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Overview
Goal: Develop a Roadmap for Adoption of Renewable Hydrogen Solutions as Part of a Least-cost 
Decarbonization Approach for Ports and Connected Freight.

Time Frame: 2022 through 2050

Approach: Compare full cost of fuel cell versus battery solutions and assess the timing of reaching cost 
parity with incumbent technology (predominantly diesel ICE) ς9-month 20,000 footeffort
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Å We will need fuel with diesel-like functionality in the future

Å Renewable hydrogen costs are declining rapidly 

Å Hydrogen fuel cells produce zero emission

Å /ŀƭƛŦƻǊƴƛŀ Ŏŀƴ ǘŀƪŜ ŀŘǾŀƴǘŀƎŜ ƻŦ ǘƘŜ Ǝƭƻōŀƭ ǎŎŀƭƛƴƎ ƻŦ άƘȅŘǊƻƎŜƴ ŜŎƻƴƻƳƛŜǎέ

Å California renewable resource potential is unrivaled 

Å A new renewable hydrogen sector will create green jobs in vocations otherwise 
bypassed by electrification (e.g., pipe fitters)

Å Huge opportunity to create an export hub for RH2-derived renewable fuels, fertilizers, 
and chemicals

Å The Infrastructure Bill includes $8 billion for hydrogen hubs and ports are viewed as 
anchor users 

Å LA and Long Beach City Council Resolutions to pursue hydrogen hub funding to 
support port decarbonization

Why Hydrogen as a Decarbonization Vector at Ports?
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There is growing international interest in hydrogen for port applications

Port of Singapore
ÅUse Liquid Organic 

Hydrogen Carrier ςMCH.
ÅRenewable energy and 

smart grid adoption

Port of Rotterdam, Netherlands
ÅH2 infrastructure including 

wind-powered electrolysers.
ÅUse of biofuel and ammonia.

Map Source:  https://www.vox.com/2014/8/26/6063749/38-maps-that-
explain-the-global-economy

Port of Antwerp, Belgium
Å Import solar energy from Middle East and Africa to 

convert to H2 and send back to the port.
ÅPower-to-Methanol Project.
ÅFirst hydrogen fueled tugboat.

Port of Los Angeles/Long Beach, USA
Å Hydrogen fuel cell electric freight 
ŘŜƳƻƴǎǘǊŀǘƛƻƴ ŦƻǊ άǎƘƻǊŜ-to-ǎǘƻǊŜέ 
advances zero-emissions transit across 
supply chain.

Å Development of new hydrogen refueling 
infrastructure.

Port of Valencia, Spain
ÅFirst experience for fuel Cell 

technologies in port handling 
equipment in Europe.

ÅHydrogen mobile supply station.

Port of Brisbane, Australia
Å Investigate opportunities in 

renewable energy, 
hydrogen, biofuels and 
batteries.  

ÅReplace with new 
technology including 
renewables, energy storage 
and zero emission fuels.

Port of Houston, USA
Å Extensive hydrogen network 

along the Gulf Coast.
Å Comprehensive Hydrogen Hub 

Plan published.

Major logistics companies (e.g., Maersk, NYK, 
Hyundai Glovis pursuing hydrogen and 
hydrogen carrier strategies

https://www.vox.com/2014/8/26/6063749/38-maps-that-explain-the-global-economy


Slide 6 of 52 
© Advanced Power and Energy Program 2022

DOE Hydrogen Hub program offers a unique opportunity to jump start hydrogen at the Ports

Mid/Late 2024
Full Hub Application

Early 2023
Planning Award

Mid/Late 2025
Initial Hub Project Awards



Slide 7 of 52 
© Advanced Power and Energy Program 2022

Others are moving rapidly to seize the opportunity

ÅHouston hub strategy features the port as a 
major anchor cluster and targets 10 billion kg per 
year export operation

Source: C-Job
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Principal Conclusions

ÅHydrogen fuel cell drive trains project to be the least-cost, zero-emissions solution for most  applications for 
port operations and connected freight (50% to 60% of current fuel use)

ÅElectrification is also viable for many applications and may be least-cost solution for applications with lower 
power and on-board storage requirements

ÅFor applications with high horsepower and on-board fuel requirements, all-electric solutions pose packaging 
and logistic challenges making hydrogen an attractive alternative

ÅElectric-drive solutions are 2 ï5 years ahead of hydrogen-fueled drivetrains, but, with user demand, the gap 
can be closed quickly (gap is system engineering and in-use validation not basic science)

ÅFor large vessels, hydrogen-derived liquid fuels (ammonia or methanol) likely the preferred solution and the 
San Pedro Bay ports have the opportunity to become a fueling hub (although others, such as the Port of 
Stockton, may have similar ambitions)

ÅA hydrogen-fueled microgrid can improve reliability and resilience while reducing the amount of upgrading 
otherwise needed to support electrification at the ports

ÅThe DOE hydrogen hubs program provides the opportunity to jump start the adoption of hydrogen at the 
ports beginning in around 2026 ïcommercial demonstrations should be pursued aggressively in advance

Note: The economic comparisons in this report do not include recently enacted hydrogen subsidies  
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California Emissions Reduction Drivers and Targets

ÅState, national and international regulations and policies target evolution to zero or 
near-zero emissions (GHG and criteria) ports by 2050 

o California ARB and SCAQMD

o U.S. EPA

o International Maritime Organization

o Clean Air Action Plans of the ports

ÅEmissions reduction assumptions

o GHG 40% below 1990 levels by 2030 and 80% below by 2050 and evaluate 

GHG 50% below 1990 levels by 2030 and net zero by 2050

o NOx , PM and SOx are eliminated for systems converting to fuel cell drive while systems 
employing combustion of hydrogen or hydrogen-derived fuels (locomotive and vessels) 
meet emissions standards
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Port Emissions Breakdown by Pollutant and Source in 2020
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Applications Overview

Application CO2 (tonnes) NOx (tons) SOx (tons) PM (tons) H2 vs. e- Reason
Cargo Handling

