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Foreword 

In April 1924, the Canadian Defence Quarterly published an article titled “The Mechanicalization of 

Cavalry” written by Capt. E.L.M. (Tommy) Burns. Burns argued that the Canadian cavalry regiments 

should replace their horses with tanks suggesting that Canada would be well placed to give birth to the 

“new cavalry”. This idea faced immediate and fierce opposition from the cavalry officers at the time, which 

included an article written by Major George S. Patton in 1930, where he surmised that tanks could not 

replace horses due to complex logistics and poor cross-country performance. We now find ourselves a 

century after these arguments took place, and with the power of hindsight are facing another major 

paradigm shift that could even rival mechanization. This paradigm shift has been triggered by the war in 

Ukraine and the clear demonstration of the vulnerability of fossil fuel supply chains. While the complex 

logistics of mechanized warfare were recognized even in its infancy, today, the proliferation of sensors 

from satellites to individual people with cellphones, the advances of long-range precision fires and 

missiles, and the complete reliance of military forces on liquid fuels, have exacerbated these logistical 

challenges even further. The linear nature of fossil fuel supply chains, their reliance on critical 

infrastructure such as refineries, and their length which can range in the thousands of kilometers have 

turned fossil fuel supply chains into a tactical, operational, strategic, and political risk that can no longer 

be ignored. This risk is further exacerbated by the expansion of renewable energy sources, new platforms 

such as electric vehicles, and the constant pressure of environmental damage, which have all worked to 

reduce the demand for fossil fuels and therefore the number of refineries that can sustain military forces 

in large-scale combat operations. It is clear today that a military must have devise another way to sustain 

itself that does not rely on fossil fuels.  

Under these new threats, hydrogen has emerged as a unique tool in the military toolbox to address the 

above problems. Unlike fossil fuels, hydrogen is extremely abundant and has multiple methods and 

feedstocks from which it can be produced. Unlike fossil fuels, which are a mix of different hydrocarbons, 

hydrogen exists as a single molecule, which would greatly alleviate the inter-operability requirements. 

And finally, hydrogen is a unique molecule that is highly energetic and can act as a logistics vector by 

transporting energy and water at the same time, as one kg of hydrogen is able to produce nine litres of 

water. Combining energy and water into a single molecule would provide a significant logistics advantage 

during military operations. However, to fully leverage hydrogen’s advantages, three major challenges 

must be overcome. First, the production of hydrogen must increase by a few orders of magnitude. 

Second, a safer storage system than gas or liquid needs to be identified so that it can be incorporated in 

operational platforms. Finally, more efficient hybrid powertrains must be created to overcome hydrogen’s 

much lower volumetric energy density. This feasibility study is an attempt to address the second and third 

problem by analyzing different hybrid power trains and determining if they would be capable of meeting 

operational requirements. 

Capt. Besmir Shurdha 

Project Director ACSV (DLR 3-2-2) 

Canadian Army Headquarters / Directorate of Land Requirements 

Canadian Armed Forces 
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1.0 Executive Summary 

The purpose of this project was to begin with a baseline diesel-combustion military heavy logistics vehicle 

and evaluate the technical feasibility of changing the fuel supply to solid-state hydrogen, moving towards 

a hybrid electrified configuration, and additionally understand the implications to the overall powertrain 

mass and volume. Towards that end five vehicle concepts were proposed and analyzed. The concepts 

were (1) conventional H2-internal combustion engine (ICE), (2) H2-ICE parallel-hybrid, (3) H2-ICE series-

hybrid, (4) power dense fuel cell and (5) efficiency optimized fuel cell.  

Prior to analyzing the vehicle concepts, a set of high-level vehicle requirements was established as well 

as two drive cycles; one a simplified flat-road cycle and the other modelled on a logistics vehicle mission 

profile. The high-level vehicle requirements presented the concept of peak, continuous and average 

power demand. Combustion engines and fuel cells can sustain power output continuously, while batteries 

provide shorter bursts of high power; creating trade-offs in system sizing and powertrain mass. 

The logistics vehicle mission drive cycle was derived from aggregate real-world vehicle performance and 

validated by subject matter experts. The aim in using two such disparate drive cycles was to demonstrate 

the impact requirements and drive cycles have on vehicle components power rating, mass and volume. 

The average power demand of the flat-road cycle was higher than the logistics cycle. The flat-road cycle 

produced vehicles with larger engines, smaller batteries, larger fuel tanks and overall larger mass 

powertrains while the logistics drive cycle produced powertrains with smaller engines, larger batteries, 

smaller fuel tanks and overall smaller mass powertrains. Using “today” technology values, and the 

logistics drive cycle, even in a best-case scenario, the efficiency optimized fuel cell powertrain mass was 

still 200 kg greater than the diesel-baseline.  

Two vehicle concepts, H2-ICE series-hybrid and efficiency optimized fuel cell, were selected to 

extrapolate out their designs for tomorrow (~10 years) and future (~15 to 20 years) technology values. As 

the technologies evolve, and system efficiencies increase, and both volumetric and gravimetric power and 

energy densities improve, the two concepts were comparable or better than the diesel-ICE baseline. On-

board hydrogen storage energy density and energy release penalty are the parameters which need the 

largest improvements. Hydrogen storage dominates the mass and volume of the concept powertrains, 

with battery size and efficiency assumptions also contributing significantly.  

This project demonstrates that, depending on requirements and drive cycle, a heavy logistics hydrogen-

fueled vehicle using today’s technology assumptions, can be designed to a mass of no more than 10% of 

the diesel-ICE baseline. A detailed design phase is recommended to refine these concepts further. 
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2.0 Introduction 

Through the Greening Government Strategy, the government of Canada has signaled its intent for 

government operations emissions to be net-zero by 2050 [1]. Canada’s National Safety and Security 

Fleet (NSSF) is composed of aircraft, marine vessels and tactical land vehicles operated by National 

Defence, the Royal Canadian Mounted Police (RCMP) and the Canadian Coast Guard, and their 

emissions are counted in the government of Canada operations. In 2024, Canada established interim 

objectives including that by 2040, the average net-emission intensity of all NSSF operations will be 

reduced by at least 50% on the path to net-zero emissions by 2050; this will be achieved through 

measures such as low-carbon fuels, low and zero-emission platforms, and permanent carbon dioxide 

removal [2]. Actions towards that end include transitioning 100% of the RCMP light duty fleet to zero-

emission vehicle (ZEV) by 2035, improving marine and air energy efficiency through operational 

measures, switching to low-carbon fuels, and carbon removal of any remaining greenhouse gas 

emissions [2].  

In the National Defence Climate and Sustainability Strategy 2023-2027, there is a commitment to reduce 

fleet emissions on land, which will include evaluating options to reduce emissions, such as fleet 

upgrades, alternative technologies, and improvements to training activities, all while maintaining 

operational effectiveness and commitments [3]. Decarbonization plans for the military marine and air 

fleets are to be finalized by 2024, with land fleets to follow by 2027. The Canadian Army, under Target 11, 

is tasked with drafting the Land Operational Fleet Decarbonization Plan by 2025 and finalizing it by 2027 

Alongside the Greening Government Strategy, there is a project by the Canadian Armed Forces (CAF) to 

modernize the logistics vehicles through acquisition of new fleets of light and heavy logistics vehicles, 

trailers, vehicle modules, and armour protection kits [4]. These vehicles cover a range of types but can 

include light trucks, cargo/troop carriers, command post-light, as well as heavy load handling systems for 

delivering trailers and equipment [5].  

This project focuses on the heavy load-handling system vehicle [6]. The overall vehicle is an 8x8 truck 

that is capable of transporting a 20-foot ISO container. Figure 1 is an example of a heavy-load truck, with 

a trailer connected, based on the Mercedes Benz Zetros platform by the Marshall Group [7]. In a joint 

venture, the Marshall Group and General Dynamics Land Systems (GDLS) were awarded the logistics 

vehicle modernization (LVM) project. The baseline vehicle powertrain is a diesel internal combustion 

(ICE) engine. Traditional diesel-ICE engines contribute to greenhouse gas (GHGs) emissions and are not 

classified as low- or zero-emission vehicles.  
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Figure 1: Photo of Marshall Group heavy-logistics truck [7] 

At present, the majority of commercial military vehicles in Canada are based on gasoline-combustion or 

diesel-combustion engines. There are several low- to zero-emissions technologies, existing today, which 

may be suitable in the design and build of a heavy logistics military vehicle. As a first step towards the 

design of a low- to zero-emission heavy logistics vehicle, this project aims to perform a technical 

feasibility study to examine the heavy logistics vehicle mission profile, define the high-level vehicle 

requirements, assess available low- to zero-emission technologies (e.g., fuel cell, H2-ICE), and evaluate 

fuel vehicle storage options (e.g., solid-state hydrogen) to work towards establishing a vehicle envelope 

and determine the appropriate sizing of major system components for a low- to zero-emissions heavy 

logistic military vehicle. Out of scope for this project is cost of manufacturing and fuel delivery; these are 

items which would need to be addressed by a follow-up study. 

2.1 Consultant Support 

This project was performed on a co-operative basis, whereby commercial industry technology experts 

were invited to attend monthly progress meetings and asked to provide expertise for their respective 

technologies. Drive System Design (DSD) and MAHLE were contracted through the NRC, while Bak 

Motors / Plasma Kinetics and Donut Defence / ESOX group were contracted through DND.  

DSD is an engineering consultant firm that specializes in the rapid development of next-generation 

electric and hybrid powertrains, internal combustion engines (ICE), and associated 

technologies. ZeBeyond, as a spinoff of DSD, has developed a modelling tool, Electrified Powertrain 

Optimization Process (ePOP), that synthesizes many powertrain combinations, comparing their cost, 

mass, range and efficiency, across multiple vehicles drive cycles to down-select the best powertrain 

candidates [8, 9]. Figure 2 provides a screenshot of the ePOP tool interface and example output screen. 

Further details about the ePOP tool and its deployment in this project can be found in Section 4.2. 
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Figure 2: Screenshot of ePOP tool post-processing interface [9]  

MAHLE is a leading global technology partner and supplier to the automotive industry with customers in 

both passenger car and commercial vehicle sectors. Founded in 1920, the technology group is working 

on the climate-neutral mobility of tomorrow, with a focus on the strategic areas of electrification and 

thermal management as well as further technologies to reduce CO2 emissions, such as fuel cells or highly 

efficient, clean combustion engines that also operate on renewable fuels such as hydrogen. MAHLE has 

expertise in hydrogen combustion engines (H2-ICE), having developed a powertrain for heavy-duty 

operation, along with project partners PHINIA, BorgWarner, Cambustion, and Hartridge. As of February 

2025, MAHLE has entered the test-phase of Project Cavendish, a UK government backed initiative, in the 

MAHLE hydrogen test facility located in Northampton, England [10, 11]. Figure 3 is a heavy duty H2-ICE 

truck from Project Cavendish. In addition to providing expertise with respect to H2-ICE engines, MAHLE 

also examined the feasibility, through a system design and 1-D simulation, of a water recovery system 

from both a fuel cell powertrain and H2-ICE engine. The full analysis is provided in Appendix A. 

 
Figure 3: Heavy duty H2-ICE truck from Project Cavendish [11] 
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Bak Motors is an engineering consulting firm in Ottawa, Canada, which has licensed solid-state hydrogen 

technology from Plasma Kinetics, for specialized applications such as the automotive industry and 

defence land systems. Plasma Kinetics has developed the idea for a solid-state hydrogen storage 

system, which stores hydrogen on light-activated nano-structured thin films. Hydrogen is adsorbed onto 

the thin films at atmospheric pressure and ambient temperature and then reeled onto rolls, and stored 

into canisters. To discharge the hydrogen, a system composed of take-up canister, tension rollers, 

motors, housing, lasers, radiator, pump, hose, coolant, wiring harness and controllers releases the 

hydrogen through light-activation to feed the hydrogen supply required by the hydrogen engine (e.g., fuel 

cell or H2-ICE). A pilot hydrogen-release system has been conceived but not yet fabricated [12, 13]. 

Figure 4 depicts renderings for a hydrogen solid-state vehicle system. Figure 4a illustrates the take-up 

canister and main canisters, along with laser and H2 manifold, while Figure 4b shows the hydrogen 

canister storage being installed on a heavy-duty truck. The Plasma Kinetics solid-state hydrogen system 

was used as a reference for this project to determine a theoretical on-board hydrogen delivery system 

volumetric and gravimetric energy density, as well as release power. 

  
a) b) 

Figure 4: Hydrogen solid-state storage visual renderings [13] 

a) Take-up, main canister and roller, and b) Vehicle hydrogen storage placement and installation 

Donut Motor, now part of the ESOX group, focuses on in-wheel motor design for electric vehicles that 

combines maximum torque and power density with a lightweight design, eliminating the need for 

traditional drivetrain components [14]. The ESOX group’s focus is on re-defining electric mobility for the 

defence industry, examples of their work include examining fleet electrification, enhancing mission-critical 

artificial intelligence (AI) capabilities, or simplifying vehicle architectures for greater efficiency [15]. Figure 

5a and Figure 5b shows Donut Lab 21-inch in-wheel hub motor designs, for automotive and 

heavy-trucking applications, respectively. For this project, Donut Motor provided generic power density, 

as a function of volume and weight, as well as motor efficiency, as inputs for the analysis.  
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a) b) 

Figure 5: Example Donut Lab motors and their fundamental performance 

a) Automotive 21-inch design focusing on high performance, low mass, and b) Semi-truck 21-inch 

design designed for durability and power. 

Report section contributions from the consultants and partners are summarized in Table 2.  

Table 2: Report section partner contributions 

Contributor affiliation Report sections 

Drive System Design Section 3.1, Section 4.0, Section 5.0 

Canadian Armed Forces Section 3.3, Section 4.1 

Bak Motors Section 3.7, Section 4.3, Appendix B 

Plasma Kinetics Section 3.7, Section 4.3, Appendix B 

MAHLE Section 3.3, Section 3.4, Section 3.6, Section 4.3, Appendix A 

ESOX Group Section 3.9, Section 4.3, Appendix C 

Nevada Automotive Test Center (NATC) Section 4.1.3 

General Dynamics Land Systems (GDLS) Section 3.3, Section 4.1.3 
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3.0 Background 

In this section, background information is provided as it relates to hybrid powertrain architecture design, 

fundamental vehicle design, as well as highlighting the various vehicle technologies examined for this 

study. 

3.1 Hybrid Powertrain Architecture 

In a conventional internal combustion engine (ICE) vehicle, the propulsion energy is provided solely by 

the engine. With an electric hybrid architecture, the tractive power may come from the engine (ICE or fuel 

cell or other), the batteries, or a combination thereof. In a series hybrid configuration, the internal 

combustion engine is coupled to a generator rather than the drivetrain, and mechanical propulsion is 

supplied exclusively by the electric motor. In a parallel hybrid configuration, the internal combustion 

engine and electric motor are both mechanically linked to the drivetrain, enabling either or both power 

sources to provide torque to the wheels [16]. 

A conventional ICE drives the wheels through the transmission. The technology is mature, simple, and 

low cost. Overall, it has lower efficiency than hybrids and does not offer the benefit of recovery energy 

through regenerative braking. In a series hybrid architecture, the engine drives a generator to produce 

electricity, which powers an electric motor that drives the wheels. In this way, the engine can run at 

optimal efficiency, no multi-gear transmission is needed. However, since additional components are 

required, generator and motor, it can be heavier and more expensive. In a parallel hybrid architecture, 

both the engine and the electric motor can drive the wheels directly (mechanically connected). This 

architecture is a mix between conventional and series-hybrid; it can improve acceleration and fuel 

efficiency during acceleration by sharing the load between the engine and the electric motors, while still 

recovering energy through regenerative braking. Drawbacks to this architecture are its higher complexity 

mechanically and more complicated control strategy.  

There is also a trade-off in efficiency, whereas a conventional ICE architecture typically has moderate and 

low efficiency under highway and city driving conditions respectively, a series hybrid has moderate and 

high efficiency under highway and city driving conditions, and a parallel hybrid has high and moderate 

efficiency under highway and city driving conditions. In a study performed by Ganji et al., two drive cycles 

were modeled, highway fuel economy driving schedule (HWFET) and urban dynamometer driving cycle 

(UDDS), for different powertrain configurations (conventional, series-hybrid, parallel-hybrid, series-parallel 

hybrid) and their powertrain bidirectional efficiency was compared. The conventional vehicle had the 

lowest efficiency under both drive cycles, while the series-hybrid performed well for the urban drive cycle 

and the parallel-hybrid performed better than the conventional under both cycles, but not as high as the 

series-hybrid [17].  
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Figure 6 illustrates a simplified block diagram for the major systems in a conventional ICE powertrain. The 

fuel tank supplies fuel to the engine. The cooler provides cooling to the engine. The motor provides start-

up electricity to crank the engine. The transmission transfers and modulates engine power to the wheels 

by adjusting torque and speed to suit driving conditions. Overall, it is a very simple architecture. This 

block diagram represents the architecture for the baseline diesel ICE vehicle as well as the hydrogen-ICE 

(H2-ICE) vehicle. 

 
Figure 6: Conventional ICE powertrain architecture 

Figure 7 illustrates a block diagram for a parallel-hybrid architecture. In a parallel architecture, both the 

electric motor and the engine can provide tractive power. There is additional complexity in this 

architecture, as compared with conventional, including the addition of an on-board charger, battery, 

inverter, and DC-DC converter. Batteries can be charged by operating the motor as a generator by the 

engine or through an electrical outlet. This block diagram represents the architecture of the H2-ICE 

parallel-hybrid vehicle.  

 
Figure 7: Parallel-hybrid plug-in powertrain architecture 
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Figure 8 illustrates a block diagram for a series-hybrid architecture. In the series architecture, the engine 

is mechanically de-coupled from the wheels. Here, the engine (H2-ICE or fuel cell) powers a generator, 

which operates the motor. The motor can be powered by the engine alone, the battery alone, or a 

combination of both, in high power demand scenarios. This block diagram represents the architecture of 

H2-ICE series-hybrid and the fuel cell vehicle concepts. In the case of the fuel cell vehicle, there is no 

generator between the engine and the rectifier; the energy output from the fuel cell is direct-current.  

 
Figure 8: Series-hybrid plug-in powertrain architecture 

3.2 Vehicle Model 

The tractive force of a vehicle, that is the force at the wheels, is a sum of forces; including rolling 

resistance (Fr), aerodynamic drag (Fd), climbing resistance (Fg), and the acceleration force (Fa). The 

equation to describe tractive vehicle force (𝐹𝑡𝑒) can be found in Equation 1: 

 

𝐹𝑡𝑒 = 𝐹𝑟 + 𝐹𝑑 + 𝐹𝑔 + 𝐹𝑎 Equation 1 

Rolling resistance is the force required to keep a wheel or tire rolling at a constant speed on a surface. 

Softer surfaces, like mud or sand, have higher rolling resistance. Rolling resistance can change with road 

surface, tire inflation pressure, vehicle speed, and vehicle load. Aerodynamic drag force is the force from 

the air in front of the vehicle opposing motion. It can depend on air density, coefficient of drag, frontal 

area of the vehicle, and vehicle speed. Climbing resistance force is the force required to overcome gravity 

when a vehicle is climbing up a slope with angle Θ; the steeper the grade, the higher the climbing force. 

