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Executive Summary 

We are Motion+™, an international design team comprising members from the University of Toronto and 

the University of Florida. We envision a world of sustainable transportation. We are seeking to reshape the 

way the world thinks about all forms of transport, and believe renewable energy is the way of the future. 

Renewable energy sources are increasingly being utilized, although their efficacy is challenged by their 

intermittency, which leads to dumping of excess produced energy. To date, much of the focus in renewable 

vehicles has been on automobiles.  This largely overlooks the contribution from recreational boating to 

greenhouse gas (GHG) emissions. Locally, Ontario has an abundance of fresh water lakes and canal systems 

that ensures a large fraction of the populous spend their summer months at their cottages boating. Our team 

intends to demonstrate that a power-to-gas model utilizing excess renewable energy can support Ontario 

boating activities. As a proof-of-concept, our team designed the refueling infrastructure, the fHuel+™ 

refueling station, and the onboard hydrogen utilization system for a high-speed luxury boat, the 

Hydronautic+™. The concept is built around a localized hydrogen economy. At the marina, off-peak 

electricity powers a polymer electrolyte membrane electrolyzer to produce hydrogen gas. The hydrogen is 

then compressed and stored dockside at a fueling station. The yacht uses the hydrogen as its fuel. Onboard 

the yacht, a proton exchange membrane fuel cell converts the hydrogen into electricity to power an electric 

outboard motor.  

Our business model is to initially sell high-margin, luxury hydrogen-powered boats in Ontario, Canada to 

fund the expansion of the hydrogen refueling infrastructure. Building on the experience gained in the pilot 

project, Motion+™ will expand to other regions of Canada as well as the United States. Ultimately, our 

company seeks to use the current project as an entry point into the recreational boating market in Canada 

and the United States – estimated to be $4.4 and $121 billion per year, respectively. The Hydronautic+™ 

design draws on key strategic partnerships with Toyota and the Pride Marine Group. Partnering with 

Toyota, will grant us access to utilize their Mirai fuel cell and compressed hydrogen tanks onboard the 

Hydronautic+™. The second partnership, with the Pride Marine Group marinas, will serve as the exclusive 

locations for Hydronautic+™ sales in Ontario as they provide an interlinked set of marina destinations for 

extended cruising. The initial location is sited to be the Pride of Muskoka Marina, their flagship location. 

Through the sale of the Hydronautic+™, fuel cell system maintenance, and hydrogen fuel, Motion+™ 

yields a 10% internal rate of return by year six. 

A life-cycle analysis of the Motion+™ system over our 10-year scenario showed that it drastically reduces 

greenhouse gas (GHG) emissions; specifically, by 9,420 tonnes of CO2-equivalents as compared to the 

same scenario for the conventional yacht (Iguana E-29) after which the Hydronautic+™ was modeled. Even 

though the hydrogen-technologies have embedded GHG emissions due to their specialized materials, they 

are dwarfed by the savings associated with eliminating the combustion of fossil-fuels from a gasoline-

powered engine.  

The design was tailored to remain competitive in the luxury yacht market, while ensuring the highest 

standard of safety. A comprehensive failure mode and effects analysis was conducted iteratively, and 

additional safety features were added to mitigate potential failures. Education of the general public and key 

stake holders was also considered. A full education campaign is planned to ensure all the concerned 

stakeholders understand the value of a hydrogen economy as well as the necessary safety precautions for 

handling the equipment.  

Motion+™ demonstrates that sustainable practices will not compromise the performance and experience of 

a high-end yacht, as realized in the Hydronautic+™ amphibious yacht and fHuel+™ refueling station. The 

present report focuses on the design and implementation of a technology specific to the demonstration site, 

but the overarching goal is to use this project as a proof of concept to expand to other sites across Canada 

and the United States. 
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1.0 – Siting 

The Pride of Muskoka Marina in Bracebridge, ON (Figure 1) was selected as the site of implementation. 

The marina is located on Lake Muskoka, a prime cottage destination for residents of the Greater Toronto 

area. It has a dockage capacity of 35 boats, a gas station capable of fueling both propane and gas, and a boat 

dealership on-site [1]. The popularity of the location, and the existing infrastructure of the dealership form 

an excellent environment for product exposure to potential buyers and boat enthusiasts alike. Motion+™ 

seeks to form a strategic partnership with the Pride Marine Group that owns the Pride of Muskoka Marina. 

The partnership would allow Motion+™ to operate on the premises of the marina, and in exchange would 

allow Pride of Muskoka to expand into the hydrogen market. Moreover, the Pride Marine Group owns and 

operates 11 additional marinas across the province of Ontario. Following the success of the hydrogen 

project at the flagship Muskoka location, Motion+™ plans to expand our infrastructure to these 11 locations 

to create a distributed network of hydrogen nodes across Ontario. 

Figure 1: Pride of Muskoka Marina 

The Motion+™ team investigated whether it was viable to offload hydrogen into TransCanada’s natural 

gas pipeline system. TransCanada’s Canadian Mainline is a transmission pipeline that runs through 

Bracebridge and is connected to a larger series of pipelines that distributes natural gas from the Canadian 

north to the southern United States [2]. Additionally, Union Gas, a subsidiary of Enbridge, owns the 

distribution franchise rights to natural gas for most of southern Ontario, including the Muskoka region [3]. 

There is a delivery station operated by Union Gas in Bracebridge that injects natural gas into the Canadian 

Mainline [4]. However, TransCanada currently only accepts natural gas with up to 4% hydrogen by volume 

in their pipeline [5]. Therefore, it was decided not to pursue gas-line blending at the current time and to 

optimize our production to focus on mobility applications. That said, the Bracebridge site does offer one 

unique advantage. In 2012, Hydrogenics announced a partnership with Enbridge to build a power-to-gas 

storage facility in the Greater Toronto Area (GTA). The Ontario pilot facility has a 2 MW design rating, 

and became operational in Q2 of 2017 [6]. Should the pilot prove to be successful, the location at 

Bracebridge is then ideally situated for potentially blending hydrogen directly to the underground storage 

facilities.  

 

Currently, about 70% of the electricity in Bracebridge comes from hydropower with the rest coming from 

other green sources or diesel generation [7]. The location affords Motion+™ access to a supply of 

renewable electricity for purchasing at off-peak hours. Electricity is transmitted to Bracebridge by Hydro 

One via 230 kV transmission lines [8]. The electricity is then stepped down and distributed at 27.6 kV with 

power availabilities of 20 MVA and 11 MVA at peak loading [7]. Based on these values, the design team 
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found that the power lines would be able to transmit a sufficient amount of power to the Motion+™ design. 

The electricity distributor to the area is Lakeland Power Distribution Ltd, which operates and maintains the 

local electricity grid in the Muskoka region [7].  

The fHuel+™ refueling station is located close to the boat launch ramp, this configuration allows the 

amphibious Hydronautic+™ to drive up the boat launch ramp and into the station quickly and efficiently 

(Figure 2). The station is also located close to the drive way entrance to the Marina, allowing other fuel cell 

vehicles easy access to the fHuel+™ station. The generation and storage facility are located adjacent to the 

fHuel+™ station. In compliance with NFPA -2, the storage facility is located at further than 4m away from 

parked cars and the auxiliary at the marina.  

Figure 2. Site plan at the Pride of Muskoka Marina  

2.0 – Technical Design 

2.1 – Hydrogen Utilization 
For our pilot project, we have redesigned Iguana Yachts’ E-29 amphibious yacht (Figure 3) to run solely 

on hydrogen (H2). The H2-powered design will be named the Hydronautic+™ (Figure 4). In summary, it is 

a 9.25-meter-long amphibious boat with a top speed of 81 km/hr, a fueling time of 4 minutes, a land speed 

of 7 km/hr, and a weight capacity of 800 kg. The Hydronautic+™ is powered by two Toyota Mirai polymer 

exchange membrane (PEM) fuel cells and a H2 tank system with a capacity of 9.70 kg H2, which gives it a 

full day’s supply for any boating activity. 

Figure 3. Iguana E-29 [9] 



 

 

4 

Figure 4: The Motion+™ Hydronautic+™ 

 

In addition, the Hydronautic+™ is supported by a dock-side refueling station, the fHuel+™. The refueling 

station uses a Proton On-Site polymer electrolyte membrane electrolyzer powered by excess renewable grid 

power at off-peak hours to produce on-site hydrogen throughout the year. The design of the Motion+™ 

system followed the Simplified Quality Function Deployment (SQFD) methodology, which ranks different 

possibilities against a weighted list of requirements, to determine the optimal piece of equipment for each 

component. 

 

2.1.1 – Energy Requirements 

The Motion+™ system can be broken down into a series of different components (Figure 5). To 

appropriately size the system, the design process was carried out in reverse, starting with the power demands 

of the users and back along the system block diagram.  

Figure 5: Motion+™ system block diagram 

The power requirements of the Hydronautic+™ can be attributed to the onboard electronics, the electric 

motors for the tank treads, and the electric outboard motor. An analysis of the onboard electronics showed 

that they contribute an insignificant contribution, ~ 1%, to the power profile compared to the electric 

outboard motor. The outboard power requirement was calculated using Equation 1 [10, 11]. 

 

𝑃𝑖𝑛(𝑡) =
0.7457 ∙ 𝑚𝑣(𝑡)2

𝜂𝑚𝑜𝑡𝑜𝑟𝑐2
  (1) 

 

where Pin(t) is the input power at time t in kW, v(t) is the cruising speed at time t in m/s, m is the mass of 

the Hydronautic+™ at max carrying capacity equal to 2714 kg, c is the boat specific drag constant equal to 

230 
𝑘𝑚2

𝐻𝑃 𝑘𝑔 ℎ2, and ηmotor is the motor efficiency equal to 94%. 



 

 

5 

2.1.2 – Motor 

The TM4 Sumo MD (LSM200C - HV2200) was chosen as the electric motor for the Hydronautic+™. The 

TM4 Sumo MD was chosen due to its high power to weight ratio (Table 1).  

 

Table 1: TM4 Sumo MD Motor Specifications [12] 

 

A custom housing was designed to configure the motor for use as 

an outboard (Figure 6). The TM4 CO200-HV Inverter is used to 

supply the TM4 Sumo MD the necessary AC power from the fuel 

cell [12]. It was assumed there were no efficiency losses from the 

motor to the propeller of the custom designed outboard.  For a 

given cruising speed, a major contributor to the power 

requirement is due to the boat mass. The Iguana Yacht E-29 has a 

mass of 2900 kg [13]. By using available dimensions of the E-29 

and the reported materials of construction, we redesigned the 

Hydronautic+™ to be ~1000 kg lighter after all design iterations. 

This was achieved by using more mass efficient materials selected 

using the Cambridge Engineering Selector (CES) software [14].  

 

2.1.3 – Power Profiles  

After determining the Hydronautic+™ power requirements, the 

Motion+™ team developed power profiles based on various 

common yachting activities, titled: Cottage, Touring, Fishing and 

Watersports (Figure 7). The cottage scenario entails a group of 

friends enjoying a weekend at the lake. They use the yacht at 

various speeds throughout the day. The touring scenario involves 

a scenic tour at a moderate cruising speed around Lake Muskoka. 

The fishing scenario consists of an early morning fishing trip on Lake Muskoka. The watersport scenario 

depicts an avid water-skier using the yacht to practice. The power profiles are composed of the motor power 

requirements and the onboard electronics. 

