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Executive Summary
First Mode applied expertise from designing complex mobility systems and adapting hydrogen
fuel cells for large platforms to a high-profile problem local to Seattle: How to move the
Washington State Ferry (WSF) fleet to zero-emissions. In an effort to show that there is an
opportunity for bold solutions beyond the hybrid diesel-electric vehicle (HEV) conversion being
pursued by WSF, our team investigated the feasibility of fuel cell electric vehicle (FCEV)
technologies as a method to reduce greenhouse gas (GHG) emissions by the WSF fleet.
We identified the WSF technical, operational, and economic requirements, analyzed available
FCEV technologies and developed a solution that could meet these needs. Initial estimates
indicate a FCEV solution would emit 25% of the GHG relative to the HEV solution, and cost ~50%
to install, albeit with higher refueling costs.
This assessment is granted more weight when considering the confluence of factors with the
potential to positively influence a FCEV implementation. First, the availability of commercial offthe-shelf (COTS) FCEV solutions that meet WSF requirements indicate the solution is technically
feasible. Second, there are numerous other local efforts to transition transportation systems to
0 GHG emissions that could benefit from local FCEV infrastructure and fuel supply. Finally,
Washington’s access to clean energy sources allows for a clean supply chain in support of FCEV
initiatives.
We recommend Washington take a bolder approach and commission additional studies that
apply systems engineering to this complex issue. Revisiting the ferry together with other
transportation and utility systems through this methodology could unearth strategies that allow
these efforts to work together. The challenge of combatting climate change is radical in scale; it
likely requires solutions that are just as radical. Washington State finds itself in a unique position
to take a leading role in addressing it – but it must dare to make that choice today.
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Problem Statement
WSF is the largest ferry system in the United States, carrying 24.5 million riders in 2017 via its 10
routes and 20 terminals. 1 It is managed as part of the state highway system under the
Washington State Department of Transportation (WSDOT), and links communities on both sides
of the Puget Sound with the San Juan Islands, Vashon Island, and Sidney, British Columbia. WSF
is critical to Washington State for commuting, tourism, trade, and providing island communities
access to mainland resources.
In recognition of the important role that WSF plays in the Washington State economy, WSF’s
recent Long Range Plan, published every decade, highlighted the vision for what the ferry system
will look like in 2040. One of the main themes of the report was sustainability and what that looks
like in the context of an aging ferry infrastructure with 13 vessels that will need to be replaced in
the next 20 years. Simultaneously, ferry ridership is expected to grow by more than 30% by 2040,
complicating WSFs current struggles to maintain performance and keep pace with demand. 1
Of the sustainability initiatives put forth in the 2040 Plan,
the most ambitious is electrification of the ferry fleet. All
22 WSF ferries currently use diesel fuel. At a consumption
rate of 18 million gallons per year, WSF is the largest diesel
consumer in Washington State and the largest producer
of greenhouse gas (GHG) emissions among the WSDOT
vehicle fleet, contributing 67% of total department
emissions (Figure 1 WSDOT GHG Emissions). In
accordance with Governor Jay Inslee’s Executive Order
18-01 directing WSF transition to a zero-emissions fleet, FIGURE 1 WSDOT GHG EMISSIONS
WSF funded a set of studies in preparation for the 2040
Plan on the feasibility of electrifying the ferry fleet and associated terminal infrastructure.
These WSF fleet studies focus on the Jumbo Mark II (JMII) class of ferries, which include the
Tacoma, Wenatchee, and Puyallup. The JMII ferries service the Seattle-Bainbridge and EdmondsKingston routes, and emit 50,310 MT of CO2 annually.2 Together, these 3 boats consume 26% of
the fuel in the WSF fleet, making the JMII a prime target for significantly reducing greenhouse
gas emissions.
A second study by the Elliot Bay Design Group, prepared for WSF, investigated the feasibility of
converting the JMII ferries from their current diesel-electric propulsion systems to primarily
electric, powered by lithium-ion batteries with diesel backup. 2 The diesel would only be used to
heat the ferry using boilers during winter and to provide backup power when the energy
requirements surpass the battery capabilities sized for a “typical” crossing.
These uses would consume 1.8% and 2.87%, respectively, of the current annual fuel consumption
on this route (4,015,000 gallons). The study indicated that by converting just 2 of the 3 JMII ferries
(the M/V Tacoma and M/V Wenatchee, which cover the Seattle-Bainbridge route) would result
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in a 21% reduction in WSF’s diesel consumption from 3,752,000 to 2,962,000 gallons per year.
Accordingly, this approach also reduces CO2 and particulate matter emissions by 21% each.3
While the work to date identifies HEV as a path to significant GHG reductions for the WSF fleet,
the merit of the solution is unclear given the absence of other points of comparison. GHG
emissions and dependence on fossil-fuels persist in the HEV solution – other solutions that meet
the technical, operational and economic requirements of the system should be evaluated in
order to identify the best path to a zero-emission ferry system.