Forklift 5,491 22 0 1 Hydrogen Cost + Packaging

Top handler 94,271 210 1 7 Hydrogen Cost + Packaging

Yard Tractor 142,937 175 2 11 Hydrogen Cost + Packaging

Gantry Crane 26,256 149 0 4 Hydrogen Cost + Packaging

Harbor Craft

Assist Tug 26,285 290 0 28 Hydrogen Packaging

Ocean Tug 25,828 341 0 33 Hydrogen Packaging

Commercial Fishing 10,039 123 0 12 Hydrogen Cost + Packaging

Ferry 14,643 176 0 18 Hydrogen Cost + Packaging

Locomotives

Switching 9,454 68 0 2 Hydrogen Cost + Packaging

Line Haul 100,986 1,253 1 143 Hydrogen Cost + Packaging

HDV

<250 Mile Range 79,761 315 1 1 Battery (mixed) Very Similar

>250 Mile Range 705,909 1,811 7 33 Hydrogen Packaging

OGV

Containership 265,587 3,843 137 164 Hydrogen Cost + Packaging

Cruise 34,880 571 22 28 Hydrogen Cost + Packaging

Tanker 151,945 1,326 98 89 Hydrogen Cost + Packaging

Microgrid Hydrogen microgrid to support electrified applications Hydrogen to e- N/A
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Cost Analysis Approach

ÅPeak power and daily fuel requirement was established for each application

ÅDrivetrain was sized to meet requirements 

ÅStandard cost curves were used to develop a unit cost for each drivetrain projected 
over time

ÅUnit cost metric depends on applications (e.g., cost per hour or cost per mile)

ÅNon-drivetrain platform costs (e.g., ñglidersò and retrofit ñhostsò) were assumed to 
be the same for all drivetrains but integration costs considered

ÅDispensed cost of hydrogen and electricity drawn for detailed analysis conducted 
in a parallel project

ÅZEV drive train weight and volume feasibility based on comparison to current 
platforms

ÅCommercial maturity assessment is qualitative based on secondary research 
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Zero Emission Powertrain Attributes

ÅBattery electric:
o Highest efficiency, simple and robust design, commercially available today

o Lowest energy to mass and volume density, slowest recharging/refueling times

ÅFuel cell (FC-Battery Hybrid)
o Higher efficiency that CHE, HDV, and harbor craft diesel powertrains, higher energy density 

than battery electric, components are commercially available today

o Comparable efficiency to diesel for train and OGV applications

o Lower energy density than diesel

ÅFuel Cell/Gas Turbine Hybrid (FC/GT-Battery Hybrid)
o Higher efficiency than diesel and fuel cell basedpowertrains considered in this work, fuel 

flexible (not considered in the current work)

o Low technology readiness level ςonly stationary demonstration systems to date

o Potential challenges with system durability in heavy duty applications

Rotating Shaft Electrical Connection Gas Ducting

Battery Electric

Fuel Cell

Battery

Motor
Gen

H2O

FC-Battery Hybrid

FC/ GT-Battery Hybrid

TurbineCompressor

Fuel Cell

Battery

Motor
Gen

H2O

Gen

Motor
Gen

Battery
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Technology Cost Progressions Used for Cost Comparisons
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Fuel Cost Progressions Used for Cost Comparisons
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ÅGlider & other truck components: $150k

ÅFuel cell & battery electric adoption premiums that disappear within 10 years

Å$200 LCFS

Long Haul HDV Comparative Economics with Complete MSRP
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Levelized Cost of Operation - 2025
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Levelized Cost of Operation ï2035
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Analysis Example: Diesel Forklifts ïZEV Economics, Feasibility and Fit

With LCFS Without LCFS

ÅFuel cell drive economics project to be superior to battery drive and cost parity with diesel is projected by 
2025 

ÅOn-board storage and packaging support hydrogen. Current battery electric  require 3x larger mass and 2x 
volume to meet standard 2-shift.

ÅBattery electric charger requirements: 1-shift: 20 kW, 2-shift: 100 kW

Å80% ultimate adoption of hydrogen expected with initial commercial deployment within 3 ς5 years

See Appendix for 
complete set of 
results
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Analysis Example: Diesel Forklifts ïCost Components

Note: Red lines represent cost not of credits

See Appendix for 
complete set of 
results
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Overview of Cost and Commercial Maturity Assessment

Application Fuel Use
DGE

Deployment 
Readiness

Feasibility Economics 2035+

Forklifts
0.4 MM

ÅHydrogen at the 
demonstration phase
ÅElectric drive 

demonstrated and 
commercial units 
available

ÅBattery weight and 
volume a significant 
constraint
ÅChanges in operating 

profile or duplicate 
equipment required

Hydrogen least cost by ~20%

Top Handler
6.9 MM Precommercial pilot at 

POLA
Commercial product 
~2025

Similar to forklifts

Yard Tractor
10.4 MM Full commercial pilots 

in late 2010s (POLB, 
PONY).
Commercial product 
~2025

Similar to forklifts

https://www.toyotaforklift.com/lifts/internal-combustion-forklifts-pneumatic-tire/mid-ic-pneumatic-forklift
https://www.toyotaforklift.com/resource-library/material-handling-solutions/products/toyota-heavy-duty-container-handler-solutions
https://pressroom.toyota.com/toyota-and-fenix-demonstrate-first-hydrogen-fuel-cell-electric-utr/

https://www.toyotaforklift.com/lifts/internal-combustion-forklifts-pneumatic-tire/mid-ic-pneumatic-forklift
https://www.toyotaforklift.com/resource-library/material-handling-solutions/products/toyota-heavy-duty-container-handler-solutions
https://pressroom.toyota.com/toyota-and-fenix-demonstrate-first-hydrogen-fuel-cell-electric-utr/
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Application Fuel Use
DGE

Deployment Readiness Feasibility Economics 2035+

RTG Crane
1.9 MM

Electric solution 
available
Hydrogen FC at demo 
stage
Commercial ~2026/27

Both platforms feasible
Hydrogen has 
packaging and logistics 
advantage

Hydrogen least cost by 
~20%

Drayage Truck
5.9 MM See line haul. Both platforms feasible

Hydrogen has superior 
fueling logistics

Electric least cost by 
~10%

Line Haul Truck
51.8 MM

Commercial products 
at the introduction 
stage and multiple 
manufacturers have 
announced product 
launches over the next 
few years.

Both platforms feasible

Hydrogen has superior 
fueling logistics

Hydrogen and electric 
project equal cost

Applications Overview (2/5)

https://www.konecranes.com/en-us/equipment/container-handling-equipment/rubber-tired-gantry-cranes
https://www.caclimateinvestments.ca.gov/2018-profiles/2018/3/15/california-collaborative-advanced-technology-drayage-truck-demonstration-project
https://ocean-logistic.com/services/

https://www.konecranes.com/en-us/equipment/container-handling-equipment/rubber-tired-gantry-cranes
https://www.caclimateinvestments.ca.gov/2018-profiles/2018/3/15/california-collaborative-advanced-technology-drayage-truck-demonstration-project
https://ocean-logistic.com/services/
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Application Fuel Use
DGE

Deployment 
Readiness

Feasibility Economics 2035+

Switcher Locomotive
Commercial product 
available in the next 
five years.