The force due to acceleration is the force required to accelerate the vehicle, based on Newton’s second 

law; force is mass times acceleration. Figure 9 is an illustration of a vehicle model with the various forces 

described. 
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Figure 9: Vehicle model with acting forces 

To determine component sizes for each powertrain system, first the high-level vehicle requirements and 

drive cycle must be defined. Typical vehicle requirements might include initial acceleration, average 

speed, maximum speed, gradeability, driving range, etc. A drive cycle is a vehicle speed versus time 

profile for verifying vehicle performance. There are standard drive cycles which exist to evaluate all 

different types of vehicles. Different drive cycles will elicit different performance, fuel economy and 

emissions for the same vehicle. Figure 10 illustrates an example of a drive cycle derived by MIT 

researchers based on analyzing 58,000 miles of real-world data for Class 8 long-haul trucking in the 

United States [18]. Combined with fundamental parameters, such as vehicle mass, rolling friction, frontal 

area, wheel radius, air density, etc., the drive cycle and the vehicle requirements can be used to derive 

overall vehicle power requirements. These vehicle power requirements can then be cascaded to 

individual components to determine component power and sizing. It’s important to include efficiency in 

component sizing as well. 

 
Figure 10: Example long-haul Class 8 drive cycle (USLHC8) [18] 
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When specifying vehicle requirements, it’s important to distinguish between the types of requirements; 

namely: 

• peak,  

• continuous, and  

• average requirements.  

A peak requirement would be a requirement that’s needed for only a short time (e.g., a rapid 

acceleration), a continuous requirement would be a requirement for a longer time (e.g., a 10-min dynamic 

hill climb), and an average requirement would be a requirement that a powertrain must meet over the 

course of an entire drive cycle (e.g., minimum highway cruise speed for 5-hrs). There is no common 

definition for a continuous requirement; they are defined for each project individually according to the 

vehicle’s needs. 

Conventional ICE powertrains can produce peak power continually so long as fuel is available, whereas 

battery systems can produce peak power for short durations. ICE peak power is limited by the engine 

size, whereas battery electric peak power is determined by a combination of factors, including voltage, 

current, inverter size, electric motor(s) size, battery capacity, discharge rate (C-rate), and environmental 

temperature. This means that an electric powertrain can provide much higher peak power than traditional 

ICE for short durations but is not capable of sustaining the power because the peak power will drop as 

battery energy capacity is consumed. The other advantage with batteries is the ability to respond rapidly 

to increased or decreased power and torque demands, while ICE engines have longer response times. 

Understanding the vehicle operational drive cycle, gives an opportunity to downsize the vehicle engine 

and take advantage of this unique battery feature to meet all the drive cycle requirements. This highlights 

the criticality of determining the precise vehicle drive cycle. If improperly set, components may be 

oversized or undersized for the required application. In moving from traditional powertrain design to 

hybrid design, it’s important to understand technological limitations (e.g., battery energy density), as 

compared to diesel combustion, and look for opportunities to leverage other characteristics (e.g., greater 

energy conversion efficiency, short-term higher peak power output, reduced engine idling time during 

silent watch) to achieve the desired requirements. 
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3.3 Baseline Diesel-based Vehicle 

The baseline vehicle for this study was taken to be the Mercedes-Benz Zetros, as selected through the 

ongoing Logistics Vehicle Modernization Project [4]. In particular, the 8x8 heavy variant was selected as 

the most energy intensive option; this is a four-axle vehicle with all eight wheels receiving motive power. 

This vehicle was chosen as the reference platform against which all the other configurations were 

measured. Figure 11 is a photo of a Mercedes-Benz Zetros 8x8 vehicle. 

 
Figure 11: Mercedes-Benz Zetros 8x8 [19] 

The vehicle’s 6-cylinder heavy-duty diesel engine, producing 375 kW [20], is representative of a mature, 

stable technology, widely deployed in this type of application today. The drivetrain is likewise typical for 

vehicles of this type, consisting of an automatic gearbox with a hydrodynamic torque converter as part of 

a fully mechanical transmission driving all four axles [20]. Refuelling would be expected to take under 10 

minutes. Again, this technology is mature, robust, and widely supported, with well supported supply 

chains. However, it does produce greenhouse gases, as well as other pollutants.  

When armoured, the curb weight is expected to be approximately 22,000 kg [21]. Outfitting with standard 

equipment, crew, and cargo brings the operating weight up to nearly 38,000 kg, while the gross vehicle 

weight rating (GVWR) is over 40,000 kg [21].  
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Figure 12: Power and torque versus engine speed for selected engine [22] 

In common with all internal combustion engines, torque and power output varies strongly with engine 

speed; coupled with action of the gearbox, this results in the overall fuel efficiency being highly sensitive 

to the drive cycle, as is illustrated in Section 4.1 below. Figure 12 is a plot of power and torque as a 

function of engine speed; the light blue line is a 335 kW engine while the darker blue line is a 375 kW 

engine. Both are OM 460 EURO V model engines from Mercedes-Benz. Peak diesel efficiency was 

estimated to be 37%, based on engines employing similar technology [23] as shown in the fuel map in 

Figure 13. Figure 13 is based on a 12.6 L heavy duty diesel truck engine; it is a plot of engine pressure, 

and output power, as a function of engine speed; the contour lines are fuel flow rate. At 150 kW and 1500 

rpm, the fuel consumption rate is 34 kg/hr. Based on the lower heating value of diesel (42.6 MJ/kg), this is 

a fuel flow power of 402 kW. The efficiency is calculated as 150 divided by 402; for a value of 37%. This 

efficiency implies a cooling requirement of approximately 236 kW, which is provided through a liquid 
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cooling loop with a radiator and fan assembly, sized for continuous operation between -45°C and +50°C 

[20]. 

 
Figure 13: Engine speed, power, and fuel flow rate map for representative diesel engine [23] 

These numbers all relate to engine output; like all powertrains, they are then affected by efficiency of the 

transmission and auxiliary power systems, which were assumed to be 91% and 70% efficient respectively 

[23]. The continuous driving cycle profile, discussed later on in Section 4.1.2, can take advantage of the 

ICE’s optimal operating band by reducing throttling, idling, and hard acceleration which provides a good 

energy conversion efficiency. The logistics vehicle mission profile, presented in Section 4.1.3, which has 

low, medium, high-speed driving; cross-country, trails, secondary and primary roads, as well as an idling 

period, consistently pushes the engine efficiency outside of its optimal band, and represents the critical 

area for improvement using a hybrid system. 
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3.4 H2-ICE 

The hydrogen internal combustion engine (H2-ICE) represents a possible near-term solution to 

decarbonization of heavy-duty vehicles, adapting existing diesel platforms to use hydrogen as a fuel for 

combustion. While hydrogen has very different physical and chemical properties to the diesel fuel it is 

replacing, the overall mode of operation remains the same as the baseline case, and therefore all the 

components outside of the engine itself and the fuel storage remain largely as previously described. 

MAHLE Powertrain (MAHLE) estimated properties of a H2-ICE based on a version of the engine used in 

the baseline vehicle modified to run on hydrogen [23]. The current technology is assumed to be port 

injection, with future technology taken as high-pressure direct injection (HPDI). In 2024, Cummins 

demonstrated an experimental engine achieving peak efficiency of 41% [24], with a recent review finding 

efficiencies in the 42%-45% range [25], both of which align in the estimate provided by MAHLE. At the 

efficiency targeted, performance is slightly below the diesel baseline, which is again consistent with 

finding from literature [26]. As in the baseline case, power, torque, and efficiency are strongly affected by 

engine speed, with the impacts of drivetrain and auxiliary power loads being largely unchanged. Figure 14 

is a plot of brake mean effective pressure (BMEP) as a function of engine speed with efficiency contours 

for H2-ICE. 

 
Figure 14: Brake mean effective pressure (BMEP) vs. engine speed for H2-ICE with eff. contours [23] 

While the use of hydrogen eliminates the carbon dioxide and particulate emissions from diesel 

combustion, nitrogen oxides are still emitted due to the high temperatures involved, albeit at lower 

intensity [24]. 
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The hydrogen combustion engine also suffers from the lower volumetric energy density of hydrogen fuel 

which requires larger cylinder sizes to generate the same amount of power as diesel. Hydrogen’s higher 

combustion temperature, poor lubricity (ability to reduce friction between surfaces in relative motion), and 

small molecular size create challenges for pre-ignition and knock. Thermal management for hydrogen 

ICE may require injecting produced water into pistons during combustion to reduce temperature and NOx 

production, which adds complexity to the system [27]. 

3.5 Hydrogen Fuel Cells 

Hydrogen fuel cell systems transform chemical energy into electrical energy through the hydrogen 

oxidation reaction at the anode and the oxygen reduction reaction at the cathode to produce water. The 

inputs to a fuel cell system are hydrogen, oxygen (or typically air), water or glycol for cooling, and a small 

voltage and current on start-up. The fuel cell system includes the fuel cell stack, the cathode circuit for the 

air, including air compressor or turbo-pump, and humidifier, the coolant circuit including coolant pump, 

radiator fans, and heat exchanger, and the anode system includes the interface to the fuel cell, an 

injector, ejector, and possibly a hydrogen recirculation blower. Figure 15 is an illustration of a fuel cell 

system. Not illustrated here is the battery power required to start-up the fuel cell system; namely the air 

compressor and the coolant pump and heater, prior to the fuel cell system exporting power. This input 

power is captured as a reduced system efficiency for the fuel cell system. The powertrain configuration for 

the fuel cell system must always be a series-hybrid design with a battery for specifically this reason; the 

battery size depends on this required start-up power as well as the drive cycle requirements.  

 
Figure 15: Boundary diagram for fuel cell system 

The fuel cell stack consists of repeated layers of bipolar plates and membrane electrode frame assembly 

(MEFA). Hydrogen enters the anode, the anode catalyst on the MEFA causes a hydrogen oxidation 

reaction separating the hydrogen into a hydrogen proton and electron. The hydrogen proton travels 

through the MEFA while the electron travels through the conductive plate to supply the load. On the 

cathode side, the air enters the cathode and combines with the hydrogen proton and the electron from the 
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neighboring plate, to produce water and waste heat. Figure 16 demonstrates the cross-section of a single 

anode plate, MEFA, and cathode plate. A single cell produces between about 0.65 V to 1.2 V of voltage, 

at different currents. These cells are stacked together to increase power to an overall desired level. 

 
Figure 16: Working principle of hydrogen fuel cell stack [28] 

Similar, to conventional combustion engines, a fuel cell can operate at continuous rated power so long as 

fuel is being supplied. Hydrogen fuel cell system efficiency varies at different load points. At rated power, 

typically 0.65 V/cell, the system efficiency is about 40%; whereas at lower power, the system efficiency 

can be as high as 60%. This is because of the voltage-current relationship of the fuel cell. At low load, or 

low current, the voltage is high, the losses are minimal and efficiency is highest but power output is low. 

Whereas at high current, the voltage drops due to losses, efficiency is lower but power output is highest. 

A fuel cell experiences activation losses, losses from the electrochemical reaction, ohmic losses, these 

are resistive losses, and mass transport losses, these are losses due to reactants not being able to reach 

reactants sites. Activation losses dominate low current density, ohmic losses occur linearly throughout the 

polarization curve, and mass transport losses occur most significantly at high loads. Further, at higher 

loads, more air flow is required to supply the fuel cell reaction, the pump is operated at higher speed, 

higher power, and therefore net efficiency decreases. Figure 17 is a plot of fuel cell stack and system 

output power, as a function of efficiency, for the Toyota Mirai vehicle as tested by Argonne National 

Laboratory [29]. The Toyota Mirai is a sedan-sized fuel cell vehicle. The fuel cell stack design is a proton 

exchange membrane (PEM) type with one stack of 114 kW size, test weight was 4,250 lbs. Nominal 

hydrogen tank pressure is 10,000 PSI with 5 kg of hydrogen storage. From the plot, it can be observed 

that at rated power, 110 kW, the system efficiency is 40% while at 25% of power, 27.5 kW, the system 

efficiency is much higher, at 58%. Compared with the logistics vehicle, the Mirai will exhibit lower 

volumetric and gravimetric energy densities for both the fuel cell engine and the hydrogen storage 

system; this is because, in the Mirai, the balance-of-plant components occupy a greater fraction of the 

total system volume and mass relative to the electrochemically active components, whereas in higher-

power fuel cell systems, the auxiliary subsystem scales less significantly than the stack itself, resulting in 

higher overall energy density. However, the efficiency relationship will hold true between the Mirai and the 

logistics vehicle.  
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Figure 17: Fuel cell stack and system output power vs. efficiency for Toyota Mirai 2017 [29] 

Some of the challenges with hydrogen fuel cell systems as vehicle powertrain technologies include the 

availability and accessibility of hydrogen fuel, the lower system efficiency (as compared with battery 

technology but higher than traditional combustion engines), the maturity of the technology, the low 

volumetric power density (kW/L), the potential risks associated with hydrogen as a fuel [30], and the 

ability to start-up at ambient temperatures less than -25°C [31, 32].  

The fuel cell produces water from the hydrogen oxidation and oxygen reduction reaction during normal 

operation; at shutdown in sub-zero conditions, this water freezes and upon re-start can inhibit reactants 

reaching reactant sites, cause a voltage reversal, and prevent the fuel cell system from starting up. To 

better start-up from sub-zero conditions, special shutdown procedures are enacted to remove liquid water 

from the fuel cell stack, additionally a catalyst is added to the anode that allows water evolution to enable 

the hydrogen oxidation reaction until the anode sites are clear. In Section 4.1.1, the basic vehicle 

requirements are discussed including the ability for the vehicle to operate from -45°C to +50°C. Current 

fuel cell systems cannot start-up at -45°C. However, each fuel cell system includes a battery which can 

discharge at -45°C, at a lower C-rate. If such a low temperature start-up is required, the battery can be 
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designed to run the fuel cell system coolant heater and pump to heat the fuel cell to a minimum start-up 

temperature, such as -25°C. Once the fuel cell system is running, it generates heat, which can then be 

fed to the battery to warm it up and recharge it from the fuel cell system. This requirement would be 

incorporated into the battery and fuel cell system design; such that the battery would be selected to have 

the lowest possible internal resistance. The impact on the specifications would be a delay in start-up to 

perform this heating phase or if no delay is required, the vehicle could keep the battery and fuel cell 

above a temperature limit by periodically heating the coolant such as during an overnight period.  

Some of the advantages of the technology includes fast refueling, long driving range, no harmful tailpipe 

emissions, and scalability for larger vehicles [30]. 

3.6 Exhaust Water Recovery 

In austere or desert conditions, or on a mission, access to drinking water can be a challenge. For every 

kilogram of hydrogen, an H2-ICE or fuel cell engine has the potential to produce 9 kilograms of water, 

based on the combustion reaction and the molar mass of water and hydrogen. As a tangent to this 

vehicle component power sizing exercise, there was interest in understanding the possibility of capturing 

water from the exhaust system to drink or for other uses such as injection into the combustion chamber to 

improve efficiency. As such, MAHLE was invited to investigate what a potential water capture system 

would entail, the amount of water produced, the power demand required, as well as the impact on overall 

vehicle efficiency. The full report is inserted into Appendix A. 

3.7 On-board Hydrogen Storage 

In order to operate a hydrogen fuel cell or hydrogen combustion engine, hydrogen must be supplied. 

There are different storage formats for hydrogen, and each of them possesses their own gravimetric and 

volumetric energy density. Volumetric energy density is the amount of energy available per litre, and 

gravimetric energy density is the amount of energy per kilogram. Figure 18 is a plot of different fuel types 

and their densities. For comparison, diesel fuel has relatively high gravimetric and volumetric energy 

densities, at 45.4 MJ/kg and 34.6 MJ/kg, respectively [33, 34]. Gaseous hydrogen, stored at 700 bar 

pressures, has high gravimetric energy density but low volumetric energy density. Hydrogen is the lightest 

and most abundant element on earth but its volumetric energy density is low. The gravimetric energy 

density, based on the lower heating value of hydrogen is 33.3 kWh/kg [35]. A lower heating value 

represents the amount of heat released during combustion excluding the energy contained in the water 

vapour produced. It represents the usable energy which can be extracted from a fuel under real operating 

conditions. 

When examining the hydrogen storage tank’s gravimetric energy density, both the storage container and 

the fuel weight are considered. The types of storage tanks required are large, thick walled, and heavy. 

The fuel storage system’s gravimetric energy density can be calculated as the mass of hydrogen divided 

by the total mass of the storage system. This value is lower than the gravimetric density of hydrogen fuel 

alone. The major challenge with using gaseous systems for defence applications comes from the risk of 

jet fire or potentially delayed explosion when damaged by high explosives and projectiles. Hydrogen 
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compressors are also a single point of failure in the gaseous hydrogen supply chain as there is no way to 

fill the tanks without them. Such compressors (up to 700 bar) are complex, expensive, and difficult to 

operate in austere operational conditions. 

Liquid hydrogen has higher volumetric density than gaseous hydrogen. Liquid hydrogen is stored 

at -253°C and at a pressure from 1 to 10 bar. This low temperature presents challenges with storage, 

including boil-off losses, material selection, infrastructure limitations, and energy-intensive liquefaction 

during production. Liquefaction is the process of transforming gaseous hydrogen into liquid. In a military 

context, large liquefaction plants would represent a similar critical infrastructure problem as refineries do 

for fossil fuels. While there may be some applications for liquid hydrogen in civilian applications that are 

not at risk of being targeted, there is significant risk in using it for defence applications. 

 
Figure 18: Comparative energy density of hydrogen and conventional fuels [33, 34] 

Gaseous hydrogen has a low ignition energy (0.02 mJ), low lower flammable limit (4% in air), and wide 

flammability range (4 to 75% in air) [35]. Ignition energy is the energy required to ignite a substance. For 

comparison, gasoline vapour ignition energy is about ten times higher, at 0.2 mJ. Flammability range is 

the range over which a flammable mixture can occur. Hydrogen can burn at concentrations from 4 to 75% 

in air. Methane, or natural gas, has a flammability range of about 5 to 15% in air. To improve gaseous 

hydrogen volumetric density, it’s stored at higher pressure, typically 350 to 700-bar. Storage at higher 

pressures includes risks such as containment failure, where a tank rupture or leak could lead to a jet 

release and / or explosion-event. A high-pressure hydrogen leak can form a high-velocity jet flame that is 

nearly invisible and burns very hot. 

Hydrogen is also the lightest element on earth, when released it will seek the highest point. If released in 

an outdoor environment, it will rapidly rise and dissipate. If released in an enclosed environment, it can 

pool at the highest point and potentially form a flammable mixture. Diesel’s weight is higher than 



 

Version 1.0 National Research Council Canada Page 31 of 223 
 

hydrogen; if it is released, it can pool on the ground and potentially ignite if heated before it is cleaned up. 

Because the hydrogen molecule is so small, containing it can be challenging and care must be taken in 

designing systems adequately, such as reducing the number of fittings, ensuring material selection is 

compatible and leak free, and employing compression fittings with front and back ferrules. The storage of 

liquid hydrogen includes all the aforementioned challenges as well as challenges that come with sub-zero 

storage and delivery including boil-off and venting losses, material embrittlement, and insulation and 

thermal management. 

There is a third category of hydrogen storage, solid-state storage, that is in addition to gaseous and liquid. 