Figure 7. Power Profiles for the Four Different Scenarios 
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By integrating the power profiles, daily energy usage requirements for each scenario were calculated (Table 

2). A weighted average of each scenario was taken to account for different scenario frequencies. The 

weighted average was then used as the design energy requirement for the Hydronautic+™.  

 

Table 2: Energy Usage of Each Scenario 

Activity 
Electronics 

Usage [kWh] 

Motor Usage 

[kWh] 

Total Usage 

[kWh] 
Weight 

Weighted 

Usage [kWh] 

Cottage 3.0 217.1 220.1 0.5 110.1 

Touring 2.2 275.8 278.0 0.1 27.8 

Fishing 2.4 229.4 231.7 0.2 46.4 

Watersport 3.0 101.5 104.4 0.2 20.9 

Total 205.1 

 

2.1.4 – Fuel Cell 

 In order to provide sufficient power to the electric 

outboard motor, two Toyota Mirai polymer exchange 

membrane (PEM) fuel cells are used to convert the H2 

fuel into electrical energy (Figure 8). An SQFD analysis 

was used to determine the appropriate fuel cell type for 

the Hydronautic+™ (Table 3). Since most of the fuel 

cells can reach similar efficiencies, the deciding factor 

to use a PEM fuel cell was its low operating 

temperature, which inherently reduces the startup time 

and increased its durability. Moreover, weight and form 

factor were important design considerations because 

the fuel cell would be utilized for a mobile application 

(Table 4) and located so as to provide a suitable ballast 

location for the yacht. The Mirai fuel cell system 

features an internal circulation system so no ancillary humidifier is needed. 

 

Table 3: SQFD Analysis for the Hydronautic+™ Fuel Cell 

 

The system uses water vapor generated from the cell to maintain humidity ensuring optimal conductive 

performance of the electrolyte membrane [15]. Another notable benefit of using a PEM fuel cell is the 

proven track record of safe use in transportation applications. 

 

 

 

Requirements Weight PEM Alkaline 
Phosphoric 

Acid 

Molten 

Carbonate 

Solid 

Oxide 

Efficiency 10 3 1 3 3 3 

Mass 8 3 -1 1 -3 -1 

Operating 

Temperature 
1 9 -1 -1 -9 -9 

Start-up time 7 9 -1 -1 -9 -9 

Durability 6 3 -3 9 -9 1 

Maintenance 3 3 -1 1 -3 -3 

Cost 4 -3 -1 -3 -3 -3 

Lifetime 2 1 -3 9 -3 -3 

 Total 143 -37 93 -147 -71 

Figure 8: Rendering of the Toyota Mirai FC 
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Table 4: Toyota Mirai Fuel Cell Specifications 

 

By knowing the I-V curve for the specific fuel cell and the power requirements, the onboard H2 

requirements could be calculated for the weighted power profile using Equation 2, where Pin(t) is the motor 

input power at time t, m is the mass of the Hydronautic+™, v(t) is the cruising speed of the Hydronautic+™ 

at time t, motor is the efficiency of the motor, c is the drag constant, 𝑀𝐻2
 is the molar mass of H2,  is the 

stoichiometry efficiency assumed to be 1, V(t) is the fuel cell voltage at t time, i(t) is the fuel cell current 

density at time t, z is the number of charge carriers exchanged, F is Faraday’s constant.  

 

𝑚𝐻2
=

𝑀𝐻2
𝜆

𝑧𝐹
∫

𝑃𝑖𝑛(𝑡)

𝑉(𝑖(𝑡))

𝑡

0

𝑑𝑡 =
𝑚𝑀𝐻2

𝜆

𝑧𝐹𝜂𝑚𝑜𝑡𝑜𝑟𝑐2
∫

𝑣(𝑡)2

𝑉(𝑖(𝑡))
𝑑𝑡

𝑡

0

  (2) 

 

As part of our design, we would advise Toyota to use, 3M’s NPTF Pt/Ni+ M cathode catalyst for the PEM 

fuel cell. This material composition meets the vast majority of the US Department of Energy’s (DOE) 2020 

targets for PEMFC catalysts [16, 17]. This material will reduce the cost associated with using Pt-group 

metals in the design. 3M’s cathode catalyst improves the reaction kinetics of the Mirai fuel cell compared 

to the current ORR catalyst used (Table 5) [15, 18]  

 

Table 5: Comparison of PEMFC catalysts 

Property PtCo/C [19-21] NPTF Pt/Ni+ M [16, 17] 

Loss in mass activity 60% 42% 

Mass activity @ 900 mV iR free [A/mg] 0.180 0.280 

Loss @ 1.5 A/cm2 for 30k cycles [mV] 19 -68 

Pt-group Metal Loading [mg/cm2] 0.210 0.109 

H2 Usage at 0.7 V [g/s] 1.803 1.603 

 

The H2 usage rate was calculated using Equation 3 where, i is the current density, N is the number of cells, 

A is the available area per cell, 𝑀𝐻2
 is the molar mass of diatomic hydrogen, λ is the stoichiometric 

efficiency assumed to be 1, z is the number of electrons exchanged, and F is Faraday’s constant [22]. The 

available area was determined such that the calculated electrical power of the stack was equivalent to that 

of the Mirai fuel cell. Using 3M’s NPTF Pt/Ni+ M cathode catalyst improves the efficiency of the fuel cell 

by reducing the H2 usage rate while reducing the Pt-group metal loading and increasing catalyst longevity. 

 
𝜕𝑚𝐻2

𝜕𝑡
=

𝑖𝑁𝐴𝑀𝐻2

𝑧𝐹
   (3) 

 

Additionally, we would advise the use of NEI Corporation’s FC-2178-HPA as the polymer exchange 

membrane in the Mirai fuel cell membrane electrode assemblies (MEA). Incorporating this material will 

reduce cost and increase both performance and durability. The material meets nearly all of the DOE’s 2020 

targets for PEMFC membranes [23-25]. For the analysis, it was assumed that the current membrane is 

Nafion® 117 because it is a typical membrane material (Table 6). 

 

Table 6: Comparison of PEM Membrane Materials 

Property Nafion® 117 [23, 26] FC-2178-HPA [23-25] 

ASR @ 95% RH & 90C [ohm-cm2] 0.13 0.015 

Power Losses in FC [kW] 21.88 2.41 

Output power (kW) Mass (kg) Dimensions (cm) 

114 56 51 x 24 x 84 
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The power losses in the stack were calculated using Equation 4 where, Ploss is the power loss due to the 

membrane, N is the number of cells, A is the available area per cell, r is the area specific resistance, and i 

is the current density. The available area per cell, current density, and number of cells used the values for 

the PtCo/C catalyst of the Mirai fuel cell for the power loss calculation.  

 

                 Ploss = NAri2  (4) 

 

Figure 9: Comparison of baseline FC and improved FC I-V characteristics (a).H2 consumption rate (b) 

 

Using FC-2178-HPA reduces the power losses by an order of magnitude for the fuel cell yielding superior 

performance, and reduced energy requirements for the Motion+™ system. With these improvements to the 

Mirai fuel cell, the cell voltage decay was reduced and the H2 consumption rate at high power outputs was 

also reduced (Figure 9), yielding a required mass of 9.29 kg H2 onboard the Hydronautic+™. 

 

2.1.5 – Onboard Hydrogen Storage 

To fuel the improved Mirai fuel cell, four 60 L Toyota Mirai tanks (Table 7) will serve as the main onboard 

H2 storage, at a pressure of 70 MPa [27]. In addition, two smaller 37 L Mahytec tanks will be used in a 

cascade interconnection to gradually reduce the pressure to 0.1 MPa to meet the operating requirements of 

the fuel cell (Table 8) [28]. The tanks were selected based on their high storage to mass ratio, which is due 

to their carbon fiber composite construction and were chosen for their optimal geometry. The Mirai tank 

utilizes a plastic liner to seal in hydrogen surrounded by a carbon fiber-reinforced plastic layer to give the 

structure mechanical strength. The component is then sealed in a glass fiber-reinforced plastic layer for 

protection. Toyota's specialized plastic liner configuration and layering pattern reduced the necessary 

amount of carbon fiber by 40%, which reduces the tanks embedded greenhouse gas emissions and cost [15]. 

An SQFD aided in the selection process. The tank system holds an extra 0.41 kg onboard to ensure the 

tanks remain filled with a minimal amount of H2. Therefore, a total of 9.70 kg of H2 is stored onboard the 

Hydronautic+™.  

 

Table 7: Onboard Tank Physical Specifications 

 Mirai Mahytec 

Empty tank mass (kg) 40 38 

External dimensions (cm) Ø30 x 103 Ø32.8 x 92 
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The complete Hydronautic+™ hydrogen utilization system is shown below (Figure 10). 

Figure 10: Pathway Diagram of the Hydronautic+™ 

2.2 – Production and Refueling Station 
With the Hydronautic+™ designed, the refueling station could then be appropriately sized. A bimodal 

refueling profile was assumed in which half of the available boats refueled in the morning centered around 

9AM and half refueled in the evening centered around 5PM. The station was designed for the worse case 

condition in which all of the boats refueled every day. Additionally, the fueling station is able to meet our 

10-year sales target of 12 boats utilizing the station.  

 

2.2.1 – Excess Grid Power 

The power breakdown in Bracebridge, ON is 70% locally generated hydroelectric power and 30% from the 

Ontario grid, which is 62% nuclear power, 24% hydroelectric, 10% oil and gas, and 4% wind [7,29]. The 

Independent Electricity System Operator (IESO) provides historical hourly supply, demand, and energy 

import/export data [30]. The Motion+™ system was designed using the data for the entire 2017 calendar 

year. The hourly available excess renewable energy was calculated using Equation 5, where Eexports is the 

energy Ontario sells to neighboring provinces and states, Eimports is the energy Ontario receives from 

neighboring provinces and states, and Eoil&gas is the energy produced by oil and gas power plants.  

 

𝐸𝑒𝑥𝑐𝑒𝑠𝑠 = 𝐸𝑒𝑥𝑝𝑜𝑟𝑡𝑠 − 𝐸𝑖𝑚𝑝𝑜𝑟𝑡𝑠 − 𝐸𝑜𝑖𝑙&𝑔𝑎𝑠  (5) 

 

Throughout the calendar year there is always an abundance of excess renewable energy (Figure 11). The 

excess available energy is sold by the province at a loss. The Motion+™ system is designed to utilize this 

cheap and free off-peak energy as the price and availability shifts throughout the day to minimize energy 

costs and maximize excess energy utilization.  

Manufacturer Pressure (MPa) Volume (L) Hydrogen mass (kg) 

Toyota 70 60 2.353 

Toyota 70 60 2.353 

Toyota 70 60 2.353 

Toyota 70 60 2.353 

Mahytec 10 37 0.284 

Mahytec 0.1 37 <0.003 

Total 314 9.700 

Table 8: Onboard storage configuration 
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Figure 11: Excess Renewable Energy Produced in Ontario at each hour of 2017 

 

2.2.2 – Electrolyzer and Water Treatment 

A Proton On-Site M100 polymer electrolyte membrane (PEM) electrolyzer was chosen for the hydrogen 

production component (Table 9).  

 

Table 9: Proton On-Site M100 Electrolyzer Specifications [31] 

 

This system was selected using the SQFD. The M100 yielded a much higher score than the Hydrogenics 

HySTAT™ 60 largely due to its high turndown ratio, shorter startup time, and high purity hydrogen output. 

