOP main-
tenance.  Hence, $3.96M x 0.025 = $99,000/year for fuel cell 
BOP maintenance. 

LH2 Fuel Costs
Robin has estimated that to perform the science missions 
indicated by Scripps, the total amount of LH2 fuel used would 
be 142,459 kg in a year.   For non-renewable hydrogen 
produced from natural gas, we use a delivered LH2 price of 
$6.87/kgH2.  Thus, the yearly cost of LH2 (non-renewable) 
would be:  142,459 kgH2 x $6.87/kg = $978,693 per year.  If we 
used renewable LH2, we have a quoted price of $16.38/kg at 
today’s prices.  If we used renewable LH2, the fuel costs would 
be 142,459 kgH2 x $16.38/kg = $2,333,478 per year.

Implementing Adjustments
Let’s assume that for the New Horizon M&R budget of 
$565,667, that $165,667 of this budget is for equipment unre-
lated to the diesel engines, so we have to keep that number 
and add the H-related expenses. The new M&R budget for 
the Zero-V would be $165,667 (non-diesel engine M&R) + 
$181,635 (fuel cell replacement) + $99,000 (fuel cell BOP) = 
$445,635.

The LH2 fuel cost would be:  $978,693 /year for NG-derived 
hydrogen. The LH2 fuel cost would be $2,333,478 per year 
using renewable LH2.  Thus, for the Zero-V annual budget, we 
have:

Zero-V Baseline Figures
Days at Sea :  152

Total Ships Payroll:  $1,228,455 
(includes all salaries, overtime, fringe benefits)

Maintenance and Repair: $445,635 
(including fuel cell overhaul)

Fuel (LH2, non-renewable, $6.87/kg):  $978,693  
(Renewable LH2: $2,333,478, $16.38/kg)

Other Ship Costs:  $621,141 
(food, insurance, stores, travel)
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Total Ship Costs = Payroll + M&R + Fuel + Other Ship Costs:  
$3,273,924 
(Renewable:  $4,628,709)

Total Distributed Costs: $371,316 
(Salaries, Employee Benefits, Shore Support)

Total Direct Costs = Total Ship Costs + Total Distributed 
Costs:  $3,645,240.   
(Renewable:  $5,000,025)

Indirect Cost:  $614,139

Total Zero-V O&M Cost (NG LH2) = Total Direct Costs + 
Indirect Cost:  $4,259,379

Increase in Total Annual Operations Cost for Zero-V rela-
tive to New Horizon = $4,259,379/$3,956,137=  1.077 at 
today’s prices for NG LH2.

Total Zero-V O&M Cost (Renewable LH2) = Total Direct 
Costs + Indirect Cost:  $5,614, 164.

Increase in Total Annual Operations Cost for Zero-V rela-
tive to New Horizon = $5,614, 164/$3,956,137 = 1.419 at 
today’s prices for renewable LH2.

But, you are getting: Zero-emission operation, no fuel spills, 
quieter operation, 33% increase in deck working area, 4.3% 
increase in lab space, 11% increase in speed, but 75% reduc-
tion in range.
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Appendix: F
Feasibility of Refueling the 
Zero-V at Identified Sites

The Zero-V will primarily operate along the coast of 
California, although it has the range to transit from 
San Francisco to Honolulu.  The vessel holds two LH2 
tanks with storage capacity 5840 kg each, or a total 

of 11,680 kg. The usable hydrogen capacity is 10,900 kg (see 
Appendix B). Since road LH2 trailers typically can deliver 4,000 
kg each, three trailers will be required to refuel the Zero-V 
at maximum. We recognize that many refueling operations 
would require only two trailers, as half of the vessel’s mis-
sions involve less fuel consumption.  The first feasibility ques-
tion to be answered is if this supply of LH2 (both fossil NG 
based hydrogen and renewable hydrogen) could be supplied 
by the gas suppliers.  A second feasibility question is if the 
Zero-V refueling operation could physically take place at the 
sites identified as likely refueling sites. For example is there 
sufficient space for a couple of LH2 trailers to be refueling the 
Zero-V at the same time?  A third refueling question is if the 
refueling could take place within the desired time.  Scripps 
indicated that the preferred refueling time was 8 hours or 
less, as this is the duration of a typical work shift. 

A picture of a Linde LH2 tanker refueling a stationary LH2 tank 
at the Emeryville CA hydrogen station is shown in Figure 1 
below.

In addition to LH2 refueling, there are other activities on-
board the Zero-V that must be accommodated by the refuel-
ing site.  These activities include:

uu Bringing 18-wheel trucks onto the site to deliver sci-
ence equipment.

uu Using forklifts to off-load equipment from the Zero-V, 
and loading new equipment onboard.

uu Using cranes to load/off-load science equipment.

uu Storing science equipment in anticipation of vessel ar-
rival in a onsite warehouse (or other enclosed struc-
ture).

Needed facilities in support of this work includes power, sew-
age, water, internet, all of which must be provided at the refu-
eling location.  Another activity is adding/replacing crew and 
scientists for work on the vessel, which should be supported 
by proximity to hotels and restaurants.   

Figure 1: (a) Linde LH2 Refueling 
Trailer providing hydrogen to 
the Emeryville CA hydrogen 
station stationary LH2 tank.  
(b) Linde personnel preparing 
hose connection; (c) Linde LH2 
Refueling Trailer.  Pictured 
(L-R) are Kyle McKeown and 
Nitan Natesan (Linde), Lennie 
Klebanoff (Sandia), and Tom 
Escher and Joe Burgard of the 
Red and White Fleet.
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With these issues in mind, we examined the feasibility of 
refueling the Zero-V.  We start with the questions concerning 
LH2 supply and refueling rates and overall refueling logistics 
and requirements. Two industrial gas suppliers were con-
tacted with regard to the Zero-V refueling:  Linde Gas and Air 
Products.  The meeting with Kyle McKeown (Linde) took place 
on March 21, 2017 in their Pleasanton CA offices.  The conver-
sation with Dave Farese and Brian Bonner (both Air Products) 
took place on the telephone on March 23, 2017.   

Beginning with Linde, Kyle walked us through the typical high-
level tank filling operations for a hydrogen fueling station.

1. Truck arrives on site and makes connections

2. Truck builds pressure in the trailer tank using the truck’s 
pressure build coil.

3. Truck purges air out of hoses and pipes with cold hydro-
gen gas, the gas also serves to cool down the hoses.  Dur-
ing purging and cool down, gas is vented to the fueling 
station vent mast.

4. Once hoses are cooled, the truck starts pushing liquid to 
the storage tanks.

5. Once liquid transfer is complete, the truck used cold gas 
to push liquid out of lines into the storage tank.

6. Truck drops the trailer tank pressure by venting gas to 
the fueling station vent mast.

7. Hose connection is broken using non-sparking tools and 
hoses are capped.

8. Truck departs.

Our conversations with Linde and Air Products centered on 
how this procedure could be adapted for refueling the Zero-
V, and what the requirements are for the refueling site.  Sum-
maries of these discussions are provided below. 

