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Overview
A lithium-ion battery based powertrain was developed for a Cessna 337G Skymaster under the Hybrid
Electric Aircraft Testbed (HEAT II) project at the National Research Council Canada (NRC). As the project
approaches its conclusion, a future area of exploration for the HEAT project may be in the integration of
hydrogen fuel cells onto the Cessna aircraft. Due to their low carbon emissions and high specific energy
density relative to batteries, fuel cells are becoming an increasingly important area of research for the
future of low emissions aviation. Fuel cells are expected to play a large role in helping the aviation
industry meet the ambitious 2050 target for 50% reduction in carbon emissions relative to 2005 levels.
This is evidenced by the significant growth of hydrogen based aviation developments in recent years.
Companies such as H2FLY have begun to demonstrate test flights using hydrogen propulsion systems.
Additionally, the government of Canada has made clear the importance of hydrogen in the future of
Canada’s energy landscape. In December of 2020, a report, titled, “Hydrogen Strategy for Canada,
Seizing the Opportunities for Hydrogen, A Call to Action”, was released by Natural Resources Canada
(NRCan) outlining the path towards a Canadian hydrogen economy by 2050. The report outlines the
need to support further R&D, and encourage “Canadian demonstrations in emerging applications” such
as aviation. With the strategic importance of hydrogen to the future of aviation and Canada’s energy
landscape noted, there are a number of challenges associated with hydrogen that must also be
considered. Some examples of these challenges include the large cooling requirement of fuel cells and
the low volumetric density of hydrogen resulting in the need for large and heavy compressed gas
vessels, or complex cryogenic storage systems. Before work can begin in implementing fuel cells onto
the HEAT aircraft, these complexities must be well understood. Thus, a feasibility study was undertaken
to help guide a decision as to whether or not further pursuit of the project was practical and
worthwhile. The feasibility study involved a combination of hand calculations and simulation using the
Modelica language. For the purposes of this feasibility study, the following areas were explored:
•

Component Selection

•

Fuel Requirement

•

Storage Requirement

•

Power and Cooling Requirements

•

Weight and Balance

•

Volume Limits

•

Modeling

Fuel Requirements and Component Selection
An example of how the fuel cell based system may look is shown in Figure 1. A series of design choices
were made to meet the power requirements while staying within required weight and volume
constraints. Note, the diagram excludes essential components required for the integration of the
system. Other components that must be considered are the safety and ventilation system, water
management system, cooling system, hydrogen recirculation system, cathode air compression system,
and wiring.

Figure 1: High-level Fuel Cell Based Powertrain Layout

The hydrogen requirement was estimated as a function of the fuel cell stack efficiency, the power
requirement at a given phase of flight, and the higher heating value (HHV) of pure hydrogen. The fuel
requirements are summarized in Table 1.
Table 1: Hydrogen Mass Flow Rate Requirements by Flight Segment

Flight Segment

Power Demand (%)

Takeoff / Climb
Cruise
Descent

100
65
40

Power Demand
(kW)
155
101
62

Hydrogen Requirement
(g/s)
2.5
1.6
1.0

For the purpose of this analysis, a 2 hour flight profile was considered consisting of a 1 minute takeoff, a
5 minute climb, a 110 minute cruise, and a 4 minute descent. The total hydrogen requirement for the
flight profile was found to be 11.7 kg. One option considered for hydrogen storage was compressed gas
storage (GH2). In this method, gaseous hydrogen is subjected to high pressures (typically 300 bar or 700
bar), and stored inside of reinforced pressure-rated tanks. GH2 storage has the advantage of simplicity of
operation, and fast reaction kinetics for control. Additionally, GH2 storage is currently the industry
standard for automotive fuel cell based vehicles, meaning the technology is mature and well
understood. Liquid storage and cryo-compressed storage were also considered for the analysis, however
the GH2 solution was preferred due to its technological maturity and lower system complexity.
Specifically, two 325 L Infinite Composites Pressure Vessel (iCPV) Tanks were chosen for the analysis.
Although the fuel cell stack can meet the majority of the load for the rear engine of the Cessna, a
battery stack may be required to provide supplementary power during peak load conditions such as
takeoff and climb. Additionally, the time response for fuel cells are generally slow, meaning a battery
stack may be required when ramping up power in a flight. The 120 Ah battery modules used in the HEAT
II project were considered for the analysis. These components have the advantage of well characterized
performance and safety testing data. To size the battery stack, a conservative approach was taken,
involving the use of 4 HEAT II battery modules. This configuration could provide approximately 55 kW of

power at a 2.4 C discharge rate. The energy contained within 4 of these modules is 23 kWh. DC-DC
converters are necessary to increase the relatively low voltage at the output of the fuel cell and
batteries to the higher voltages required by the inverter and motor. French based manufacturer Tame
Power converters were considered. This company was chosen for their specialized electric mobility
based converters, and due to scarcity in other suitable products on the market. Specifically, the E CONVY
80K DC-DC converters were chosen for the analysis. The Emrax 348 electric motor and Cascadia PM150
DZ motor controller were selected. These components were tested and fully characterized through the
HEAT II project.