It aims to reduce some of the potential risks and challenges with the other two storage methods, namely 

high pressure, sub-zero temperature of liquid, and low storage density. There are many different methods 

of hydrogen solid state storage. Figure 19 provides a breakdown of the different types. Fundamentally, 

hydrogen solid state refers to a method of storing hydrogen within solid materials rather than as a gas or 

liquid. In this approach, hydrogen is absorbed or chemically bonded to a solid substance. It can be stored 

at relatively low pressures and standard temperatures compared to compressed or liquid hydrogen 

systems. 

 
Figure 19: Categorisation of hydrogen storage technologies [34] 
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Figure 20 illustrates the opportunity for higher volumetric density storage that solid-state methods may 

provide. In this illustration, the number of hydrogen molecules per cubic cm is visually demonstrated. 

From left to right, the number of hydrogen molecules is increasing, nearly doubling each time. In this 

example, a metal hydride is the solid-state storage method. Metal hydrides are compounds created when 

hydrogen bonds directly with metals or metal alloys. These materials store hydrogen by forming chemical 

bonds through reversible reactions with the metal components. There are currently no large volume 

commercially available hydrogen solid-state technologies on the market. One promising technology is 

light-activated nano-structured thin film. As described in Section 2.1, the Plasma Kinetics solid-state 

hydrogen storage and release technology will be used as our demonstration hydrogen storage technology 

for determining fuel tank size, etc. As an input to the vehicle design, the volumetric and gravimetric 

energy density of this demonstration system, as well as the release energy required will be employed. 

The Plasma Kinetics system is endothermic during release, which increases safety by eliminating self-

sustaining thermal runaway, but reduces overall conversion efficiency as some of the energy produced 

must be used to release the hydrogen from the thin film. This unique factor creates diminishing returns 

when designing platforms as adding more hydrogen to the vehicle requires more energy to release. Not 

considered in this analysis is the energy required to refill the canisters [36]. The flow rate is variable and 

precisely controlled by integrated manifold control, laser, and motor systems.  The anticipated nominal 

flow is 1 kg per hour at 2.5 bar.  But can be varied from 0.1 kg to 14 kg per hour at a pressure between 

1.1 bar and 60 bar.  The higher release rate pressure requires enhanced control systems which are 

optional. Additionally, the power demand is a linear function of the hydrogen required per unit time. In 

general, 30% of the energy content of the released hydrogen is required by the motor and laser system 

[37]. A full discussion on the current status of solid-state technology by Bak Motors Inc. is provided in 

Appendix B. 

 
Figure 20: Number of hydrogen molecules per cubic cm in different storage techniques [38] 
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3.8 Batteries 

The most common battery technology used for mobility applications is the lithium-ion battery (LiB) 

chemistry. Lithium-ion batteries have high energy and power density compared to other common battery 

chemistries (e.g., lead-acid, nickel metal-hydride, etc.), LiB retain more charge during storage than other 

non lithium-based chemistries, and have relatively high charge/discharge cycle life. This makes LiB the 

best available battery technology for mobility applications. However, LiB are very sensitive to being 

overcharged, which can create safety issues in the form of thermal runaway. For this reason, the use of 

battery management systems (BMS) is necessary for the batteries to maintain consistent performance 

over the life of the battery, detecting faults, and preventing runaway [39]. 

In most LiB chemistries, the anode is typically made of graphite; though lithium titanium oxide has also 

been used. Lithium titanium oxide as an anode can improve the battery's cycle life, power output, low-

temperature performance, and safety [40]. However, the tradeoff for those improvements is a 50% 

reduction of the energy capacity compared to a more conventional graphite anode. 

As a result, the key differentiator for the different chemistries is the cathode material which includes 

lithium-nickel-cobalt-aluminum oxide (NCA), lithium-nickel-manganese-cobalt oxide (NMC), lithium 

manganese oxide (LMO), lithium-titanate-oxide (LTO), and lithium iron phosphate (LFP). 

Batteries based on NMC chemistry consist of a cathode composed of lithium, nickel, manganese, and 

cobalt [41], with a conventional graphite anode. Altering the percentages of the constituent compounds 

changes the properties and performance of the battery. Batteries based on NCA chemistry, are made 

with 80% nickel, 15% cobalt, and 5% aluminum. Both NMC and NCA chemistries have relatively high 

energy densities and cycle life, but are more costly and have reduced safety margins. 

Batteries based on LFP and LTO chemistries typically have lower energy density compared to NMC 

and/or NCA, but have increased lifespan and safety. Batteries based on LTO chemistry perform very well 

in terms of efficiency, but are very expensive. Batteries based on LFP chemistry are thermally stable, do 

not produce toxic chemicals during a runaway, and have the lowest cost of the all of the chemistries. 

They (LFP batteries) also do not require any strategically important minerals in their manufacture, which 

adds to the sustainability of using these batteries [40]. 

For this reason, LFP batteries are generally considered to be one of the more promising battery 

technologies, but some sources claim that LTO batteries are preferable due to their advantages over LFP 

batteries [42]. This is despite the fact that both LTO and LFP batteries have a lower energy density than 

other LiB chemistries. Furthermore, LFP batteries present challenges in operation at sub-zero ambient 

conditions, important for operation in Canada. Below zero degrees, their energy capacity is lower and 

their C-rate is reduced from its peak value. This adds limitations to the amount of power available from 

the batteries at low temperatures. Furthermore, to charge the batteries, the temperature should be in the 

range of +5°C to +45°C [43]. Figure 21 provides some general performance characteristics of Li-on cells. 

In Figure 21, LiFePO4 are LFP cell type, and Li4/3Ti5/3O4 are LTO cell type. 
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Figure 21: General performance characteristics of representative Li-ion cells [44] 

Another battery technology that is currently under development is solid-state batteries (SSBs). SSBs 

replace the flammable liquid electrolyte found in conventional lithium‑ion cells with a solid material 

(ceramic, sulfide, or polymer) [45]. This design greatly improves safety, energy density, and thermal 

stability, and enables the use of lithium‑metal anodes for higher capacity. Some advantages include high 

energy density, excellent safety, wide operating temperature range, and long cycle life potential. Some 

disadvantages include manufacturing complexity, high cost, interface resistance between solid layers, 

and challenges with scaling up to large-format cells [46]. These technologies are currently in the 

advanced development stage for a few companies but are not yet widely adopted or mass produced.  

There are many different national and international standards that cover safety and performance 

specifications for battery cells, packs, and systems including electrical and mechanical requirements. In 

particular, MIL-PRF-32383 includes a section that outlines a cell-level nail penetration test whereby a 

stainless-steel nail is driven at a right angle two-thirds of the way into the centre of a cell, and left for 24-

hours, with voltage and temperature monitoring. The cell must not react violently when penetrated by a 

sharp object [47]. In addition to designing cells which meet this standard, furthermore, a component, 

system and vehicle level risk assessment / hazard and operability study (HAZOP) should be performed 

during the design phase to consider the potential hazard causes, their likely effects, and potential 

outcomes.  

For this study, the battery chemistry was limited to LFP chemistries. This chemistry was selected on the 

basis of safety; LFP batteries are significantly less susceptible to runaway events from over-charging or 

physical damage; which is a significant advantage for military applications despite their lower power and 

energy density. 
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Battery-only concepts were not considered for this study. There were many factors that influenced this 

choice and they all revolved around the unique challenges found in military expeditionary applications. 

Chief among those considerations were the charging infrastructure requirements and charging time. 

Expeditionary operations by their very nature mean that available charging infrastructure such as facilities 

or even just the availability of electricity in some form is unknown. This would require that any operations 

must bring their own charging capabilities. Even if charging facilities were available in-theatre, charging 

time for such large batteries would be measured in hours. This would result in the conceptual vehicle to 

be stationary for hours at a time, making them both vulnerable as well as unavailable for tasking. 

3.9 Electric Motors 

Electrification for mobility applications has undergone considerable transformation in recent history. Over 

the past two decades, the automotive industry has undergone a significant transformation driven by 

environmental regulations, advances in power electronics, and consumer demand for cleaner and more 

efficient vehicles. In the early stages of electrification, the conventional ICE driveline was retained and 

small, low(er)-powered auxiliary motors provided transient assistance to the ICE prime mover (e.g., 

launch, mild-regenerative braking, engine start/stop), and/or powered auxiliary equipment such as air-

conditioning to allow for engine-off operation as a fuel-consumption reduction strategy. 

More recently, electrification has transitioned into performance enhancement, with electric motors 

providing an ever-increasing portion of the total vehicle power; in addition to increased battery capacity to 

sustain the electrical power delivery. The shift from auxiliary motors providing help to the ICE to electric 

traction motors providing significant portion of the total power and enabling substantial engine-off mobility 

marks a pivotal step toward full electrification [48, 49]. 

Electric traction motors convert electrical energy into mechanical energy through a rotating magnetic field. 

The most common types include induction motors, permanent magnet synchronous motors (PMSMs), 

and switched reluctance motors [50]. These motors rely on sophisticated motor controllers to regulate 

current and voltage, precisely energizing and de-energizing motor stator coils to modulate torque output 

and control speed. These controllers also manage the regenerative braking by operating the traction 

motors in reverse, recovering kinetic energy during deceleration, converting it back to electrical energy 

stored in batteries rather than dissipating the braking energy as heat through conventional friction brakes. 

The underlying technology is based on three major advancements [48]: 

1. Power electronics: High-efficiency inverters and converters using silicon carbide (SiC) and gallium 

nitride (GaN) materials allow compact designs and better thermal management. 

2. Energy storage: Modern lithium-ion and emerging solid-state batteries provide high energy density 

and rapid charge/discharge capabilities. 

3. Control systems: Sophisticated algorithms and sensors ensure optimal energy use, torque response, 

and motor protection. 

Electric traction systems offer numerous advantages over combustion-based auxiliaries. They provide 

instant torque, higher efficiency (often above 90%), lower maintenance requirements due to fewer moving 
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parts, and zero tailpipe emissions. Regenerative braking extends range and reduces energy waste, and 

the compact design of electric motors allows more flexible vehicle architecture [50]. 

However, disadvantages remain. Electric traction systems depend heavily on battery technology, which 

faces limitations in energy density, cost, and charging infrastructure. The production of batteries and rare-

earth magnets (used in PMSMs) raises concerns about resource availability and environmental impact 

[51]. Furthermore, thermal management and electromagnetic interference are engineering challenges 

that require continuous innovation. 

The transition faces technical and economic challenges. Scaling up manufacturing while minimizing 

environmental footprint, improving battery recycling, and ensuring grid stability as electric vehicle 

adoption grows are key priorities. Researchers are exploring new motor designs, such as magnet-free 

synchronous motors and advanced cooling techniques, to enhance sustainability and performance [51, 

52]. 

Similar to batteries, there were many different types of electric motor architectures to choose from for this 

study. Most passenger automotive applications place the traction motor(s) in-chassis, with conventional 

driveshafts to the driven wheels. In-chassis motors reduces the unsprung mass as well as centralizing the 

mass distribution; two factors which are important for passenger vehicle ride quality, comfort, and 

performance. 

However, for this application of a heavy wheeled logistics vehicle, the unsprung mass is a less important 

factor, and with an 8x8 drive, there exists and opportunity to use in-wheel motors to leverage the flexibility 

advantages of electrical power distribution since no driveshafts, reduction gearboxes, or transmissions 

are required. An electric motor's bi-directional rotation ability lets the motor spin in either direction equally 

effectively. This means that "forward" (the direction of vehicle travel) is independent of motor rotation. For 

an 8x8 drive vehicle, the bi-directional rotation ability of an electric motor on paper means that the electric 

motor itself can be configured as "left" or "right" in software, making the motors of all eight-wheel positions 

identical, which can provide positive impacts to military logistics as well. 

For this project, all the concept vehicles electric motors were in-wheel motors as designed by Donut 

Defense (ESOX Group). The primary rationale for this was the availability of accurate, fine-grained 

information regarding the various performance metrics such as power density, volume, peak/continuous 

power, and other important variables for this study. A detailed analysis by ESOX Group can be found in 

Appendix C. 
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4.0 Methodology 

This section describes the vehicle parameters and requirements, the mission profile, the technology 

inputs, and the vehicle concepts selected for analysis.  

4.1 Vehicle Requirements 

This section discusses the fundamental vehicle requirements that are constant across both drive cycles; 

as well as describing the specific drive cycles in details and how they were derived.  

4.1.1 Basic Vehicle Requirements 

As described in Section 3.3, the diesel-ICE 8x8 heavy logistics vehicle was used as a starting point for 

this study; it is the baseline vehicle and powertrain against which all other parameters are compared. For 

this study, the diesel-ICE vehicle weight and fundamental parameters are used as a starting point to 

determine the minimum concept vehicle requirements. Table 3 lists these parameters. Weight 

compensation was employed when analyzing the concepts. The powertrain increased or decreased, from 

the baseline concept, based on weight compared to the baseline powertrain. 

There are many different LVM configurations and corresponding GVWs. The version selected for this 

evaluation is the 38,000 kg GVW with 15,000 kg payload. This is the largest of the LVM vehicles and 

therefore the most challenging to electrify.  

Rolling resistance is the counter force applied to the wheels when the vehicle is in motion. Sources of 

rolling resistance include tire deformation, friction between tire and road surface, wheel friction with 

surrounding air, friction in the wheel hub and surrounding, and road surface deformation. The coefficient 

of rolling resistance (Crr) is a static term for which tables of values have been determined for some 

common road surface and wheel types [53]. The Mercedes Zetros uses off-road tires on asphalt. The Crr 

for asphalt road with pneumatic tires is 0.011; the Crr for the vehicle parameters was set just above this 

value.  

The aerodynamic drag force is the force of the area acting counter to the vehicle. Sources of 

aerodynamic drag include pressure drag (due differences in air pressure between the front and back of 

the vehicle), skin friction drag (due to surface roughness of the vehicle), interference drag (due where 

components meet), induced drag (due to lift generation), and wave drag (due to compressibility at high 

speeds). Similarly, to rolling resistance, a coefficient of drag (Cd) can be developed for standard vehicle 

design and sizes. A semi-trailer truck was analyzed to have a Cd value between 0.5 to 0.9 [54]. For the 

LVM vehicle, a middle value of 0.75 was selected as a starting point.  

The frontal area of the diesel-baseline vehicle was calculated by multiplying the Zetros vehicle width 

(2.477 m) by its height (2.925 m) [55] and by an empirically determined form factor for heavy trucks of 

0.84 [56] for a value of ~6m2. 
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Table 3: Diesel-ICE 8x8 heavy logistics vehicle parameters [53-57] 

Parameter Unit Value 

Unladed mass kg 23,000 

Payload kg 15,000 

Gross vehicle weight (GVW) kg 38,000 

Coefficient of rolling resistance (Crr) N/A 0.011 

Coefficient of drag (Cd) N/A 0.75 

Frontal area m2 6 

In this project, two different drive cycles will be explored in order to compare and contrast the impact of 

the cycle on vehicle peak and continuous power demand, total power demand, and their influence on 

component sizing and degree of electrification. Common to both cycles were standard minimum vehicle 

performance requirements determined from the logistics vehicle modernization statement of work [6] and 

those presented as high-level requirements in the initial project briefing [57].  

The high-level requirements were the following [57]: 

4. 15,000 kg payload for the prime mover 

5. 500 km range on flat road with both prime mover and trailer at gross vehicle weight (GVW) 

6. Able to maintain 80 km/h at 2% grade 

7. Able to handle 20-foot ISO container 

8. Able to fit in C-17 

9. Vehicle-to grid capability 

10. Collect and store water for crew 

11. Able to operate between -45°C to + 50°C, etc. 

These high-level requirements were categorized by the authors of this report as “need to have” and “nice 

to have”. The 15,000 kg payload for the prime move is a need to have requirement. The 500 km range is 

used as the requirement for the primary road cycle. The 80 km/hr at 2% grade is an incomplete 

requirement as it does not provide a duration. In real operation, a vehicle will not climb a hill indefinitely. 

The vehicle will ultimately reach the top of the incline and begin descending. The power needed to 

sustain this climb is considered a continuous requirement within the context of this project, as it 

represents the steady-state power necessary to maintain that speed under load. For this project, the hill-

climb required time was assumed to be 10-minutes, based on subject matter experts. The critical 

challenge with identifying platform requirements for hybrid military vehicles is the lack of understanding in 

the differences between ICE and hybrid powertrains. Current requirements have been refined over eighty 

years of ICE platform development and have been optimized for its capability. The above requirements 

were not fully validated and represent a paradigm shift in future requirements. 

Nice to have requirements are the vehicle to grid capability, and collect and store water for the crew. Able 

to fit into a C-17 will be an output from this work as this early report will give an indication of total system 

mass and volume. Able to handle 20-foot ISO container, and able to operate between -45°C and +50°C 

are requirements that should be evaluated in a subsequent more in-depth study; but fundamentally a 

technology shouldn’t be examined if it cannot operate within this temperature window.  
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In addition, it was important to define a speed and acceleration requirement. For the acceleration 

requirement, a 30-second acceleration was selected based on the assumption of the baseline vehicle. 

Wheel power is calculated by inputting the vehicle parameters from Table 3, and these vehicle 

performance requirements into Equation 1. The average duration requirement was set based on a vehicle 

range of 500 km at 80 km/hr, which is 6.25 hours. Table 4 outlines the wheel power from these different 

fundamental requirements; which were calculated using the ePOP concept tool.  

Table 4: Minimum concept vehicle performance requirements  

Requirement Wheel power (kW) Requirement type Duration 

Speed: 80 km/hr, dry level paved road, no headwind 125 Average 6.25-hours 

Dynamic hill-climb: 80km/hr at 2% grade 290 Continuous 10-minutes 

Acceleration: 0 to 80km/hr, shortest acceleration time 320 Peak 30-seconds 

Distance: 500km at 80km/hr 6.25 hours   

4.1.2 Primary Road Cycle 

One of the outcomes of this project is a better understanding of how vehicle drive cycles affect power 

demand, overall energy demand, sizing of components, as well as fuel quantity. When the project began, 

no specific heavy logistics drive cycle was provided; as such, the authors selected a very simplistic flat 

road cycle as a starting point; set to a logistics vehicle modernization (LVM) speed and distance where 

duration was calculated; as described in Table 4 [6]. This primary road cycle is fundamentally a very long 

continuous requirement. Traditional combustion engines, with adequate cooling, are able to sustain a 

long continuous power output, so long as fuel input is available but no braking regeneration energy is 

possible; whereas, battery technologies are able to deliver short high-power output and then regain 

energy through regenerative braking. The primary road cycle described below is more favourable for 

traditional combustion technologies, whereas the more intricate drive cycle described in Section 4.1.3 is 

more favourable to electrified technologies. 

Figure 22 is a plot of the primary road cycle demand mechanical energy. The peak power is 320 kW and 

the average power is a sustained 125 kW. The cycle duration is 6.25 hours long. 

 
Figure 22: Primary road demand mechanical energy drive profile 
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Figure 23 is a plot of the primary road cycle auxiliary’s electrical energy. This electrical energy peak and 

average is derived based on real-world diesel-ICE idle vehicle data operation. The same value is used for 

the primary road cycle and the logistics vehicle mission profile. The peak power is 8.4 kW and the 

average power is 4.2 kW. 

 
Figure 23: Primary road auxiliary electrical energy drive profile 

Figure 24 is a plot of the primary road cycle combined mechanical and electrical energy. These values 

are added together to form a combined cycle.  