Questions and Answers in 
Meeting with Linde (Kyle 
McKeown)
How much deliverable LH2 does a Linde tanker (of 
nominal 4,000 kg storage) actually deliver? 
Kyle believes the deliverable LH2 from the trailer is 3870 kg.  
To deliver the total fuel complement of 11,680 kg will require 
3 LH2 trailers, which will deliver 11,610 kg or 99.4 percent of 
the required fuel.

Can we refuel the Zero-V in 8 hours using three LH2 
tanker trucks?  
Kyle says it takes 1.5 hours to set up for a fill, and then once 
set up, the LH2 is typically delivered at 22 kg/min for one 
trailer.  If we have two trailers, this would double to 44 kg/
min.  So, to deliver 7740 kg with 2 trucks fueling in parallel 
= 2.93 hrs of full flow. At the end of the fill, it takes about 15 
mins to disconnect one trailer (or 30 minutes for two trailers). 
It would take about 45 mins to bring in and attach the third 
trailer, 2.93 hr to fuel the remaining 3870 kg with one trailer, 
and then another 15 mins to disconnect.  Total time to get 
to 11610 kg into 2 tanks = 1.5 hr + 2.93 hr + 0.50 hr  + 0.75 
hr + 2.93 hr  + 0.25 hr = 8.86 hours, or rounding to a whole 
number, 9 hours.  

Should we refuel the Zero-V tanks independently?  
One trailer filling one tank in parallel?  
Kyle answered affirmatively, this way you don’t have to worry 
about the two LH2 lines having different pressures. Fill inde-
pendently, one trailer filling one tank is the best procedure to 
follow.

Can we refuel with two tanker trucks 
simultaneously? Would there be scheduling 
problems getting three Linde tankers to a location 
at the start of a refueling window?   
Yes, refueling with two LH2 trailers simultaneously, with each 
trailer devoted to refueling one Zero-V LH2 tank, should be 
straightforward, and there are no regulatory barriers to 
doing so. There are no technical hurdles to scheduling three 
LH2 trailers to arrive on the same day with about 10 days 
advanced notice.  

Would we be better off going to a permanent 
Zero-V LH2 storage facility to increase hydrogen 
flow rate and decouple the Zero-V from the Linde 
truck schedule?  
Kyle strongly felt that refueling with mobile trailers is the bet-
ter option.  We would also need to deploy a fueling stanchion 
which would be the union between the trailer LH2 hose and 
the hose coming from the Zero-V.  A fueling stanchion would 
provide a stationary fueling port that the trailers could con-
nect to, avoiding complications from boat motion during 
fueling.  In addition, the fueling stanchion could be portable 
(for example on a truck).  This could be very attractive for 
Port operations, as all refueling infrastructure is brought in 
for refueling, and removed from the Port after refueling is 
complete. In addition, the trailer delivery should be cheaper 
and the liquid quality better for fueling (subcooled).

What are the requirements for a location to receive 
the LH2 tankers?  Weight and access only?   
The weight of each LH2 trailer is 76,000 lbs fully loaded and 
they have 5 axles.  So, on any prospective fueling location, 



305

we needs space for 3 such LH2 trailers, a mobile refueling 
stanchion and be able to handle the weight of three trailers 
(228,000 lbs).

If we demanded “renewable” LH2 be delivered, can 
Linde provide it?   
Kyle does not know where they would source the renewable 
LH2, but he thought they could provide it. The Zero/V using 
renewable LH2 would dramatically impact the way Linde looks 
at renewable LH2 in the U.S. because the Zero-V would be a 
large and reliable customer of renewable LH2.  

What is your assessment of refueling the Zero-V at 
Wharf 5 within the Port of Redwood City?  
Wharf 5 looks very good. One detail is that we might have to 
upgrade the lights to be protected from H2 leaks.  Wharf 5 
looks to have easy access for LH2 tanks to come onto and off 
the Wharf.  One important San Francisco Bay Area refueling 
note:  Currently, LH2 trailers are forbidden from traveling on 
the San Francisco Bay Bridge.  However, this restriction does 
not affect refueling at Pier 54 in San Francisco, or Wharf 5 at 
the Port of Redwood City.  

Would Linde be OK moving a trailer that is 
pressurized (say to 100 psig) a few hundred feet to 
a “depressurization station” after Zero-V refueling 
is complete?  That way, we can perform trailer 
depressurization (required before the trailer goes 
back on public roads) away from the Zero-V, to 
another part of the Port.  
Kyle can’t speak for all of Linde or its distribution operations, 
however, he does not think moving a 100 psig trailer would 
be a concern.  His understanding is that it’s a very common 
practice. 

Questions and Answers in  
Meeting with Air Products  
(Dave Farese and Brian Bonner)

How much deliverable LH2 does an Air Products 
tanker (of nominal 4,000 kg storage) actually 
deliver?  
A typical deliverable load is up to 4,000 kg. Thus, two trailers 
filling simultaneously can deliver 8,000 kg, followed by a third 
truck for final refueling to 11,680 kg. The easiest way is to 
have each trailer fuel one tank independently. The ground 
under the trailer should be concrete or gravel. Spill pans for 
temporary filling can be used, but are not preferred. Typical 
trailer vacuum insulated hose lengths can be up to 14 feet, 
with internal diameters (ID) and outside diameters (OD) of 
typically 1” ID and 3” OD, respectively. 

How long would it take to refuel 11,680 kg for the 
Zero-V? 
A typical “all in” delivery time to dispense 4,000 kg is 3.5 hours 
for a single trailer. This time includes hookup, line purging 
and cool-down. Thus, for 11,680 kg, the refueling time would 
be 10.22 hours, just outside the 8 hours of a single work shift. 
However, Air Products recommends dual fueling stanchions 
to permit simultaneous unloading. These fueling points 
should maintain a 25 feet separation for the trailers. There 
should be no trailer movement while each trailer is fueling. 
Ship-to-shore transfer distances of 50-60 feet are not an is-
sue. Some extended fill lines have been up to 100 feet, but it 
takes longer to cool everything down and transfer losses may 
increase slightly. 

Can we refuel with two LH2 tanker trucks 
simultaneously? Are there any restrictions, 
either technical or regulatory, or in Air Products 
scheduling? How much lead time does Air Products 
need to be notified for a refueling operation? 
Air Products responded that they can refuel with 2 trailers 
simultaneously, and there are no restrictions other than the 
25 foot separation guidance between trailers. Trailers can 
fuel from the rear, or from the side. With 1 week notice, Air 
Products can get LH2 product almost anywhere, and be there 
on a given day at a certain time. Previous aerospace require-
ments have required as many as 9 LH2 trailers to be on call 
for delivery with tight schedules. 

Would we be better off going to a permanent LH2 
storage facility to get increased hydrogen flow 
rate and decouple the Zero-V from the Air Products 
truck schedule? 
That is an option, but mobile refueling can also meet the 
need. For example, Air Products services submarines, deliver-
ing LH2 to various ports and locations. Although the hydro-
gen is vaporized and compressed, since submarines receive 
gaseous H2, the hydrogen arrives at these locations as LH2, 
delivered by tanker truck. Air Products designs and builds 
fueling hardware. Gardner Cryogenics is an example vendor 
who manufactures tanks. 