Both drives feasible Hydrogen least-cost by 
~20%

Line Haul Locomotive
Design phase ςfirst 
deployment ~2030

Both drives feasible 
with tender but electric 
would require catenary 
or tender swapping

Hydrogen least-cost by 
~20%

Ferry
All-electric ferries 
available today, 
applications depend 
on speed.

Next page Next page

Applications Overview (3/5)

https://en.wikipedia.org/wiki/Tanker_%28ship%29#/media/File:Supertanker_AbQaiq.jpg
https://www.american-rails.com/switchers.html
https://www.ttnews.com/articles/union-pacific-posts-lower-net-income-revenue-q3

https://en.wikipedia.org/wiki/Tanker_%28ship%29#/media/File:Supertanker_AbQaiq.jpg
https://www.american-rails.com/switchers.html
https://www.ttnews.com/articles/union-pacific-posts-lower-net-income-revenue-q3
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Application Fuel Use
DGE

Deployment 
Readiness

Feasibility Economics 2035+

Assist Tugboat
2 MM

Early demonstration 
phase for some harbor 
craft for both battery 
and diesel

Both drivetrains 
potentially feasible but 
hydrogen and derivates 
with fuel cell or 
combustion drive 
appear to the 
advantage

Hydrogen and derivatives 
Lower cost than fossil

Ocean Tugboat
1.9 MM

Commercial Fishing Boat
0.8 MM

Applications Overview (4/5)

https://www.bairdmaritime.com/work-boat-world/tug-and-salvage-world/harbour-tugs-and-operation/vessel-review-jamie-ann-tanker-escort-and-ship-assist-tug-for-los-angeles-long-beach-ports/
https://www.seafarers.org/crowley-to-deploy-veteran-in-port-of-long-beach-4/
https://www.mywestshore.com/wp-content/uploads/2018/03/Commercial-Fishing-Boat.jpeg

https://www.bairdmaritime.com/work-boat-world/tug-and-salvage-world/harbour-tugs-and-operation/vessel-review-jamie-ann-tanker-escort-and-ship-assist-tug-for-los-angeles-long-beach-ports/
https://www.seafarers.org/crowley-to-deploy-veteran-in-port-of-long-beach-4/
https://www.mywestshore.com/wp-content/uploads/2018/03/Commercial-Fishing-Boat.jpeg
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Application Fuel Use
DGE

Deployment 
Readiness

Feasibility Economics 2035+

Tanker Ship
11.2 MM

ÅPaper design phase 
ÅFirst in-service ships 

~2030

Hydrogen and hydrogen 
derivative designs 
found to be feasible in 
principle

Electric drive typically  
found to be infeasible 
during paper study 
phase.

Hydrogen and derivatives 
Lower cost than fossil

Container Ship
19.5 MM

Cruise Ship
2.6 MM

Applications Overview (5/5)

https://www.catalinaexpress.com/catalina-island.html
https://www.cbsnews.com/losangeles/news/record-backlog-at-ports-of-la-long-beach-hurting-small-businesses/
https://www.longbeachlocalnews.com/2017/04/17/carnival-cruise-line-city-long-beach-start-renovations-long-beach-cruise-terminal/

https://www.catalinaexpress.com/catalina-island.html
https://www.cbsnews.com/losangeles/news/record-backlog-at-ports-of-la-long-beach-hurting-small-businesses/
https://www.longbeachlocalnews.com/2017/04/17/carnival-cruise-line-city-long-beach-start-renovations-long-beach-cruise-terminal/


Slide 28of 52 
© Advanced Power and Energy Program 2022

ÅBatteries Compared to Hydrogen and Fuel Cells for Container Ships

Battery Drive Displaces Dramatically More Cargo than RH2 or derivatives ς
effectively infeasible
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American Bureau of Shipping Long-term Outlook for OGV Fuel ïOver 50% 
Hydrogen Based

Hydrogen / 
Ammonia Split 
tbd based on 
tech. progress
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Hydrogen Fuel Cell Microgrid
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ωProtect critical port infrastructure from power loss

ωSustainport operationsduringgrid outages

ωFacilitateintegration of renewableenergyanddistributed generation

ωBetter manageresourcesresultingin higherefficiencyand lower costs

ωAvoidcostly investmentsin electricgird infrastructure

ωProvideservicesto the grid aswell asadjacentcritical facilities in caseof an
emergencyor unforeseenoccurrence

Potential Benefits of Hydrogen-fueled Microgrid at the San Pedro Bay 
Ports
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Commercial Readiness of Fuel Cell Technology for Microgrids

ω Fuel Cell technology is mature and commercially available for 
operation on natural gas 

o Alkaline and PEM systems have significant installed base 
on order of 1 GW globally U.S. EPA

o Solid oxide fuel cells are commercial but are newer to the 
market 

ω Fuel cells have reached 1 GW in global annual sales and 
installations are projected to grow at over 23% annually over 
the next decade1

ω Fuel cells designed for pure hydrogen are now commercially 
available at the market-entry stage

ω Fuel cells exhibit a learning rate similar to other 
electrochemical technologies estimated to show an 18% cost 
improvement for each doubling of global capacity ςtranslates 
to 45% reduction per decade at 23% growth rate

1  Power Engineering International 2019, Grand View Research 2020

MW-Scale Stationary Fuel Cell Cost Progression
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Potential for Resilient, Cost-effective Firm Power Generation

Port Microgrid (Nested Nano-grid Concept

Local RH2
Distribution

ω On-site production and use of power

ω Interconnected to macrogrid at one or more 
points

ω Fuel cells and renewable fuel to achieve zero-
emissions performance

Terminal Power Demand
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A dedicated fuel cell power system or systems at the substations serving 
the  ports would provide firm renewable generation and improve resilience

ω Base concept: Edison-owned system 
serving the ports through existing 
meters

ω Cost of firm renewable power 
~$0.12/kwh 

ω Potential to provide power during grid 
outages by isolating the circuits serving 
the ports

ω Avoided investment in substation 
upgrades improves the business case 
(non-wires solution)

ω Could deploy for initial operation on 
natura gas or reformed natural gas and 
transition to green H2 delivered via 
pipe by ~2030
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ÅLand freight and ocean vessels have 20x the demand potential for port operations 
and harbor craft