 
Figure 24: Primary road combined demand drive profile 

4.1.3 Logistics Vehicle Mission Profile 

As stated above, no drive cycle data was provided as input for this project. Rather, a set of high-level 

requirements, and a logistics vehicle heavy mission profile were provided, along with aggregated real-

world operational data from a diesel-ICE baseline vehicle. The lack of drive cycle data was a challenge 

for the project and it required additional unplanned project time and resources to construct using indirect 

methods. Having this drive cycle data available, and validated for future platform designs is a critical 

component to accelerating future studies. 

The mission profile gives information of the mission total duration, the approximate total distance, the 

breakdown of terrain types excluding elevation, grade, braking energy, or terrain rolling resistance, which 

are required to calculate the vehicle forces, and determine vehicle energy and power requirements. The 

current definition of mission profiles for military platforms is not suitable for assessing hybrid vehicles due 

to a lack of specificity. Parameters such as elevation, grade, braking energy etc. do not have as large of 
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an impact on ICE vehicle performance, but are critical in determining hybrid vehicle architecture to 

determine potential for downsizing, regeneration, and peak power demands during hill climbs. Therefore, 

a more detailed mission profile format that assesses power and duration should be created for future 

hybrid vehicle studies. Table 5 is a reproduced copy of the LVM heavy mission profile [5]. 

Table 5: LVM heavy mission profile [5] 

Mission Unit of measure Quantity Comments 

a. Time duration in hours 10  

b. Length distance in kilometers 200  

c. Idling time hours 2  

d. Driving Primary Roads % of distance 20 Approximately 90-100 km/h 

e. Driving Secondary Roads % of distance 50 Approximately 60 km/h 

f. Driving Trails % of distance 25 

Approximately 20-25 km/h, the ground conditions 
and drivers experience will dictate the appropriate 
speed, DLR representatives will determine if route 
meets definition of trail  

g. Driving Cross Country % of distance 5 

Approximately 3-15 km/h, the ground conditions 
and drivers experience will dictate the appropriate 
speed, DLR representatives will determine if route 
meets definition of cross country. 

h. Night Driving % of time 40 including both Black Out Drive and with headlights 

i. Driving in Reverse times per mission 10  

j. Max Speed times per mission 2 
Dash or unstained speed, up to vehicles maximum 
speed 

k. Fording times per mission 1  

l. Trailer Towing % of time 45  

m. Shutdown, Start-up times per mission 4  

n. Hard Breaking times per mission 20 Vehicle makes its maximum braking application 

o. Hard Acceleration times per mission 50 Vehicle makes its maximum acceleration  

p. Hard Turns times per mission 4 
Steering limiter hit, conducted at slow speed (2-10 
km/h)  

q. LHS Loading cycles times per mission 6 only for LHS vehicles and trailers 

r. Crane Operation hours per mission 1 only for vehicles with crane 

s. Crane Operation cycles per mission 12 at maximum capacity 

t. All wheel drive distance in km per mission 20  

u. Differential locks engaged 
(where applicable) 

distance in km per mission 1  

v. Self Recovery dimes per mission 0.01 Vehicles with Winch  

w. Self Recovery distance in meters per event 30  Vehicles with winch only 

x. Suspended tow times per mission 0.02 At GVW 

y. Suspended tow distance in km per event 80 At GVW 

z. Driving with tire chains max. occurrence per mission  0.05 note: occurs in winter or marginal traction condition 

aa. Driving with Tire Chains distance in km per event 50 
note: vehicle speed reduced as per OEM and chain 
manufactures specifications 

ab. Camouflaging Vehicle times per mission 1 
2 soldiers climbing on vehicle. Only applies to the 
tractor. 
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Working closely with contributors to this project, aggregated diesel-ICE baseline real-world operational 

data was provided, from which the authors, with input and feedback from experts, were able to adapt and 

break down into the necessary information to properly characterize the LVM profile. Should this drive 

cycle data and vehicle requirements be available beforehand it can reduce the time to conduct the study 

significantly. 11 operational runs of real-world data were provided to the NRC which stated the terrain 

type (pavement, secondary, trails, cross country, transit, discrete, and idle), the duration of each terrain 

segment, and the combined overall fuel usage, in kg of diesel. These 11 runs were not meant to be 

representative of the mission profile but were simply operational runs for validating different metrics for 

the vehicles. To determine the tractive power for each terrain segment, the authors selected six of these 

runs and reverse-engineered from fuel usage, to fuel energy, assumed an engine efficiency, added in 

accessory power, assumed a transmission efficiency, and assumed a brake power. By combining the six 

runs together, it was possible to solve for each terrain power individually. The powers were confirmed by 

verifying that the summed fuel usage for each terrain and each run was within ±15% of the actual fuel 

usage. For future studies, it is recommended that much more accurate data sets be created through 

physical testing of different hybrid powertrains to confirm simulation results. 

Table 6 is an abbreviated version of the aggregate fuel economy data provided for the diesel-ICE 

baseline 8x8 vehicle. Each test run is a combination of different terrains; 5079ah and 5079ap are 

predominantly secondary roads and trails with some grade operations, 5079bi is predominantly trails with 

some grade operations, 5079bl is predominantly low motion resistance pavement and secondary on level 

ground with short grade exposure, and DLC involved conduct of paved road test. For this test, speeds 

ranged from about 15 km to a maximum of approximately 55 km.  Vehicle would perform a double lane 

change maneuver at the required speed on the skid pad then continue around the 1.8-mile oval at speeds 

of 35 to 50 km/hr and then perform the next speed increment double lane change. Transit distance was 

not considered part of the official mission; for example, if a vehicle broke down and it had to be returned 

at a reduced speed. Discrete events were terrains that were performed at low speed such as a river 

crossing or low speed obstacles or through mud. B1H GVW was a combined terrain test. No retarding or 

braking energy was captured for this testing; however, through email communications it was confirmed 

that the vehicles start and end at the same elevation, the vehicles run up and down the same grade and 

the vehicle retarders were on “full” for about 70% of the down grade operations. The feedback from the 

project contributors is that there is significant opportunity for regeneration in these profiles. Identifying 

these regeneration opportunities will require physical testing of hybrid platforms in the future. This testing 

should be standardized and a common database needs to be established so future studies can use it 

without having to re-do the physical testing. 
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Table 6: LVM fuel economy data 

 Duration (min) 

Run name B1H GVW J5079ah_sec J5079ap_sec J5079bi_trails J5079bl DLC 

Terrain 

Pavement 33.0 -- -- -- 13.5 190.0 

Secondary 256.8 47.0 13.9 16.2 18.2 -- 

Trails 258.9 62.4 23.0 55.3 -- -- 

Cross country 267.0 14.7 -- 5.1 -- -- 

Transit 28.7 10.3 3.0 4.9 1.6 -- 

Discrete 210 1.8 0.8 2.3 4.6 -- 

Idle 260.1 28.3 44.1 20.7 26.0 6 

Fuel weight (kg) 327.2 60.0 25.3 31.3 24.4 103.8 

To simplify reporting, only the B1H GVW is broken down in detail but the same practice was applied to all 

runs. As a starting point, 125 kW was assumed to be the tractive power for the pavement terrain; this 

value comes for the 80 km/hr requirement calculated in Table 4. Suitable tractive power values were 

assumed for the other terrains.  Output power was calculated as tractive power multiplied by one plus 

brake power. Brake power was assumed based on subject matter experts; 10% for pavement and trails; 

20% for secondary, transit, and discrete; and 0% for cross-country.  ICE power was calculated as output 

power divided by transmission efficiency plus accessory power. Transmission efficiency was assumed to 

be 91%, based on subject matter experts, and accessory power was set at 7 kW during operation and 9 

kW during idle.  ICE output energy is ICE power multiplied by duration. ICE fuel energy is ICE output 

energy divided by ICE engine efficiency. Fuel amount is ICE fuel energy divided by fuel density (11.94 

kWh/kg). The sum of the calculated fuel values is 361.5 kg, whereas the actual fuel amount used for this 

test run was 327.2 kg; a percent error of 10.5%. This analysis was repeated for the other five runs; all the 

characterized fuel values were within ±12% of the measured fuel amount.  

Once the tractive power values were established for the different terrains, it was possible to build a time-

normalized LVM profile. From the mission profile, the overall duration is 10-hours and the duration for 

each terrain type can be calculated from the percentage of distance, distance, and speed. Table 7 

provides the LVM terrain type distance, speed and duration.  

Table 7: LVM terrain type distance, speed, and duration 

Terrain type % of distance Distance (km) Speed (km/hr) Approx. duration (hr) 

Primary 20 40 90 0.44 

Secondary 50 100 60 1.67 

Trails 25 50 20 2.50 

Cross country 5 10 3 3.33 

Idle -- -- -- 2 

TOTAL  200  9.94 

The project contributors were invited to provide feedback for the time-normalized LVM profile. The 

feedback provided was that the brake power was underestimated and that the engine efficiency varied for 

each terrain and was over-estimated. Table 8 provides an example of the analysis of run B1H GVW, 

which was executed for all of the six runs above. 
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Table 8: B1H GVW run tractive power and fuel economy assessment 

Terrain 
Time 
(min) 

Tractive 
power 
(kW) 

Brake power 
(% of tractive 
power) 

Output 
power 
(kW) 

Transmission 
efficiency (%) 

Accessory 
power (kW) 

ICE 
power 
(kW) 

ICE output 
energy 
(kWh) 

ICE 
efficiency 
(%) 

ICE fuel 
energy 
(kWh) 

Fuel 
(kg) 

Pavement 33.0 125 10% 137.5 91% 7 158.1 87.0 37% 235.0 19.7 

Secondary 256.8 72 20% 86.4 91% 7 101.9 436.3 37% 1179.3 98.8 

Trails 258.9 72 10% 79.2 91% 7 94.0 405.8 37% 1096.6 91.8 

Cross 
country 

267.0 72 0% 72.0 91% 7 86.1 383.2 37% 1035.8 86.7 

Transit 28.7 90 20% 108.0 91% 7 125.7 60.1 37% 162.5 13.6 

Discrete 21.0 90 20% 108.0 91% 7 125.7 44.0 37% 118.9 10.0 

Idle 260.1 N/A N/A N/A 100% 9 9.0 39.0 8% 487.7 40.8 

GROSS TOTAL characterized 361.5 

GROSS TOTAL measured 327.2 
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Table 9 provides a breakdown of the updated LVM defined profile. For the pavement terrain, tractive power is estimated as 114 kW, with 20% 

brake power (as a function of tractive power), and the engine efficiency is the highest, at 37%. For the secondary terrain, the tractive power is 53.1 

kW with 25% brake power, and engine efficiency is 29%. For trails and cross-country, the tractive power is 41.2 kW and 37.3 kW, respectively. 

Brake power is 25% and engine efficiency is 25%. For the idle operation, accessory power is assumed to be 9 kW and operating at an engine 

efficiency of 8%. These values were confirmed by the project contributors. While the transit and discrete terrains were included for the fuel 

economy analysis, they were not included in the final LVM characterization as they were not included in the mission profile. 

Table 9: LVM defined profile 

Terrain 
Time 
(min) 

Tractive 
power 
(kW) 

Brake power 
(% of tractive 
power) 

Output 
power 
(kW) 

Transmission 
efficiency (%) 

Accessory 
power (kW) 

ICE 
power 
(kW) 

ICE output 
energy 
(kWh) 

ICE 
efficiency 
(%) 

ICE fuel 
energy 
(kWh) 

Fuel 
(kg) 

Pavement 26.7 114.0 20% 136.8 91% 7 157.3 69.9 37% 189.0 15.8 

Secondary 100.0 53.1 25% 66.4 91% 7 79.9 133.2 29% 459.4 38.5 

Trails 150.0 41.2 25% 51.5 91% 7 63.6 159.0 25% 635.9 53.3 

Cross 
country 

200.0 37.3 25% 46.6 91% 7 58.2 194.1 25% 776.5 65.0 

Idle 120.0 N/A N/A N/A 100% 9 9.0 18.0 8% 225.0 18.8 

GROSS TOTAL characterized 191.4 
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In order to input the LVM profile into ePOP as a cycle, tractive and braking energy, power and duration 

must be calculated for each terrain type. Traction energy is output power multiplied by total terrain 

duration. Traction duration is time allocated to tractive effort, not braking; 80% for pavement terrain, for 

example. Traction power is energy divided by duration, in hours. For brake energy, it is the brake 

percentage multiplied by traction energy. Brake duration is the time allocated to braking; 20% for 

pavement terrain. And similarly, brake power is brake energy divided by braking time. Table 10 outlines 

the values calculated for each terrain.  

Table 10: LVM defined profile – energy, power, duration 

Terrain 
Traction 
energy (kWh) 

Tractive 
duration (hr) 

Traction 
power (kW) 

Brake 
energy 
(kWh) 

Brake 
time (hr) 

Brake 
power (kW) 

Pavement 60.8 0.36 171.0 12.2 0.09 136.8 

Secondary 110.6 1.25 88.5 27.7 0.42 66.4 

Trails 128.8 1.88 68.7 32.2 0.63 51.5 

Cross country 155.4 2.50 62.2 38.9 0.83 46.6 

Figure 25 is a plot of the LVM characterization profile. There are four different terrain sections in the 

profile; pavement, secondary, trails, and cross-country. The tractive power is positive while the braking 

energy is negative. The peak power is 320 kW while the average power is 34.6 kW. This is a much 

smaller average power than the primary road cycle; which was 125 kW.  

 
Figure 25: LVM characterization mechanical energy drive profile 

Figure 26 is a plot of the combined LVM characterization profile, including auxiliaries and the same 

electrical energy as in Figure 23, from the primary road cycle.  

 
Figure 26: LVM characterization combined drive profile 
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4.2 ePOP Concept Tool 

In 2025, ZeBeyond developed the Electrified Propulsion Optimization Process (ePOP) concept tool, a 

software platform designed to estimate the cost, efficiency, mass, volume, and power duration of various 

electrified powertrain configurations [58]. The tool employs a system-level modeling approach to assess 

complex trade-offs among powertrain architectures, component technologies, fuel types, and degrees of 

electrification. Using ePOP, powertrain concepts can be optimized across multiple key performance 

indicators (KPIs) tailored to specific vehicle types and operational applications. The tool scales powertrain 

component technologies along the electrification spectrum, ranging from internal combustion engine 

(ICE)-only systems (0% electrification) to fully battery electric vehicles (BEVs) (100% electrification), 

including all hybrid configurations in between. 

Unlike many traditional industry tools, which develop powertrain concepts prior to cycle evaluation, ePOP 

adopts a cycle-driven methodology that generates powertrain concepts based on a specific drive cycle. 

This approach ensures that each design is inherently optimized for the intended duty cycle and 

operational requirements. By embedding the drive cycle within the concept-generation process, ePOP 

enables more efficient design-space exploration and facilitates early identification of optimal trade-offs in 

cost, energy efficiency, and overall performance. 

Drive System Design applies ePOP in its powertrain consulting and accelerated concept development 

activities, utilizing its capabilities to identify effective configurations across a wide range of electrification 

levels and vehicle applications. As the transportation sector progresses toward greater electrification and 

data-driven design, tools such as ePOP exemplify the shift toward integrated, model-based engineering 

practices that support informed decision-making, improved development timelines, and the advancement 

of sustainable vehicle technologies. 

4.3 Technology Inputs and Vehicle Concepts 

Six vehicle concepts were analyzed for this project. The vehicle concepts were the following: 

• Baseline diesel-ICE 

• Concept 1: H2-ICE (no electrification) 

• Concept 2: H2-ICE parallel-hybrid 

• Concept 3: H2-ICE series-hybrid 

• Concept 4: Fuel cell power dense (PD), series-hybrid 

• Concept 5: Fuel cell efficiency optimized (EF), series-hybrid 

The baseline concept is the current diesel-ICE conventional vehicle. This is the vehicle against which all 

other concepts will be analyzed. It is the current benchmark design.  The first concept is a straight H2-ICE 

vehicle. For this concept, the engine is replaced with a hydrogen combustion engine, and the fuel is 

replaced with solid-state hydrogen.  The purpose of this concept is to understand how changing the fuel 

source to hydrogen, without electrical hybridization, impacts the vehicle design in terms of mass and 
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volume. For all the concepts evaluated, solid-state hydrogen is the fuel source of choice.  As discussed in 

Section 3.7, while the commercialization of solid-state hydrogen storage is relatively low, the opportunity 

for higher density storage with solid-state over gaseous or liquid hydrogen storage exists. Furthermore, 

due to its low pressure and higher relative storage temperature, there are fewer potential safety risks.   A 

follow-on study is recommended to examine the potential risks of solid-state hydrogen for military vehicles 

as fuel for in-combat and non-combat missions.  

The second and third concepts are an H2-ICE parallel-hybrid and an H2-ICE series-hybrid. There are 

differences in engine efficiency between parallel and series operation. There are additionally differences 

in number of components and complexity of design between parallel and series. In a series-design with a 

combustion engine, the energy is transformed from mechanical into electrical before being fed into the 

electrical motor and driving the wheels.  

The fourth and fifth concepts are hydrogen fuel cell designs. The fourth concept is optimized for power 

while the fifth concept is optimized for efficiency. As stated in Figure 17, the fuel cell outputs its highest 

power at high current density but the overall system efficiency is lower in this region. At lower output 

power, around 25%, the system efficiency is the highest, at 60%. By analyzing both concepts, it’s 

possible to understand what is the trade-off between fuel cell power and weight and fuel tank size and 

weight. This analysis was critical to determine the effect of efficiency improvements in platform-level 

energy requirements. Due to the diminishing returns from having more hydrogen on the platform, 

efficiency increases of the conversion process can have significant effects at the platform level. 

After all five concepts are evaluated, two concepts are then promoted and extrapolated out using 

“tomorrow” and “future” technology values. These are potentially commercially predicted values or target 

values from governing body organizations. Tomorrow values are expected in the next 10 years and future 

values are expected in 15 to ~20 years, approximately.  

The approach for this project was to use generic volumetric power and energy density and generic 

gravimetric power and energy values for each technology as inputs. Using the ePOP tool, the 

components were then right-sized for the desired drive cycle and basic vehicle level requirements. These 

components do not necessarily exist commercially; but their volumetric and gravimetric power and energy 

density values are derived or based on today’s existing commercial products. Volumetric power density is 

the power per unit volume, typically kW per litre. Gravimetric power density is the power per unit mass, 

typically kW per kilogram; also called specific power. Volumetric and gravimetric energy density is energy 

per unit volume or mass, typically kWh per litre or kilogram.  

Table 11 contains all the technology input values. Starting with prime power, or engine power, there are 

many different efficiency values defined, which were provided by the different subject matter experts or 

from literature. Here also the ICE term is used to interchangeably to apply to the hydrogen combustion 

engine and fuel cell designs. For the combustion engine powertrains, the efficiency values will change 

based on the configuration (series, parallel) as well as the drive cycle (primary, LVM). MAHLE performed 

some analysis to predict torque as a function of engine speed, overlayed with efficiency [23], to estimate 

efficiency. For the tomorrow and future efficiency of the H2-ICE series hybrid, it’s assumed the efficiency 

will increase by +3% for both tomorrow and future. For the fuel cell, the efficiency increase is based on 
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the US Department of Energy (DOE) hydrogen and fuel cell technologies office multi-year program plan 

targets [59]. 