Turndown ratio refers to the ratio of the maximum rate to the minimum rate, meaning that the M100 can 

continue to produce hydrogen even under low power conditions. The M100 features a fully automated 

system for remote monitoring and control. Moreover, the system uses a modular, skid-based design, 

alleviating complications in the event of a component needing repair [31]. The skid contains an H2 

production system, an H2 gas management system, an H2 dryer, an O2 and cooling management system, 

and a factory matched water treatment system, that will be used to convert Pride of Muskoka’s tap water 

supply into ASTM Type II water.  

 

Table 10: SQFD Analysis for H2 Production Electrolyzer 

Production rate 

(kg/24h) 

Power consumption 

(kWh/kg) 

Delivery pressure 

(MPa) 

Max water consumption 

(L/h) 

225 59 3 93.0 

Requirements Weight Hydrogenics HySTAT™ 60 [32] Proton On-Site M100  [31] 

Net Production 5 1 3 

Delivery Pressure 2 1 3 

Power Consumed 6 3 1 

Input Water 4 -1 1 

Temp Range 1 3 -1 

H2 Purity 8 1 9 

Electrolyte 5 -9 9 

Maintenance 5 9 3 

Turndown ratio 10 -9 9 

Cost 7 9 -1 

Start-up time  9 -3 9 

Lifetime  3 9 3 

 Total 70 240 
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As with the Mirai fuel cell, the NEI Corporation’s FC-2178-HPA polymer electrolyte membrane would be 

suggested as an improvement to the M100 PEM electrolyzer. The parameters used in Equation 4 for the 

Proton On-Site M100 PEM Electrolyzer were i = 1.90 A cm-2 at a cell voltage of 1.90 V, and a total cell 

area, (N)(A) = 153,220.22 cm2  [33-35]. This yielded an improved power requirement of 418.97 kW, which 

was used in all calculations.  

 

2.2.3 – Compressor 

Two compressors will be used to compress the hydrogen to the final desired pressure of 87.5 MPa. The first 

stage uses a Hydro-Pac C06-40-300/600LX™ two-stage compressor to compress the hydrogen from 3 MPa 

to 40 MPa. At this point, the compressed hydrogen is stored for later use. When hydrogen is needed a 

second compressor uses a Hydro-Pac C15-20FX™ single-stage compressor, to reach the final operating 

pressure of 87.5 MPa. The C06-40-300/600LX™ was selected to match the M100 delivery pressure and 

production rate. The C15-20FX™ was selected to match the discharge pressure of the C06-40-

300/600LX™ and the desired final pressure of 87.5 MPa (Table 11). The Hydro-Pac compressors utilize a 

hydraulically driven intensifier, which consists of a motive cylinder coupled to two gas cylinders. This 

arrangement allows for the two gas chambers to alternately be compressed. As one is compressed the other 

is filled. The first compressor is a two-stage compressor required to efficiently achieve high compression 

ratios. The second compressor is a single-stage utilizing the already highly pressurized outlet gas from the 

two-stage compressor to further compress the hydrogen to the final 87.5 MPa [36, 37] 

 

Table 11: Compressor Specifications [36, 37] 

 C06-40-300/600LX™ C15-20FX™ 

Max discharge pressure (MPa) 40 105 

Inlet Pressure (MPa) 2-4 40 

Max rate (Nm3/h) 129 149 

Motor Power (kW) 30 15 

 

2.2.4 – Storage & Delivery 

 

2.2.4.1 – Land Storage 

The mass of hydrogen stored on-site can support up to 16 Hydronautic+™ yachts during the yachting 

season. This is achieved by setting a minimum tank capacity threshold, in which the system temporarily 

uses on-peak energy to ensure customers can have fuel. Without this threshold, the design can only support 

2 boats. The threshold was optimized to be 50% of the total tank capacity. An array of 10 Type IV Quantum 

Fuel Systems carbon fiber reinforced tanks will be used to store the compressed hydrogen at 40 MPa (Table 

12).  

 

Table 12: Quantum Fuel Systems Type IV H2 Tank Specifications [38] 

Pressure (MPa) Volume (L) Dimensions (cm) Design life 

40 650 Ø66 x 254 20 years 

 

After passing through the second compressor and reaching 87.5 MPa, the hydrogen will reach a small 

secondary buffer tank, which will store 20 kg of hydrogen at 87.5 MPa. Although the operating pressure of 

the fHuel+™ station is 70 MPa, according to the NREL, a minimum bank pressure of 82.5 MPa or more is 

required to meet the demands of the SAE J2601 fueling protocol [39].  SAE J2601 establishes the protocol 

and process limits for hydrogen fueling of light duty vehicles, and its goal is to provide a high density 

fueling as fast as possible while staying within the process limits [40].  There will be a significant pressure 

drop across the dispenser control system, and therefore to achieve an operating pressure of 70 MPa, the 

hydrogen must be delivered to the dispenser at close to 82.5 MPa [39].  
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2.2.4.2 – Fueling Station 

The fuel pump dispenser will be a H70 – T40 system to meet the target refueling times set out in SAE 

J2601. An H70 – T40 dispenser has a nominal working pressure of 70 MPa, and -40˚C rated gas category 

[40]. A Hydrogenics HySTAT™ fueling dispenser will be used to dispense the hydrogen at a pressure of 

70 MPa, and a factory matched pre-chilling unit will be installed after the buffer tank to cool the hydrogen 

flowing into the dispenser to -40˚C [41]. The fueling will be conducted through a nozzle designed in 

accordance with CSA/ANSI HGV 4.6 standard [42]. The refueling would take between 3-5 minutes to fill 

the 9.7 kg sized tank and will follow the conditions for safe refueling outlined by SAE J2601 [40, 43]. The 

complete Hydronautic+™ hydrogen production and dispensing system is shown below (Figure 14).  

 

2.2.5 – Ancillary Equipment 

 

2.2.5.1 – Power conditioning  

A 10 kV and 20 kV, 3 phase + Neutral, 50Hz/60Hz 

power transformer from Siemens is utilized to match the 

electrical requirements of the M100 electrolyzer [31]. 

The transformer is used to step down the 27.6 kV 

transmission provided by Lakeland Power Distribution, 

Ltd. to the appropriate rating. 

 

2.2.5.2 – Hydrogen Tubing and Fueling Connections 

Spir Star® high pressure H2 hoses are used for delivery 

of H2 from the fueling station to the yacht as it is 

compliant with the SAE standard J2601 [40, 45, 46]. 

Additionally, WEH® nozzles and breakaways are used 

and comply with the CSA/ANSI HGV 4.6 [42, 46, 47]. 

ETFE post sintered tube with double braided 

reinforcement from Smart-Hose® Technologies, is used 

for connections at lower hydrogen pressures (≤ 30 

MPa), on-site and onboard [48]. When traditional high-

pressure hose assemblies fail, a hose can whip violently, resulting in property damage, personal injury or 

even death. In the event of catastrophic failure, Smart-Hose® assemblies are designed to instantaneously 

shut off flow in both directions [48]. 

 

2.2.5.3 – Emergency Portable Gas Cylinder 

In the event that a 

Hydronautic+™ customer is 

stranded without H2 fuel, a 

portable gas cylinder can be 

brought to the boater to provide 

them fuel to make it back to 

shore for refueling at a 

fHuel+™ station. This item is 

to act as an alternative to towing 

back to shore. The cylinder is a 

standard size 35 high pressure 

steel gas cylinder that would 

store H2 at 3.5 MPa [49, 50]. 

The cylinder could then be 

attached to the refueling port at 

the stern of the boat. The 

Figure 12: Hydrogenics HySTAT™ fueling 

station dispenser [44] 

 

Figure 14: Hydrogen production and dispensing system Figure 13: Top view of the hydrogen production and dispensing system 
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cylinder would come with the refueling nozzle already attached. Electronics in the refueling nozzle would 

monitor the refueling process to ensure a safe refueling. Onboard, the cylinder would be strapped in and 

secured under the left seats. 

 

2.2.5.4 – Backup Battery and On-board Photovoltaic Panels 

A 3 kWh lithium-ion Tesla Smart battery will be used to power the electronics on the yacht [51]. The battery 

is charged throughout the day by two 50W photovoltaic panels mounted on the hard Bimini top of the  

Hydronautic+™ [52]. In the unlikely event that the yacht runs out of hydrogen fuel or there is an electrical 

malfunction, the battery will supply enough power to keep the electronics running for 24 hours, allowing 

plenty of time for the user onboard to stay in radio contact, and keep navigation lights on. 

Figure 15: Locations of the backup battery and solar cells on the Hydronautic+™ 

 

2.2.5.5 – Production Control System 

A microcontroller interfaces with the electrolyzer console and real-time IESO energy pricing to regulate 

hydrogen production in real-time. A dynamic production scheme is made possible by the 0-100% turndown 

ratio, less than 5-minute startup time from the off state, and the less than 10 second ramp-up time provided 

by the M100 electrolyzer [31]. It encompasses Ethernet connectivity to allow for user monitoring via a PC. 

An array of flow controllers, pressure sensors, dew point sensors, temperature sensors, and gas leak 

detectors will be monitored by the microcontroller system to automate the production system via OPC 

protocols controlled by the KEPServerEX software provided by Kepware® [53]. 

 

2.2.5.6 – Propulsion Control System 

The controller area network system onboard the yacht allows different system controllers to interface. The 

propulsion system is driven by a microcontroller, which monitors the yacht speed, available hydrogen, 

motor power requirement, and fuel cell output. Based on the yacht speed, the controller will regulate the 

amount of hydrogen to the fuel cell. The operator console will display the remaining cruising time for the 

current held speed, based on the remaining amount of hydrogen. Moreover, using the onboard navigation 

system, the microcontroller will account for the distance back to the refueling station to prevent the user 

from being stranded without sufficient H2 fuel to return to dock. Additionally, the system will always ensure 

a sufficient amount of hydrogen is available to power the Hydronautic+™ to the fueling station from the 

marina dock, about 0.07% of the tank capacity. As with the production control system, a suite of flow 

controllers, pressure sensors, dew point sensors, temperature sensors, and gas leak detectors will be 

monitored by the propulsion control system. 

 

Process and instrumentation diagrams of the electricity grid interfacing system and of the entire Motion+™ 

system are shown in Figure 16 and Figure 17.  
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Figure 16: Process and Instrumentation Diagram of Electricity Grid Interfacing 
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Figure 17: Process and Instrumentation Diagram of the Motion+™ System  
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3.0 – Cost and Economic Analysis, Commercial Viability 

3.1 – Market Space and Business Model 
 

Motion+™ proposes diving into the hydrogen-powered luxury recreational boat business through a vertical 

integration of manufacturing the Hydronautic+™ yacht, and controlling their refueling with the fHuel+™ 

station. The current hydrogen-powered boating scene is sparse; populated by only a handful of unique, 

heavily-sponsored, proof-of-concept designs (Table 13). The market is wide open for infiltration. 

Motion+™ intends to enter it through targeting Ontario lakeshore boating.  

 

Table 13: Overview of Hydrogen-Powered Boating Market 

 

Many of the common pitfalls limiting fuel cell automobile market penetration are reduced in a lakeshore 

boating environment. Because lakes are self-contained, it forces a captive market for refueling. 