ÅAdoption of for port operations can begin shortly after 2025 with other 
applications launching around 2030

Demand Evolution

Million Kilograms RH2 Million Kilograms RH2

Demand Fueled at Ports Demand Fueled Near Ports

Note that demand projections do not include cargo volume growth projections
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Significant infrastructure will needto be added to support the portsô 
transition to zero emissions

ÅA recent study for the Port of Long Beach projects that peak electric demand would grow by up to twelve-
fold under a full electrification scenario requiring upgrades to the 66 kV transmission system serving the 
port and the addition of a new substation 

ÅHydrogen would offset this increase but the amount of hydrogen required to play a significant role in port 
decarbonization would require a dedicated hydrogen pipeline

o The proposed Angeles Link would provide low-cost transport in the 2030 time frame

ÅIn addition, fueling infrastructure in the form of electric charging facilities and hydrogen fueling facilities 
will need to be added

ÅHydrogen offers the potential for fueling operations similar to the current diesel fueling operations via 
mobile fuelers

ÅA hydrogen fuel cell microgrid would improve resilience and reduce the need for new electric transmission 
infrastructure

ENGIE Impact
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Electrical Infrastructure Requirements

ÅPorts are served by 66 kV transmission stepping down to 12 kV

ÅEdison assesses the system as capable of absorbing a potential 
4x increase in power flow

ÅENGIE estimates that full electrification would lead to a 9x to 
12x increase in peak load and require upgrade of the Hinson 
substation within a few years at cost of $150M

Å Installing fast charging infrastructure to serve a peak load of 
500 MW would cost on the order of $200 MM (at $400/kw)

Å Installing a networked microgrid would improve resilience and 
reduce the need for grid infrastructure upgrades

ÅHydrogen adoption will also decrease the upgrade 
requirements for the local electric grid

ÅA more complete analysis of electric system upgrade/expansion 
requirements, timing and cost is needed to better understand 
the optimal mix of direct electric and fuel-cell electric power at 
the ports

Hinson 220 kV Substation

Transmission Line
Substation                  

(width scales with voltage)



Slide 40of 52 
© Advanced Power and Energy Program 2022

Hydrogen Infrastructure Requirements

ÅAdoption of hydrogen at the ports will require the 
addition of local storage, receiving / transfill 
infrastructure and fuel-dispensing infrastructure and 
equipment to replace the current diesel systems

ÅInitially, hydrogen will need to be delivered to the port 
by truck in the form of compressed gas or cryogenic 
liquid

ÅA hydrogen pipeline delivering renewable hydrogen to 
the port area in the 2030 timeframe is envisioned as 
part of a regional hydrogen hub

ÅA local hydrogen pipeline network at the ports may be 
cost-effective given the level of demand

ÅTransition from methane to hydrogen requires 
detailed planning (as has been undertaken in the UK)

Natural Gas Infrastructure at Ports
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On-road Truck Fueling Infrastructure

ÅThere are 16 truck fueling locations in the vicinity of the 
San Pedro Bay ports

ÅLocomotives fuel at the Dolores Locomotive facility

ÅWe assume that the necessary infrastructure will be 
developed via the California Energy Commission hydrogen 
refueling program

ÅThe CEC is currently funding blueprints toward this 
objective

ÅThe California Air Resources Board is ensuring readiness of 
heavy-duty fuel cell vehicle refueling standards

ÅNeed to assess what fueling infrastructure is needed / 
desirable on the property of the Ports

Current Truck Fueling Locations
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A regional hydrogen pipeline network would greatly improve the 
economics of hydrogen use at the ports

ÅPipeline Transport ~ $0.30/kg versus $2+/kg for trucking

ÅSoCalGas Angeles Link proposal would bring pipeline transport to the ports area around 2030
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Emissions Analysis Comments

ÅThe timing of product availability makes attainment of the 40% - 50% GHG reduction targets in 2030 
challenging with a typical adoption cycle (initial assessment is ~25% - 30% for CHE and trucks)

ÅHub funding may allow accelerated transition of CHE and trucks

ÅCHE and trucking will be fuel-cell drive therefore 100% reduction achieved for all criteria emissions

ÅVessels and locomotives may use combustion of hydrogen or derivatives in hybrid drive systems ï
these will need to be compliant using combustion system design and after treatment
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Pollutant Emissions Characteristics of Powertrains

ÅLocal air quality is affected by PM, DPM, & HC 
emissions. Regional air quality is affected by NOx

ÅMost pollutant emissions are driven by combustion 
of liquid/diesel fuels (CO increases in smaller 
engines)

ÅSwitch to gaseous fuel virtually eliminates PM, DPM, 
and HC emissions

ÅFuel cell and battery electric systems eliminate all 
pollutant emissions

ÅFC/GT-Battery Hybrid have no PM, DPM, or HC 
emissions

ÅFC/GT-Battery NOx and CO are 90% lower than 
SCAQMD stationary generation limits, > 90% lower 
than Tier 4 diesel engine limits

Rotating Shaft Electrical Connection Gas Ducting

Battery Electric

Fuel Cell

Battery

Motor
Gen
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TurbineCompressor

Fuel Cell

Battery

Motor
Gen

H2O

Gen

Motor
Gen

Battery



Slide 46of 52 
© Advanced Power and Energy Program 2022

Emission Reductions within Ports Reporting Scope
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Pollutant Emission Reductions at the Ports

ÅReductions depend on replaced 
engine emissions tier

ÅElectrification of OGVs reduce:

o SOx: 95%

o NOx: 57%

o PM2.5 & PM10 :  > 50%

o Diesel PM & HC: 40%

ÅHarbor craft & Trains:

o Diesel PM: ~25% each

o PM2.5 & PM10 :  ~20% each

o CO: 26% & 10% respectively

o NOx: 10% each

ÅHDV: 17% NOx, 15% CO, 13% HC

ÅCHE: 36% CO, ~4% all else
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GHG Emissions at the Ports

ÅReductions directly correlated to total 
activity

Å2030 GHG emission reductions:

o 73% OGV emissions ïhoteling loads

o 51% OGV emissions ïhoteling at berth

o Not achievable without HDV

o 44% reduction achievable w/ cold 
ironing vessels at birth, replace all CHE, 
& replace 1/3 HDV

ÅReductions donôt capture ñout of scopeò 
pollutant and GHG emissions
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ñOut of Scopeò Pollutant and GHG emissions