Weight and Balance
With the component selection established, the weight and balance of the aircraft was analyzed. The
weight and balance was calculated based on a baseline measurement taken for the Cessna 337 aircraft
at NRC facilities. Using known component weights from HEAT II and from manufacturer specifications,
the weight and balance of the hydrogen based aircraft was calculated. A summary of these component
masses are shown in Table 2.
Table 2: Weight and Balance Summary

Component
Aircraft Basic Empty Weight
Pilots and Fuel
HEAT II Components (excluding
battery modules)
4 Batteries, shrouds, cables, full
rack, etc.
1 Ballard FCgen HPS Stack
2 iCPV Storage Tanks
Hydrogen Fuel
9 Tame-Power DC-DC
Converters
Stack Cooling (estimate)
Miscellaneous/Other (estimate)
Total:

Mass (kg)
990.5
236.9
162.6

Mass (lb)
2179
521.2
357.8

196.6

432.5

55
168
13.6
99

121
396.6
29.9
217.8

50
50
2022.2

110
110
4448.8

The resultant weight and center of gravity location were plotted, as shown in Figure 2. It can be seen
that the system is well within acceptable tolerances for the Cessna 337 aircraft. Note, the green data
point relates to the takeoff condition of the aircraft while the blue data point relates to the zero-fuel
condition of the aircraft.

Figure 2: Fuel Cell Based Weight and Balance

Volume Requirements
For similar reasons to the weight and balance analysis, it was desirable to know the volume
requirements of the fuel cell based system, and if the system would fit into the Cessna aircraft. Prior to
the HEAT II project, the cabin volume was measured to be 3503 L. Volume estimates for the fuel cell
based powertrain system totalled to 1918 L, which was considerably less than the limit set by the
available space. The component based volume requirements are shown in Table 3.
Table 3: Volume Requirements for Fuel Cell Powertrain Components

Component
Cockpit (estimate)
4 Batteries and shrouds
1 Ballard FCgen HPS Stack
2 iCPV Storage Tanks
9 Tame-Power DC-DC Converters
Stack Cooling (estimate)
Total

Volume (L)
800
274
52
650
92
50
1918

Cooling Requirements
To approximate the cooling requirement of each component of the powertrain, a simple energy balance
diagram was created, as shown in Figure 3. Each component can be considered as a system in which an
input power (P) is converted to an output power (P), with a given heat loss (Q), parameterized by the
efficiency (𝜂) of the component. The mechanical power delivered to the propeller is represented by the
term 𝑃𝑚𝑒𝑐ℎ . It is important to note that the heat loss of a given component is a function of its efficiency,
which is a dynamic property dependant on the operation point of the component. For simplicity,
component efficiencies were assumed to be constant, and were set to conservative values such that the
given heat loss terms were likely higher than what could be expected on the aircraft.

Figure 3: Generalized Energy Balance Diagram

This framework was used to solve for the approximate cooling loads of the components at various
power demand states of a flight profile. The cooling requirement during each phase of flight, as
presented by the energy balance diagrams, is summarized in Table 4.
Table 4: Cooling Requirement during Each Phase of Flight

Fuel Cell
Batteries
DC-DC Converter
Inverter
Motor

Takeoff/Climb (kW)
178
1
4
19
17

Cruise (kW)
162
0
2
12
11

Descent (kW)
99
0
1
8
7

Modeling
Modeling was required to supplement the hand calculations and analysis presented previously. A
preliminary tool was developed in Modelica to simulate hydrogen powered HEAT flights to assist with
assessing the feasibility of the project. This tool was developed on top of the pre-existing simulation tool
built for the HEAT II project to save time and maintain compatibility with pre-configured components
and simulations. The Modelon Fuel Cell Library (FCL) was used to configure the fuel cell stack model. The
first step to configuring the overall fuel cell stack was to parameterize the membrane model. The
polarization curve of the simulated fuel cell compared to the polarization curve provided by the
manufacturer is shown in Figure 4.

Figure 4: Simulated and Manufacturer Polarization Curve Comparison

The membrane model was inserted into a stack model and the components were integrated into a highlevel flight simulation. Development is currently ongoing to match the high level power and temperature
characteristics of the fuel cell stack being modeled.

Follow On Work
From the preliminary analysis, the fuel cell based powertrain for the HEAT project appeared feasible.
The necessary components required to store the hydrogen and power the aircraft were identified, and
these components were found to fit within the aircraft from both a weight and balance perspective, and
from an available volume perspective. The largest complexity may come from the integration of the
balance of plant for the various components of the powertrain. Additional components such as the
water management system, hydrogen recirculation system, and cathode air compression system are
required for the fuel cell to operate, and these systems are not included in the fuel cell stack identified
in the analysis. Commissioning of these system require specialized knowledge and experience in fuel cell
operations which cannot be understated from a complexity perspective. For this reason, it may be
preferable to explore pre-configured fuel cell balance of plant systems, such as the PowerCell “Power
Generation System 100”. These pre-configured modules may eliminate the need for in-house cooling
system design, safety system design, and power electronic complexities. Further work is required to
develop the Modelica simulation tool to better match the high level power characteristic of the modeled
fuel cell stack, and improve the fidelity of the model’s time response.