Additionally, a centrally located marina is capable of supporting refueling rather than an extensive network 

of refueling stations. The Motion+™ value proposition is three-fold: 1) satisfying our mission, the 

Hydronautic+™ is environmentally-friendly by drastically reducing marine associated carbon emissions, 

2) the Hydronautic+™ is competitively priced compared to other luxury recreational boats and, 3) the 

Hydronautic+™ does not compromise either performance or utility to meet those endeavors. To bring the 

Motion+™ system to the consumer required a careful economic analysis to ensure a profitable venture. 

 

3.2 – Capital Costs 
The capital costs of the project are due to the H2 production system, the H2 dispensing system, and the H2 

utilization system i.e. the electrolyzer system, the fHuel+™ station, and initial Hydronautic+™ units (Table 

14). The H2 production costs were estimated following the cost estimate breakdown used in the US 

Department of Energy’s H2A Current Forecourt Hydrogen Production from PEM Electrolysis version 

3.101 model [59]. The capital costs for the default plant used in the H2A model were linearly scaled by 

Company Type 
Onboard 

Energy 
Storage Fuel Cell Propulsion 

Motion+™ 

Amphibious 

Luxury 

Yacht 

L: 9.25 m 

40 knots 

100W Solar Cell 
H2, 700 Bar 

9.70 kg 

Toyota Mirai 

PEMFC 

2x 114 kW 

TM4 Sumo MD 

Electric motor 

150 kW 

Race for 

Water [54] 

Catamaran 

L: 35 m 

5-9 knots 

Solar (500m2) 

Proton’s PEM 

Electrolyser 

H2, 350 Bar 

~200 kg 

Batteries 

~754kWh 

Swiss Hydrogen 

PEMFC 

2x 30 kW 

Kite 

Electric motor 

(2x 60 kW) 

Cheetah 

Marine [55] 

Catamaran 

L: 9.95 m 

7-12 knots 

N/A 

On shore (26 kW 

solar) 

H2, 350 Bar 

15 kg 
N/A 

H2 internal 

combustion 

engine 

Energy 

Observer [56] 

Catamaran 

L: 30 m 

8-10 knots 

Solar/Wind 

Proton On-Site 

PEM Electrolyser 

H2, 350 Bar 

62 kg 

Batteries 

106 kWh 

Proton’s 

PEMFC 22kW 

Sail 

Electric motor 

(2x 41kW) 

Protium  

[57, 58] 

Narrowboat 

L: 16 m 

~3.5 knots 

N/A 

Metal 

Hydride 

5 kg 

Batteries 

~46kWh 

ReliOn 

Independence 

PEMFC 

1 kW 

NdFeB Brushed 

Motor 
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daily production rate. The capital cost for the refueling station components were estimated using the US 

Department of Energy’s H2A Delivery Components Model Version 2.0 model [60]. The capital cost for 

the two pre-chilling units were estimated following the analysis by Elgowainy et al for an optimal system 

[61]. The capital cost of a type IV compressed gas tank was estimated following US Department of Energy 

2016 cost projections and linearly scaling the cost to the tank H2 capacity [62]. The capital costs of the 

Toyota Mirai fuel cell system were estimated using the low volume (1000 units/yr) cost projections from 

the US Department of Energy Fuel Cell System Cost – 2015 report [63]. The capital costs for the remaining 

materials and construction of the Hydronautic+™ were estimated using the Cambridge Engineering 

Selector software [14]. All dollar values were converted to present values using an appropriate cumulative 

inflation rate [64]. 

 

Table 14: Motion+™ System CAPEX 

H2 Production – Proton On-Site M100  

Stacks $    211,875.10 

H2 Gas Management System - Cathode System Side $      51,676.85 

O2 Gas Management System - Anode System Side $      25,838.43 

Water Reactant Delivery Management System $      31,006.11 

Thermal Management System $      25,838.43 

Power Electronics $    103,353.71 

Controls & Sensors $      15,503.06 

Mechanical BoP $      25,838.43 

Other $      25,838.43 

Installation Cost $      62,012.22 

Indirect Costs $    281,837.28 

Total $    860,618.05 

  

fHuel+™ Station  

HydroPac C06-40-300/600LX Compressor $    327,275.08 

HydroPac C15-20FX Compressor $      88,519.35 

Factory-matched Pre-cooling Unit $    168,000.00 

Hydrogenics HySTAT™ Fueling Station Dispenser $      67,900.17 

Safety & Control Equipment $    151,562.88 

10x Type IV Quantum Fuel Systems 650 L Tanks  $      60,991.61 

Indirect Costs $    184,749.22 

Total $ 1,048,995.31 

  

Hydronautic+™  

Hull $      26,577.53 

2x Toyota Mirai Fuel Cells $      51,237.02 

4x Toyota 60 L & 2x Mahytec 37 L Tanks $        3,507.73 

TM4 Sumo MD & TM4 Inverter $      11,808.83 

Auxiliary Solar Panels $           999.64 

Auxiliary Battery $           689.77 

Tread Motors $         4,146.56 

Manufacture $       14,845.06 

Total per boat $     113,812.14 

 

The total capital cost for the Motion+™ system was determined to be $2,251,049.78, which includes the 

H2 production system, the fHuel+™ station, and three Hydronautic+™ amphibious yachts. Motion+™ 

plans to finance its capital costs using a combination of government grants, venture capital, and small 
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business loans. Several different investment grants exist in Canada for sustainable businesses. One is the 

SD Fund offered through Sustainable Development Technology Canada, which supports pre-commercial 

projects that have a high quantifiable environmental and economic impact. Through this program, 

Motion+™ would receive 33% of the CAPEX ($742,847.40) paid out over 5 years as per the program’s 

policy equating to ~7% of the capital costs in year one [65]. Another available program is the Ontario Low 

Carbon Innovation fund, which supports pre-commercial projects aimed at reducing Ontario greenhouse 

gas emissions. Funding through this program would support 50% of the capital costs ($1,125,524.89) 

through its Technology Demonstration stream [66]. Motion+™ assumes the remaining capital costs to be 

covered by 83% private investment ($810,873.15) and the 7% ($166,082.45) from a Scotiabank 4-year 

small business loan with an interest rate of 7.09% [67]. Through this breakdown, Motion+™ is able to 

minimize its long-term liabilities.  

 

3.3 – Operating and Maintenance Costs 
The operating and maintenance costs for the Motion+™ system can be separated into two categories: 1) the 

costs of running Motion+™ and its ancillary ventures, and 2) the costs associated with the H2 production 

and fHuel+™ station. 

 

Motion+™ is a small business of four employees each with an annual salary of $55,000. To promote boat 

sales, brand loyalty, and public knowledge, targeted advertising is spent in the Ontario market. $30,000 

annually is allocated to these endeavors to support social media campaigns and visits to the Toronto Boat 

Show. The annual cost of general operations was estimated to be $70,000, which would include a small 

office space, a nominal rent to the Pride Marine Group for use of their land for the refueling station 

estimated to be between $1000 - $2000 per month, and other overhead. The land rental price negotiated 

with the Pride Marine Group was assumed to be on par with local commercial real estate rentals in the 

region [68].  Part of the Motion+™ strategy is to actively advertise the Hydronautic+™ and the system by 

holding daily tours during the peak summer months and ice fishing trips in the winter months highlighting 

the amphibious ability of the vessel. The annual cost to run these endeavors were estimated to be 

$69,618.32, which would include hourly wages for three employees to run the business, a 50% discounted 

fuel cost, and maintenance fees for the boat. Additionally, the two Toyota Mirai fuel cells have an assumed 

lifetime of 5 years due an increased frequency of cycling the cell [69]. The cost was taken to be equivalent 

to the cost of a new fuel cell system. The initial inventory of three boats was assumed to support 1 customer 

boat sale, 1 sale to the Pride Marine Group as a showroom piece, and 1 incurred cost to support the touring 

business. The sales targets for the Hydronautic+™ were assumed to follow a conservative assumption of 

an additional buyer every year with the exception of year 5 in which there were two buyers. 

 

The H2 production and refueling station operating and maintenance were estimated using the US 

Department of Energy H2A models [59, 60]. These estimates included operating costs for insurance, 

property taxes, and licensing, which were taken as small percentages (< 4%) of the original CAPEX for the 

respective system. The compressor and compressed gas tank annual maintenance costs were taken as 4% 

and 1% of their installed CAPEX, respectively. The annual maintenance cost for the electrolyzer system 

was taken as 3.2% of its installed CAPEX. The replacement schedule of the electrolyzer was assumed to 

be 7 years based on Proton On-Site figures for cell decay and cost 15% of its installed CAPEX [70].  

 

The remaining operating costs are due to the electricity and water costs to run the system and produce H2. 

These were determined by modeling the fueling station dynamics with our assumed daily bimodal refueling 

schedule and Hydronautic+™ sales trajectory assumption. The fueling station was modeled such that H2 

was produced when the hourly Ontario energy price (HOEP) was less than or equal to $0.00 per kWh until 

all of the station’s tanks were filled. At the same time, H2 would be produced if the total station storage 

capacity dropped below a 50% threshold, in which case H2 was produced irrespective of the HOEP. This 

was to ensure that the station was able to supply fuel to customers during the peak of the summer season 



 

 

19 

when off-peak energy prices were fewer during typical business hours. The annual electricity cost was 

insensitive to the tank minimum capacity threshold, and could be as low as ~20% to support the 12 operating 

boats in year 10. The 50% threshold for the analysis was used as this allowed for the system to be designed 

to support beyond the conservative sales target assumption. At a 50% threshold a total of 16 boats can be 

supported in year 10 based on the assumed usage profile. In this analysis, the equipment considered were 

the two compressors, the electrolyzer, and the pre-chilling unit, which combined used 458.4 kW and 93 

L/hr of water. The electricity consumption due to the pre-chilling unit was estimated to be 0.3 kWh/kg H2 

following the value determined by Elgowainy et al [61] The H2 production dynamics were calculated on an 

hourly basis to coincide with the hourly historical reporting of the HOEP. The analysis was conducted using 

only the 2017 HOEP data and was assumed to be the same for all future years. The cost of water in the 

town of Bracebridge for a 5/8” water meter cost 23.97 $CAD/month and 0.0017125 $CAD/L consumed 

[71]. The electricity rate is more than just the HOEP, which is the wholesale rate. Additional fees are applied 

that are related to maintaining the grid, transmission, delivery, and taxes; all of which significantly increase 

the cost of the electricity beyond the wholesale price [72-76]. The water and electricity costs were first 

determined in Canadian dollars and subsequently converted to US dollars using the daily historical 

exchange rate or the monthly average exchange rate for the time of production in the model [77]. The annual 

electricity and water costs ranged from about $80,000 to $190,000 and from about $300 to $560, 

respectively (Table 15). 

 

Table 15: Annual electricity and water operating costs shown in $USD 

Year        Electricity Costs                Water Costs 

1 $            81,962.50 $     292.89 

2 $            92,442.00 $     320.21 

3 $         103,002.84 $     347.53 

4 $         113,743.25 $     374.84 

5 $         135,581.57 $     429.47 

6 $         146,646.45 $     456.78 

7 $         157,749.84 $     484.09 

8 $         169,080.33 $     511.40 

9 $         180,152.04 $     538.71 

10 $         191,132.84 $     566.01 

 

3.4 – Revenues & Strategic Partnerships 
Motion+™ plans to generate revenue from four main streams. First and foremost, revenue will be generated 

from sales of the Hydronautic+™. Each vessel will be sold to the Pride Marine Group at a 330% markup 

of the unit cost equating to a revenue of $375,580.04. The suggested MSRP would be 120% of the wholesale 

price or $ 450,696.05. This is $15,874.60 less than the comparable gasoline-powered Iguana E-29 [78]. 