Approach
First Mode approaches complex problems with a systems engineering methodology, which
involves defining the problem, identifying the root cause, developing a solution space, down
selecting the options, choosing an implementation, and verifying and validating through rigorous
testing. In this case, the team noticed many analogs between moving WSF to zero-emissions and
a similar, complex clean mobility systems engineering problem that First Mode is currently
engaged in addressing. The lessons learned from tackling this problem, producing a solution set
and down-selecting from that solution set made it clear that additional options should be
considered for Washington State’s Ferries.

Requirements Gathering
The first step involved in this process was identifying the constraints for this particular problem,
both operational and technical. As one of the biggest contributors to WSF’s greenhouse gas
emissions, the maximum operations Seattle-Bainbridge route served as the basis for constraint
identification with the following technical and operational requirements:
Parameter

Value

Maximum Transit Power

7,540 kW

Average Transit Power

7,000 kW

Average Docking Power

1,103 kW

Maximum Crossing Energy

2,400 kWh

Average Crossing Energy

2,200 kWh

Average Crossing Duration

30 min

Average Docking Duration

20 min

Number of Crossings Per Day

26 crossings

Number of Gensets

4 gensets
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Total Genset Weight

124,284 kg

Weeks of Fuel Onboard

2 weeks

Total Onboard Fuel Weight

222,701 kg

FIGURE 2 SEATTLE-BAINBRIDGE FERRY CURRENT DIESEL SYSTEM ENERGY & POWER
REQUIREMENTS1

Comparing these requirements to the requirements and lessons learned from a previous project
with similar operational aspects, it seemed that a zero-emission ferry would also be best served
by a solution based on Hydrogen Fuel Cell technology. Like the WSF ferry route from Seattle to
Bainbridge, our previous project also had nearly around-the-clock operation in a demanding
environment. As well as a current diesel operation that limited on-site infrastructure and didn’t
require refueling to interrupt normal operation.
However, it takes more than just similar operations to make a transition from an established
infrastructure. The team expanded the previous solution set from solely hybrid diesel-electric to
include hydrogen fuel cell technology as well and set about analyzing which solution best
addresses the technical, operational, economic, and environmental goals.

At a Glance: Hydrogen Fuel Cells

FIGURE 3 COMPONENTS OF A HYDROGEN FUEL CELL4

Hydrogen fuel cells convert chemical energy into electrical energy. Pressurized
hydrogen gas is pushed through a polymer-electrolyte membrane (PEM), and then
combined with oxygen to create electrical energy, pure water and heat. The
reaction produces electricity directly, has no harmful exhaust outside of air and
water, and can scale to meet a variety of power demands – and is therefore an
attractive technology for large-scale zero-emission projects.
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Additionally, in applications with a high operation or utilization to downtime ratio
the amount of energy carried and how long it takes to resupply that energy
becomes crucial. The fuel sources for hydrogen fuel cells, pressurized hydrogen
and oxygen, meet these requirements. Pressurized hydrogen is sufficiently energy
dense to power many large industrial operations for a full day’s operations and is
relatively quick to refuel as compared to lithium ion batteries, for example;
Oxygen from the surrounding air is readily available and easily reacts with the
hydrogen in the fuel cell.