One disadvantage of the hydrogen solid-state storage is the energy penalty when the hydrogen is 

released for use on the vehicle. This technology is in its commercial infancy and it’s currently predicted 

that as much as 30% of the energy content of the released hydrogen is required by the release system. 

This energy penalty is captured under the “fuel” section of Table 11, but ultimately impacts the overall 

engine efficiency. Effective H2 release adjusted efficiency numbers are calculated for all engines by taking 

the original engine efficiency and multiplying it by one minus 30% to get a new reduced overall engine 

efficiency. It’s assumed that for the tomorrow and future values, this release energy will be reduced to 

25% and then 20%, respectively. 

For the volumetric and gravimetric engine power density, the diesel value is based on the current engine 

density. The H2-ICE values were provided by MAHLE. The fuel cell today power dense value is based on 

the median value of commercially available higher power (150 to 300 kW) fuel cell systems from well-

known manufacturers and suppliers (e.g., Ballard, Bosch, Cummins, Plug Power, REFIRE, Symbio, and 

Toyota Motor). For the efficiency optimized fuel cell, the volumetric and gravimetric engine power density 

is set at one fourth of the power of the power dense value but the efficiency increases from 40 to 60% 

here. The waste heat rejection to the coolant for the combustion engine is assumed to be 60% and 

reduced to 55% and 50% for tomorrow and future. The fuel cell heat rejection is assumed to be 100%.  

The gravimetric energy density of hydrogen alone is 33.3 kWh/kg while diesel is 11.94 kWh/kg. The 

volumetric and gravimetric energy density of the hydrogen and storage and release system is provided 

from calculations by BAK Motors and Plasma Kinetics [36]. The tomorrow and future values are based on 

storage targets from the US DOE [60]. It must be noted that the overall powertrain weight for hydrogen 

includes the weight of the storage system, not just the hydrogen fuel being used. In the case of the 

Plasma Kinetics system, the gravimetric storage capacity is in the vicinity of 3.5% by weight. This means 

that efficiency increases that reduce the amount of hydrogen required can have large effects on the 

weight of the storage system required to carry it on board. 

Only the diesel baseline, H2-ICE and H2-ICE parallel hybrid use a transmission. It is based off the 4500 

SP transmission manufactured by Allison, who make automatic gearboxes for commercial and military 

vehicles. The other concepts use an electric drive unit (EDU), which is an integrated assembly that 

contains the motor, transmission, power electronics, housing and cooling system.  

For batteries, the chemistry is not specified and left open; but these values are based on lithium iron 

phosphate (LFP) as the technology for today. The energy density values are derived from the Advanced 

Propulsion Centre UK electrical energy storage technical roadmap [61]. This decision was made based 

on NATO standards for T6 batteries and current qualification requirements to use batteries in military 

platforms. The battery technology of tomorrow is chemistry agnostic and presupposes that such batteries 

would be capable of operating in extreme environments required by military platforms. 

The ESOX group provided motor power density numbers, based on their in-wheel hub technology, as well 

as efficiency values [62]. In-wheel hub motors were selected for this analysis to eliminate as much volume 

and weight as possible from the chassis to make room for battery and hydrogen storage. 
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The power electronics values, namely inverter, DCDC, and onboard charger density values come from a 

report by the Automotive Council UK on the technology indicators for heavy-duty vehicles [63].  

And finally, the cooling system coefficient of performance (COP) is provided based on the baseline diesel 

vehicle. All of these values are used as inputs into the ePOP component library to define the vehicle 

concepts. 
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Table 11: Technology inputs 

Tech. era Today Today Today Today Today Today Tomorrow Future Tomorrow Future 

Parameter   Vehicle 
Diesel 
baseline 

H2-ICE 
H2-ICE, 
parallel 
hybrid 

H2-ICE, 
series hybrid 

Fuel cell 
power dense, 
series hybrid 

Fuel cell eff. 
optimized, 
series hybrid 

H2-ICE, 
series 
hybrid 

H2-ICE, 
series 
hybrid 

Fuel cell eff. 
optimized, 
series hybrid 

Fuel cell eff. 
optimized, 
series hybrid 

Prime power (engine)           

Eff. – ICE only, primary [23] 37% 39% 39% 39% -- -- 39% 41% -- -- 

Eff. – ICE only, LVM [23] 25% 27% 27% 27% -- -- 27% 29% -- -- 

Eff. – Series [23, 59] -- -- -- 43% 40% 60% 47% 50% 65% 70% 

Eff. – Parallel [23]   41% -- -- -- -- -- -- -- 

Eff., H2 release adj. – ICE only, 
primary  

-- 27.3% 27.3% 27.3% -- -- 29.3% 32.8% -- -- 

Eff., H2 release adj. – ICE only, 
LVM 

-- 18.9% 18.9% 18.9% -- -- 20.3% 23.2% -- -- 

Eff., H2 release adj. – Series -- -- -- 30.1% 28% 42% 35.3% 40% 48.8% 56% 

Eff. H2 release adj. – Parallel -- -- 28.7% -- -- -- -- -- -- -- 

Vol. power density (kW/L) 0.362 0.210 0.321 0.187 0.280 0.070 0.321 0.321 0.163 0.213 

Grav. power density (kW/kg) 0.300 0.265 0.265 0.211 0.420 0.105 0.265 0.265 0.163 0.163 

Waste heat rejection to cooler (%) 60% 60% 60% 60% 100% 100% 55% 50% 100% 100% 

Fuel           

Grav. energy density (kWh/kg),  
fuel only 

11.94 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3 

Type Diesel 
Solid-state 
H2 

Solid-state 
H2 

Solid-state 
H2 

Solid-state H2 Solid-state H2 
Solid-state 
H2 

Solid-state 
H2 

Solid-state 
H2 

Solid-state 
H2 

Vol. power density (kW/L) [36, 60] 9.70 0.68 0.68 0.68 0.68 0.68 1.80 2.20 1.80 2.20 

Grav. energy density (kWh/kg) 
[36, 60] 

11.4 1.06 1.06 1.06 1.06 1.06 1.30 1.70 1.30 1.70 

Release energy eff. -- 30% 30% 30% 30% 30% 25% 20% 25% 20% 

Transmission           

Type 
Allison 
4500 SP 

2025 
Multispeed 

2025 
Multispeed 

EDU: incl. in 
motor 

EDU: incl. in 
motor 

EDU: incl. in 
motor 

EDU: incl. 
in motor 

EDU: incl. 
in motor 

EDU: incl. in 
motor 

EDU: incl. in 
motor 

Vol. power density (kW/L) 1.49 1.49 1.49 -- -- -- -- -- -- -- 

Grav. power density (kW/kg) 0.84 0.84 0.84 -- -- -- -- -- -- -- 
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Tech. era Today Today Today Today Today Today Tomorrow Future Tomorrow Future 

Parameter   Vehicle 
Diesel 
baseline 

H2-ICE 
H2-ICE, 
parallel 
hybrid 

H2-ICE, 
series hybrid 

Fuel cell 
power dense, 
series hybrid 

Fuel cell eff. 
optimized, 
series hybrid 

H2-ICE, 
series hybrid 

H2-ICE, 
series hybrid 

Fuel cell eff. 
optimized, 
series hybrid 

Fuel cell eff. 
optimized, 
series hybrid 

Batteries [61]           

Peak C-rating -- 5 5 5 5 5 10 15 10 15 

Continuous C-rating -- 3 3 3 3 3 5 7 5 7 

Vol. energy density (Wh/L) -- 260 260 260 260 260 500 800 500 800 

Grav. specific energy (Wh/kg) -- 140 140 140 140 140 280 420 280 420 

Motors / Generators [62]           

Efficiency (%) 70% 70% 85% 85% 85% 85% 90% 93% 90% 93% 

Vol. power density (kW/L) 0.21 0.21 11.6 11.6 11.6 11.6 5.8 6.0 5.8 6.0 

Grav. power density (kW/kg) 0.34 0.34 10.2 10.2 10.2 10.2 5.6 5.8 5.6 5.8 

Power electronics (inverters) [63]           

Efficiency (%) -- -- 97% 97% 97% 97% 98% 98.5% 98% 98.5% 

Vol. power density (kW/L) -- -- 36 36 36 36 36.7 40 36.7 40 

Grav. power density (kW/kg) -- -- 22 22 22 22 22 30 22 30 

Power electronics (DCDC converters) [63]           

Efficiency (%) -- -- 98% 98% 98% 98% 98.5% 99% 98.5% 99% 

Vol. power density (kW/L) -- -- 3.5 3.5 3.5 3.5 4 5 4 5 

Grav. power density (kW/kg) -- -- 2.5 2.5 2.5 2.5 3.25 4 3.25 4 

Power electronics (onboard chargers) [63]           

Efficiency (%) -- -- 98% 98% 98% 98% 98.5% 99% 98.5% 99% 

Vol. power density (kW/L) -- -- 3 3 3 3 4 5 4 5 

Grav. power density (kW/kg) -- -- 3.5 3.5 3.5 3.5 4.5 5.5 4.5 5.5 

Cooling system           

COP (kW rejected / kW cooling fan) 20 20 20 20 20 20 25 35 25 35 

Vol. power density, reject. heat (reject. 
kW/L) 

28 28 28 28 28 28 32 36 32 36 

Grav. power density, reject. heat (reject. 
kW/kg) 

8 8 8 8 8 8 10 12 10 12 

Vol. power density, fan power (fan kW/L) 1.4 1.4 1.4 1.4 1.4 1.4 1.28 1.03 1.28 1.03 

Grav. power density, fan power (fan kW/kg) 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.34 0.4 0.34 
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5.0 Analysis 

In this section each vehicle concept is presented and analyzed. In total 18 vehicle concepts are 

evaluated; five powertrain configurations (H2-ICE, H2-ICE parallel-hybrid, H2-ICE series-hybrid, fuel cell 

power dense and fuel cell efficiency optimized), two sets of drive cycles (primary and logistics vehicle 

mission), and three technology eras (today, tomorrow, and future). Table 12 summarizes the vehicle 

concept definitions.  

Table 12: Vehicle concept definitions 

Count Duty cycle type Powertrain Technology values 

1 Primary, flat road H2-ICE Today 

2 Primary, flat road Parallel hybrid, H2-ICE Today 

3 Primary, flat road Series hybrid, H2-ICE Today 

4 Primary, flat road Series hybrid, power dense fuel cell Today 

5 Primary, flat road Series hybrid, efficiency optimized fuel cell Today 

6 Primary, flat road Series hybrid, H2-ICE Tomorrow 

7 Primary, flat road Series hybrid, efficiency optimized fuel cell Tomorrow 

8 Primary, flat road Series hybrid, H2-ICE Future 

9 Primary, flat road Series hybrid, efficiency optimized fuel cell Future 

10 Logistics vehicle characterization profile H2-ICE Today 

11 Logistics vehicle characterization profile Parallel hybrid, H2-ICE Today 

12 Logistics vehicle characterization profile Series hybrid, H2-ICE Today 

13 Logistics vehicle characterization profile Series hybrid, power dense fuel cell Today 

14 Logistics vehicle characterization profile Series hybrid, efficiency optimized fuel cell Today 

15 Logistics vehicle characterization profile Series hybrid, H2-ICE Tomorrow 

16 Logistics vehicle characterization profile Series hybrid, efficiency optimized fuel cell Tomorrow 

17 Logistics vehicle characterization profile Series hybrid, H2-ICE Future 

18 Logistics vehicle characterization profile Series hybrid, efficiency optimized fuel cell Future 

5.1 Primary Road Cycle 

For this section, the vehicle concepts drive cycle is the primary road cycle, as outlined in Section 4.1.2. 

5.1.1 Today Technology Values 

For this section, the vehicle concepts technology values are based on “today” numbers. The prime power 

engine efficiency, volumetric and gravimetric power density varied for each technology concept. The 

hydrogen fuel volumetric power density was 0.68 kW/L while the gravimetric energy density was 1.06 

kWh/kg. The H2-ICE and H2-ICE parallel-hybrid concepts include a transmission while all others do not. 

The battery gravimetric and volumetric energy density are 140 Wh/kg and 260 Wh/L, respectively while 

the continuous C-rating is 3 and the peak C-rating is 5. The H2-ICE motor is the same as the diesel-
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baseline configuration while all other vehicle concept motors are 85% efficient, with 11.6 kW/L and 10.2 

kW/kg, volumetric and gravimetric power density, respectively. Power electronics, including inverters, 

DCDC converters, and onboard chargers, are 97%, 98%, and 98% efficient, respectively. Their 

gravimetric power densities are 22 kW/kg, 2.5 kW/kg, and 3.5 kW/kg, respectively. Lastly the cooling 

system assumes the same parameters as the diesel-baseline, such as a volumetric cooling system fan 

power density of 1.4 kW/L. 

5.1.1.1 Concept 1: H2-ICE Conventional 

Recall that concept 1 is a straight H2-ICE conventional vehicle, no electric hybridization. Our continuous 

power requirement was 320 kW for 10-minutes. Figure 27 is a waterfall plot of the components which 

contribute to the overall power calculation. Starting from the left-side of Figure 27, the first bar is the 

continuous power output of the baseline-diesel engine, at 285.9 kW. The next bar would be the 

contribution to power by the battery, however, since this concept is H2-ICE, no traction battery is included 

and therefore, the contribution is 0 kW. Next bar is the required additional contribution to the engine 

power due to the lower power density of the H2-ICE engine; this value is 22.5kW. Next, is the power 

required by the coolant system to maintain the engine and battery temperature; this is a reduction in 

power of 10.4kW. The net continuous power output from the H2-ICE concept is therefore 298 kW. It is 

undersized for our requirements and can only be increased by increasing the size of the overall engine. 

Furthermore, the baseline diesel-ICE vehicle power is also undersized for this requirement; which was a 

fundamental observation from a project contributor.  

 
Figure 27: H2-ICE, primary cycle, today values, component power  

Figure 28 is a waterfall plot of the major vehicle components and the amount of mass they add, or 

subtract, as compared with the baseline diesel-ICE vehicle. The diesel baseline power train mass is 

composed of the motor, the generator, the engine, the fuel tank, the transmission, and the cooler. Overall, 

there is a 178% increase in mass from the diesel-ICE vehicle, the majority of which is due to the fuel tank 

and the engine size increase to provide the necessary power with the hydrogen fuel system’s lower 

gravimetric energy density, as compared with diesel.  
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Figure 28: H2-ICE, primary cycle, today values, component mass  

More significant than the mass increase is the overall volume increase for the H2-ICE concept. Figure 29 

is a plot of the major system component volume breakdown. An increase in the fuel tank of 4,932 L is 

required to shift from diesel to H2 solid-state storage.  

 
Figure 29: H2-ICE, primary cycle, today values, component volume  

5.1.1.2 Concept 2: H2-ICE Parallel-Hybrid 

Figure 30 is a plot of the component power source duration breakdown. This is for a continuous power 

requirement of 10-minutes, assuming the starting state of charge (SOC) of the battery is 100%. This 

design is optimized for minimum mass while still achieving the 320 kW continuous power requirement.  
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Figure 30: H2-ICE parallel-hybrid, primary cycle, today values, component power  

Figure 31 is a plot of powertrain total mass as a function of electrification (battery size). The baseline 

diesel vehicle is non-electrified and is therefore on the y-axis. The H2-ICE parallel-hybrid vehicle is 5% 

electrified. The cursor has been placed to the right of the minimum vehicle mass. If placed at the 

minimum vehicle mass, the total continuous power for the vehicle is only 294.1 kW and does not meet the 

minimum continuous power requirement. To meet the minimum power requirement, an engineer could 

increase the battery size or increase the engine size, as desired. Here the battery size was increased.  

 
Figure 31: H2-ICE parallel-hybrid, primary cycle, today values, electrification vs. total mass 

Figure 32 is a plot of H2-ICE parallel-hybrid component mass breakdown with the primary road cycle, and 

with today’s technology values. There is an increase in vehicle mass of 2,751 kg; predominantly from the 

fuel and the battery.  
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Figure 32: H2-ICE parallel-hybrid, primary cycle, today values, component mass  

Figure 33 is a plot of the H2-ICE parallel-hybrid component volume comparison breakdown under the 

primary road cycle with today’s technology values. Overall, this powertrain has a 272% volume increase 

over the diesel baseline vehicle. 

 
Figure 33: H2-ICE parallel-hybrid, primary cycle, today values, component volume  

5.1.1.3 Concept 3: H2-ICE Series-Hybrid 

Figure 34 is a plot of the H2-ICE series-hybrid component power source duration comparison breakdown 

for a 10-minute continuous power requirement with a starting battery SOC of 100%. Overall, the engine 

power is downsized from the diesel-baseline and the battery is able to make up for the 10-minute power 

requirement.  
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Figure 34: H2-ICE series-hybrid, primary cycle, today values, component power  

Figure 35 is a plot of the H2-ICE series-hybrid component mass breakdown under the primary road cycle 

using today’s technology values. Overall, this design has similar mass to the H2-ICE conventional design 

but higher than the H2-ICE parallel hybrid. 

 
Figure 35: H2-ICE series-hybrid, primary cycle, today values, component mass  

Figure 36 is a plot of the H2-ICE series-hybrid component volume breakdown for the primary road cycle 

and today technology values. For this design, by increasing the degree of electrification (becoming more 

of a battery electric vehicle), the overall volume will decrease but the mass will increase; this is due to 

volumetric battery capacity. This is different than the previous two vehicles, whose mass and volume 

were increasing with increasing electrification. 
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Figure 36: H2-ICE series-hybrid, primary cycle, today values, component volume  

5.1.1.4 Concept 4: Power Dense Fuel Cell Series-Hybrid 

Figure 37 is a plot of the power dense fuel cell series-hybrid component power for a 10-minute continuous 

power duration when the starting battery SOC is 100%. As compared with the diesel-baseline, the engine 

is downsized overall while the battery is able to make-up the remaining required power for this continuous 

power requirement.  

 
Figure 37: Power dense fuel cell series-hybrid, primary cycle, today values, component power  

Figure 38 is a plot of the power dense fuel cell component mass for the primary road cycle under today 

technology values. The total powertrain mass is smaller than the H2-ICE conventional or the H2-ICE 

series-hybrid and similar to the H2-ICE parallel-hybrid. The majority of weight comes from the fuel and fuel 

tank components.  
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Figure 38: Power dense fuel cell series-hybrid, primary cycle, today values, component mass  

Figure 39 is a plot of the power dense fuel cell series-hybrid component volume breakdown for the 

primary road cycle and today’s technology values. The total powertrain volume is slightly above the H2-

ICE conventional powertrain. The predominant volume comes from the fuel tank and fuel.  

 
Figure 39: Power dense fuel cell series-hybrid, primary cycle, today values, component volume  

5.1.1.5 Concept 5: Efficiency Optimized Fuel Cell Series-Hybrid 

Figure 40 is a plot of the efficiency optimized fuel cell series-hybrid component power over a 10-minute 

duration. Recall that this efficiency optimized fuel cell operates nominally at one-quarter power, to take 

advantage of the higher efficiency, but can operate at full power continuously, assuming fuel is provided. 