Based on the sales assumptions, a total of 12 boats would be sold, of which 11 would operate. A second 

revenue stream will be from providing fuel cell replacements every 5 years, and annual fuel cell system 

maintenance while general boat maintenance services would be provided by the Pride Marine Group as part 

of our partnership. The regular fuel cell system maintenance fee was set at 19% of the Hydronautic+™ 

production cost and the fuel cell replacement fee was set at 150% of the fuel cell system production cost. 

To build the Motion+™ brand and promote the Hydronautic+™, daily cruising tours in the summer and ice 

fishing trips in the winter will be offered in a demo of the Hydronautic+™. Each trip will focus on raising 

awareness about the use of hydrogen as an energy source while demonstrating the performance of the yacht. 

Revenues from these activities were determined to be $136,584.00. Carbon credits are another source of 

revenue for the design [79, 80]. Because the embodied emissions of the system are significantly less than 

those of Iguana E-29, the credits can be sold against the difference at $14.62 per tonne of CO2e. Over the 

10 scenario the revenue begins at $4,468.24 in year 1 and rises to $22,463.06 in year 10, resulting in a total 

revenue of $137,725.44. Lastly, the hydrogen produced at the refueling station will be sold to Pride Marine 
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Group to resell to customers. The H2 will be sold to the Pride Marine Group at a fixed price of $8.24/kg 

after which they may mark up the price to at most $10/kg to incentivize purchase of the Hydronautic+™. 

At this price, a full tank would cost to the user at most only $97.00 compared to $267.12 (0.9352 $USD/L) 

for the gasoline-powered Iguana E-29 [81]. The design team considered selling excess H2 back to the 

electricity grid, but found that this provided little economic return based on the increased capital costs for 

an on-site fuel cell as well as the additional electricity transmission fees to supply power the electrolyzer. 

Ultimately, this scenario has an IRR of 10% and a 10-year cumulative discounted cash flow of $ 

$306,912.34. The payback period was approximately 6 years and the discounted payback period was 

approximately 9 years (Figure 18). The cost of H2 was optimized to give the Motion+™ system an IRR of 

10% while keeping it below $10/kg to keep the price competitive and provide the Pride Marine Group a 

beneficial incentive for partnership [82]. Through a sensitivity analysis, the IRR was most sensitive to the 

wholesale boat markup price and the CAPEX. Slight changes in the price of H2 ( $1/kg) raised or lowered 

the IRR by about 0.75%.  

 
Figure 18: Motion+™ Payback Period Graph 

 

The goal of this design is to utilize hydrogen as an energy currency in the yachting market with the ultimate 

goal of replacing greenhouse gas emitting energy sources. To make this project possible we imagine two 

key partnerships: a partnership with Toyota and Pride Marine Group. Partnering with Toyota offers 

Motion+™ access to their Mirai fuel cells optimized for transportation purposes while opening Toyota to a 

new market for the Mirai fuel cells, which will help to decrease their production costs through an economy 

of scale. Mass production at 500,000 units/year is estimated to change the current cost of a transportation 

fuel cell at a production rate of 1,000 units/year from $216/kW to $53/kW [63]. Moreover, traditional auto 

manufacturers are entering into the luxury yacht market, including Mercedes Benz, Aston Martin, and 

Lexus, further validating the movement of Toyota into the market [83-85]. Partnering with Pride Marine 

Group offers Motion+™ access to an array of locations to launch the Hydronautic+™ and fueling station. 

Likewise, the Pride Marine Group is a trusted, successful business in the region with a great market 

presence, which can accelerate trust in the Motion+™ brand. Pride Marine Group would benefit from 

partnership with us because they will be the exclusive retailers of the Hydronautic+™ in Ontario and from 

H2 sales revenue. This partnership will also provide the Pride Marine Group with advertising while also 

opening up the possibility for provincial and federal money for green initiatives and projects.  

 

In the future, we envision expanding our hydrogen fueling station to new locations. The Pride Marine Group 

operates 12 locations across Ontario with a vision to be able to provide services and maintenance to all of 
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Ontario boating. As of now, 92% of all Ontario boating happens within 1 hour of one of their locations [1]. 

Such a network affords Motion+™ a means for rapid expansion beyond our pilot project local. Motion+™ 

sees future projects converting other modes of water transport to a hydrogen economy, such as sea-doos as 

well as a greater variety of boat models. Or the Motion+™ system could be licensed to larger volume boat 

builders as another source of revenue. Moreover, other touring operations using hydrogen-powered 

snowmobiles in the winter or operating a marina food truck could generate greater revenue [86]. 

Additionally, the current refueling station is designed to be accessible to and equipped for fuel cell vehicle 

(FCV) refueling. Another potential revenue stream is the sale of scaled-down private and commercial 

fHuel+™ refueling stations to other marinas and Hydronauic+ boaters. The Motion+™ system is designed 

to interface with any utility grid structure enabling the mobility of the design to any location. Together, 

strengthening our partnership with Toyota by installing infrastructure that is available to support the Toyota 

Mirai FCV. The Motion+™ system was determined to be economically viable because of its diversity in 

revenue streams to offset its large capital investment. 

4.0 – Safety Analysis  

To ensure the welfare of the Pride of Muskoka Marina and its guests, safety was considered a top priority 

during the entire design process. Current codes and standards pertaining to the design of a hydrogen fueling 

station were extensively researched and applied to the design. A potential failure mode and effect analysis 

(FMEA) was also completed for the entire fueling system, and for the onboard storage and use of hydrogen 

by the Hydronautic+™. The FMEA addressed the critical safety issues relating to the fueling station, and 

ensured these issues were adequately resolved by adding the appropriate passive and active safety features 

to the system.  

 

Motion+™ envisions a hydrogen economy. For this vision to come to fruition, there needs to be a positive 

shift in public perception towards renewable energy, specifically with regards to the safety of hydrogen as 

a transport fuel. To address the safety concerns of marina and community members, Motion+™ will be 

throwing a ‘Kick-Off H2 Summer’ event at the marina. The purpose of the event will be not only to advertise 

the Hydronautic+™, but also to inform marina members on the benefits of power-to-gas technology. 

Additionally, guests will have the chance to participate in free tours aboard the Hydronautic+™ to truly get 

a sense of how quiet a fuel cell vehicle can be, and to expose more people to the concept of a fuel cell 

vehicle. The event will be an interactive and fun way to help alleviate concerns over the use of hydrogen at 

the marina while simultaneously providing information about power-to-gas technology to people who may 

not have that access otherwise. 

 

4.1 – Current Codes 
A license to operate a compressed gas fueling station is required under the Ontario Technical Standards and 

Safety Act, regulation 214/01 s. 2 [87]. In order to build the proposed hydrogen fueling station at the Pride 

of Muskoka Marina, the following criteria needed to be met to apply for the license [87]:  

a) A statement from the municipality indicating that the use of the station for its intended purpose 

does not contravene the zoning by-laws of the municipality; 

b) Evidence that the gas containers installed at the fueling station meet the requirements of Ontario 

Regulation 220 /01 (Boilers and Pressure Vessels); 

c) Evidence that an inspection has been performed and the electrical system for fueling complies with 

the Electrical Safety Code. 

To comply with the above regulations, all relevant components of the fueling station design were sourced 

from manufacturers who meet these standards. Furthermore, the Township of Muskoka permits the 

construction of gas bars at Marinas, as per by law 214-14, section 5.2.1 [88].  In addition to these criteria, 

further regulatory codes and standards that were complied with during the design process (Table 16). The 

major components of the fueling station and yacht design complied with designated safety standards (Table 

17). 
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Table 16. Standards used for hydrogen fueling station design [89-91].  

Association Code Description 

CSA/ANSI HGV 4.9 Design, installation, operation, and maintenance of hydrogen fueling stations.  

NFPA 2 Hydrogen Technologies Code. Describes safeguards for the generation, 

installation, storage, piping, and use of compressed hydrogen gas. 

ISO 22734-1 Hydrogen Generators Using Water Electrolysis. Design and use.  

 

Table 17. System components and their applicable codes [40, 42, 90-97].  

Component Code Year 

Electrolyzer ISO 22734-1 2011 

Compressor CSA/ANSI HGV 4.8 2012 

Land Storage ASME BPVC /CSA/ANSI NGV 2 2013/2016 

Dispenser CSA/ANSI HGV 4.6/SAE J2601 2013/2016 

Yacht Storage ISO 15869 2009 

Fuel Cell SAE J2579 2013 

General system NFPA 2 2016 

 

4.2 – FMEA Analysis 
 

4.2.1 – Objective 

The preparation of a hazard analysis and risk assessment is an important first step needed to identify and 

mitigate any potential hazards in a design. To identify and rank major failure modes, a potential failure 

mode and effect analysis was completed on the entire system. The results were used to assess the impact of 

potential hazardous incidents that may occur at the Pride of Muskoka Marina, specifically with regard to 

the hydrogen fueling station, and the onboard storage and use of hydrogen on the yacht.  

 

4.2.2 – Scope 

The scope of the FMEA was focused on the systems outlined below:  

 

1. Hydrogen Utilization System  

2. Hydrogen Generation System 

3. Hydrogen Storage and Dispensing System  

 

The FMEA team assigned each potential failure mode a numeric value to quantify: the likelihood of 

occurrence, the likelihood of detection, and the severity of impact [98]. The multiplication of these three 

values gave the corresponding risk prioritization number (RPN). The potential failure modes could then be 

compared quantitatively according to their RPN, with higher RPN’s being worse. Initially the RPN’s were 

assigned considering no added safety features, and then revised RPN’s were assigned after safety features 

were added to bring the critical RPN’s down to an acceptable limit (Table 20).  

 

4.2.3 – Results 

The 6 key findings of the FMEA were:  

1. In general, the highest ranked RPN’s were associated with events that could lead to the accidental 

release of hydrogen, due to its 4% lower flammability limit.  

2. RPN’s greater than 100 were considered to be critical, and additional safety features needed to be 

added in order to bring the RPN below 100.  

3. The 3 major failure modes were determined from highest RPN to lowest RPN as follows: an H2 

leak into the hull of the yacht, an H2 leak from either the compressor or electrolyzer in the enclosure, 

and a seal failure on the compressor.  
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4. Proper ventilation is needed anywhere there is a possibility of hydrogen build up.  

5. A routine inspection and maintenance schedule needs to be in place to ensure the safe operation of 

the equipment.  

6. The site plan should follow NFPA - 2 standard [90], and only trained personnel should have access 

to the production equipment.  

 

4.2.4 – In Depth Analysis  

The key failure modes and potential hazards associated with the entire design are all related to the accidental 

release of hydrogen gas. A release of hydrogen into the hull of the yacht while in operation was determined 

to be the top failure mode, due to the potential risk of loss of life in the event of an explosion. An example 

from the FMEA analysis is shown in (Table 18) which considers the design with no added safety features.  

 

Table 18. Example from FMEA analysis, containing no additional safety features. 