Solution Concept
With solution concepts readily available for the current (diesel) and proposed (hybrid-electric)
systems, the team at First Mode identified a comparable FCEV solution concept that would:
1) Satisfy the three primary requirements of the Seattle-Bainbridge route, while avoiding
disruption of daily operations and costly terminal infrastructure buildout:
a) Maximum transit power of 7,540 kW
b) Average crossing energy of 2,200 kWh
c) 26 crossings per day
2) And fit within the specifications of the current JMII ferry
Using the requirements outlined above, data from the Elliot Bay Hybrid Charging Feasibility Study
and Hybrid System Integration Study, along with publicly available information, the below
calculations determined the form of our hydrogen fuel cell solution concept:
Calculation

Inputs

Outputs

Number of Stacks Needed

7,540 kW ÷ 99 kW / stack5

76 stacks

Practical Fuel Cell Output

33.3 kWh / kg H26 ´ 50% efficiency5

16.65 kWh / kg H2

Total Energy per Cycle

2,200 kWh / crossing + 368 kWh / docking

2,568 kWh / cycle

Hydrogen per Cycle

2,568 kWh ÷ 16.65 kWh / kg H2

154 kg H2 / cycle

Hydrogen per Refuel

154 kg H2 ´ 26 cycles

4,004 kg H2

Hydrogen Tanks Needed

4,010 kg H2 ÷ 15 kg / tank6

267 tanks

Water per Refuel (mol)

4,010 kg H2 / day ÷ 0.002 kg H2 / mol H20

2,002,000 mol H20 / day

Water per Refuel (L)

2,004,785 mol H20 / day ÷ 55.5 mol H20 / L H20

36,072 L H20 / day

FIGURE 4 HYDROGEN FUEL CELL FERRY SOLUTION CONCEPT TABLE OF CALCULATIONS

In total, roughly 36,000 liters of water would be required each day to produce the needed 4,000
kg of hydrogen. For context, this is ~1.4% of the volume of an Olympic swimming pool. This would
allow such a ferry to complete 26 crossings in a single day and informs the additional
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infrastructure required. The addition of a 2,400 kWh spare lithium ion battery provides standby
power and ensures that the system can return to port on battery power alone. To put it all
together, the associated FCEV system that meets the requirements of the JMII Ferry on the 26
crossing Seattle-Bainbridge route results in the following system concept:
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FIGURE 5 HYDROGEN FUEL CELL FERRY SOLUTION CONCEPT SUMMARY

The final consideration was to ensure that the total mass and volume of the combined system
falls within the available budget, which assumes the removal of the four on-board dieselalternator gensets and diesel fuel. The proposed system consists of the hydrogen fuel cells, the
associated equipment, and standby li-ion battery. Electrolyzer and associated equipment are
assumed to be built into new infrastructure.
System Component
Fuel Cell Modules
Margin
H2 Tanks
Hydrogen
Battery Battery Packs
Margin
Total

Mass (kg)
1355
2036
1546
9.821
-

Quantity
76
10%
267
26
2,400
30%

Subtotal
10,260
1,026
54,201
4,004
23,568
7,070
100,129 kg

Volume (L) Quantity Subtotal
76
22,800
3005
10%
2,280
267
103,863
3896
Included in H2 Tanks
1
1
6,857
6,857
30%
2,057
137,857 L

This equipment weight of 100,129 kg correlates to ~99 Long Tons (LT). This falls well within the
219 LT of diesel fuel carried by the ferry currently, 1 even before considering the 152 LT that would
be accounted for by the four diesel engines and associated equipment. 1
At 3.2 kg per gallon of diesel fuel,7 219 LT of diesel fuel would correspond to a volume of over
260,000 L. The 138,246 L of volume needed for the FCEV equipment would fit comfortably within
that space. Each of the 4 generators occupies an area of roughly 60 square feet, 1 assuming a
height of 6’, these 4 generators would account for roughly 40,000 additional liters of available
volume. While additional considerations would be required to establish the exact configuration
for full implementation of the equipment, this shows that the volume and mass budgets required
www.firstmode.com
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by the FCEV concept outlined above are comparable to and well within the limits imposed by the
current diesel system. Further work is required to develop a detailed design that meets all
additional considerations such as regulatory, safety, and vessel stability.
An additional solution concept that meets the requirements of the Seattle-Bainbridge route
allows us to now compare FCEV against the Battery Hybrid solution and the existing diesel system
to determine which option has the best cost and emissions profile.