What are the requirements for a location to receive 
two LH2 tankers simultaneously?  
NFPA 55 and NFPA 2 provide guidelines for LH2 storage and 
delivery. There are standoff distances for buildings, electrical 
equipment, flammable materials, etc. For example, ordinary 
electrical equipment can’t be within 25 feet. The area must be 
large enough to allow for maneuvering of trailers that are up 
to 48 feet long and weigh up to 80,000 lbs. 
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If we required “renewable” LH2 be delivered to 
the Zero-V, can Air Products provide this in the 
quantities required?  
Air Products responded yes, but the hydrogen will be more 
expensive.

What is your assessment about refueling the 
Zero-V at Wharf 5 within the Port of Redwood City?   
Air Products responded that this site, pending an official site 
evaluation could meet the requirements. In fact, Wharf 5 
looks very similiar to the locations where they refuel subma-
rines with hydrogen gas from LH2 trailers. 

Summarizing these discussions with the gas providers Linde 
Gas and Air Products, there was very good agreement on 
how the Zero-V refueling could be conducted. Fully refueling 
the Zero-V with 11,680 kg of LH2 is best performed using LH2 
tankers directly, so infrastructure burden on the Ports can be 
minimized.  The refueling can potentially be completed in 9 - 
10 hours using three LH2 trailers, slightly beyond the duration 
of a single work shift.  The trailers can be reliably delivered 
with 7 – 10 days’ notice, and both gas companies can pro-
vide renewable LH2 in order to reduce well-to-waves GHG 
emissions, although renewable hydrogen would be more 
expensive.  A fueling stanchion is recommended for ease and 
security of refueling hose connection. 

The next set of feasibility questions concerned the locations 
for the refueling.  The feasibility questions include:  Can the 
Zero-V vessel dock comfortably?  Can two LH2 tankers with 
refueling stanchion be accommodated?  Are the standoff 

requirements satisfied?  Would the Ports even want LH2 and 
the Zero-V visiting their locations?  Are the required water 
depths (the draught of the Zero-V is 12 feet) at these loca-
tions sufficient to allow safe operation of the Zero-V?   These 
and other questions were discussed with personnel from 
Nimitz Marine Facility (MarFac) of the Scripps Institution of 
Oceanography, with Mike Prince from the Moss Landing 
Marine Laboratory (MLML) and Monterey Bay Aquarium Re-
search Institute (MBARI), with Rich Berman from the Port of 
San Francisco and with Mike Giari and Giorgio Garilli from the 
Port of Redwood City.

Nimitz Marine Facility (MarFac), San Diego, CA
The home port for the Zero-V would be the Nimitz Marine 
Facility (MarFac) of the Scripps Institution of Oceanography 
in San Diego CA.  Figure 2(a) shows the general location of 
MarFac within the greater San Diego area.  Figure 2(b) pro-
vides a general view of MarFac facility with the Zero-V docked 
while Figure 2(c) gives a close-up view of the Zero-V docked at 
MarFac along two LH2 trailers and refueling stanchion show 
in red. The refueling stanchion recommended by the gas 
providers is notional only. The relative sizes of the Zero-V, LH2 
trailers and docks are properly rendered to allow an assess-
ment of available space for the LH2 refueling operation.

Figure 2 shows that there is ample room at MarFac to refuel 
the Zero-V.  The water depth off the pier is 17-25 feet, more 
than enough to accommodate the 12 foot draught of the 
Zero-V.  The facility already allows for refueling and restock-
ing of research vessels, and there is ample room for all of the 
activities anticipated for the Zero-V, as suggested by Figure 

Figure 2:  Location of the Nimitz Marine 
Facility (MarFac) at the Scripps Institution 
of Oceanography, San Diego CA.  (a) General 
MarFac location; (b) general view of MarFac 
facility with the Zero-V docked and (c) close-
up view of the Zero-V docked at MarFac 
along with two LH2 trailers and refueling 
stanchion show in red. The refueling 
stanchion is notional only. The relative 
sizes of the Zero-V, LH2 trailers and dock 
are properly rendered.  Satellite images are 
courtesy of Google Maps.



307

2(c). Paul Mauricio, the Port Engineer at MarFac after hear-
ing a full briefing on the Zero-V, concluded that all aspects of 
Zero-V refueling are readily accommodated at MarFac.  One 
advantage of the hydrogen fuel-cell technology of the Zero-V 
is the complete absence of fuel spills. When asked about con-
cerns about diesel fuel spills with conventional research ves-
sels, and the absence of that with the Zero-V, Paul responded 
that they worry a lot about diesel spills, although  it does not 
happen often (a cup full of diesel has spilled in the water that 
last 16 years).  It is, however, a “big deal” when diesel spills, 
either on the water or on the deck. Spills incur a lot of costs, 
and people can lose their jobs.  Bruce Appelgate confirmed 
they worry a lot about diesel spills, and added that if they spill 
it, they (or their contractor) must clean it up, which is expen-
sive, and fines are given out, which is also expensive.  From 
that standpoint, a fuel like LH2 that disperses in seconds, and 
is not itself a GHG is very attractive. 

Moss Landing Marine Laboratories (MLML) and 
Monterey Bay Aquarium Research Institute 
(MBARI), Moss Landing, CA
The MLML is a graduate school in Marine Sciences of the 
California State University System (CSU) located within Moss 
Landing Harbor, approximately 15 miles north of Monterey 
California. The Monterey Bay Aquarium Research Institute 
(MBARI) is a private, non-profit research center, funded by 
The David and Lucile Packard Foundation also located in 
Moss Landing with pier facilities supporting research vessels.   
Since the Zero-V can perform science missions in support of 
MLML and MBARI oceanographic research and educational 
objectives, we anticipate the Zero-V will need to dock and 
refuel at the MBARI Pier indicated in Figure 3. 

The Zero-V can successfully transit to and from the MBARI 
Pier. However, the MBARI Pier is much more physically con-
strained than the other refueling sites, both with regard to 
vessel navigation from the sea through Moss Landing Harbor, 
to docking at the MBARI Pier.  In addition, there are buildings 
near the berth, which must be examined with regard to the 
fire and safety codes NFPA 55 and NFPA 2.

Pier 54, Port of San Francisco, San Francisco, CA
The Zero-V project was briefed to Rich Berman of the Port of 
San Francisco on April 7, 2017 by Lennie Klebanoff.  The Port 
of San Francisco was very enthusiastic and supportive.  In 
addition to being a way of bringing zero-emission maritime 
technology to San Francisco Bay, they also were attracted by 
the educational component. Bay Area universities working 
with Scripps are: 

U.C. Berkeley, Stanford, San Francisco State, San Jose State 
and U.C. Santa Cruz. Scripps is the oceanographic lead for 
all the U.C. schools. There is a current initiative to increase 
collaboration between the U.C. and Cal State Universities in 

the area of ocean science and the Port of San Francisco was 
excited to be host to such a zero-emissions hydrogen vessel 
that can support this research. 