Because of the oversized fuel cell, its able to meet all the drive cycle requirements and the continuous 

power requirement without additional battery power to the prime mover. The power calculation in Figure 

40 assumes peak fuel cell operation. This analysis does not factor in that a small battery is required to 

start-up the fuel cell. 
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Figure 40: Eff. optimized fuel cell series-hybrid, primary cycle, today values, component power  

Figure 41 is a plot of the efficiency optimized fuel cell series-hybrid component mass breakdown for the 

primary road cycle and today technology values. To date, this concept has the lowest powertrain mass 

but still much higher than the diesel-baseline. 

 
Figure 41: Eff. optimized fuel cell series-hybrid, primary cycle, today values, component mass  

Figure 42 is a plot of the efficiency optimized fuel cell series-hybrid component volume breakdown for the 

primary road cycle and today technology values. This concept has the second smallest volume, after the 

H2-ICE parallel-hybrid but is still much higher volume than the diesel-baseline. 
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Figure 42: Eff. optimized fuel cell series-hybrid, primary cycle, today values, component volume  

5.1.2 Tomorrow Technology Values 

In this section the tomorrow technology values are applied to two concepts; the H2-ICE series-hybrid and 

the efficiency optimized fuel cell series-hybrid design. For the H2-ICE series-hybrid, the engine efficiency 

is 47% and the volumetric and gravimetric power density are 0.321 kW/L and 0.265 kW/kg, respectively. 

For the efficiency optimized fuel cell, the engine efficiency is 65% and the volumetric and gravimetric 

power density are the same; both 0.163 kW/L and 0.613 kW/kg. For hydrogen fuel, the release energy 

efficiency is reduced from 30% to 25%. The volumetric power density and gravimetric energy density are 

1.80 kW/L and 1.30 kWh/kg. The battery volumetric and gravimetry energy density are 500 Wh/L and 280 

Wh/kg, respectively; while the continuous C-rating is 5 and the peak C-rating is 10. The motor efficiency is 

increased to 90% and the volumetric and gravimetric power density is reduced to 5.8 kW/L and 5.6 

kW/kg, respectively. For the power electronics, there is a slight increase of efficiency by 0.5 to 1% and 

only a small decrease in power density. For the cooling system, there is no change to the gravimetric 

power density but the COP is increased to 25 kW rejected / kW cooling fan.  

5.1.2.1 Concept 3: H2-ICE Series-Hybrid 

Figure 43 is a plot of the H2-ICE series-hybrid, primary road cycle power comparison for a 10-minute 

continuous power requirement with a battery starting SOC 100% using tomorrow technology values. To 

achieve the desired power value, the degree of electrification can be increased or decrease using a 

coarse slider in ePOP. The power steps in increments of 50 kW. In order to meet the 320 kW 

requirement, the power is set to 369 kW. 
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Figure 43: H2-ICE series-hybrid, primary cycle, tomorrow values, component power  

Figure 44 is a plot of the H2-ICE series-hybrid component mass breakdown for the primary road cycle with 

tomorrow’s technology values. Globally, a decrease in powertrain mass of 2,000 kg is observed from 

today technology values. The total mass is still higher than the current diesel-baseline powertrain.  

 
Figure 44: H2-ICE series-hybrid, primary cycle, tomorrow values, component mass  

Figure 45 is a plot of the H2-series hybrid component volume breakdown under the primary road cycle 

and with tomorrow’s technology values. There is a decrease in volume of almost 5,000 L from the today 

technology values for the same drive cycle and vehicle type. The powertrain is still 1,400 L larger than the 

diesel-baseline powertrain, with today technology values.  
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Figure 45: H2-ICE series-hybrid, primary cycle, tomorrow values, component volume  

5.1.2.2 Concept 5: Efficiency Optimized Fuel Cell Series-Hybrid 

Figure 46 is a component power breakdown for the efficiency optimized fuel cell under the primary road 

cycle, with tomorrow technology values, for a 10-minute continuous power duration and starting battery 

SoC 100%. 

 
Figure 46: Eff. optimized fuel cell series-hybrid, primary cycle, tomorrow values, component power  

Figure 47 is a plot of the component mass breakdown for the efficiency optimized fuel cell concept vehicle 

under the primary road cycle using tomorrow’s technology values. There is a 1,700 kg decrease in mass 

from the same concept under today technology values; this concept still has larger mass than the diesel-

baseline. 
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Figure 47: Eff. optimized fuel cell series-hybrid, primary cycle, tomorrow values, component mass  

Figure 47 is a plot of the component volume breakdown for the efficiency optimized fuel cell concept 

vehicle under the primary road cycle using tomorrow’s technology values. There is a decrease of 4,330 L 

of volume from todays technology values, for the same concept.  

 
Figure 48: Eff. optimized fuel cell series-hybrid, primary cycle, tomorrow values, component volume  
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5.1.3 Future Technology Values 

In this section the future technology values are applied to two concepts; the H2-ICE series-hybrid and the 

efficiency optimized fuel cell series-hybrid design. For the H2-ICE concept, the engine efficiency is 

increased to 50% while there is no change in the power density from tomorrow values. For the efficiency 

optimized fuel cell, the engine efficiency is increased to 70% and the volumetric and gravimetric power 

density are 0.213 kW/L and 0.163 kW/kg, respectively. For the hydrogen fuel, the release energy 

efficiency is further reduced to 20%. The volumetric power density is 2.20 kW/L while the gravimetric 

energy density is 1.70 kWh/kg. For the battery, the continuous C-rate is 7 while the peak C-rate is 15. The 

volumetric and gravimetric energy density are 800 Wh/L and 420 Wh/kg, respectively. For the motors, the 

efficiency increases to 93% and there is a slight increase of 0.2 in both volumetric and gravimetric power 

density. For the power electronic components; inverters, DCDC, and onboard charger, a small increase in 

power density is observed. For the cooling circuit, the gravimetric power density of the fan decreases to 

0.34 kW/kg and the COP is 35 kW rejected / kW cooling fan.  

5.1.3.1 Concept 3: H2-ICE Series-Hybrid 

Figure 49 is a plot of the power breakdown for a 10-minute continuous power requirement with a starting 

battery SOC of 100% for the H2-ICE series-hybrid concept using the primary road cycle and future 

technology values.  

 
Figure 49: H2-ICE series-hybrid, primary cycle, future values, component power  

Figure 50 is a plot of the component mass breakdown for the H2-ICE series-hybrid concept under the 

primary road cycle and future technology values. The most significant change is the reduction in mass for 

the fuel tank. This is due to increasing efficiency as well as increased gravimetric energy density of the 

fuel system.  
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Figure 50: H2-ICE series-hybrid, primary cycle, future values, component mass  

Figure 51 is a plot of the component volume breakdown for the H2-ICE series-hybrid concept design for 

the primary road cycle and future technology values.  

 
Figure 51: H2-ICE series-hybrid, primary cycle, future values, component volume  

5.1.3.2 Concept 5: Efficiency Optimized Fuel Cell Series-Hybrid 

Figure 52 is a plot of the component power breakdown for the efficiency optimized fuel cell concept 

design under the primary road cycle and the future technology values.  
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Figure 52: Eff. optimized fuel cell series-hybrid, primary cycle, future values, component power  

Figure 53 is a plot of the component mass breakdown for the efficiency optimized fuel cell concept design 

under the primary road cycle and the future technology values. This concept mass is on-par with the 

baseline diesel powertrain.  

 
Figure 53: Eff. optimized fuel cell series-hybrid, primary cycle, future values, component mass  



 

Version 1.0 National Research Council Canada Page 69 of 223 
 

Figure 54 is a plot of the component volume breakdown for the efficiency optimized fuel cell concept 

design under the primary road cycle and the future technology values. This concept powertrain volume is 

slightly less than the diesel-baseline powertrain.  

 
Figure 54: Eff. optimized fuel cell series-hybrid, primary cycle, future values, component volume  

5.2 Logistics Vehicle Characterization Profile 

For these vehicle concepts, the drive cycle is the LVM defined profile, as outlined in Section 4.1.3.  

5.2.1 Today Technology Values 

For this section, the vehicle concepts technology values are based on “today” numbers. The prime power 

engine efficiency, volumetric and gravimetric power density varied for each technology concept. The 

hydrogen fuel volumetric power density was 0.68 kW/L while the gravimetric energy density was 1.06 

kWh/kg. The H2-ICE and H2-ICE parallel-hybrid concepts include a transmission while all others do not. 

The battery gravimetric and volumetric energy density are 140 Wh/kg and 260 Wh/L, respectively while 

the continuous C-rating is 3 and the peak C-rating is 5. The H2-ICE motor is the same as the diesel-

baseline configuration while all other vehicle concept motors are 85% efficient, with 11.6 kW/L and 10.2 

kW/kg, volumetric and gravimetric power density, respectively. Power electronics, including inverters, 

DCDC converters, and onboard chargers, are 97%, 98%, and 98% efficient, respectively. Their 

gravimetric power densities are 22 kW/kg, 2.5 kW/kg, and 3.5 kW/kg, respectively. Lastly the cooling 

system assumes the same parameters as the diesel-baseline, such as a volumetric cooling system fan 

power density of 1.4 kW/L. 
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5.2.1.1 Concept 1: H2-ICE Conventional 

Figure 55 is a plot of the H2-ICE continuous power breakdown, under the LVM profile and with today’s 

technology values. There is no battery in this concept. The total output power is 302.7 kW, which is 

undersized for the 320 kW 10-minute continuous power requirement. To increase power, the engine must 

be upsized.  

 
Figure 55: H2-ICE, LVM profile, today values, component power  

Figure 56 is a plot of the H2-ICE component mass breakdown for the LVM cycle and using today 

technology values. The total powertrain mass is smaller than the same concept for the primary road cycle. 

This is because the overall energy required to complete the LVM cycle is lower than the primary road 

cycle.  

 
Figure 56: H2-ICE, LVM profile, today values, component mass  
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Figure 57 is a plot of the H2-ICE concept component volume breakdown for the LVM profile and today 

technology values.  

 
Figure 57: H2-ICE, LVM profile, today values, component volume 

5.2.1.2 Concept 2: H2-ICE Parallel-Hybrid 

Figure 58 is a plot of the power breakdown for a 10-minute continuous operation with a starting battery 

SOC of 100%. This design is mass optimized while still achieving the minimum continuous power target 

of 320kW for 10-minutes. As compared with the same concept under the primary road cycle, in this 

design, the engine power has been greatly downsized with the batteries able to make up the remaining 

necessary power.  

 
Figure 58: H2-ICE parallel-hybrid, LVM profile, today values, component power  
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Figure 59 is a plot of the component mass breakdown for the H2-ICE parallel-hybrid concept under the 

LVM profile and with today technology values. This concept mass is only 642 kg larger than the diesel-

baseline powertrain.  

 
Figure 59: H2-ICE parallel-hybrid, LVM profile, today values, component mass  

Figure 60 is a plot of the component volume breakdown for the H2-ICE parallel-hybrid concept under the 

LVM profile with today technology values. For this design, the engine is significantly downsized. 

Compared with the primary road cycle, this design fuel tank is only 2070 L, whereas the primary road 

cycle fuel tank was 4,785 L; a reduction of 2,715 L. 

 
Figure 60: H2-ICE parallel-hybrid, LVM profile, today values, component volume 
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5.2.1.3 Concept 3: H2-ICE Series-Hybrid 

Figure 61 is a plot of the power breakdown for the H2-ICE series-hybrid over a 10-minute duration, 

assuming a starting battery SOC of 100% for the LVM profile and today technology values.  

 
Figure 61: H2-ICE series-hybrid, LVM profile, today values, component power  

Figure 62 is a plot of the component mass for the H2-ICE series-hybrid vehicle concept with the LVM 

profile and today technology values. The total powertrain mass is 2,808 kg; which is only ~800 kg larger 

than the diesel-baseline.  

 
Figure 62: H2-ICE series-hybrid, LVM profile, today values, component mass  

Figure 63 is a plot of the component volume for the H2-ICE series-hybrid vehicle concept with the LVM 

profile and today technology values. The total powertrain volume is 3,513 L, much larger than the diesel-

baseline but much less than the same powertrain under the primary road cycle.  
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Figure 63: H2-ICE series-hybrid, LVM profile, today values, component volume 

5.2.1.4 Concept 4: Power Dense Fuel Cell Series-Hybrid 

Figure 64 is a plot of the power breakdown for a 10-minute continuous power requirement with a battery 

starting SOC of 100% for the power dense fuel cell design with the LVM profile and today technology 

values. 

 
Figure 64: Power dense fuel cell series-hybrid, LVM profile, today values, component power  

Figure 65 is a plot of the component mass breakdown for the power dense fuel cell concept vehicle under 

the LVM profile and today’s technology values. This powertrain mass is similar to the H2-ICE parallel-

hybrid concept mass, both under the LVM profile. 
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Figure 65: Power dense fuel cell series-hybrid, LVM profile, today values, component mass  

Figure 66 is a plot of the component volume breakdown for the power dense fuel cell concept vehicle 

under the LVM profile and today’s technology values. This powertrain volume is 1,637 L larger than the 

diesel-baseline.  

 
Figure 66: Power dense fuel cell series-hybrid, LVM profile, today values, component volume 

5.2.1.5 Concept 5: Efficiency Optimized Fuel Cell Series-Hybrid 

Figure 67 is a plot of the power breakdown for the efficiency optimized fuel cell, under the LVM profile and 

today technology values for a 10-minute power requirement starting with a battery SOC of 100%. 
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Figure 67: Eff. optimized fuel cell series-hybrid, LVM profile, today values, component power  

Figure 68 is a plot of the component mass breakdown for the efficiency optimized fuel cell concept 

design, under the LVM profile with today’s technology values. The total mass for this concept is only 200 

kg larger than the diesel-baseline.   

 
Figure 68: Eff. optimized fuel cell series-hybrid, LVM profile, today values, component mass  
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Figure 69 is a plot of the component volume breakdown for the efficiency optimized fuel cell vehicle 

concept under the LVM cycle and with today’s technology values. Whereas the total mass is in-line with 

the diesel baseline powertrain, the total volume is still higher than the diesel baseline powertrain; about 

1,679 L.  

 
Figure 69: Eff. optimized fuel cell series-hybrid, LVM profile, today values, component volume 

5.2.2 Tomorrow Technology Values 

For this section, the vehicle concepts technology values are based on tomorrow’s technology values. For 

the H2-ICE series-hybrid, the engine efficiency is 47% and the volumetric and gravimetric power density 

are 0.321 kW/L and 0.265 kW/kg, respectively. For the efficiency optimized fuel cell, the engine efficiency 

is 65% and the volumetric and gravimetric power density are the same; both 0.163 kW/L and 0.613 

kW/kg. For hydrogen fuel, the release energy efficiency is reduced from 30% to 25%. The volumetric 

power density and gravimetric energy density are 1.80 kW/L and 1.30 kWh/kg. The battery volumetric and 

gravimetry energy density are 500 Wh/L and 280 Wh/kg, respectively; while the continuous C-rating is 5 

and the peak C-rating is 10. The motor efficiency is increased to 90% and the volumetric and gravimetric 

power density is reduced to 5.8 kW/L and 5.6 kW/kg, respectively. For the power electronics, there is a 

slight increase of efficiency by 0.5 to 1% and only a small decrease in power density. For the cooling 

system, there is no change to the gravimetric power density but the COP is increased to 25 kW rejected / 

kW cooling fan. 

5.2.2.1 Concept 3: H2-ICE Series-Hybrid 

Figure 70 is a plot of the component power for the H2-ICE series-hybrid under the LVM cycle and with 

tomorrow technology values for a continuous requirement of 10-minutes.  
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Figure 70: H2-ICE series-hybrid, LVM profile, tomorrow values, component power  

Figure 71 is a plot of the component mass for the H2-ICE series-hybrid vehicle concept under the LVM 

profile and with tomorrow technology values. Using tomorrow technology values, the H2-ICE series-hybrid 

concept is able to achieve a smaller mass than the baseline-diesel powertrain for the first time. 

 
Figure 71: H2-ICE series-hybrid, LVM profile, tomorrow values, component mass  

Figure 72 is a plot of the component volume breakdown for the H2-ICE series-hybrid vehicle design under 

the LVM cycle and with tomorrow technology values. Similar to mass, the volume of this concept is also 

less than the diesel-baseline.  
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Figure 72: H2-ICE series-hybrid, LVM profile, tomorrow values, component volume 

5.2.2.2 Concept 5: Efficiency Optimized Fuel Cell Series-Hybrid 

Figure 73 is a plot of the component power for the efficiency optimized fuel cell vehicle concept under the 

LVM cycle and with tomorrow technology values for a continuous power requirement of 10-minutes with a 

starting battery SOC of 100%.  

 
Figure 73: Eff. optimized fuel cell series-hybrid, LVM profile, tomorrow values, component power  

Figure 74 is a plot of the component mass breakdown for the efficiency optimized fuel cell concept design 

under the LVM cycle and with tomorrow technology values. This powertrain concept mass is 707 kg less 

than the baseline-diesel powertrain.  



 

Version 1.0 National Research Council Canada Page 80 of 223 
 

 
Figure 74: Eff. optimized fuel cell series-hybrid, LVM profile, tomorrow values, component mass  

Figure 75 is a plot of the component volume breakdown for the efficiency optimized fuel cell concept 

design under the LVM cycle and with tomorrow’s technology values. This powertrain volume is more than 

600 L smaller than the diesel-baseline powertrain.  

 
Figure 75: Eff. optimized fuel cell series-hybrid, LVM profile, tomorrow values, component volume 
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5.2.3 Future Technology Values 

For this section, the vehicle concepts technology values are based on future technology values. For the 

H2-ICE concept, the engine efficiency is increased to 50% while there is no change in the power density 

from tomorrow values. For the efficiency optimized fuel cell, the engine efficiency is increased to 70% and 

the volumetric and gravimetric power density are 0.213 kW/L and 0.163 kW/kg, respectively. For the 

hydrogen fuel, the release energy efficiency is further reduced to 20%. The volumetric power density is 

2.20 kW/L while the gravimetric energy density is 1.70 kWh/kg. For the battery, the continuous C-rate is 7 

while the peak C-rate is 15. The volumetric and gravimetric energy density are 800 Wh/L and 420 Wh/kg, 

respectively. For the motors, the efficiency increases to 93% and there is a slight increase of 0.2 in both 

volumetric and gravimetric power density. For the power electronic components; inverters, DCDC, and 

onboard charger, a small increase in power density is observed. For the cooling circuit, the gravimetric 

power density of the fan decreases to 0.34 kW/kg and the COP is 35 kW rejected / kW cooling fan. 

5.2.3.1 Concept 3: H2-ICE Series-Hybrid 

Figure 76 is a plot of the component power breakdown for the H2-ICE series-hybrid vehicle design under 

the LVM profile and with future technology values.  

 
Figure 76: H2-ICE series-hybrid, LVM profile, future values, component power  

Figure 77 is a plot of the component mass breakdown for the H2-ICE series-hybrid vehicle concept under 

the LVM profile and with future technology values. This concept powertrain is about half the mass of the 

diesel-baseline.  
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Figure 77: H2-ICE series-hybrid, LVM profile, future values, component mass  

Figure 78 is a plot of the component volume breakdown for the H2-ICE series-hybrid vehicle concept 

under the LVM profile and with future technology values. Similarly, this concept powertrain volume is 

almost half that of the diesel-baseline.  