Comparative Analysis
Leveraging many of the same assumptions from the Elliot Bay Design Group Feasibility study, our
analysis indicates that fuel cells can support the technical and operational requirements of the
Seattle-Bainbridge route using the JMII ferry. The power needs – in terms of peak and average
power of a crossing – can be met with commercial off-the-shelf (COTS) fuel cells. The ferry can
house the hydrogen required to sustain 26 daily crossings, along with a spare lithium ion battery
for standby power. However, the objective dictated by Executive order 18-01 is to shift the WSF
system to zero-emissions, therefore a comparison must focus on which option gets WSF closest
to the stated goal at a reasonable cost.
Achieving zero-emissions with technologies dependent on established electrical infrastructure is
complicated by the CO2 produced from generating electrical power. Washington State benefits
from a system of hydroelectric dams that supply emissions-free electricity to local utilities
companies such as Snohomish County Public and Seattle City Light. Puget Sound Energy (PSE) on
the other hand includes a 37% energy input from coal plants.2 Therefore, Puget Sound energy
(PSE) will be associated with CO2 emissions from coal unless WSF/WSDOT pays a premium to
participate in PSE’s Green Energy Plan, which ensures that participating customers’ power is
sourced from renewable resources. Thus, hybrid batteries charged using electricity obtained
from ports in both Seattle and Bainbridge will result in a corresponding emissions output mix that
will be higher than one charged in Seattle alone.
Given that a hybrid-diesel system will still require burning fossil fuels, accounting for emissions
from using diesel for heating the ferries and backup power, the expected reduction in emissions
is 73.9% or 95.3% depending on participation in PSE’s Green Energy Plan.1 Thus, a bare minimum
of 2,350MT of CO2 will be emitted on the Seattle-Bainbridge route, up to a maximum of 13,120MT
of CO2 emissions.1
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At a Glance: The Hydrogen Economy
In addition to meeting the requirements and constraints as outlined above,
traction is increasing for laying the regulatory and economic framework for a
hydrogen-based economy. There are promising signs of validation by way of the
development of other Hydrogen Fuel Cell ferries. For example, San Francisco’s
Water-Go-Round Zero Emission Ferry project is expected to begin service by
October 20198 and will likely be closely followed by similar projects in France and
Norway, sponsored by the European innovation project “FLAGSHIPS.” 9
Additionally, California is leading the country in setting up regulatory and
economic incentives for a state-wide hydrogen economy. Feasibility studies and
pilot programs have been conducted or are ongoing for ferries, buses, heavy and
medium duty trucks, hydrogen fuel cell cars, and even fueling stations.10 California
Governor Jerry Brown has set a state goal of 5 million zero-emission vehicles (ZEV)
by 2030 in support of law SB 35011, which mandates that the state run on 50%
renewable energy by then.
Looking further at the rest of the transportation network, WSF is in a strong
position to catalyze additional investment for a zero-emission ecosystem that
expands beyond the ferry fleet. The same executive order 18-01 that necessitates
a zero-emission WSF fleet requires 11 state agencies – from the Department of
Corrections to the University of Washington system – to purchase zero-emission
vehicles. 12 Further, tens of millions of dollars have already been committed to
zero-emission efforts,13 King County METRO is committed to a zero-emission bus
system by 2040,14 and Seattle has committed to the Paris climate accord goals.15
Thus, the state of Washington has an acute need to take a comprehensive
approach to reduce GHG emissions.
The Fuel Cell Ferry concept would require roughly the same amount of total crossing energy as a
Battery-Diesel Hybrid over the course of a year but would be able to fully utilize the comparative
Seattle City Light emissions benefits for electrolysis near the Seattle Port.
With roughly 67% electrolysis efficiency and 50% efficiency for fuel cells, this would result in
around 1,746MT CO2 emissions. Below is a side-by-side comparison of the expected terminal
CAPEX, ferry retrofit, fuel costs, and emissions.
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H

Fuel Cells

Battery Hybrid

Diesel

CAPEX

COST per FERRY

FUEL

C02 EMISSIONS

$8-13.5M

$15.2M

$6.5M

1,746MT

$20.7M

$35M

$2.1M

6,962MT

N/A

N/A

$4.7M

16,800MT

FIGURE 6 SOLUTION SET CROSS-COMPARISON (SEE APPENDIX FOR CALCULATIONS)

As the graphic above makes clear, hydrogen fuel cells are already competitive even with limited
economies of scale. Even modest improvements in technology and infrastructure will continue
to drive down costs and emissions, allowing it to become an increasingly attractive solution to
address the mandates and pressing issues faced by WSF.
Increased scale for hydrogen supply is critically important as there are multiple methods of
producing, compressing, and storing hydrogen gas for fuel cells, which vary in terms of cost and
emissions generation. Further analysis should examine the predicted impacts of changes to the
hydrogen and clean energy supply chain not only within the region, but nationally as well.