The Port of San Francisco recommended using Pier 54, as 
shown in Figure 4.  Figure 4 shows that there is sufficient 
space at Pier 54 to refuel the Zero-V.  Pier 54 is leased short-
term and does not have any existing development plans. Pier 
54 has direct vessel access from the San Francisco Bay.   It 
has significant amount of Port-owned land at its base, which 
is currently being used as a parking lot.  The area where it is 
located tends to be business/light and industrial dominant.  
The area is currently home to the UC San Francisco Medical 
Center.  Both the City of San Francisco and the Port of San 
Francisco expect significant development in the years ahead. 
For example, The Chase Center, a new arena that will become 
home to the NBA’s Golden State Warriors basketball team, is 

Figure 3:  Location of the Monterey Bay Aquarium Research Institute 
(MBARI), within Moss Landing, 15 miles north of Monterey CA.  (a) 
General MBARI location; (b) close-up view of the Zero-V docked at 
MBARI Pier along with two LH2 trailers and refueling stanchion show in 
red. The refueling stanchion is notional only. The relative sizes of the 
Zero-V, LH2 trailers and dock are properly rendered.  Satellite images 
are courtesy of Google Maps.
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in the process of being built near to Pier 54. With the exis-
tence of medical facilities, and numerous hotels and restau-
rants nearby, Pier 54 is an attractive option in support of the 
Zero-V crew and scientists.

There are three aspects of Pier 54 that need to be consid-
ered.  First, the south side is exposed to very rough swells 
during storms so the ideal location for the bunkering is on 
the north side, as indicated in Figures 4(b) and 4(c).  Second, a 
structural assessment performed by the Port of San Fran-
cisco in 2013 revealed deterioration of some piles and other 
concrete support members on Pier 54.  As a result, the pier 
was classified as Restricted Use and there is currently a 10-
ton (gross) limit on vehicle traffic.  This means that repairs are 
needed if the pier is to support the weight three LH2 refueling 
trailers. Nonetheless, such repairs would be straightforward. 
Third, the current depth of the water on the north side of Pier 
54 is estimated to be 10 - 12 feet, not enough for the Zero-V 
with a draught of 12 feet.  The Port said they would need to 
take soundings and develop the bathymetry on the north 
side of Pier 54 to be sure.  The Port of San Francisco’s permit 
to dredge the bottom to 35 feet was renewed in 2013, so the 
Port has the authority to dredge, but it will be costly. Despite 
these aspects that need resolution, the Port of San Francisco 
has determined that Pier 54 is a feasible and preferred loca-
tion for the Zero-V hydrogen bunkering operation provided 

the Pier’s structure is repaired so as to allow multiple LH2 
trailers on the dock.  

Wharf 5, Port of Redwood City, Redwood City, CA
The Port of Redwood City is in the South San Francisco Bay, 
and is another option for Zero-V refueling in the San Francis-
co Bay.  It is an attractive destination because of its proxim-
ity to universities in the area (Stanford, San Jose State, U.C. 
Berkeley and U.C. Santa Cruz) with oceanographic research 
interests.   In addition there are ample hotels and restau-
rants nearby to support Zero-V crew exchange.  The Zero-V 
project was briefed to Mike Giari (Port Director) and Giorgio 
Garilli (Assistant Manager of Operations) on May 9, 2017.  In 
attendance were also Joe Pratt (Sandia) and Joe Burgard (Red 
and White Fleet).

The Port of Redwood City is a deep-water port.  Mike Giari 
and  Giorgio Garilli agreed that amongst the Port’s Wharfs, 
that Wharf 5 would be the best location for Zero-V refueling. 
Wharf 5 is shown in Figure 5.  

Wharf 5 is a large open, structurally-sound pier.  It had an 
engineering assessment performed in 2016 and is certified 
to be structurally sound, although the fenders need to be 
replaced.  Wharf 5 is 60 feet wide, and access is excellent - an 
LH2 trailer could come in one side and drive out the other 

Figure 4:  Location of Pier 54, San 
Francisco CA. (a) General Pier 54 
location relative to the City of San 
Francisco;  (b) general view of Pier 
54 with the Zero-V docked and (c) 
close-up view of the Zero-V docked 
at Pier 54 along with two LH2 
trailers and refueling stanchion 
show in red. The refueling 
stanchion is notional only. The 
relative sizes of the Zero-V, LH2 
trailers and dock are properly 
rendered.  Satellite images are 
courtesy of Google Maps.
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(Figure 5(b)).  Wharf 5 has security already in place (fences), 
electricity, and has about 75 feet of space between the dock 
and the land which aids in meeting the setback distances 
required for LH2 refueling operations.   There is also the 
possibility of creating a parking lot near Wharf 5 as shown in 
Figure 5.  It is close to the major freeway, CA-101, allowing 
easy transport of LH2 via tanker trailer.

The depth of the water at Wharf 5 is adequate for the Zero-
V, with minimum depth of 18 – 20  feet at the  and 30 feet 
within the channel connecting the dock to the San Francisco 
Bay.  There has not been a water depth survey for a few 
years, so another survey would be needed to confirm.  Chan-
nel is regularly dredged for ships by Army Corps of Engineers 
every year or two.  Near the dock the dredging is performed 
by the Port. 

The Wharf 5 deck is 14’ above water at 0-tide.  The Zero-V 
has a  9-foot freeboard (21-feet  deck to keel, with 12-foot 
draught).  This would necessitate putting a floating dock in 

between, but a floating dock would be less stable.  There is 
nothing unusual about fueling a 170 foot vessel (such as the 
Zero-V) at Wharf 5.  There is ample room to locate a small 
truck crane on the Wharf, and the while it would not be 
permissible to permanently store science equipment on the 
dock, there is good storage space on the land side of Wharf 
5.  In fact, the space is already used by the U.S. Geological 
Survey (USGS) to store science equipment.  

Wharf 5 is currently set up for shore-power of 480V/60A 
as this is what prior vessels used.  Zoltan Kelety of Scripps 
stated that 480V/400A is more typical for research vessels 
like the Zero-V. Thus we anticipate an upgrade to the Wharf 
5 electrical facilities would be needed. Wharf 5 has city water 
supply.  There is no sewage connection on the dock but there 
is a sewer connection on shore.  For Zero-V refueling, Wharf 
5 could be set up with a line and pump to provide sewage 
offloading needs for the Zero-V.  The Port of Redwood City 
likes the idea of refueling via LH2 tanker with portable fueling 
stanchion, as this preserves on a day-to-day basis the Wharf 5 
area.  The weight limit for Wharf 5 is 500 lbs/ft2.  This is more 
than sufficient as the LH2 trailers have a weight footprint of ~ 
150 lbs/ft2.   

There is a history of smaller research vessels berthing at 
Wharf 5.  The USGS used to use Wharf 5 for their Polaris 
research vessel, which is a 90-foot vessel. The Polaris moved 
to another location because the Wharf 5 fenders need replac-
ing.  The USGS now has a 60-65’ research vessel for in-bay 
research, whose equipment is stored at the land side of 
Wharf 5.  