 
Figure 78: H2-ICE series-hybrid, LVM profile, future values, component volume 

5.2.3.2 Concept 5: Efficiency Optimized Fuel Cell Series-Hybrid 

Figure 79 is a plot of the component power for the efficiency optimized fuel cell vehicle concept design 

under the LVM cycle and with future technology values. This power breakdown assumes a 10-minute 

duration and a starting battery SOC of 100%.  
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Figure 79: Eff. optimized fuel cell series-hybrid, LVM profile, future values, component power  

Figure 80 is a plot of the component mass breakdown for the efficiency optimized fuel cell concept vehicle 

under the LVM cycle and with tomorrow’s technology values. This concept powertrain is almost 60% less 

mass than the diesel-baseline.  

 
Figure 80: Eff. optimized fuel cell series-hybrid, LVM profile, future values, component mass  
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Figure 81 is a plot of the component volume breakdown for the efficiency optimized fuel cell concept 

vehicle under the LVM cycle and with tomorrow’s technology values. This powertrain volume is 60% of 

the diesel-baseline.  

 
Figure 81: Eff. optimized fuel cell series-hybrid, LVM profile, future values, component volume 
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6.0 Discussion 

In this section, the vehicle concepts, the drive cycle, and the technology values are compared with one 

another. Further, a detailed discussion is provided on setting the continuous power requirement and the 

impact it has on vehicle component sizing and overall power.  

6.1 Vehicle Concept Comparison 

Examining the vehicle concepts under the primary road profile and with today’s technology values first, 

the mass of the components is compared under all the vehicle configurations. Figure 82 indicates how 

much mass each component contributes to the overall powertrain. For the diesel baseline powertrain, the 

majority of the mass comes from the ICE and then the transmission. For the remaining powertrains, with 

H2 solid-state fuel supply, the majority of the mass comes from the fuel and fuel tank. All the design 

powertrains have significantly higher weight than the diesel-baseline. The efficiency optimized fuel cell 

has a large engine and no battery for prime power; this is because it nominally operates at quarter power, 

for better efficiency, but can operate at peak power to reach higher power demands. 

 
Figure 82: Mass component breakdown, primary road cycle, today technology 
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Figure 83 is a plot of volume component breakdown under the primary road cycle and with today’s 

technology values. For the diesel-baseline powertrain, the ICE is the largest volume; the fuel tank is 

relatively small. For the concept powertrains, the fuel tank takes up by far the largest volume, with the 

engine / ICE taking up the second largest volume, and then battery (where present). All the concept 

powertrains have significantly larger volume than the diesel-baseline powertrain (2 to ~3x). 

 
Figure 83: Volume component breakdown, primary road cycle, today technology 

Examining next the vehicle concepts under the LVM cycle and with today technology values, Figure 84 is 

a plot of the mass component contribution to the overall powertrain. All the vehicle concepts have lower 

mass than those under the primary road cycle. This is because the overall power and energy for the LVM 

cycle is lower than the primary road cycle and the hybrid design is better adapted to the LVM cycle. For 

the H2-ICE powertrain, the ICE and the fuel tank contribute equally to the powertrain mass. For the hybrid 

vehicles, the battery size and fuel tank contribute to the mass, whereas the ICE or engine contributes 

less. The efficiency optimized fuel cell has a smaller battery but larger engine, and smaller fuel tank, as 

compared with the power dense fuel cell. This is because the efficiency optimized fuel cell mainly 

operates at one-quarter power for higher efficiency and lower required fuel supply. 
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Figure 84: Mass component breakdown, LVM cycle, today technology 

Figure 85 is a plot of the component volume contribution to the total powertrain volume. All of the 

concepts have higher volume than the diesel-baseline. The fuel tank is the largest volume contributor for 

all the vehicle concepts. The ICE volume is the second largest contributor to volume for the H2-ICE 

whereas battery volume is for the hybrid designs, except the efficiency optimized fuel cell. None of the 

concept powertrains can achieve the diesel-baseline volume.  
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Figure 85: Volume component breakdown, LVM cycle, today technology 

Figure 86 is a plot of engine size, battery, and fuel tank capacity, for today technology values, for both the 

primary road cycle and the LVM cycle. Overall, the primary road cycle concept powertrains have larger 

ICE / engines than the LVM cycle; this is because primary road cycle is essentially a long continuous 

requirement. The effect on engine size will be examined further in Section 6.4. The primary road cycle 

concept powertrains have smaller batteries than the LVM powertrains; with a smaller engine, a larger 

battery is required to meet the power requirements. The efficiency optimized fuel cell has the largest 

engine and no battery for prime power in the primary road cycle but a small battery is required to start-up 

the fuel cell (not illustrated here). For the LVM cycle, the efficiency optimized fuel cell has a smaller fuel 

cell (218 kW) and a battery with capacity 40 kWh. Next, the diesel-baseline and the H2-ICE concepts 

have the second largest engines because they are conventional and do not have a secondary traction 

power source. The H2-ICE parallel and series hybrids as well as the power dense fuel cell concepts have 

the smallest engines with batteries.  
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Figure 86: Engine size, battery, and fuel tank capacity, today technology values 

6.2 Drive Cycle Comparison 

It is evident from analyzing the two drive cycles that they are vastly different. The primary road cycle is 

essentially a long straight flat road, of the same terrain type, with minimal acceleration, no downhill 

operation and no braking. It is something akin to an oversimplified highway cycle. Whereas the LVM cycle 

assumes four different terrain types with different power demands, including downhill and uphill operation, 

and includes braking. At this time, it cannot be said that either cycle is the ideal LVM cycle but the 

purpose in selecting such dissimilar cycles it to demonstrate the impact the drive cycle has on component 

sizing, and powertrain mass. In this section, two vehicle concepts are examined to understand what 

impact the drive cycle had on powertrain mass, and component sizing. 

Examining first the H2-ICE parallel-hybrid vehicle concept, Figure 87 a plot of component mass and 

volume for both the primary and LVM cycles as well as engine size and battery capacity. The engine for 

the primary road cycle is 187 kW while the LVM engine is 51 kW; this is reflected in the smaller mass for 

the LVM concept vehicle. The battery for the primary road cycle is 61 kWh, whereas the battery for the 

LVM profile is 96 kWh. With a smaller engine, a larger battery is used to meet the power requirements. 

The fuel tank mass of the primary road cycle is 3,070 kg while the LVM cycle is only 1,328 kg. Because 

the engine is larger in the primary road cycle, it requires more fuel to run at its nominal operating point. 
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This larger engine has a compounding effect on the fuel tank size and weight. The total mass for the H2-

ICE parallel-hybrid primary road cycle powertrain is 4,683 kg where as the H2-ICE parallel-hybrid LVM 

cycle powertrain is 2,662 kg; about half the weight. In this instance, the difference in drive cycle here 

reduced the powertrain weight by 50%. If vehicle requirements are incorrectly set, it may lead to the case 

where a powertrain is over-sized or under-sized in terms of power or energy.  

 
Figure 87: Mass, power, and energy H2-ICE parallel-hybrid primary and LVM cycle, today values 

The second case to be examined is the power dense fuel cell. This fuel cell operates at the lower 

efficiency value (40%) but at its highest power output; the engine is sized to meet the power demands 

exactly. Figure 88 is a plot of component mass and volume for both the primary and LVM cycles as well 

as engine size and battery capacity. The primary road cycle fuel cell (engine) is 215 kW while the LVM 

cycle is only 51 kW. The battery for the primary road cycle is 45 kWh while the LVM cycle is 97 kWh. 

Here again with a larger engine (fuel cell) a smaller battery is required to meet the requirements; whereas 

with a smaller engine, a larger battery is required. The primary road cycle fuel tank mass is 3,859 kg while 

the LVM cycle fuel tank mass is 1,701 kg. The total powertrain mass for the primary road cycle is 4,846 

kg while the LVM road cycle total powertrain mass is 2,589 kg. Here once again the primary road cycle 

powertrain mass is twice that of the LVM cycle powertrain mass, demonstrating that even for different 

vehicle configurations the drive cycle selection has a significant impact on vehicle design.  
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Figure 88: Mass, power, and energy PD fuel cell primary and LVM cycle, today values 

6.3 Today, Tomorrow and Future Technology Comparison 

To try and predict changes to mass, volume, power, and energy for tomorrow and future technologies, the 

contributors for this project were invited to estimate how their technologies are likely to improve in the 

future, in terms of efficiency, volumetric and gravimetric power and energy density. Where an expert 

contributor was not available, predicted values from industry or government whitepapers were selected. 

The values presented here are in no way conclusive and only provide an estimation of what may be 

possible, according to technology progress in the future.  

Two vehicle concepts were analyzed under today, tomorrow and future technology values; the H2-ICE 

series-hybrid and the efficiency optimized fuel cell vehicle concept designs. Tomorrow is defined as 10 

years from now while future is defined as 15 to 20 years from now.  

Figure 89 is a plot of the H2-ICE series-hybrid system component mass analysis for today, tomorrow, and 

future technology values, for both the primary and LVM cycle. The diesel-baseline is provided for 

reference. There is an overall trend moving from today to future technology that the component mass, as 

well as the overall powertrain mass is decreasing. The most significant change is a decrease in fuel tank, 

followed by the battery mass. The engine mass is staying relatively constant; engine technology is mature 
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and significant changes in power density are not anticipated in the near term. Furthermore, a certain 

engine size is required to achieve the power requirements so there is a limit to decreases in the size of 

the engine. Under the LVM cycle, this H2-ICE series-hybrid design is able to achieve smaller total 

powertrain mass than the diesel-baseline with tomorrow and future technology values.  

 
Figure 89: Mass component analysis, H2-ICE series-hybrid for today, tomorrow, and future values 

Figure 90 is a plot of the H2-ICE series-hybrid system component volume analysis for today, tomorrow, 

and future technology values, for both the primary and LVM cycle. From today to tomorrow values, the 

decrease in volume is more than half. And then from tomorrow to future values, the decrease in volume is 

about 20%.  
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Figure 90: Volume component analysis, H2-ICE series-hybrid for today, tomorrow, and future values 

Figure 91 is a plot of system component mass for the efficiency optimized fuel cell as a function of today, 

tomorrow, and future technology values for the primary and LVM cycles. The total powertrain mass is 

lower than the H2-ICE series-hybrid concepts. All the tomorrow and future concepts have lower 

powertrain mass than the diesel-baseline. Here again fuel tank and battery mass decreases with 

technology but engine size stays relatively constant.  
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Figure 91: Mass component analysis, eff. optimized fuel cell for today, tomorrow, and future values 

Figure 92 is a plot of system component volume for the efficiency optimized fuel cell as a function of 

today, tomorrow, and future technology values for the primary and LVM cycles. From today to tomorrow 

values, the reduction in volume is about 50%, while from tomorrow to future values, the reduction is 

another 20%. 
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Figure 92: Volume component analysis, eff. optimized fuel cell for today, tomorrow, and future values 

6.4 Continuous Power Requirement 

Conventional combustion engines have a low sensitivity to duration; that is, so long as fuel supplied to the 

engine and heat is removed, they can operate at their peak power output. This is in contrast to batteries, 

which have a high sensitivity to duration. For select periods of time, and depending on the starting SOC, 

batteries can operate at peak power output; providing short bursts of power to the engine. There is a 

trade-off between engine size, battery capacity, powertrain mass, and power output as a function of time. 

For all the vehicle concepts in this project, the continuous power duration requirement was set at 10-

minutes but it could be set longer or shorter. The example below illustrates the effect on electrification of 

vehicle depending on where this duration is set. The vehicle concept used for this example is the power 

dense fuel cell; but this example holds for any of the hybrid vehicle concepts.  

Figure 93 is a plot of total power output as a function of degree of vehicle electrification for a continuous 

power output of 10-minutes. Recall that the continuous power output requirement is 320 kW. The cursor 

can be moved on the line from left to right to increase the power output. If moved towards the left, the 

vehicle is becoming less electrified (bigger engine); if moving to the right, the vehicle is becoming more 

electrified (more batteries). At the line minimum, the total power is a minimum as well as the powertrain 

mass (2,511 kg); however, this total power is only 268.5 kW. It does not meet the 320 kW continuous 
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power requirement. To reach the 320 kW requirement, there are two solutions; increase the engine size 

or increase the battery capacity. Because the continuous power duration is short, 10-minutes only, the 

slope of the line to the right is steep. The maximum power output for a 100% fully electrified vehicle is 

very high; almost 1,800 kW. Such a vehicle would have access to 1,800 kW of power for 10-mins at a 

starting battery SOC of 100%. Conversely, the slope of the line to the left of the minimum is gentler; a 

fully non-electrified engine could produce 423 kW of power. It should be noted that by increasing engine 

size or battery capacity, powertrain mass is increasing. For this example, to better increase power while 

keeping the powertrain mass low, it’s optimal to increase battery capacity.  

 
Figure 93: Power output PD fuel cell, LVM cycle, today values 10-min. continuous power  

Figure 94 is a plot of total power output as a function of degree of vehicle electrification for a continuous 

power output of 2-hours. The power output is 79.5 kW at the minimum powertrain mass of 2,511 kg. This 

is the same powertrain mass as the Figure 93 but now the power output is 3.3 times less. The total power 

available for this powertrain is much less if the continuous power duration is 2-hours. For a fully 100% 

electrified powertrain, the total power is 269.4 kW, which is less than the fully non-electrified version. For 

this example, to get more power, while keeping powertrain mass lower; it’s more advantageous to 

increase engine size.  
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Figure 94: Power output PD fuel cell, LVM cycle, today values 2-hr continuous power  

Figure 95 illustrates the trade-off between engine size, battery capacity, powertrain mass and total power 

output. Total power output is kept constant at around 320 to ~330 kW while continuous power duration is 

increased from 10-minutes to 2.5-hours. Moving from the centre axis to the left, means increasing the 

engine size and moving away from an electrified vehicle. Moving from the centre axis to the right, means 

increasing the battery capacity and moving towards an electrified vehicle. All of these vehicles meet the 

design requirements but their composition and overall mass changes. This plot shows that the continuous 

power requirement duration has a significant impact on powertrain composition and mass. For duration 

40-minutes or less, the electrified vehicle has smaller powertrain mass. For duration longer than 50-

minutes, the non-electrified vehicle has smaller powertrain mass. There is a transition point between 40 

and 50-minutes. When setting requirements for vehicle power output, with conventional combustion 

engine power duration has not typically been a concern but to move towards an electrified powertrain, 

power duration must be considered. There can be a tendency to overestimate continuous power 

requirements; to want full power all the time. When transitioning to electrified powertrains, a shift in 

mindset is needed; actual vehicle performance requirements should be understood and applied, rather 

than relying on historical assumptions. 
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Figure 95: Engine size, battery capacity and powertrain mass vs. power duration, PD fuel cell LVM cycle 

today values, 320-kW continuous power  

In addition to considering the continuous power duration, the battery starting SOC must also be studied. 

For this project, 100% battery SOC has been assumed throughout. But if the starting SOC is less than 

100%, this will impact the total power available, especially for an electrified powertrain. Figure 96 and 

Figure 97 are examples of the impact of a lower SOC, namely 50%. For Figure 96, with 10-minute 

continuous duration, the minimum power has lowered from 269 kW to 224 kW and the power output for a 

fully electrified powertrain would be 1435 kW. Still very high but not as much as 1800 kW. For Figure 97, 

the 2-hour continuous duration, the minimum power has lowered from 79.5 kW to 60.9 kW. There was no 

change to the non-electrified slope. Once a vehicle concept has been established, it’s critical to return to 

the drive cycle and model the power and energy usage over the cycle to understand how consumption of 

fuel and battery capacity will evolve; to determine if the assumptions that have been made during design 

are correct or need to be revised. An iterative design process is required. 
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Figure 96: Power output PD fuel cell, LVM cycle, today values 10-min. cont. power, 50% batt. SOC 

 
Figure 97: Power output PD fuel cell, LVM cycle, today values 2-hr cont. power, 50% batt. SOC 

6.5 All Concept Vehicle Data 

Table 13 and Table 14 summarize all the vehicle concept sizing, power, and energy data for the primary 

road and LVM cycle, respectively. 
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Table 13: Vehicle concepts sizing, power, and energy data for the primary road cycle 

Techn. Concept Parameter 
Trans-
mission 

Motor Inverter DCDC Charger Rectifier Generator Engine Cooler Parameter Battery 
Fuel 
Tank 

TOTAL 

Today Diesel baseline Peak power (kW) 319.7 8.4 -- -- -- -- -- 376.5 192.0 Capacity (kWh) -- 2,549.6  

Today Diesel baseline Mass (kg) 380.6 24.7 -- -- -- -- -- 1,255.1 48.0 Mass (kg) -- 223.6 1,932 

Today Diesel baseline Volume (L) 214.6 40.0 -- -- -- -- -- 1,045.9 13.7 Volume (L) -- 262.8 1,577 

Today H2-ICE Peak power (kW) 333.3 8.7 -- -- -- -- -- 404.6 32.1 Capacity (kWh) -- 3,532.0  

Today H2-ICE Mass (kg) 396.7 25.7 -- -- -- -- -- 1,526.8 80.3 Mass (kg) -- 3,332.1 5,362 

Today H2-ICE Volume (L) 223.7 41.7 -- -- -- -- -- 1,260.4 23.0 Volume (L) -- 5,194.1 6,743 

Today H2-ICE parallel Peak power (kW) 330.7 245.5 288.8 8.9 6.9 -- -- 186.8 13.8 Capacity (kWh) 61.3 3,253.5  

Today H2-ICE parallel Mass (kg) 393.6 24.1 13.1 3.5 2.0 -- -- 704.7 34.6 Mass (kg) 438.0 3,069.4 4,683 

Today H2-ICE parallel Volume (L) 221.9 24.1 8.0 2.5 2.3 -- -- 581.8 7.8 Volume (L) 235.8 4,784.6 5,869 

Today H2-ICE series Peak power (kW) -- 334.4 393.3 9.0 5.1 183.7 189.4 254.8 17.7 Capacity (kWh) 45.2 4,231.8  

Today H2-ICE series Mass (kg) -- 32.8 17.9 3.6 1.5 8.4 18.6 1,207.4 44.2 Mass (kg) 323.2 3,992.3 5,650 

Today H2-ICE series Volume (L) -- 28.8 10.9 2.6 1.7 5.1 16.3 1,362.3 12.6 Volume (L) 174.0 6,223.2 7,838 

Today PD fuel cell Peak power (kW) -- 331.3 389.8 8.9 80.7 182.1 -- 215.3 276.0 Capacity (kWh) 44.8 4,090.7  

Today PD fuel cell Mass (kg) -- 32.5 17.7 3.5 23.1 8.3 -- 512.7 69.1 Mass (kg) 320.3 3,859.2 4,846 

Today PD fuel cell Volume (L) -- 28.6 10.8 2.5 26.9 5.1 -- 769.9 19.7 Volume (L) 172.4 6,015.7 7,052 

Today EO fuel cell Peak power (kW) -- 329.7 387.9 8.8 -- 404.3 -- 711.7 48.9 Capacity (kWh) -- 2,646.4  

Today EO fuel cell Mass (kg) -- 32.3 17.6 3.5 -- 18.4 -- 1,694.6 122.3 Mass (kg) -- 2,496.6 4,385 

Today EO fuel cell Volume (L) -- 28.4 10.8 2.5 -- 11.2 -- 2,541.9 34.9 Volume (L) -- 3,891.8 6,522 