Item Failure 

Mode 

Potential Effect(s) of 

Failure 

Sev. Potential 

Failure Cause 

Occ. Det. RPN 

Yacht 

Storage 

Over-

pressurization 

Release of H2 into hull, 

potential fire or explosion 

10 Thermal 

expansion of H2 

3 10 300 

 

4.2.4.1 – Hydrogen Utilization System  

From the FMEA, the following passive and active safety features were added to the Hydronautic+™ to 

ensure continual safe operation. Pressure and temperature monitors were added to each onboard storage 

tank, to ensure that the tanks are kept within their operational limits. Purge valves and isolation valves were 

added in between each storage tank. A non-return valve was added to the tank inlet to prevent backflow 

during fueling. Another non-return valve was added at the fuel cell inlet, also to prevent backflow from the 

fuel cell. Additionally, a hydrogen purity monitor was added at the last cascading tank to ensure the 

hydrogen entering the fuel cell is the correct purity. A mechanical ventilation system, using spark-less, 

explosion-proof fans was added to the hull to ensure proper air flow and decrease the risk of hydrogen build 

up in the hull (Figure 19). However, in the event of a fire in the hull, the ventilation will be closed and a 

gaseous fire suppressant will be released to suppress the fire. A hinged explosion relief valve was added at 

the back of hull, in front of the motor. The hinges prevent it from becoming a projectile in the event of an 

explosion, and its placement in front of the motor ensures people cannot stand in front of the valve during 

operation. The hull will have a lower flammability limit (LFL) monitor to measure the amount of hydrogen 

in the hull at all times. In the event of a hydrogen leak, the monitor will trigger an alarm at 25% of the LFL 

to notify the operator. If the percentage of hydrogen in the hull reaches 40% of the LFL, an emergency 

shutdown of the fuel cell will be initiated and the isolation valves will be engaged. A distress signal will be 

sent to the personnel at Pride Marina notifying them to send help.   

 

After adding the safety features to the Hydronautic+™ design, the FMEA was then revised. Table 19 shows 

the example used in Table 18, but with the revised numbers accounting for the added safety features. The 

numbers for occurrence and detection were lowered, which effectively lowered the RPN to 80. A similar 

analysis was conducted for all areas of the design and all revised RPN’s were brought below 100. 

 

Table 19: Revised FMEA example. 

 

 

 

Item Failure 

Mode 

Potential Effect(s) of 

Failure 

Sev. Potential 

Failure Cause 

Occ. Det. Rev. 

RPN 

Yacht 

Storage 

Over-

pressurization 

Release of H2 into hull, 

potential fire or explosion 

10 Thermal 

expansion of H2 

2 4 80 
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4.2.4.2 – Hydrogen Generation System 

The second and third highest RPN was associated with the accidental release of hydrogen from within the 

enclosure containing the electrolyzer and the compressor. This failure mode received the second highest 

RPN because the hydrogen would leak into a fully enclosed space, increasing the odds of a fire or explosion. 

The entire enclosure will be referred to as the hydrogen equipment enclosure (HEE) for brevity during the 

analysis (Figure 20). To reduce the risk of harm to employees and members of the Marina, a number of 

active and passive safety features were added to the HEE. The HEE will be located on the west side of the 

fueling station, and will be temperature and humidity controlled to ensure the ambient atmosphere is always 

within the appropriate function temperature range of the compressor and electrolyzer. The HEE will have 

restricted access by trained Pride of Muskoka personnel only, to mitigate the risk to the general public. The 

HEE will bear signs saying ‘Warning Flammable Gas’, ‘No Smoking’, and ‘No Unauthorized Entry’, to 

warn untrained personnel of the hazards contained within and mitigate unauthorized entry. The entire HEE 

system will sit on a reinforced concrete slab as per CSA/ANSI HGV 4.9 s. 4.6.3 [89].  Compressed 

hydrogen gas is considered a Class 2 flammable gas under NFPA 55. Under section 6.9 of the code, the use 

of a Class 2 flammable gas requires the enclosure to have explosion relief vents [99]. The HEE will have 

explosion relief vents located at two positions on the roof of the structure, this will mitigate the risk of an 

explosion in the event of a leak. The HEE will also have a mechanical ventilation system to ensure proper 

air circulation of 30 room exchanges per hour. Should a fire be detected, the ventilation system will be 

closed. The mechanical ventilation system will also have a manual shutoff valve located adjacent to the 

principle access door, labeled “Warning: Ventilation System Emergency Shutoff” as per NFPA 2, section 

6.17 [90]. The HEE will have a lower flammability limit (LFL) monitor, to measure the amount of hydrogen 

in the housing at all times. In the event of a hydrogen leak, the monitor will trigger an alarm at 25% of the 

LFL to notify the trained emergency response liaison at the Pride of Muskoka Marina. If the percentage of 

hydrogen in the HEE reaches 40% of the LFL, an emergency shutdown of the electrolyzer will be initiated. 

The HEE will also feature an oxygen monitor, which will alert trained personnel if the oxygen in the HEE 

atmosphere reaches 23.5% or more, as per NFPA 55, s. 13.3.1.3 [99]. In order to protect the equipment in 

the event of a fire, an inert gas fire protection system will be installed rather than a sprinkler system. Fike’s 

PROINERT argon/nitrogen system will be installed. The system conforms to NFPA 2001, and works by 

displacing the oxygen in the air to extinguish the fire [100, 101]. To mitigate the risk of the electrolyzer 

failing and leaking hydrogen into the HEE due to contaminated water, a water purity monitor will be added 

to the electrolyzer intake to ensure the feed water is ASTM Type II deionized. A dew point monitor will be 

installed in the electrolyzer outlet stream to ensure the intake into the compressor is below the allowable 

limit. Having water vapor in the compressor could cause it to fail and leak hydrogen into the enclosure. A 

buffer tank, the 37 L Mahytec described in the technical section, will be used to ensure the flow rate into 

the compressor stays within the operating range. The buffer tank will aid in regulating the flow from the 

electrolyzer, which will be constantly changing due to the fluctuations in excess grid power. A seal failure 

alarm will be installed on the compressor that will notify personnel in the event of a failure. If the 

compressor seal is broken, hydrogen could leak into the HEE atmosphere. An external shutoff valve 

controlling the flow of hydrogen into the compressor, will be placed external to the HEE, in an area 

accessible by trained personnel only. If a leak is detected anywhere in the HEE, the valve will safely allow 

personnel to turn off the supply of hydrogen to the compressor. As an additional safety feature, routine 

inspections of the HEE will be performed every six months. The purpose of the inspections will be to ensure 

the general operating conditions are being met, and to perform any routine maintenance. Safety data sheets 

(SDS) will be made available to all personnel who have access to the HEE.  

 

4.2.4.3 – Hydrogen Storage and Dispensing System 

The hydrogen will be stored in an array of Type IV tanks at 40 MPa, located outside the HEE. The storage 

area will be separated from the HEE by a separation wall which will comply with NFPA-2 [90]. The wall 

will be made of concrete with a 1-hour fire rating, and will also be capable of preventing gas transmission, 

in the event of a leak in the HEE, as per NFPA -2, section 7.1.23 [90]. The storage array will be placed 

outside, adjacent to the HEE, to allow for natural ventilation. The storage structure will be made up of three 
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walls all with the same 1-hour fire rating and prevention of gas transmission. The 3 –wall enclosure allows 

for natural ventilation of the storage area to prevent hydrogen build-up. The north-end of the structure will 

have a gate with restricted access, so as to not exceed the maximum of 3 walls for an outdoor enclosure as 

required by NFPA-2 [90]. Pressure and temperature monitors were added to each on-land storage tank, to 

ensure that the tanks are kept within their operational limits. Purge valves and isolation valves were added 

in between each storage tank. A non-return valve was added to the tank inlet to prevent backflow into the 

compressor. Another non-return valve was added at the dispenser inlet to prevent backflow during fueling. 

Redundant pressure relief devices are included on the Quantum Fuel system tanks, as required by ASME 

Boiler and Pressure Vessel Code, Section X (composite cylinders) [94]. As mentioned in the technical 

section, the hydrogen will pass through a chiller before entering the fuel dispenser to ensure the standard 

fueling protocols in SAE J2601 are met. As well, concrete posts will be placed around the fuel dispenser to 

mitigate the risk of a vehicle collision.  

Figure 19. Hydronautic+™ Explosion-proof fans 

 

Figure 20 HEE enclosure 
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Table 20: Revised FMEA 

Item 
Failure 

Mode 

Potential 

Effect(s) of 

Failure 

Sev 

Potential 

Failure 

Cause 

Prevention Occ Detection Det RPN 

Electrolyzer 

 

Leak/ 

Rupture 

Release of H2 into 

enclosure, 

potential fire or 

explosion 

  

8 
Mechanical 

Failure 

•Enclosure is mechanically vented; 

interlocked with electrolyzer. 

•Non-return valves at outlet. 

•Isolation valves at outlet. 

•Regular inspection/ maintenance. 

2 

•Hydrogen analyzer at outlet. 

•Dew point monitor at outlet. 

•LFL alarm in enclosure; alarm at 

25% LFL, shutdown at 40%. 

•Sprinkler system. 

3 48 

H2 Purity 
O2 ingress 

downstream 
7 

Mechanical 

Failure 
•Regular inspection/ maintenance. 2 •H2 analyzer at outlet. 3 42 

Over- 

Pressure 

Release of H2 into 

enclosure, 

potential fire or 

explosion 

8 

Pressure 

relief valve 

failure 

•Regular inspection/ maintenance. 

•Non-return valves at outlet. 

•Isolation valves at outlet. 

•Redundant pressure relief valves 

2 

•Temp/pressure sensor at outlet. 

•LFL alarm in enclosure; alarm at 

25% LFL, shutdown at 40%. 

3 48 

Compressor 

 

Leak/ 

Rupture 

Release of H2 into 

enclosure, 

potential fire or 

explosion 

  

9 
Mechanical 

Failure 

•Enclosure is mechanically vented; 

interlocked with electrolyzer. 

•Non-return valves at inlets/outlets. 

•Isolation valves at inlets/outlets. 

•Regular inspection/ maintenance. 

2 

•Hydrogen analyzer at inlet/outlet. 

•Temp/pressure sensor at 

inlet/outlet. 

•Dew point monitor at inlet. 

•LFL alarm in enclosure; alarm at 

25% LFL, shutdown at 40%. 

•Sprinkler system. 

3 54 

Seal 

Failure 

Release of H2 into 

enclosure, 

potential fire or 

explosion; O2 

ingress 

downstream 

9 
Mechanical 

Failure 
See above 2 •Seal failure alarm. 3 54 

Yacht 

Storage 

 

 

Over- 

pressure 

Release of H2 into 

hull, potential fire 

or explosion 

10 

Thermal 

expansion of 

H2 

   

•Hull is mechanically vented 

•Non-return valves at fuel cell inlet 

•Isolation valves between tanks/fuel 

cell 

•Relief valves between tanks/fuel cell. 

•Pressure regulator at outlet. 

•Relief panel in hull 

2 

•Hydrogen analyzer at inlet 

•LFL alarm in hull; alarm at 25% 

LFL, shutdown at 40%. 

•Temperature monitor in hull. 