Overall, Wharf 5 is under-utilized, with about 20 calls per 
year.  Each call typically lasts one day, with a range of from 4 
hours to 1 week.   Barges that dock at Wharf 5 can be moved 
around to accommodate other vessels such as the Zero-V.

Figure 5:  Location of Wharf 5, Port of Redwood City, Redwood City 
CA. (a) General Wharf 5 location relative to the San Francisco Bay; 
(b) close-up view of the Zero-V docked at Wharf 5 along with two LH2 
trailers and refueling stanchion show in red. The refueling stanchion is 
notional only. The relative sizes of the Zero-V, LH2 trailers and dock are 
properly rendered.  Satellite images are courtesy of Google Maps.
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DNV GL Headquarters, Veritasveien 1, P.O.Box 300, 1322 Høvik, Norway. Tel: +47 67 57 99 00. www.dnvgl.com 

[Legal information] Statement of Approval In Principle 2017.11.01

 

 
STATEMENT OF CONDITIONAL APPROVAL IN PRINCIPLE 

 
Glosten/Sandia National Laboratories 

Zero-V Hydrogen Research Vessel 
 

This is to certify that Zero-V Hydrogen Research Vessel is granted Conditional Approval in 

Principle (CAIP). 

 
The approval is based on the prospective DNVGL Rules for Classification of Ships Pt. 6 Ch. 2 

Sec. 3 – Fuel Cell Ship Installations – FC (01-2018 edition), IGF Code – International code of 

safety for ships using gases or other low-flashpoint fuels, Part A. 

Acknowledging that the current regulatory status does not allow for a conventional approval 

of hydrogen as fuel and fuel cells on maritime applications, this CAIP is a precursor to the 

more extensive alternative design process as described by the applicable statutory 

instruments. 

No deviations have been identified that would be considered to be major show-stoppers from 

a regulatory point of view, given the available information in the design drawings in Appendix 

2. Compliance with/clarifications of comments in Appendix 1 is a condition for the Approval in 

Principle, but comments need not be clarified/solved at this stage of the project. 

 

Classification and Certification of specific installations may be granted subject to plan 

approval and survey as specified by the Rules, findings in future HAZIDS, risk assessments, 

explosion analysis etc. 

 

DNV GL 

Høvik, 2017-11-01 

 

 

_____________________________ 

Torill Grimstad Osberg 
Head of Section, MCANO385 LNG, Cargo Handling and Piping Systems 

 
 

Appendix 1: Drawing status and comments 
Appendix 2: Drawings included in the Approval in Principle 

 

 

Digitally Signed By: Torill Grimstad Osberg
DNV GL Høvik, Norway
2017-11-01
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DNV GL Headquarters, Veritasveien 1, P.O.Box 300, 1322 Høvik, Norway. Tel: +47 67 57 99 00. www.dnvgl.com 

  DM2f9c05 
 

  
Robin Madsen 
Att: rtmadsen@glosten.com 
 
 
 

DNV GL AS Approval 
LNG, Cargo Handling & Piping 
Systems 
P.O. Box 300 
1322 Høvik 
Norway 
Tel: +47 67 57 90 26 
 
Job ID: 
MCANO385-Zero/V-1 
 

Date: 
2017-11-01 

 Our reference: 
MCANO385/HCKW/ 
P26305-J-3 

 Your reference: 
  

 

HØVIK LNG, CARGO HANDLING & PIPING SYSTEMS, Id. No. P26305 
Zero-V conditional AIP review 

Reference is made to your letter dated 2017-10-21. The following documents are stamped 2017-11-01 
and given the status as shown below: 

Document No Rev DNV GL No Title Code Status 

  1 LH2 Tank Vent Diagram for 
Hans-Christian 

 For Inf. 

  2 Hydrogenics Power Rack 
Pictures and Diagrams 

 For Inf. 

  3 Documentation on PEM Fuel 
Cells and Hydrogenics Fuel Cell 
Racks 

 For Inf. 

  4 17003.01-540-01 Concept Gas 
System_Rev -_Signed 

 Examined 
w/comm 

  5 17003.01-300-01 Electrical 
Oneline Diagram_Rev-_Signed 

 Examined 

  6 17003.01-070-01_General 
Arrangement Rev -_Signed 

 Examined 
w/comm 

  7 17003.01-000-01_ Hazardous 
Zones Plan_Rev-_Signed 

 Examined 
w/comm 

  8 17003.01 Sandia Design Study 
Report Rev P2 

 For Inf. 

     
Document No. (empty), "LH2 Tank Vent Diagram for Hans-Christian" has the following comments: 

    
2 LH2 Tanks - Loss of vacuum insulation Important Note 
Reference is made to sheet 3. The rate of boil-off should be evaluated to document the statements 
regarding the capacities of the pressure relief valves, including the 3-way transfer valve. 

Loss of vacuum insulation will lead to a colder outer shell, the effect of cryogenic cooling of supports 
and deck structures should be evaluated and documented. 

    
7 3 way valve Important Note 
The 3 way valve will be subject to special consideration, with respect to reliability and potential for 
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Page 2 of 4 
 

  DM2f9c05 
 

erronous operation (human error). 

     
Document No. (empty), "Documentation on PEM Fuel Cells and Hydrogenics Fuel Cell Racks" has the 
following comment: 

    
9 Certification of fuel cells Important Note 
The fuel cells are subject to certification, and should be delivered with a product certificate. The test 
programme can be based on the IEC standard 62282-3-1 "Stationary fuel cell power systems - Safety". 
Environmental and operating conditions in a ship shall also be taken into account. Please also note that 
according to DNVGL Rules, use of flammable materials is only acceptable for electrical isolating 
purposes and shall be minimized as far as practicable. 

     
Document No. (empty), "17003.01-540-01 Concept Gas System_Rev -_Signed" has been reviewed in 
accordance with DNVGL Rules for Ships Pt. 6 Ch. 2, IGF Code Pt. A, with the following comments: 

    
3 Tank rooms/tank connection spaces Important Note 
The IGF Code requires that a tank connection space (TCS) shall be able to fully contain LNG leakages. 
Given the differences in environmental impact between natural gas and hydrogen, and the high 
evaporation rate of the latter, it should be evaluated whether the tank rooms/TCSs should be closed 
and able to contain LH2 leakages, or if it is more suitable to construct a semi open TCS, providing 
natural ventilation and mechanical and environmental protection. 

If fully closed tank room/TCS are selected, a pressure build-up analysis in case of major LH2 leakages 
should be provided. 

    
8 Isolated pipe segments Important Note 
Pipe segments and components that may be isolated in a liquid condition shall be provided with 
pressure relief valves. This applies for any part of piping from the tank isolation valve in the gas supply 
lines up to the first isolation valve after the liquid H2 is fully vaporized. If the vaporizers can be 
isolated, these should also be fitted with pressure relief valves. 

    
10 Materials Important Note 
On a general note, austenitic stainless steel should be used for materials in contact with hydrogen fuel. 
Use of other materials should be subject to special consideration. Materials and other piping 
specifications have not been reviewed at this stage, but will be subject to approval at the detailed 
design stage. 