Tomorrow H2-ICE series Peak power (kW) -- 326.4 362.6 8.7 4.7 142.9 145.9 211.1 8.5 Capacity (kWh) 41.4 2,989.9  

Tomorrow H2-ICE series Mass (kg) -- 58.3 16.5 2.7 1.0 6.5 26.0 1,000.4 21.2 Mass (kg) 147.7 2,299.9 3,580 

Tomorrow H2-ICE series Volume (L) -- 56.3 9.9 2.2 1.2 3.9 25.1 1,128.8 6.6 Volume (L) 82.7 1,661.1 2,978 

Tomorrow EO fuel cell Peak power (kW) -- 322.8 358.7 8.6 -- 370.3 -- 634.7 26.6 Capacity (kWh) -- 2,009.0  

Tomorrow EO fuel cell Mass (kg) -- 57.6 16.3 2.6 -- 16.8 -- 976.4 66.5 Mass (kg) -- 1,545.4 2,682 

Tomorrow EO fuel cell Volume (L) -- 55.7 9.8 2.2 -- 10.2 -- 976.4 20.8 Volume (L) -- 1,116.1 2,191 

Future H2-ICE series Peak power (kW) -- 322.1 346.3 8.5 4.4 136.0 138.0 190.3 4.8 Capacity (kWh) 39.2 2,378.4  

Future H2-ICE series Mass (kg) -- 55.5 11.5 2.1 0.8 4.5 23.8 901.8 14.0 Mass (kg) 93.7 1,399.1 2,507 

Future H2-ICE series Volume (L) -- 53.7 8.7 1.7 0.9 3.4 23.0 1,017.5 4.6 Volume (L) 49.2 1,081.1 2,244 

Future EO fuel cell Peak power (kW) -- 320.0 344.1 8.5 -- 353.6 -- 595.7 15.6 Capacity (kWh) -- 1,637.7  

Future EO fuel cell Mass (kg) -- 55.2 11.5 2.1 -- 11.8 -- 916.5 45.9 Mass (kg) -- 963.1 2,006 

Future EO fuel cell Volume (L) -- 53.3 8.6 1.7 -- 8.8 -- 700.8 15.1 Volume (L) -- 744.2 1,533 
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Table 14: Vehicle concepts sizing, power, and energy data for the LVM cycle 

Techn. Concept Parameter 
Trans-
mission 

Motor Inverter DCDC Charger Rectifier Generator Engine Cooler Parameter Battery 
Fuel 
Tank 

TOTAL 

Today Diesel baseline Peak power (kW) 320.2 8.4 -- -- -- -- -- 392.9 35.0 Capacity (kWh) -- 2,470.1  

Today Diesel baseline Mass (kg) 381.1 24.7 -- -- -- -- -- 1,309.8 87.8 Mass (kg) -- 216.7 2,020 

Today Diesel baseline Volume (L) 214.9 40.0 -- -- -- -- -- 1,085.4 25.1 Volume (L) -- 254.6 1,620 

Today H2-ICE Peak power (kW) 338.6 8.9 -- -- -- -- -- 434.2 55.8 Capacity (kWh) -- 2,377.6  

Today H2-ICE Mass (kg) 403.1 26.1 -- -- -- -- -- 1,638.5 139.5 Mass (kg) -- 2,243.0 4,450 

Today H2-ICE Volume (L) 227.2 42.3 -- -- -- -- -- 1,352.7 39.9 Volume (L) -- 3,496.5 5,159 

Today H2-ICE parallel Peak power (kW) 325.2 357.3 420.4 8.7 10.8 -- -- 50.5 3.7 Capacity (kWh) 96.0 1,408.1  

Today H2-ICE parallel Mass (kg) 387.1 35.0 19.1 3.5 3.1 -- -- 190.6 9.4 Mass (kg) 686.0 1,328.4 2,662 

Today H2-ICE parallel Volume (L) 218.2 30.8 11.7 2.5 3.6 -- -- 157.4 2.7 Volume (L) 369.4 2,070.7 2,867 

Today H2-ICE series Peak power (kW) -- 326.3 383.8 8.7 10.2 42.9 44.2 69.9 4.8 Capacity (kWh) 90.8 1,857.7  

Today H2-ICE series Mass (kg) -- 32.0 17.4 3.5 2.9 2.0 4.3 331.3 12.1 Mass (kg) 648.6 1,752.5 2,807 

Today H2-ICE series Volume (L) -- 28.1 10.5 2.5 3.4 1.2 3.8 373.8 3.5 Volume (L) 349.2 2,731.8 3,508 

Today PD fuel cell Peak power (kW) -- 324.6 381.9 8.7 10.9 42.7 -- 50.5 6.5 Capacity (kWh) 97.2 1,803.4  

Today PD fuel cell Mass (kg) -- 31.8 17.4 3.5 3.1 1.9 -- 120.2 16.2 Mass (kg) 694.0 1,701.3 2,589 

Today PD fuel cell Volume (L) -- 28.0 10.6 2.5 3.6 1.2 -- 180.3 4.6 Volume (L) 373.7 2,652.0 3,257 

Today EO fuel cell Peak power (kW) -- 321.8 378.6 8.6 4.5 196.6 -- 217.6 15.0 Capacity (kWh) 39.6 1,248.1  

Today EO fuel cell Mass (kg) -- 31.6 17.2 3.4 1.3 8.9 -- 518.2 37.4 Mass (kg) 282.9 1,327.8 2,229 

Today EO fuel cell Volume (L) -- 27.7 10.5 2.5 1.5 5.5 -- 777.3 10.7 Volume (L) 152.3 2,311.4 3,299 

Tomorrow H2-ICE series Peak power (kW) -- 317.0 352.2 8.4 6.3 40.7 416.0 60.2 2.4 Capacity (kWh) 56.0 1,363.7  

Tomorrow H2-ICE series Mass (kg) -- 56.5 16.0 2.6 1.4 1.9 7.4 285.2 6.1 Mass (kg) 199.9 1,049.0 1,626 

Tomorrow H2-ICE series Volume (L) -- 54.7 9.6 2.1 1.6 1.1 7.2 321.8 1.9 Volume (L) 111.9 757.6 1,270 

Tomorrow EO fuel cell Peak power (kW) -- 320.0 355.6 8.5 3.8 58.3 -- 185.4 7.8 Capacity (kWh) 30.9 950.0  

Tomorrow EO fuel cell Mass (kg) -- 57.1 16.2 2.6 0.8 2.7 -- 285.3 19.4 Mass (kg) 110.3 730.8 1,225 

Tomorrow EO fuel cell Volume (L) -- 55.2 9.7 2.1 0.9 1.6 -- 285.3 6.1 Volume (L) 61.7 527.8 950 

Future H2-ICE series Peak power (kW) -- 312.5 336.1 8.3 5.9 38.0 38.6 53.2 1.3 Capacity (kWh) 52.2 1,064.3  

Future H2-ICE series Mass (kg) -- 53.9 11.2 2.1 1.1 1.3 6.7 252.2 3.9 Mass (kg) 124.3 626.1 1,083 

Future H2-ICE series Volume (L) -- 52.1 8.4 1.7 1.2 1.0 6.4 284.6 1.3 Volume (L) 65.3 483.8 906 

Future EO fuel cell Peak power (kW) -- 310.5 333.9 8.2 3.7 39.4 -- 164.4 4.3 Capacity (kWh) 33.0 733.8  

Future EO fuel cell Mass (kg) -- 53.5 11.1 2.1 0.7 1.3 -- 252.9 12.7 Mass (kg) 78.5 431.7 845 

Future EO fuel cell Volume (L) -- 51.8 8.3 1.6 0.7 1.3 -- 193.4 4.2 Volume (L) 41.2 333.6 636 

 



 

Version 1.0 National Research Council Canada Page 102 of 223 
 

7.0 Conclusions 

The purpose of this project was to examine the existing diesel-baseline heavy logistics vehicle, establish 

fundamental vehicle level requirements, generate two drive cycles, survey current, and future component 

technology levels, select vehicle configurations, and analyze these vehicle configurations, based on all 

the inputs, towards understanding the overall vehicle envelope, particularly mass and volume, of a 

hydrogen-fuel supplied vehicle.  

The lack of vehicle level requirements as well as drive cycles posed a challenge such that assumptions 

were made; assumptions open the opportunity for interpretation. Leveraging the expertise of the project 

contributors enabled the qualification of these assumptions. After much analysis and effort, the logistics 

vehicle mission profile is now a useable drive cycle for the heavy logistics vehicle and can be re-used for 

other analyses, such as energy management or other modeling. The drive cycle should be validated with 

real-world data. 

A clear dependency of both powertrain mass and volume on the selected drive cycle was observed 

across all hydrogen-based powertrain configurations. The results indicate that while the overall trends are 

consistent, the magnitude of the variation differs notably between the primary road cycle and the logistics 

vehicle drive cycle. 

For the primary road cycle, total powertrain masses ranged from approximately 4,385 to 5,650 kilograms. 

In comparison, for the LVM cycle, the range was lower, between 2,229 and 4,450 kilograms. The wider 

variation in mass under the LVM cycle suggests that vehicle architecture and component sizing are more 

sensitive to the lower-speed, transient operating conditions typical of this drive cycle. This may reflect 

differences in powertrain optimization strategies, such as energy storage capacity and the relative 

contribution of the internal combustion engine or fuel cell. While vehicle idling time was considered in the 

LVM cycle, other requirements, such as silent drive and silent watch capabilities were not part of the 

analysis. In the future, they need to be incorporated in a more detailed platform design effort to ensure 

that the vehicle is optimized to meet these requirements. 

Among the vehicle concepts evaluated, the H2‑ICE parallel hybrid and the two fuel cell configurations 

generally demonstrated lower mass and/or volume compared to other designs. This outcome aligns with 

expectations, as fuel cell systems typically allow for higher energy conversion efficiencies and can be 

integrated with lighter ancillary systems when optimized for hybrid operation. 

Despite these advantages, there was no clear overall winner in terms of vehicle concept configuration 

under either drive cycle when using current technology assumptions. Each concept presented trade-offs 

between mass, volume, and performance characteristics. For example, while fuel cell systems achieved 

lower masses, they may involve higher system complexity and cost. Factors such as cost, durability, 

reliability, maintainability, availability, etc. will determine the optimal solution for platform designs going 

forward, but these elements were not studied in this report. 

The H2‑ICE concept in particular emerged as the least competitive configuration, showing the highest 

total powertrain mass under the LVM cycle and the second highest mass under the primary road cycle. 
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This suggests that, with today’s component efficiencies and packaging constraints, hydrogen internal 

combustion technologies may face limitations in achieving mass parity with fuel cell–based systems. 

Improvements in engine downsizing, light-weighting strategies, and hybridization could narrow this gap in 

future iterations. 

From a sensitivity perspective with today technology, both power duration and SOC strongly influence 

vehicle mass. Shorter continuous power durations (40 minutes or less) favour electrified vehicles, which 

can deliver high power bursts with smaller overall mass, while longer durations (over 50 minutes) favour 

conventional or non‑electrified vehicles, which can sustain continuous power without relying on large 

batteries. Moreover, a lower starting battery SOC (for example, 50% instead of 100%) significantly 

reduces total available power by as much as 15–20% for short durations and over 20% for extended 

durations, further emphasizing the need to accurately define operational power durations and model SOC 

changes over time. 

Looking forward, it’s evident that advances in technologies will have a significant impact on powertrain 

component sizing. Of the two concepts which were analyzed under today, tomorrow, and future 

technology values, both converged and then went under the diesel-baseline mass and volume at some 

point in the future; the speed in the conversion being a function of advances in hydrogen storage, engine 

efficiency, and battery energy density increases, for example.  

The technology focus in the future should be on increasing the fuel tank volumetric power density and 

gravimetric energy density, as well as reducing the energy required to release the hydrogen on the 

vehicle and increasing engine efficiency. The hydrogen fuel and tank made up the most significant mass 

and volume for all the concepts examined. Improvements in the onboard hydrogen storage will have a 

vast impact on the overall vehicle design in the future. 

Overall, these findings highlight the importance of considering drive-cycle characteristics when evaluating 

electrified vehicle designs. The results emphasize that optimal configurations may differ depending on the 

intended vehicle application, and that technology advances in energy storage, power density, and system 

integration will be key to improving competitiveness across all hydrogen powertrain concepts. 

An area that wasn’t highlighted in this project are the similarities and differences in understanding how 

vehicle engineering diverges between civilian and military applications. For example, the Mercedes-Benz 

Zetros is the baseline platform for the logistics military vehicle but it shares components across other 

civilian commercial vehicles, particularly in the heavy-duty truck range. The fundamental process of 

vehicle design is the same across both civilian and military applications however design priorities differ; 

for example, military vehicles prioritize survivability, modularity, redundancy and off-road capability while 

civilian vehicles prioritize cost, efficiency, comfort, and emissions. In the past, emissions haven’t been a 

large concern for the military but increasingly both sectors must consider emissions, fuel efficiency, and 

sustainability. These differences in design priorities, as well as the requirements and drive cycles, 

discussed herein this report, are the fundamental reasons why civilian and military vehicle designs can 

differ so significantly. They also illustrate why electrifying the military transport sector poses unique 

challenges, despite the availability of advanced electrification technologies in the civilian market.  
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8.0 Lessons Learned 

Upon completion of this project, the contributors were invited to provide feedback on key lessons learned 

from the activity. These were items which should be retained for future projects, as well as areas which 

could be improved. The areas for improvement can be broken down into the following categories: 

• project planning, 

• expertise, 

• drive cycle and requirements, and 

• tools. 

In terms of project planning, both NRC and DND must abide by the Government of Canada procurement 

rules and guidelines. When working with other government organizations or outside contractors, it’s 

important to communicate these rules and guidelines early. There is potential for challenges with 

contracting and careful planning is required at the start of each project.  

Having to contract-out some of the required expertise for this project was time-consuming. NRC should 

examine how they can better leverage their internal expertise, expand their available expertise or review 

streamlining the contracting process.  

In order to properly perform powertrain analysis, data is required. The ideal format for the cycle is vehicle 

speed and grade over time. The data provided for this project was aggregate fuel consumption data. In 

order to rework the data into the necessary format, assumptions were made, which leaves room for 

interpretation. This drive cycle data should ideally be correlated with real world fuel consumption.  

Along with the drive cycle, fundamental specific requirements for vehicle level performance, which exceed 

the cycle performance, should be provided. These are items such as gradeability, acceleration, hill-climb, 

and maximum speed etc. These requirements need to be well defined; including powertrain mass (if 

different), grade, duration, environmental condition and temperature, etc. 

For electrified powertrains, available power is highly dependent on duration. Whereas historically 

combustion engines can operate at continuous power, assuming fuel is available and heat is removed; 

electrified powertrains are specified in terms of energy capacity, rather than power. This provides a 

unique opportunity to downsize engine and fuel tank, while still meeting, or exceeding, all the power 

target requirements. This fundamental characterization of electrified powertrains must be distinctly 

understood when establishing requirements. Setting a continuous power requirement duration to be too 

long will inherently limit the design possibilities and lead down a path where conventional combustion is 

the only solution. 

Multiple different powertrain analysis and sizing tools exist commercially, including AVL Cruise, GT-Suite, 

Autonomie by Argonne Labs, and CarSim / Truck Sim. For this project, the ePOP Concept tool was 

selected, the contributors helped validate new software features including regenerative braking and 

power output analysis. To carry out a full detailed powertrain analysis, it is also necessary to model the 
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thermal (e.g., radiators, pumps, fans) and energy management systems (e.g., battery SoC, fuel level etc.) 

over the duration of the drive cycle; performing an iterative analysis.  

8.1 Recommendations and Future Work 

Recommendations for follow-on work related to this project include:  

• Collecting drive cycle data in the appropriate format (vehicle speed and grade versus time, braking 

energy, terrain type) 

• Validating modeled drive cycles against real-world fuel consumption data 

• Clearly defining vehicle-level performance requirements, and limitations, including: 

• Gradeability, acceleration, hill-climb, and maximum speed 

• Vehicle mass, grade, duration, environmental conditions, terrain 

• Detailed sensitivity and uncertainty analysis for each system / operational variability (e.g., 

terrains, gradients etc.) 

• Modeling vehicle thermal and energy management as a function of the drive cycle and component 

size selection 

• Compare commercially available toolsets for vehicle designing 

• Monitoring fuel economy and battery SoC and understanding their impact on system component 

size, performing dynamic simulations including thermal systems of the vehicle (e.g., radiators, 

pumps, fans, pipework)  

• Efficiency analysis for each vehicle concept, including error calculations 

Areas that were not in scope for this project but that should be examined in a future project include: 

• Refuelling and power delivery infrastructure 

• Cost modelling (fuel and electricity, vehicle cost) 

• Safety assessment of solid-state hydrogen supply for military vehicles 
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Acronyms and Abbreviations 

Table 15 provides definitions for acronyms and abbreviations from this document.  

Table 15: Acronyms and abbreviations 

Acronyms and 
abbreviations 

Definition 
Acronyms and 
abbreviations 
(cont’d) 

Definition (cont’d) 

AI artificial intelligence ISO 
International Organization for 
Standardization 

BEV battery electric vehicle LFP lithium iron phosphate 

BMEP brake mean effective pressure LHS load handling system 

BMS battery management system LiB lithium-ion battery 

CAF Canadian Armed Forces LMO lithium manganese oxide 

Cd coefficient of drag LTO lithium-titanate-oxide 

COP coefficient of performance LVM logistics vehicle modernization 

Crr coefficient of rolling resistance MEFA membrane frame electrode assembly 

DLR Director Land Requirements NATC Nevada Automotive Test Center 

DND Department of National Defence NCA lithium-nickel-cobalt-aluminum oxide 

DSD Drive System Design NMC lithium-nickel-manganese-cobalt oxide 

EDU electric drive unit NRC National Research Council Canada 

eff. efficiency NSSF 
Canada National Safety and Security 
Fleet 

EO efficiency optimized PD power dense 

ePOP electrified powertrain optimization process PEM proton exchange membrane 

GaN gallium nitride PMSM permanent magnet synchronous motors 

GDLS General Dynamics Land Systems RCMP Royal Canadian Mounted Police 

GHG green-house gas SiC silicon carbide 

grav. gravimetric SOC state of charge 

GVWR gross vehicle weight rating SSB solid-state batteries 

H2 hydrogen tech. technology 

H2-ICE hydrogen internal combustion engine UDDS urban dynamometer driving cycle 

HAZOP hazard and operability study US DOE U.S. Department of Energy 

HWFET highway fuel economy driving schedule vol. volumetric 

ICE internal combustion engine ZEV zero-emission vehicle 

KPI key performance indicator   
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Appendix A H2 Powertrain Exhaust Water Recovery 

Feasibility Study 

The following H2 powertrain exhaust water recovery feasibility study was prepared by MAHLE for DND. 

Permission was granted to append it within this logistics feasibility study.  
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Appendix B Solid-State Hydrogen Technology Current 

State-of-the-Art Overview 

The following solid-state hydrogen storage technology current state-of-the-art overview was prepared by 

Bak Motors Inc. Permission was granted to append it within this logistics feasibility study. 
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Appendix C In-Wheel Electric Motor Technology for 

Heavy-Duty Military Logistics Vehicles 

The following electric motor technology report for heavy-duty military logistics vehicles was prepared by 

ESOX group. Permission was granted to append it within this logistics feasibility study. 
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