  

4 80 

Oxygen in 

tank 

Potential 

explosion 
10 

Upstream 

purity 

affected 

See above 2 See above 3 60 

Puncture 

/leak 

Release of H2 into 

hull, potential fire 

or explosion 

10 Collision See above 1 See above 4 40 
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5.0 – Operation and Maintenance 

5.1 – Hydrogen Production and Storage  
The production of hydrogen will occur using off-peak electricity to run the electrolyzer. Therefore, it is 

necessary to set up a communications network capable of sending and receiving data in real-time. When 

the electricity prices drop to off-peak rates, the system will initiate the electrolyzer. The equipment in the 

HEE, and storage facility will also be connected to the network, and performance data will be transmitted. 

The sensors outlined in the safety section will continuously collect and send data to Motion+™’s remote 

monitoring center. The center will always have an employee on call who will be trained in the various 

emergency response procedures that could occur should a component malfunction.    

 

The on-land production and storage components, as well as the fueling station components will all follow 

the maintenance schedule provided by the manufacturer. Motion+™ will employ one maintenance person 

who will be in charge of conducting regular maintenance and inspection. Additionally, the equipment will 

be serviced by the manufacturer as necessary. The building will have restricted access to ensure 

maintenance personnel will always be able to fix any issue efficiently.  The hydrogen tanks are stored in an 

array configuration, with isolation valves between each tank. Therefore, should a problem occur in one 

tank, removing and replacing the tank will be fast and efficient.  

 

In addition to the safety features mentioned above, Motion+™ has outlined the following HEE Safe 

Operating Procedures (SOP) document, which will be updated yearly. The HEE SOP’s were designed using 

the CSA/ANSI HGV 4.9 guidelines [89]. The training and SOP’s will be standardized and used at all future 

operations. The outline of the document is as follows:  

 

Marina HEE Safe Operating Procedures – 2018 [89]. 

a) Operation of the station; 

b) Emergency contact information; 

c) Site safety regulations; 

d) Emergency procedures; 

e) The use of firefighting equipment, where appropriate; 

f) The use of personal protective equipment; 

g) Any potential hazards, including: 

h) Electrical hazards and potential residual voltage/energy after shutdown; 

a. High pressure hazards; and 

b. Hydrogen hazards. 

i) Required periodic maintenance, including: 

a. Safety control system and shutdown test procedures; and 

b. Specifications for the frequency of filter change or cleaning. 

j) Required frequency for periodic tests; 

k) Maintenance logs; 

l) Piping and instrumentation diagrams; 

m) Control systems logic and sequencing; 

n) Process flow diagrams; 

 

5.2 – fHuel+™ Hydrogen Dispensing Equipment  
The fHuel+™ station was designed to be completely intuitive and user-friendly. Pay-at-the-pump systems 

were installed, where users just need a credit or debit card to pay for their hydrogen at the pumping station. 

The pay-at the pump system bypasses the need for an employee to always be present to authorize 

transactions. In the event that a user wants to pay in cash, a cash-to-card machine has been installed at the 

fHuel+™ station. The user will insert their cash into the machine, and a disposable pre-loaded card will 
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come out. This card can then be used in the pay-at-the-pump system. Although the fHuel+™ station is 

anticipated to be completely user-friendly, the Pride Marine Group and the employees of the Pride of 

Muskoka location will also be trained accordingly.  

 

The dispensing equipment will operate by first connecting to the tank and then sensing the temperature and 

pressure of the tank. The nozzle will then adjust the flow rate accordingly to ensure that fueling is up to the 

SAE J2601 protocol [40]. The sensors on the dispensing equipment will also collect and send real-time 

performance data to the Motion+™ remote monitoring center.  The dispensing equipment will follow a 

regular inspection and maintenance schedule as well as be serviced by the manufacturer as necessary.  

 

5.3 – Hydronautic+™ 
Onboard the Hydronautic+™, the operator console provides real-time performance information on the 

outboard, fuel cells, and storage tanks. The console includes a comprehensive step-by-step guide for 

operating and maintaining the Hydronautic+™. This is to keep the owner fully informed on the yacht.  The 

operator console will also collect performance data on the fuel cell and storage system aboard the 

Hydronautic+™. During regular scheduled maintenance or should there be a performance issue, a full 

diagnostic can then be completed on the fuel cell and storage components.  

 

Hydronautic+™ maintenance for all fuel cell related components and systems will be performed by 

Motion+™, while regular yacht maintenance will be performed by Pride of Muskoka Marina. Our 

partnership with Pride Marine Group therefore provides another key element because Pride Marine already 

has the infrastructure and experience to service yachts.  

 

The life-expectancy of the Hydronautic+™ components is shown in Table 21. The lifetime of a yacht was 

determined to be 30 years because they tend to have long usable lifetimes as long as they are cared for 

properly. Similarly, electric engines are considered to have long lifetimes as long as proper maintenance is 

done regularly. Hence, they have a long lifetime and a large salvageable value at the end of their lifetime. 

The fuel cell was decided to have a lifetime of 5 years and will need to be replace at 5-year intervals. The 

remaining estimated lifetimes were sourced from the manufacturers of the components.  

 

Table 21: Life expectancy of Hydronautic+™ components 

Yacht Lifetime (years) 

Yacht Body 30 

Fuel Cell [102] 5 

BOP [103] 10 

H2 Sensor [104] 5 

Storage Tanks [102] 15 

Motor [105] 30 

Outboard Converter [106] 30 

Auxiliary Solar Panels [52] 20 

Auxiliary Battery [51] 20 

Tread Motors [105] 30 
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6.0 – Environmental Analysis 

Hydrogen-powered devices are touted as “green” because they produce zero greenhouse gas emissions 

during operation. However, when the entire cradle-to-grave life cycle of a hydrogen-powered device is 

considered, there is a noticeable environmental impact. This is because of the hydrogen production 

pathway, and the materials and manufacturing of those hydrogen-powered devices. These processes all 

have associated greenhouse gas emissions, which negatively offset the benefit of zero emissions during use 

of the device. 

 

To quantify the impact of the Motion+™ system, a life cycle assessment (LCA) of greenhouse gas 

emissions was conducted based on a 10-year lifetime. The analysis investigated the main components of 

the system. The assessment considered the emissions stemming from the materials of construction (MoC), 

the manufacturing processes, the use of the yacht, and from the production and supply of the fuel. 

Additionally, comparison was made to the gasoline fueled E-29 sold by Iguana Yachts. 

 

6.1 – Materials of Construction 
The MoC considered were components of the E-29, which have been publicly disclosed by Iguana Yachts, 

such that a meaningful comparison could be made between the two models [107-109].  Table 22 lists a 

summary of the major components for which the materials are different between the two yachts, their 

material of construction, their mass, and their primary CO2-equivalent emissions (CO2e). The material 

specific CO2e emission information was provided by the Cambridge Engineering Selector (CES) database 

through use of the software’s Eco-Audit feature [14]. Component sizes were determined from the prepared 

CAD models shown in Figure 3. Additionally, the masses and the CO2e emissions of the other major 

components of the two yachts were quantified and are presented as their percent contribution for 

construction of the entire vessel in Figure 21. The present design utilizes materials that were specifically 

selected to minimize the weight of the components in order to reduce the energy required to power the 

yacht. For example, to reduce the mass of the hull, the present design utilized PP honeycomb CFRP 

sandwich panels instead of the CFRP hull used in the E-29 model. The strategy of light-weighting the major 

components of the boat resulted in a weight reduction of 1,026 kg, with the total weight of the E-29 and 

Hydronautic+™ estimated at 2,900 kg and 1,874 kg respectively. 

 

 Table 22. Comparison of primary emissions and mass of select components of the yacht.  

Component Material Mass [kg] 
Primary Emissions 

[kg CO2e] 
 E-29 Motion+™ E-29 Motion+™ E-29 Motion+™ 

Hull CFRP 

PP Honeycomb 

CFRP Sandwich 

Panel 

1,341 690 21,456 10,147 

Mounting Plates 
316 Stainless 

Steel 
8091 Aluminum 79 26 441 333 

Landing Gear 

Frame 

5083 

Aluminum 

NanovateTM 

coated PEEK 
317 175 4,435 2,996 

Hydraulic Jacks 
316 Stainless 

Steel 
8091 Aluminum 79 26 441 333 

Total 1,815 917 26,773 13,608 

   

The total embodied CO2e emissions of the E-29 and Hydronautic+™ are 40.43 tonnes CO2e and 20.93 

tonnes CO2e. The near 50% reduction in primary emissions between the E-29 and Hydronautic+™ can be 

attributed to the removal of the onboard batteries for the threads (11,000 kg CO2e), as well as the reduction 
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in CFRP necessary to construct the hull. Effective reductions were made to accommodate the emissions 

related to using hydrogen as a fuel.  

 

The emissions generated during the manufacturing of the yachts were calculated using the CES database. 

In the software, the most relevant manufacturing process available was used for each component. The 

manufacture of the E-29 produced 1,400 kg CO2e emissions and the Motion+™ design produced 1,100 kg 

CO2e emissions. These values only reflect those for the direct MoC of the yachts, in other words it does not 

include the manufacturing of multi-material components. The emissions associated with the manufacture 

of those components were calculated separately as demonstrated in the following section.  

 

6.2 – Multi-Material Components 
The CO2e emissions associated with multi-material components were estimated based on their MoC, as 

shown in the sample calculation of the emissions associated with the fuel cell used in the design. The 

complex materials used in PEM fuel cells are the main contributor to their embodied greenhouse gas 

emissions. The emissions from the fuel cell, the fuel cell balance of plant, and the fuel cell management 

system were estimated following the comprehensive analysis completed by Evangelisti et al [110]. Their 

study focused on an 80 kW PEMFC system, and the values were scaled to model the fuel cell system used 

in the Hydronautic+™. The amount of platinum used in the catalysts was determined from the specifications 

of the platinum loading, the number of cells, and the cell area for the Motion+™ enhanced Mirai fuel cells. 

 

   Table 23. Breakdown of fuel cell materials. 

 

 

 

 

 

 

 

 

6.3 – Use 
By virtue of the technologies used in the Motion+™ system, the emissions produced during the operation 

of the yacht are related to the emissions caused by hydrogen production. In contrast, the vast majority of 

the life cycle emissions of the E-29 are produced during operation from the burning of gasoline to power 

the outboard motor. In essence, to compare the emissions associated with the use of the E-29 with those 

associated with the use of the Hydronautic+™, the emissions associated with fuel generation in each case 

must be compared.  

 

Material Amount [g] 
 

Material Amount [g] 

PE 2,016 
 

Alumina 23,625 

PP 10 
 

316 Stainless Steel 6,075 

PTFE 1,199 
 

Nafion® 1,456 

Carbon Fibre 10,793 
 

Rubber 2,711 

Graphite 56,305 
 

Cast Aluminum 9,888 

Platinum 21 
 

1030 Carbon-Steel 9,770 

Figure 21.  Relative contributions of components to the embodied emissions of the materials of construction. 