ÅAcceleration of ZE drivetrains creates benefits 
outside or regulated ports areas

ÅOGV GHG emissions:

o In port: 0.5 million tonnes/year

o In transit: 9.5 million tonnes/year

HDV Vehicles Annual Emissions

Emissions 
Type Units

Port 
Activities

SCAQMD 
Control Area1 CA State1

PM & DPM
Ton per 

Year 36 817 3,450 

NOx

Ton per 
Year 2,127 11,921 50,374 

SOx

Ton per 
Year 8 60 254 

CO
Ton per 

Year 553 4,473 18,899 

HC
Ton per 

Year 85 666 2,813 

CO2e

Tonne per 
year 785,669 6,913,895 29,214,845 

[1]: https://arb.ca.gov/emfac/emissions-inventory
[2]: Values scaled using VMT from:  https://ww2.arb.ca.gov/sites/default/files/2020-06/final_rail_tech_assessment_11282016%20-%20ADA%2020200117.pdf

Freight Rail Annual Emissions

Emissions 
Type Units

Port 
Activities

Rail from 
Southern CA2 CA State1

PM & DPM
Ton per 

Year 144 565 869

NOx

Ton per 
Year 1,322 5,187 7,980

CO
Ton per 

Year 316 1,239 1,907

HC
Ton per 

Year 76 298 458 

CO2e

Tonne per 
year 110,440 433,368 666,720 

https://arb.ca.gov/emfac/emissions-inventory
https://ww2.arb.ca.gov/sites/default/files/2020-06/final_rail_tech_assessment_11282016%20-%20ADA%2020200117.pdf
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Presentation Outline

ÅObjectives, Approach and Principal Conclusions

ÅPolicy Drivers, Emissions Target and Applications in Scope

ÅComparative Drive Train / Prime-mover Feasibility and Costs

ÅPotential Demand for Hydrogen and Electricity at the Ports

Å Infrastructure Considerations

ÅEmissions Reductions from Hydrogen Adoption

ÅHigh-level Roadmap for Hydrogen Deployment at the Ports
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High-level timeline for hydrogen at the Ports 

ÅDevelop concept for DOE hub 
application

Å Join application for hub planning 
grant

Å Define commercial validation plans 
(demonstrations / technical 
exchange)

Å Develop engagement plan for port 
operators, labor and impacted 
communities

Å Assess regulatory barriers and 
develop plans to address

Å Develop international collaboration 
strategy (sister Ports)

Å Develop detailed hydrogen blueprint 
including:
ü Refined adoption forecasts and 

develop hydrogen sourcing plan
ü Fueling logistics and 

infrastructure evolution
ü Cost estimates and funding 

sources
üWorkforce requirements and plan
ü Community engagement plan

Å Develop refined electric demand 
analysis and microgrid concept

Å Define objectives, funding sources 
and hosting for demonstrations 
necessary to validate commercial 
readiness

Å Participate in development of full 
Hydrogen Hub application

Å Secure hydrogen supply contracts

Å Complete pilots and begin 
deployment of ZEV trucks and cargo-
handling equipment

Å Initiate microgrid development and 
T&D system upgrades

Å Deploy initial fueling infrastructure 
(e.g., mobile fueling operation)

Å Plan for adaptation of fueling and 
supply logistics in context of pipeline 
delivery

Å Conduct pilots for vessels and 
locomotives 

Å Carry out workforce development 
and community engagement

Å Begin deployment of hydrogen and 
derivatives for vessels and rail

Å Complete microgrid development 
and achieve 100% hydrogen 
operation

Å Connect port operations to hydrogen 
pipeline network

Å Develop in-port hydrogen 
distribution network (evaluate 
conversion of gas distribution to H2

Å Institutionalize workforce and 
community engagement processes

Å Track and report progress toward 
zero-emissions

3 ς6 Months 7 ς24 Months 2025 - 2030 Beyond 2030
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ÅEngage port leadership, operators, labor and equipment manufacturers to 
communicate findings

ÅDevelop a workplan for creating a detailed roadmap in the context of the 
Hydrogen Hub solicitation (applications due in April)

Next Steps
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Appendix A:
Techno-economic Analysis Results
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Technology Cost Progressions Used for Cost Comparisons
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Fuel Cost Progressions Used for Cost Comparisons
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Fuel Cost Progressions Used for Cost Comparisons
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ÅGlider & other truck components: $150k

ÅFuel cell & battery electric adoption premiums that disappear within 10 years

Å$200 LCFS

Long Haul HDV Comparative Economics with Complete MSRP

Slide A-4      



© Advanced Power and Energy Program 2022

Levelized Cost of Operation - 2025
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Levelized Cost of Operation ï2035
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Cargo Handling Equipment

[https://www.atlantaforklifts.com/product/loaded-container-handler/

https://www.toyotaforklift.com/resource-library/material-handling-solutions/products/toyota-
heavy-duty-container-handler-solutions

https://www.trucks.com/2019/11/07/toyota-unveils-hydrogen-utility-truck/
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Fossil fuel use is dominant across all CHE applications

Over 70% of equipment (by count) fueled by dieselAnnual CHE Fuel Use: 28.2 MM DGE/Year

Starcrest Consulting. POLA Inventory of Air Emissions - 2020
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CHE ïPowertrain Parameters and Duty Cycle

Couch, et.al., 2021 Update: Feasibility Assessment for CHE (Interim Report)

Vehicle Base Fuel
Powertrain & Fuel Mass (kg) Powertrain + Fuel Volume (m3)

Diesel Fuel Cell Battery Diesel Fuel Cell Battery

Forklifts Diesel 583 414 1,668 1.15 1.24 1.67 

Forklifts Propane 288 252 1,118 0.44 0.64 1.12 

Top 
Handler Diesel 1,378 1,456 6,890 3.79 4.57 6.89 

Yard TractorDiesel 765 654 2,867 1.75 2.01 2.87 

Yard TractorGasoline 1,268 1,210 5,536 3.58 4.15 5.54 

Yard TractorPropane 782 790 3,683 1.64 2.04 3.68 

RTG Diesel 2,022 2,136 3,995 7.66 7.64   4.00
Å{ȅǎǘŜƳǎ ŘŜǎƛƎƴŜŘ ŦƻǊ ά9ȄǘŜƴŘŜŘ н-ǎƘƛŦǘέΥ мт ƘƻǳǊǎ ƻƴΣ п ƘƻǳǊǎ ǇŀǊǘƛŀƭ ƻƴΣ о ƘƻǳǊǎ ƻŦŦ
Å5ƛŦŦƛŎǳƭǘ ǘƻ ŘŜǎƛƎƴ ōŀǘǘŜǊȅ ǎȅǎǘŜƳǎ ŦƻǊ ά{ǘŀƴŘŀǊŘ о-{ƘƛŦǘέ ǿƛǘƘƻǳǘ ǎǳōǎŜǉǳŜƴǘ ŘƻǿƴǘƛƳŜ  

Standard 2-shift

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00

Extended 2-shift

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00

Standard 3-shift
8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00

Full CHE Operation Period Partial CHE Operation Period (meals) CHE Operations Dormant
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Heavy-duty Forklifts Commercial Readiness of ZEV Platforms

ÅLight duty/indoor battery electric and H2 forklifts are 
available today. 