    
13 Double-block-and-bleed arrangement Important Note 
The N2 supply should be installed to prevent the return of hydrogen to any non-hazardous spaces 

    
15 Pressure relief valve maintenance Important Note 
Stop valves shuold be fitted before and after the pressure relief valves at the tanks. These shall enable 
in-service maintenance without the risk of release of hydrogen gas through the (potentially) open pipe. 
Therefore, each group of relief valves/rupture disc should be possible to isolate from the vent mast. The 
stop valves shall be arranged to minimize the possibility that all pressure relief valves for one tank are 
isolated simultaneously. Physical interlocks shall be included to this effect. Reference is made to DNVGL 
Rules Pt. 6 Ch. 2 Sec. 5 (Gas fuelled ship installations). Although these rules are, as the IGF Code, 
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written for use with natural gas, it is considered that the safety philosophy in this specific issue should 
be the same. 

     
Document No. (empty), "17003.01-300-01 Electrical Oneline Diagram_Rev-_Signed" has been 
reviewed in accordance with DNVGL Rules for Ships Pt. 6 Ch. 2, IGF Code Pt. A 

     
Document No. (empty), "17003.01-070-01_General Arrangement Rev -_Signed" has been reviewed in 
accordance with DNVGL Rules for Ships Pt. 6 Ch. 2, IGF Code Pt. A, with the following comments: 

    
1 LH2 Tanks - Mechanical damage Important Note 
It is assumed that the tank location fulfills the probabilistic and deterministic criteria as described in the 
IGF Code [5.3] for collision protection. It is also assumed that the applicability of the requirements, as 
they are developed for natural gas, will be considered at the detailed design stage. 

The need for mechanical protection of the tanks should be assessed, with respect to cargo operations, 
ship operations, green sea etc. 

    
4 Cryogenic cooling Important Note 
The effects of cryogenic cooling of decks and structures below any LH2 leakage points should be 
evaluated in the detailed design stage. 

    
14 Bunkering lines Action Required 
In general, bunkering lines should be arranged as self-draining towards the tank. If this is impractical 
due to the location of the tanks on the 01 Deck, other suitable means should be provided to relieve the 
pressure and remove liquid contents from the bunker lines. 

It must be ensured in the detailed design stage that the bunkering manifold is designed to withstand 
the external loads it is subjected to during bunkering. This shall include the forces on the manifold in a 
scenario where the bunkering line is released by a breakaway coupling. 

Please address follow-up to the approval expert 

     
Document No. (empty), "17003.01-000-01_ Hazardous Zones Plan_Rev-_Signed" has been reviewed 
in accordance with DNVGL Rules for Ships Pt. 6 Ch. 2, IGF Code Pt. A, with the following comments: 

    
5 Extent of hazardous zones Important Note 
It is noted that the hazardous zone classification described for natural gas is used. As the properties of 
hydrogen differs from those of natural gas, the extent of the zones should be evaluated. 

Around the vent mast, the Code specifies a hazardous zone of 4.5 meters. This is justified by the 
requirements for tank holding times and boil-off gas management systems. As the application of 
hydrogen may introduce a different approach to these safety measures, the zone around the vent mast 
should be given special consideration. 

    
6 Flanges and valves Important Note 
During the detailed design of the vessel, it must be taken into account that all flanges, valves and other 
leakage points in the hydrogen system generates hazardous spaces. The hazardous zones will affect 
locations of other ship systems and accommodation, service stations etc. This has not been evaluated 
at this stage. 
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12 ESD Concept Action Required 
It is noted the ESD Concept will be applied to the fuel cell spaces. It should be noted that the ESD 
philosophy is developed for use in connection with natural gas systems, and will not necessarily fulfill 
the safety requirements for hydrogen systems. Applying the ESD concept will be subject to special 
consideration in the next stage of the project. 

Please address follow-up to the approval expert 

     
Document No. (empty), "17003.01 Sandia Design Study Report Rev P2" has the following comment: 

    
11 Safety/reliability philosophy Important Note 
Before the detailed design stage of the project, a safety/reliability philosophy document should be 
developed. The overall design should ensure that any single failure in the fuel cell power installation will 
not lead to an unacceptable loss of power (for definition, please see: DNVGL Rules Pt. 6 Ch. 2 Sec. 5 
Table 1). Further, any safety actions required by rules, regulations or findings in a HAZID/Risk 
assessment shall not lead to an unacceptable loss of power. 

    
Approval Expert for this approval is Hans-Christian Koch-Wintervoll. 

Sincerely 
for DNV GL AS 

Torill Grimstad Osberg 
Head of Section 

 Hans-Christian Koch-Wintervoll 
Contact Person 
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Zero-V Hydrogen Research Vessel Design Review
 

Zero/V Regulatory Review

General Arrangement
Preliminary Hazardous Zone Plan

Concept Gas System Architecture

Electrical One-line Diagram: System Architecture

Hazardous Zone 3d View

Rules for Classification: Ships
International Code of Safety for Ships Using Gases or Other Low-Flashpoint Fuels 
(IGF Code) 

Equivalency Determination –
Design Criteria for Natural Gas Fuel Systems (Change-1)
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Equivalents

Guidelines on Alternative Design and Arrangements for 
SOLAS II-1 and III (MSC.1/Circ.1212)
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Appendix: H
Zero-V Project Report-Out 
Meetings at the Scripps 
Institution of Oceanography,  
San Diego, CA

On September 28, 2017 two meetings were held at 
the Scripps Institution of Oceanography to present 
the Zero-V project results to the Scripps science 
community (in the morning) and to the Scripps 

research vessel operations staff  (in the afternoon).  Each 
meeting began with a summary presentation of the feasibil-
ity results, followed by a question and answer session, and 
lasted approximately 2 hours each. This summary captures 
the questions raised and the answers given.   

Morning Meeting Summary 
(Scripps science community) 
For the morning meeting, beginning at 9:00 am, there were 
18 in attendance, including representatives of the Scripps sci-
ence staff, Lt. William Hawn from the U.S. Coast Guard as well 
as a representative from Clean Cities organization of San Di-
ego.  Sujit Ghosh from MARAD attended by telephone.  These 
questions followed a Zero-V summary presentation given by 

Bruce Appelgate, Lennie Klebanoff, Robin Madsen and Sean 
Caughlan, as shown in Figure 1. 

Is there a stability issue for the Zero-V with having 
the LH2 tanks up high?
Answer:  No, there is no stability issue. Also, it was com-
mented from Glosten that the Zero-V would not need ballast 
water because the fully fueled and fuel-empty weights of the 
vessel are similar.

Could we introduce a small flight deck on the 
Zero-V to allow for UAV flight applications? This 
would be very useful. Could it be placed above the 
LH2 tanks (to make use of unused space)?
Answer:  This is something we could think about, however, a 
flight deck above the LH2 tanks presents some concerns with 
visibility to the aft deck and with locating such equipment in a 
hazardous area above the tanks.  However, a small flight deck 
could in principle be introduced near the front of the vessel. 
This approach has been taken with other research vessels.   