The miscellaneous category contains the parts with less than 1,000 tonne CO2e emissions. 
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The emissions associated with hydrogen production are associated with the PEM electrolyzer, the hydrogen 

storage tanks, and the emissions from energy generation used. The emissions related to the electrolyzers 

and storage tanks were calculated using the same approached described in the multi-material component 

section (section 6.2). The associated emissions for these components were assumed to be much larger than 

the emissions related to all other ancillary equipment used in the hydrogen production system. This 

treatment of the system components follows the convention many authors have used for the LCA of a 

hydrogen fueling station [111, 112]. The emissions associated with the energy required to produce the 

hydrogen sufficient to make the sample trip discussed in the technical design section (section 2.1.3), were 

calculated based on the local energy mix. It was previously shown that a Hydronautic+™ stores 9.7 kg H2 

or 474 kWh of electricity that would be used to produce the hydrogen fuel. In the present business model, 

hydrogen is generated at off-peak hours to reduce the cost of the electricity and the environmental impact 

associated with it. At off-peak hours the electricity is fully generated from renewable source, at the site of 

demonstration the energy mix comprises 67% nuclear, 27% hydroelectric, and 6% wind [7, 29, 113]. The 

emission associated with a GWh of produced from nuclear, hydroelectric and wind sources were reported 

to be 26, 17 and 21 tonnes of CO2e, respectively [29]. As such, the emissions associated with the production 

of 9.7 kg H2 were estimated to be 8.95 kg of CO2e. Extending this to the assumed 268 trips per year and a 

life cycle of 10 years, the total CO2e emissions during use by the E-29 was calculated to be 23.9 tonnes 

CO2e.  

 

In contrast, the vast majority of the life cycle emissions of the E-29 are produced during operation from the 

burning of gasoline to power the outboard motor. The fuel efficiency of the E-29 equipped with a 300HP 

Mercury Verado outboard was determined from the performance details provided by Mercury [114, 115]. 

The fuel requirement for a sample trip was calculated to be 100L of standard gasoline. Using mobile 

combustion emission factors for non-road vehicles, shown in Table 24, the total mass of CO2e emissions 

was determined on a per trip basis to be 396.8 kg CO2e. In a similar fashion to the hydrogen calculation, 

extending this to 2,680 trips over a life cycle of 10 years, the total CO2e emissions during use by the E-29 

was calculated to be 1,063.4 tonnes CO2e.  

 

         Table 24.  Mobile gasoline combustion emissions factors for non-road vehicles [116]. 

 

The emissions associated with production of gasoline should be considered as well. The life cycle emissions 

of a gasoline depend on its sourcing as crude and fuel from different wells are transported to their 

appropriate refinery and point of distribution. Rahman, Canter, and Kumar investigated the emissions 

associated with the Well-to-Tank (WTT) emissions of five different sourced crudes. Their report estimated 

that on average 31.31 g CO2e are emitted for every MJ produced from gasoline [117]. This value was then 

used together with the total amount of gasoline required over the 10-year lifetime to calculate the WTT 

emissions of the E-29.   

 

6.4 – Overall 
The total emissions over the 10-year scenario lifetime of the E-29 and Motion+™ design are 9,960.9 tonnes 

CO2e and 540.54 tonnes CO2e, respectively. The major contributor to the E-29 was from the combustion 

of gasoline during use. The major contributor to the Motion+™ design was from construction and 

manufacturing of the yacht. Figure 22a compares the relative greenhouse gas emissions of each phase of 

the life cycle for the two vessels. Overall, over the lifetime of the design, Motion+™ saves about 9,420 

tonnes CO2e emissions. The carbon price in Ontario in 2018 is 14.62 $USD/tonne CO2e (18 $CAD/tonne 

CO2e) and it is expected to rise to 21.93 $USD/ tonne CO2e (27 $CAD/tonne CO2e) by 2028 [79]. The 

Greenhouse Gas Combustion Emissions [kg/L gas] Conversion Factor [kg CO2e/kg gas] 

CO2 2.319 1 

CH4 1.69·10-4 25 

N2O 5.81·10-5 298 
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emissions saved by Motion+™ (9,420 tonnes CO2e) can be traded as carbon credits as outlined by the 

Ontario cap and trade program, resulting in an additional revenue of 137,725.44 $USD over the 10-year 

scenario as outlined in the economics section of this report (section 3.0) [80]. 

 

 

A comparison between the emissions associated with the E-29 and Motion+™ was done on the basis of a 

lifetime of a single boat. Figure 22b compares the estimated CO2e emissions from each phase of the yacht 

life cycle. The two designs are very close in total emissions at each stage of life with the exception of use. 

The Motion+™ design illustrates the environmental value in a hydrogen economy by undeniably 

eliminating the main source of greenhouse gas emissions from the product. 

 

6.5 – Impact on Local Residents 
When implementing a new design, it is important to consider the impact it might have on local residents at 

the site of demonstration.  The design has a small footprint and will be implemented in a rural area and as 

such should have minimal impact on the local community. The Hydronautic+™ is powered by a hydrogen 

fuel cell and does not emit harmful gases during its operation. It is also completely silent eliminating the 

concern for noise pollution. Integration of the Motion+™ design into the existing marina infrastructure, 

offers the benefit of working within an existing business site, which minimizes the effect on local 

residences. Motion+™ is prepared to work with local community to obtain their approval, specifically it 

seeks the approval from representatives of the local government and of first nations.   

Figure 22.  Life cycle emissions analysis: (a) Relative contributions to greenhouse gas emissions 

from each phase of the life-cycle and (b) comparison of CO2-equivalent emissions associated with 

the life cycle of one yacht. 
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7.0 – Policy and Regulatory Analysis 

In order to successfully implement hydrogen fuel into the consumer market, it is important to obtain the 

approval of local regulatory bodies and the community. Since the core of the business that is presented in 

this report relies on new technology, a comprehensive educational plan is required for the success of 

Motion+™. The present section provides an analysis of the key utility providers and policymakers whose 

cooperation is required for the implementation of the project. Based on the analysis presented herein, 

Motion+™ developed an informative single page document to educate policy makers on the proposed 

technology and the challenges it faces. Finally, to increase the acceptance of the local community, 

Motion+™ designed an informative two-sided brochure that will educate the public on the basics and 

advantages of hydrogen technology. The brochure is included at the end of this section.  

Local Government  

Education of the local government in the Muskoka region would be required to obtain permits to build and 

operate the business. Their support would also be required to ease the permitting process for future 

hydrogen developments. On this end, the main points that would be addressed in the education campaign 

are the safety of the design and the impact it has on the environment and local residents.   

First Nations  

Motion+™ requires an approval from the Band Office of all neighboring First Nations communities. It is 

important to educate local representatives on the technology in order to ensure that the fueling station design 

at the Pride of Muskoka Marina did not interfere with any Firsts Nations claims to the land or their Treaty 

Rights.  

Pride Marine Group 

The Pride Marine Group and the employees of the Pride of Muskoka location are considered to be important 

stakeholders who need to be educated accordingly. There are two aspects to the partnership with the Pride 

Marine Group that require education. First, to highlight the advantages of hydrogen-based technology, and 

the benefits arising from partnering with Motion+™. Second, to maintain safe operations, employee 

training will be required for all employees involved with the hydrogen fueling station.  

Emergency Response  

To ensure the safety of the marina and its guests, appropriate permits from local emergency response units 

are required. Information on the technology used at the marina will be provided so that appropriate 

emergency response plans can be developed. Motion+™ is committed to working together with the local 

fire department to develop response strategies and protocols, to mitigate the risk of any potential hazard. 

The province of Ontario adopted the NFPA training standards in 2014, and therefore the emergency 

response plan will be developed according to the NFPA - 2 guidelines [118]. The emergency response plan 

will contain information in accordance with the guidelines provided by the local legislature, found in section 

4.6.2 [90]. 

Lakeland Power Distribution Ltd. and the Muskoka Municipality 

It is important to provide technical information about the design to the local utility provider to ensure that 

the local infrastructure can adequately meet the system requirements. Motion+™ will be working closely 

with the technical staff at Lakeland Power Distribution Ltd. to modify the design so that it can be easily 

integrated within the local infrastructure. In addition, Motion+™ will work with the leadership of the utility 

company to educate them on the benefits of hydrogen technology, and to highlight the system capability to 

offset the load at off peak hours. Finally, Motion+™ will work with Ontario Power Generation (OPG), 

Lakeland Power and the provincial government to implement an upgrade of the transmission infrastructure 

if so required by the system. In a similar fashion, Motion+™ will work with the Muskoka municipality to 

ensure that adequate water distribution and pricing can be provided. 
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Pilot Project: H2 Powered Amphibious Yacht and H2 Fueling Station 

 

Scope for Policy Makers 

Motion+™ presents a pilot project that focuses on redesigning an amphibious yacht, the E-29 by Iguana 

Yachts. The new design is based on hydrogen fuel cell technology that ensures that there will be minimal 

environmental impact over the lifetime of the design. At the marina, off peak hours electricity is used to 

power a polymer electrolyte membrane electrolyzer to produce hydrogen gas. The hydrogen is then 

compressed and safely stored dockside at a fueling station. The yacht uses the hydrogen as its fuel. Onboard, 

a proton exchange membrane fuel cell converts the hydrogen into electricity to power an electric outboard. 

It was shown that the concept can reduce the overall lifetime emissions over 10 years by about 9,420 tonnes 

of CO2-equivalent emissions as compared to the E-29. The concept draws on two necessary strategic 

partnerships. One with Toyota, to utilize their Mirai fuel cell and compressed hydrogen tanks for onboard 

the yacht. They will benefit from the expansion into new markets as well as a performance increase in their 

economy of scale for the components. The second partnership is with the Pride Marine Group to act as the 

Ontario exclusive location of Motion+™ fueling stations and yacht sales through expansion to their 

multiple marinas. The initial location is sited to be the Pride of Muskoka Marina, their flagship location.  

 

Challenges and Solutions 

While the design team at Motion+™ went through a vigorous design process a 

number of challenges exist on several regulatory levels. 

Safety and Regulations – While the Motion+™ design adheres to all applicable 

safety standards and regulations that relate to its class, new regulations are still 

required for this new and innovative technology. Motion+™ is prepared to work 

with the local authorities to produce better guidelines and regulations for hydrogen powered design. Each 

yacht sold by Motion+™ collects performance information and any deviation is communicated back to our 

design team. By monitoring any potential issues that come up during the pilot project, the local authorities 

and Motion+™ will be able to draft better regulations for future hydrogen-based projects. 

First Nations Approval – The pilot project will be operating on land rented from Pride Marine Group and 

will not require any additional land. The design produces minimal impact on the environment and noise 

pollution levels are kept to a minimum. Motion+™ anticipates that with appropriate education, first nation 

will approve of the pilot project at Pride of Muskoka marina. 

Employee Training – The safety of our employees and those working at Pride of Muskoka Marina is a prime 

responsibility for Motion+™. To maintain safe operations, training will be provided to all employees 

involved with the fHuel+™ station. The training will be a 3-day intensive course in which the trainees will 

receive a certification to operate the compressed gas fueling station. The focus of this 3-day training course 

will be on the topics set out by the NFPA -55, section 4.7.1 through 4.7.4.4.  

Emergency Response Units – Motion+™ will work with local emergency units to ensure that their personal 

is trained and appropriate protocols are in place to provide effective and safe operation guidelines. 

Emergency response personal will be educated on the type of emergency equipment available at the marina, 

and its location. A description of the equipment, the testing/maintenance programs and presence of any 

potential hazards will be provided. On site, potential hazards will be appropriately indicated with labels and 

signs. Finally, Motion+™ will produce a list of personnel who are trained to be liaison personnel for the 

fire department, the list will be made available to appropriate figures in the city council and local emergency 

units.  

Utility Requirements – At peak production, the present design requires 458.4 kW electricity drawn during 

off peak hours and 93 L/hr of tap water from the main. The team at Motion+™ is committed to working 

with the local utility companies to ensure the above requirements are met, and competitive pricing is 

negotiated for the utilities provided.  
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