ÅAll heavy-duty battery electric are available today but 
not proven for port operations

ÅHeavy-duty H2 fuel cell designs in development for 
demonstration at POLA, Port of Hueneme.

ÅCurrent battery electric feasibility assessments 
based on lower intensity applications.

ÅBattery electric port feasibility depend on usage and 
charging power (e.g., 1 shift vs. 2 shift)

https://fuelcellsworks.com/news/hyundai-construction-
equipment-to-develop-hydrogen-forklifts-for-warehouses/

https://www.hyster.com/en-us/north-america/industry-solutions/power-
sources/electrification/#b703dc70-6b10-47c8-ad29-0104bda76bb4
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Diesel Forklifts ïZEV Economics, Feasibility and Fit

With LCFS Without LCFS

ÅFuel cell drive economics project to be superior to battery drive and cost parity with diesel is projected by 
2025 

ÅOn-board storage and packaging support hydrogen. Current battery electric  require 3x larger mass and 2x 
volume to meet standard 2-shift.

ÅBattery electric charger requirements: 1-shift: 20 kW, 2-shift: 100 kW

Å80% ultimate adoption of hydrogen expected with initial commercial deployment within 3 ς5 years

Slide A-11     



© Advanced Power and Energy Program 2022

Diesel Forklifts ïCost Components

Note: Red lines represent cost not of credits
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Propane Forklifts ïSimilar Conclusion as for Diesel

With LCFS Without LCFS

ÅFuel cell drive economics project to be superior to battery drive and cost parity with propane is projected 
before 2025 due to higher propane costs

ÅOn-board storage and packaging support hydrogen. Current battery electric  require 3x larger mass and 2x 
volume to meet standard 2-shift.

ÅBattery electric viable if short duration vehicles are feasible or if forklift platforms are redesigned.

Å100% ultimate adoption of hydrogen expected with initial commercial deployment within 3 to 5 years
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Propane Forklifts ïCost Elements
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Top Handler Commercial Readiness of ZEV Platforms

ÅBattery electric top loader faces similar packaging issues as heavy duty forklifts

ÅBattery electric demonstration: Everport Container Terminal demonstration at POLA in 2020: 
ñTop handlers performing wellò

o Real battery top loaders match UCI top loader estimated battery capacities

ÅH2 fuel cell top loaders being designed for demonstration at Port of Valencia, Spain, and at 
POLA.

https://www.taylorforklifts.com
/blog-post.php?id=159

https://www.onthemosway.eu/zero-emissions-
fuel-cell-container-handlers/
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Top Handler - Diesel

With LCFS Without LCFS

ÅFuel cell drive economics project to be superior to battery drive and cost parity with diesel is projected 
before 2025 with LCFS, and 2026 without LCFS

ÅOn-board storage and packaging support hydrogen but battery electric systems have been built and 
deployed. Extended operations are more feasible using H2 fuel cells.

ÅwŜŘŜǎƛƎƴŜŘ ōŀǘǘŜǊȅ ǘƻǇ ƭƻŀŘŜǊǎ ŀǊŜ ŦŜŀǎƛōƭŜ ōǳǘ ŀǊŜ ŘƛŦŦƛŎǳƭǘ ǘƻ ƻǇŜǊŀǘŜ ōŜȅƻƴŘ ƳǳƭǘƛǇƭŜ άǎǘŀƴŘŀǊŘ н-ǎƘƛŦǘέ

Å80% - 100% ultimate adoption of hydrogen expected with initial commercial deployment within 3 to 5 years
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Top Handler ïCost Components
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RTG Crane Commercial Readiness of ZEV Platforms

ÅGrid powered electric RTGs are available today 
but can require infrastructure modification and 
create new operational challenges

ÅBattery electric without grid support is difficult

ÅHydrogen designs in progress (Mitsui E&S 
Machinery at POLA)

ÅSmall crane demonstration ïShanghai Port

ÅHydrogen fuel cell demonstration occurring in 
China (Shanghai & Qingdao Ports)

ÅUnusual extreme power cycle requires 
additional hybrid systems or changing 
operational profile

https://container-mag.com/2021/09/02/mitsui-receives-grant-to-develop-rtg-powered-
by-hydrogen-fuel-cell/
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RTG Crane - Diesel

With LCFS Without LCFS

ÅFuel cell drive economics project to be superior to battery drive and cost parity with diesel is projected 
before 2025 with LCFS, and 2028 without LCFS

ÅOn-board storage and packaging support hydrogen but battery electric systems have been built and 
deployed. This does not capture the cost benefits of a grid tied system, which would have a significantly 
smaller battery

Å100% ultimate adoption of hydrogen expected with initial commercial deployment within 5 to 10 years
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RTG Crane ïCost Components
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Trucking and Rail
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ÅSome commercial demonstrations:

Heavy Duty Vehicles (HDVs) ïPowertrain Parameters and Duty Cycle

Vehicle Base Fuel

Estimated 
Equipment 

Count

Powertrain + Fuel Mass (kg) Powertrain + Fuel Volume (m3)

Diesel H2 Fuel Cell
Battery 
Electric Diesel H2 Fuel Cell

Battery 
Electric

Drayage Diesel 16,000 1,215 612 1,923 4.20 4.09 1.92

Line-Haul Diesel 13,500 1,673 1,049 3,922 5.96 6.06 3.92

POLA demonstrated 5 H2FC electric trucks 
built by Toyota & Kenworth.
Å Class 8 truck.
Å 560 horsepower.
Å 300 miles range.
Å 20% grade.

https://www.fleetowner.com/emissions-
efficiency/press-release/21166545/port-of-los-angeles-
demonstrates-hydrogen-fuel-cell-electric-freight