Are there limitations associated with the 
hazardous area surrounding the LH2 tanks?  
Answer:  It was discussed that much of the area surrounding 
the LH2 tanks is classified as a hazardous area.  This means 
that there are restrictions on electrical equipment in that 
area.  It was discussed that this might have some impacts on 
the van location adjacent to the tanks.  However, following 
additional review after the meeting, it is noted that the van 
site is in fact entirely outside of the hazardous areas as cur-
rently defined.

Where is the acoustic equipment located on the 
Zero-V?.  
Answer:  The multibeam sonar transducers are in the bottom 
center hull towards the bow of the vessel.  The transceivers 
are in a space immediately above the transducers.  It was 
discussed that based on model testing of the RCRV hull form 
with the same draft and a similar bow shape, that bubble 
sweepdown would not be a problem at the transducer loca-
tion.  It was noted that bubble sweepdown model testing can 
certainly be performed at a later stage of development as the 
project progresses. 

Dr. Gabi Laske (UCSD) questioned the relative 
position of the winch and the LH2 tank, specifically 
that a snapped winch cables could hit the LH2 tank.
Answer:  There would likely be some sort of robust fencing 

Figure 1:  Robin Madsen (Glosten) presents results from the Zero-V 
study.
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around the LH2 tanks that allows ventilation, but protects the 
tanks from being struck by objects. 

Is there room for additional sonars up front?
Answer:  Yes

Dr. Mark Ohman (UCSD) commented that the 
Zero-V was an interesting an innovative design, 
had ample laboratory space and the Zero-V 
would be a versatile research vessel.  It should be 
seriously considered.
Answer:  We appreciate this supportive comment.

Is the Scripps Administration on-board with the 
Zero-V?
Answer (from Bruce Appelgate):  If there was sufficient 
funding for it, then yes, there is institutional support.

What kind of specialized training would be 
required for the crew of the Zero-V?
Answer:  There would have to be training in monitoring the 
fuel-cell control system and the H2 safety related sensors.  
With such training, the engineers who operate a modern die-
sel electric plant would be able to operate this vessel.  

What is the expected crew size for the Zero-V, 
noting in comparison that both the New Horizon 
and the Gordon Sproul vessels are uninspected, 
and the Zero-V would most likely be an inspected 
vessel?
Answer:  The vessel would almost certainly be USCG in-
spected regardless of tonnage because of the use of liquid 
hydrogen as a fuel.  The anticipated crew for Zero-V is 12. The 
crewing impacts of this were not considered because it was 
our understanding that typically research vessels sail with 
a full crew even when not necessarily required by the Cer-
tificate of Inspection (COI). The USCG officer at the meeting 
noted that the crewing required by USCG is a function of the 
vessel tonnage.  Having a periodically unattended machinery 
space does not reduce the minimum crew required.  The 
USCG also noted in response to discussion about bunkering 
that it would not be hard to fuel both tanks simultaneously.

Mike Prince (Moss Landing Marine Laboratory) 
asked how much the Moss Landing facility 
requirements drove the design and cost?
Answer:  It had a definite influence on the design, but Robin 
felt that that while the vessel solution might look different 
(i.e. a longer or deeper monohull), the capital expenditure 
(CapEx) and operational expenses (OpEx) for a vessel that 
did not have the Moss Landing design constraints may not 
be all that different from the Zero-V.  Bruce noted that we’ve 
demonstrated that, in order to have 2,400 nm range, we can-
not make a smaller vessel.  In that respect, the Moss Landing 

harbor constraints don’t matter at all.

Dr. Mark Ohman (UCSD) commented that the 2400 
nm range was the absolute minimum that would 
be acceptable for the Scripps community.
Answer: We agreed.

Can the Zero-V be refueled from a water-borne 
vessel? 
Answer:  The answer is yes.  LH2 is currently transported by 
NASA by barge, and that the Viking Grace cruise ship in Fin-
land is refueled with LNG via a floating LNG refueler.  While 
there are no water-borne LH2 refuelers currently in existence, 
it should be possible. Bruce noted that diesel refueling is 
possible over water too, but for all sorts of other operational 
reasons it is almost never done. 

Lennie then asked the audience, about what new 
science would be enabled if a vessel like the Zero-V 
were used that had zero emissions, zero chance of 
polluting fuel spills and low noise?
Answer (from Dr. Ken Melville (UCSD)): The collection of 
aerosol samples would be greatly improved, because they 
worry a lot about contamination of samples.  Bruce com-
mented that the zero-emissions is a really good advantage 
because air sampling is a big deal on RVs, and this would be a 
great capability.   Other benefits for the Zero-V are quiet op-
erations and making plenty of deionized water on the vessel 
(from the fuel cell exhaust).  

The feedback on noise was that the lower the noise, the bet-
ter. Lower noise always helps, but the audience questioned 
if anyone would pay for it. The overall sense was that the 
low noise would not enable a qualitatively different kind of 
science mission than is performed today with diesel vessels.  
In response to the lack of fuel spills, someone said that the 
prospects for diesel spills does not deter research vessels 
from going anywhere, they simply impose costs on these 
vessels for spill response. Bruce commented that if diesel fuel 
is spilled, Scripps or the contractor has to clean it up, which 
is expensive.  In addition, fines are incurred with diesel spills, 
which can get expensive.  From that standpoint, a fuel like LH2 
that cleans itself up in a matter of seconds, and is not a GHG, 
is very attractive.

Would the Zero-V have a diesel-fueled limp-home 
mode of operation? 
Answer:  While a limp-home mode would be possible to 
establish on the Zero-V with the installation of an emergency 
diesel generator, it is not necessary. There is redundancy in 
the Zero-V hydrogen fuel cell propulsion systems.
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How does the freeboard of the Zero-V impact 
recovery of overboard packages?  Specifically the 
difficulty of recovery on the Kilo Moana was noted.
Answer:  A lot of the challenge with the Kilo Moana is due to 
the shape of the hull at the side rather than the freeboard.  
Because it is a SWATH, the Kilo Moana has a very slender 
hull at the water plan and wide overhanging haunches.   The 
Zero-V by contrast is wall sided in the area of the side deck.  
This will make launch and recover similar to a monohull.  
Bruce noted that launch and recovery is fine on the Roger 
Revelle research vessel that has the same freeboard as the 
Zero-V.

Dr. Rob Pinkel (UCSD) asked if the FLIP vessel  is an 
opportunity for introduction of hydrogen fuel cell 
power?  
Answer (from Bruce Appelgate):  It’s a great idea.  One 
could remove all the diesel generators from FLIP and re-
place with hydrogen fuel cell systems.  FLIP does not have 
propulsion, and uses generators to make electricity. The 
point of FLIP is to be as quiet and benign as possible – and 
the generators are noisy and smell bad.  If FLIP continues 
to be supported for use (questionable because it’s 53 years 
old), introducing hydrogen fuel cell power would be a great 
upgrade.