Conclusion
First Mode’s initial analysis of the Seattle-Bainbridge JMII route highlights fuel cells as an
attractive option for a zero-emission WSF. It can meet the technical and operational
requirements using COTS systems, has significantly lower emissions, and is competitive with the
hybrid system in terms of cost – startling, considering hydrogen scale and technological maturity
are far behind that of HEV systems. Even moderate investment would increase the attractiveness
of FCEV even further and serve as a catalyst for other FCEV projects, sharing these assets across
multiple transportation modalities, creating a virtuous cycle of expanding hydrogen applications,
reducing costs and plummeting GHG emissions.
There remain significant challenges to implementing a hydrogen system; the resources required
to retrofit each ferry, install the fueling infrastructure and build out the supply chain deserve a
much closer look. Yet the process of fully vetting the comprehensive system of considerations
that affect the GHG output of a ferry embodies the approach that should be taken as Washington
strives to lower emissions.
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At its heart, reducing our carbon footprint is a multifaceted, complex systems engineering
problem. The goal is laudable, but the current approach is not; we cannot meet our targets if we
view each ferry, bus, and truck as an isolated emissions problem. Washington has a rare chance
to look at the big picture and find a solution that appreciates the interfaces between our
transportation networks, our energy supply chains and our infrastructure.
There was a missed opportunity to take a bolder approach in assessing the WSF system; yet there
is still time to take a step back and address this issue with a new perspective. The State of
Washington should commission additional studies that apply a systems engineering perspective
on the GHG emission targets, and revisit the ferry and other transportation systems through a
disciplined, technology agnostic perspective that finds the best solution not for WSF, but for the
community of Washington as a whole.
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Appendix
Solution

Calculation

Inputs

Outputs

FCEV

Port CAPEX (Low)

$2,000 per kg of H2 production/day16 × 4,004 kg/day

$8M

Port CAPEX (High)

$3,370 per kg of H2 production/day16 × 4,004 kg/day

$13.5M

Cost per Ferry

Modules: $179/kW17 ´ 7,540 kW
Tanks: $3,272/tank6 × 267 tanksBattery Packs: $150/kWh1
2,400 kWh
Electrolyzer: $300/kw18 ´ 7,417 kw demand19
Labor: Total Equipment Cost × 2

$15.2M

Yearly Fuel Cost

24,370 MWh/yr. ÷ 50% FC eff.4 ÷ 67% electrolyzer eff.19 ×
$0.0887/kWh1 × 1,000 kWh/MWh

$6.5M

CO2 Emissions

24,370 MWh/yr. ÷ 50% FC eff.4 ÷ 67% electrolyzer eff.19 ×
0.02419 MT-CO2e/MWh

1,746MT

Port CAPEX

Terminal Upgrade: $6.9M1 × 2 (Seattle + Bainbridge)
Utility Upgrade: $4.4M1 (Seattle) + $2.5M1 (Bainbridge)

$20.7M

Cost per Ferry (Avg.)

($35.9M1 (Wenatchee) + $34.1M1 (Tacoma)) ÷ 2

$35M

Yearly Fuel Cost

Min. Diesel Usage: 1.8%1 (boiler) + 2.87%1 (generator)
Min. Diesel Fuel Cost: $2.12/gal1 × 1,650,333 gal1/yr. × 4.67%
Effective Electricity Cost (SEA/BI Avg.): ($0.0887/kWh1 +
$0.0733/kWh1) ÷ 2
Total Electricity Cost: 24,199.5 MWh/yr. × $0.081/kWh

$2.1M

CO2 Emissions

Emissions from Electricity (PSE/SCL avg.): (0.48319 + 0.024Error!
Bookmark not defined. MT-CO2e/MWh) ÷ 2 × 24,370 MWh
Emissions from Diesel: (1.8%1 + 2.87%1) × 1,650,333 gal/yr1
10.18 kg/gal CO21 ÷ 1,000 kg/MT

6,962MT

Yearly Fuel Cost

($2.12/gal1 + $3.50/gal1) ÷ 2 × 1,650,333 gal1

$4.7M

Yearly CO2 Emissions

10.18 kg CO2/gal1 × 1,650,333 gal1

16,800MT

Hybrid

Diesel

FIGURE 7 SOLUTION SET CROSS-COMPARISON TABLE OF CALCULATIONS
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