Nikola battery electric truck.
Å 645 horsepower.
Å 753 kWh battery.
Å 350 miles range.
Å 120 mins refuel time (to 80%).
Å Available now.

https://nikolamotor.com/tre-bev

Nikola FC electric truck.
Å Class 8 truck.
Å 645 horsepower.
Å 900 miles range.
Å 20 mins refuel time.
Å Available 2024.

https://nikolamotor.com/two-fcev
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Heavy-duty Trucks Commercial Readiness of ZEV Platforms

Electric

ÅVolvo has a commercial Class 8 electric 
platform with 150-mile range and 70-minute 
charging time

ÅOrange EV is currently offering a fully 
commercial yard tractor

ÅManufacturers working to extend range, 
but line haul a challenge for battery electric 
drive

Hydrogen

ÅHyzon motors has delivered 29 commercial 
Class 8 trucks to China

ÅToyota and Hyundai have developed  
prototype Class 8 trucks; Nikola and 
Cummins also developing prototypes

ÅVolvo has announced that it will launch a 
Class 8 FCEV offering in 2027

ÅA hydrogen fuel cell drayage truck 
demonstration was successfully completed 
at the Port of LA in 2021.

ÅYard Tractor at the demonstration phase ï
could be commercial by 2025
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Drayage

With LCFS Without LCFS

ÅWith incentives, battery electric and fuel cell drive economics project to achieve cost parity with diesel 
before 2025. Without incentives, it is projected to be around 2030. 

ÅOn-board storage, packaging and fueling logistics supports battery if:

o If we only need 1 to 2 trips per day, with a range less than 200 miles.

ÅOn-board storage, packaging and fueling logistics supports fuel cell if:

o We need more than 2 trips per day, with a range larger than 200 miles.

ÅMarket Projection: 50% battery/50% fuel cell over the long term with deployment beginning around 2025 ς
2027
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Drayage ïCost Components
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Line Haul

With LCFS Without LCFS

ÅWith incentives, battery electric and fuel cell drive economics project to both achieve cost parity with 
diesel before 2025, and before 2030 without incentives. 

ÅOn-board storage, packaging, and fueling logistics support hydrogen fuel cell drive. 

ÅMarket Share: 20% battery/80% fuel cell with deployment beginning around 2025 ς2027.
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Long Haul ïCost Components
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Yard Tractors ïPowertrain Parameters and Duty Cycle

Å{ȅǎǘŜƳǎ ŘŜǎƛƎƴŜŘ ŦƻǊ ά9ȄǘŜƴŘŜŘ н-ǎƘƛŦǘέΥ мт ƘƻǳǊǎ ƻƴΣ п ƘƻǳǊǎ ǇŀǊǘƛŀƭ ƻƴΣ о ƘƻǳǊǎ ƻŦŦ
Å5ƛŦŦƛŎǳƭǘ ǘƻ ŘŜǎƛƎƴ ōŀǘǘŜǊȅ ǎȅǎǘŜƳǎ ŦƻǊ ά{ǘŀƴŘŀǊŘ о-{ƘƛŦǘέ ǿƛǘƘƻǳǘ ǎǳōǎŜǉǳŜƴǘ ŘƻǿƴǘƛƳŜ

Å Yard tractor analysis difference - based on emissions inventory
Å System sized to operational hours, vs. drayage and line haul ςdesigned for range
Å Current long-haul battery electric systems could meet gasoline yard tractor range specs
Å Current drayage battery electric systems could meet diesel yard tractor range specs

Couch, et.al., 2021 Update: Feasibility Assessment for CHE (Interim Report)

Vehicle Base Fuel
Powertrain & Fuel Mass (kg) Powertrain + Fuel Volume (m3)

Diesel Fuel Cell Battery Diesel Fuel Cell Battery

Yard TractorDiesel 765 654 2,867 1.75 2.01 2.87 

Yard TractorGasoline 1,268 1,210 5,536 3.58 4.15 5.54 

Yard TractorPropane 782 790 3,683 1.64 2.04 3.68 

Standard 2-shift

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00

Extended 2-shift

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00

Standard 3-shift
8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00

Full CHE Operation Period Partial CHE Operation Period (meals) CHE Operations Dormant
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Yard Tractor - Diesel

With LCFS Without LCFS

ÅFuel cell drive economics project to be superior to battery drive and cost parity with diesel is projected 
before 2025 with LCFS, and 2027 without LCFS

ÅOn-ōƻŀǊŘ ǎǘƻǊŀƎŜ ŀƴŘ ǇŀŎƪŀƎƛƴƎ ǎǳǇǇƻǊǘ ƘȅŘǊƻƎŜƴ ŘǳŜ ǘƻ άŜȄǘŜƴŘŜŘ н-ǎƘƛŦǘέ ŜƴŜǊƎȅ ŘŜƴǎƛǘȅΦ
o Long haul vehicle meets yard tractor specs, but would incur higher costs

Å80% - 100% ultimate adoption of hydrogen expected with initial commercial deployment within 3 to 5 
years
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Yard Tractor ïDiesel Cost Elements
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Yard Tractor - Gasoline

With LCFS Without LCFS

ÅFuel cell drive economics project to be superior to battery drive and cost parity with gasoline is projected 
before 2025

ÅOn-ōƻŀǊŘ ǎǘƻǊŀƎŜ ŀƴŘ ǇŀŎƪŀƎƛƴƎ ǎǳǇǇƻǊǘ ƘȅŘǊƻƎŜƴ ŘǳŜ ǘƻ άŜȄǘŜƴŘŜŘ н-ǎƘƛŦǘέ ŜƴŜǊƎȅ ŘŜƴǎƛǘȅΦ
o Long haul vehicle meets yard tractor specs, but would incur higher costs

Å100% ultimate adoption of hydrogen expected with deployment beginning around 2025 ς2027
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Yard Tractor ïGasoline Cost Elements
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Yard Tractor - Propane

With LCFS Without LCFS

ÅFuel cell drive economics project to be superior to battery drive and cost parity with propane is projected 
before 2025

ÅOn-ōƻŀǊŘ ǎǘƻǊŀƎŜ ŀƴŘ ǇŀŎƪŀƎƛƴƎ ǎǳǇǇƻǊǘ ƘȅŘǊƻƎŜƴ ŘǳŜ ǘƻ άŜȄǘŜƴŘŜŘ н-ǎƘƛŦǘέ ŜƴŜǊƎȅ ŘŜƴǎƛǘȅΦ 
o Long haul vehicle meets yard tractor specs, but would incur higher costs

Å100% ultimate adoption of hydrogen expected with deployment beginning around 2025 ς2027
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Yard Tractor ïPropane Cost Elements
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Freight Trains Commercial Readiness of ZEV Platforms

Electric

ÅGenerally found to be limited in range and 
appropriate for short distances.