After the morning meeting, the following Zero-V group photo 
was taken, shown in Figure 2: 

Summary of Q&A Sessions for 
the Zero-V Afternoon Meeting at 
Scripps 
At 3:00 pm in the afternoon of September 28, 2017, a presen-
tation was given to the Scripps operations staff.  There were 
16 in attendance, including Scripps operations staff, Mike 
Prince from Moss Landing Marine Laboratories, Ryan Sook-
hoo from Hydrogenics, Joe Pratt from Sandia and a represen-
tative from Clean Cities San Diego. This summary captures 
the questions raised and the answers given.    Photos from 
the presentation are given as Figures 3 and 4. 

Figure 2:  (L-R):  Bruce Appelgate (Scripps), Ryan Sookhoo 
(Hydrogenics), Tim Leach (Glosten), Sean Caughlan (Glosten), Lennie 
Klebanoff (Sandia) and Robin Madsen (Glosten).

Figure 3: Sean Caughlan (Glosten) presents Zero-V research results to 
the Scripps operations staff.  
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What can you use the fuel cell waste water for?
Answer from Ryan Sookhoo (Hydrogenics):  With a little 
treatment, the water from the fuel-cell reaction is drinkable.  
It is considered deionized water upon exit from the fuel-cell 
stack. Lennie noted that the shuttle astronauts drank treated 
water from PEM fuel cells.  Bruce added that many scientific 
applications require ultrapure water.  Scripps has ultrapure 
water generators on all of their ships to produce this.  Having 
ultrapure (or nearly so) water to start with is an advantage.

Can the fuel cells be upgraded and keep the same 
form factor? In other words, if the Zero-V were 
built today, but in 5 years the fuel cells are better, 
will it be easy to replace the old fuel cells?
Answer from Ryan Sookhoo:  Yes, the balance-of-plant 
(water cooling, waste water handling, hydrogen input require-
ments) will all be the same.  As for the fuel cells themselves, 
it should be possible to just remove old units and insert new 
and improved ones. Hydrogenics is working in that direction 
currently.   

Are there any exotic and therefore expensive 
materials in a fuel cell that would make them a 
target of crime?
Answer from Ryan Sookhoo:  There are small amounts 
of platinum in the fuel cells, but they will be in the fuel cell 
cars too (which have larger exposure to theft).  Lennie noted 
that he had never heard of fuel cells being targeted for their 
platinum, and he didn’t  think the amounts in the fuel cell are 
significant.  Also, it is highly dispersed, difficult to recover. 

Will there be special training for the crews of fuel-
cell vessels?
Answer: Yes, there will be training in understanding the 
fuel-cell monitoring systems, and also training in hydrogen 
technology.  The Gas Suppliers will do the bunkering, but 
the vessel crew needs to be trained in bunkering issues too, 
and monitoring the fuel transfer.  Robin Madsen added with 
regard to LH2 refueling that marine bunkering is probably a 
little different than industrial facility filling.  The chief engi-
neer is overall responsible for the bunkering operation and 
safety of the vessel.  It will be very much a coordinated effort 
between the gas supplier and the ship’s crew.  Likely during 
bunkering, the gas supplier would be operating the truck and 
ship’s personnel will be at the bunker manifold and monitor-
ing the vessel tanks.

Why doesn’t the nitrogen in the air react within the 
fuel cell?
Answer:  Nitrogen is too stable (because of its N-N triple 
bond) to react with hydrogen under the conditions of tem-
perature and pressure of fuel cell operations.

Question from Lennie to the group, does anyone 
see a worrisome problem arising from hydrogen 
fuel cell use on the Zero-V as described?
Answer: No, nobody identified a worrisome problem, it all 
looks manageable.

What are the hydrogen pressures on the Zero-V?
Answer:  The Zero-V pressures are less than or equal to  ~ 
150 psig.  Zoltan Kelety commented this was a relatively low 
pressure.

Are the ventilation systems and fuel cell racks 
designed for proper operation in rough seas?
Answer:  Robin Madsen answered that the classification 
societies (ABS, DNVGL) would require the fuel cells to go 
through “shake and bake” tests.  Ryan Sookhoo added that 
Hydrogenics PEM fuel cell systems have already been tested 
for stability (shake and bake) for aircraft applications, and 
that they have been tested under launch stress conditions for 
the Canadian Space Agency.

Can Hydrogen Explode?
Answer:  Lennie Klebanoff described the physical and 
combustion properties of hydrogen that relate to explosion, 
indicating that you need confinement, an explosive H2/air mix 
and a blasting cap (high energy ignition source) to get hydro-
gen to directly explode.  It is possible to get a deflagration to 
detonation transition (DDT) in hydrogen given sufficient run-
up distance (> 10 meters) and turbulence-inducing structure.  
The fuel-cell rooms in the Zero-V have physical dimensions 
less than 10 meters.  Zoltan Kelety commented that with lead 
acid battery use on a submarine, that the hydrogen release 
(from batteries) is being handled routinely.  The strategy is to 
keep the H2/air mix below the lower flammability limit (LFL) of 
4%, ventilate, and you have no problems.

Question from Lennie Klebanoff to Paul Mauricio 
during the Gordon Sproul Tour:  Given the 
refueling described for the Zero-V (3 LH2 trailers, 
etc.), and  moving the trailer off the pier for 
trailer depressurization, do you see any issues 
performing these refueling activities at MARFAC?.
Answer:  No, sounds easily accommodated. They have a lot 
of 18 wheelers coming onto the staging area/pier now.  

Question from Lennie Klebanoff to Paul Mauricio 
during the Gordon Sproul Tour:  Do you worry about 
diesel fuel spills?
Answer:  Yes.  Although it does not happen often (a cup full 
of diesel has spilled in the water in the last 16 years), it is a 
big deal when diesel fuel does spill, either on the water or on 
the deck. It is expensive, and people can lose their jobs over 
it.  Scripps operations staff worries a lot about it.  Bruce Ap-
pelgate confirmed that Scripps worries a lot about oil spills.  
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If fuel or oil is spilled, Scripps or the contractor has to clean 
it up, which is expensive.  In addition, fines need to be paid, 
which is expensive.  From that standpoint, a fuel such as LH2 
that can evaporate in ~ 10 – 15 seconds and is not a GHG is 
very attractive. 

After the afternoon meeting, a Zero-V group photo was 
taken, shown in Figure 4.

Figure 4:  (L-R) Tim Leach, Robin Madsen, Lennie Klebanoff, Sean 
Caughlan, Bruce Appelgate, Joe Pratt, Ryan Sookhoo.   
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Sandia National Laboratories

Leonard E. Klebanoff
E-mail: lekleba@sandia.gov
Phone: (925) 294-3471
Website: http://energy.sandia.gov/
transportation-energy/hydrogen/market-
transformation/maritime-fuel-cells/

For more information, 
please contact:

http://energy.sandia.gov/transportation-energy/hydrogen/market-transformation/maritime-fuel-cells/
http://energy.sandia.gov/transportation-energy/hydrogen/market-transformation/maritime-fuel-cells/
http://energy.sandia.gov/transportation-energy/hydrogen/market-transformation/maritime-fuel-cells/