ÅElectric freight train with tender range < 
500 miles

ÅWidespread development would depend 
on:

1. Battery tender swapping

2. Supporting electric catenary system

Å Battery electric systems demonstrated by 
Wabtec out of Pittsburgh, PA.

Hydrogen

ÅCanadian Pacific developing the 1st

hydrogen fuel cell line-haul locomotive 
(started in 2020)

ÅParallel development of similar vehicle in 
China by CRRC Datong Co., LTD> (started 
2021).

ÅMOU between Caterpillar, BNSF, and 
Chevron Hydrogen Locomotive established 
in 2022.

ÅInitial analysis shows a fuel tender is 
required, but levelized cost addition is 
minimal.  
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Freight Trains

Linehaul ïWabtec ES58ACi

Switcher ïWabtec C20ACi

Powertrain Details
Å 4.3 MW
Å 23,00 liters, 6,208 

gallons fuel

Powertrain Details
Å 1.67 MW
Å 4,600 liters, 1,215 

gallons fuel
Å Assume gas H2

Powertrain Range (miles) Weight (tonne) Volume (m3)

Fuel Oil 500 10 33.3

PEMFC 130 6.9 33.3

Battery 42 10 10

SOFC-GT 233 7.9 33.3

Powertrain
Range w/out 

Tender (miles)
Range w/ Tender 

(miles)
Design Constraint

Fuel Oil 2570 16,724 n/a

PEMFC 555 2,230 Volume

Battery 150 390 Weight

SOFC-GT 882 2,976 Volume

*Diesel and H2 fuel tender car add 3% to lifetime costshttp://www.rrpicturearchives.net/showPicture
.aspx?id=1621154

https://www.wabteccorp.com/locomo
tive/light-weight-locomotives
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Switcher Train

With LCFS Without LCFS

ÅBattery electric and fuel cell drive economics project to be comparable and to reach cost parity with diesel 
before 2025 with LCFS, or increase cost 25% over diesel without LCFS

ÅSOFC-GT hybrid drive preferable on a cost basis w/ and w/out LCFS

ÅOn-board storage and packaging also support hydrogen via SOFC-GT due to higher system efficiency

Å If SOFC-GT drive is unavailable, FC and battery electric are comparable in cost and ultimate decision 
depends on presence of catenary system or battery charging system capacity

Å100% ultimate adoption of hydrogen expected with initial commercial deployment in late 2020s
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Switcher Train ïCost Components
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Line Haul ïWith Fuel Tender
With LCFS Without LCFS

ÅBattery electric and fuel cell drive economics project to be comparable and to reach cost parity with diesel 
before 2025 with LCFS, or increase cost 25% over diesel without LCFS

ÅSOFC-GT hybrid drive preferable on a cost basis w/ and w/out LCFS

ÅOn-board storage, packaging and fueling logistics also support hydrogen via SOFC-GT due to energy density 
and high system efficiency

ÅIf SOFC-FT drive is unavailable, FC drive likely preferrable due to longer range, allowing for more centralized 
infrastructure

Å100% ultimate adoption of hydrogen expected with initial commercial deployment in the late 2020s
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Line Haul with Fuel Tender ïCost Components
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Harbor Craft
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Harbor craft Powertrain Parameters and Duty Cycle

Vehicle Base Fuel
Equipment 

Count

Powertrain + Fuel Mass (kg) Powertrain + Fuel Volume (m3)

Diesel H2 Fuel Cell
Battery 
Electric Diesel H2 Fuel Cell

Battery 
Electric

Ocean Tug Diesel 7 111,732 94,996 111,732 154 154 112 

Assist Tug Propane 13 57,835 47,441 54,437 93 93 54 

Commercial 
Fishing Diesel 95 10,742 8,841 10,783 16 16 11 

Ferry Diesel 12 7,386 4,252 14,971 31 31 15 

Vehicle

Operational Days Between Fueling

Diesel H2 Fuel Cell
Battery 
Electric

Ocean Tug 21 7 1.5

Assist Tug 21 7.5 1.6

Commercial 
fishing 53 20 4.5

Ferry 1* 1* 1* 

*Ferry operation: fuel for 1 day operation

ÅOther alternative fuels are under consideration 
by ship operators

ÅHydrogen is least dense but easiest to use
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Harbor Craft Commercial Readiness of ZEV Platforms

Electric

ÅElectric tugboat demonstrations in San 
Diego and New Zealand.

ÅElectric ferries are available today

ÅRange/speed limitations must be 
accounted for

Hydrogen

ÅHydrogen propulsion systems have been 
designed for tugboat, ferry, and fishing 
boat applications.

ÅPushboat construction occurring at Port of 
Lüneburg, Berlin, Germany

ÅHydrogen combustion tug being built for 
Port of Antwerp and Port of Ijmuiden

ÅGolden Gate Zero Emission Marine ñWater-
Go-Roundò ferry demonstration

ÅOther ferry demonstrations: HySeas III 
(Scotland), MF Hydra (Norway), FreCO2ast 
(Norway), NYK H2 (Japan), Sea Change 
(CA), Hydro Bingo (Japan).
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Ocean Tug

With LCFS Without LCFS

ÅBattery electric and fuel cell drive economics project to be comparable and to reach cost parity with diesel 
before 2025 with LCFS, or increase cost 20% over diesel without LCFS

ÅOn-board storage, packaging, and range requirements support hydrogen. Batteries achieve lower cost due 
to mass/weight limits. Operation must change for both ZNE powertrains, but H2 based powertrains are 
more flexible and provide longer ranges.

Å100% ultimate adoption of hydrogen expected with initial commercial deployment in late 2020s, early 
2030s
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Ocean Tug ïCost Components
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Assist Tug

With LCFS Without LCFS

ÅBattery electric and fuel cell drive economics project to be comparable and to reach cost parity with diesel 
before 2025 with LCFS. Battery electric achieves lower cost without LCFS

ÅOn-board storage, packaging, and range requirements support hydrogen. Batteries achieve lower cost due 
to mass/weight limits. Operation must change for both ZNE powertrains, but H2 based powertrains are 
more flexible and provide longer ranges.

Å100% ultimate adoption of hydrogen expected with initial commercial deployment in late 2020s, early 
2030s
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