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Abstract 

A hybrid fuel cell configuration is investigated that overcomes thermal management issues in fuel 

cell powertrains for heavy-duty Class 8 trucks. The battery has sufficient capacity to provide 

supplemental power and energy on a hill climb transient at end-of-life in the charge depleting 

mode. A dynamic load sharing strategy is developed to distribute the power demand between the 

fuel cell system (FCS) and the energy storage system in a manner that optimizes their lifetimes. 

The FCS end-of-life is identified as the terminal point beyond which the stack cannot generate the 

rated power with 750 mW/cm2 power density at 0.7 V and 40⁰C ambient temperature. Reaching 

25,000-h target lifetime with a-Pt/C cathode catalyst for oxygen reduction reaction in one hybrid 

configuration requires voltage clipping to 813 mV, idle power limited to 50 kW, catalyst 

overloading to 0.45 mg/cm2 total Pt in anode and cathode, and 44% active membrane area 

oversizing. The stack and FCS cycle efficiencies decrease by 4.2 % and 5.4%, respectively, during 

the electrode lifetime. The FCS performance, durability and cost are compared with the targets of 

68% peak efficiency, 0.30 mg/cm2 total Pt loading, 2.5 kW/gPGM Pt group metal (PGM) loading, 

25,000-h lifetime and $80/kW cost.  

Keywords: Hybrid polymer electrolyte fuel cells; Heavy-duty applications; Pt alloy catalysts; 

Catalyst durability; Oxygen reduction reaction kinetics; Oxygen transport in cathode catalysts 

  



1. Introduction 

Polymer electrolyte membrane fuel cells (PEMFCs) are being considered for heavy duty 

(HD) on-road, off-road and non-road applications such as Class-8 trucks, mining trucks, maritime 

and aviation.1-8 Many original equipment manufacturers (OEMs) have introduced first-generation 

PEFC powered Class-8 trucks with some using existing fuel cell platforms developed for light 

duty vehicles (LDVs).1, 2 This work specifically addresses the PEFC performance, durability and 

cost requirements for heavy duty trucks. 

A recent document listed the interim system level targets for PEFCs for HD trucks as 68% 

peak efficiency, 25,000-h lifetime for one million miles, and $80/kW specific cost. The ultimate 

targets are listed as 72% peak efficiency, 30,000-h lifetime, and $60/kW specific cost.9 These may 

be compared with 8,000 h or 150,000 miles lifetime requirement for fuel cells for LDVs, but the 

target cost is also smaller, $30/kW.10 

A unified cell-level target has been developed that combines the performance and 

durability requirements in a single metric: 2.5 kW/gPGM Pt group metal (PGM utilization) at 0.7 V 

after 25,000 h of equivalent accelerated stress test (AST). This metric allows for variability in total 

PGM loading.11 For example, it translates to 750 mW/cm2 power density at 0.7 V (1.07 A/cm2 

current density) if the total PGM loading in anode and cathode is 0.3 mg/cm2, and 1000 mW/cm2 

power density at 0.7 V (1.43 A/cm2 current density) if the total PGM loading is 0.4 mg/cm2. The 

unified target also specifies that prescribed protocols should be used to measure the power density 

in an integral cell at 2.5 atm, 90oC and 2/1.5 anode/cathode stoichiometry. The prescription of 0.7 

V cell voltage and 90oC relates to cell efficiency and thermal management. An AST protocol that 

is equivalent to 25,000 h of exposure in field test has not been recommended as it is catalyst 

specific and may also depend on PGM loading.  



The objective of this work is to evaluate a hybrid fuel cell system (FCS) against the interim 

targets for Class-8 heavy duty trucks: 68% peak efficiency, 0.3 mg/cm2 total PGM loading, 750 

mW/cm2 power density, 2.5 kW/gPGM PGM utilization, 25,000-h lifetime, and $80/kW cost. An 

annealed Pt catalyst supported on high surface area carbon is selected for cathode as it has been 

well characterized as a baseline material. The power density and electrode lifetime targets were 

treated as constraints in determining the total PGM loading and other important operating 

variables. This work establishes a baseline for evaluating other materials and FCS 

configurations.12-20 

2. Approach 

2.1 System Configuration 

  Figure 2 is a schematic of the reference fuel cell system (FCS) for heavy duty vehicles 

(HDV) with 1 or 2 stacks depending on the stack and HDV rated power.21, 22 The stacks may be 

connected in series or parallel to match the voltage of the electric propulsion motor. 

  The reference fuel cell stack consists of membrane electrode assemblies (MEA) with 14-

µm chemically stabilized and mechanically reinforced membrane. The cathode catalyst for oxygen 

reduction (ORR) is Pt supported on a high surface area carbon (a-Pt/HSC) that has been annealed 

to grow the particle size to about 4.4 nm. The anode catalyst for hydrogen oxidation reaction 

(HOR) is highly dispersed Pt/HSC with 2-3 nm particle size. The Pt loading is 0.25-0.4 mg/cm2 

on cathode and 0.05 mg/cm2 on anode.23  

  The reference FCS includes a common compressor-expander-motor-module (CEMM) for 

air management. The CEMM delivers air to the stacks at 2.5-atm inlet pressure to achieve high 

power density and facilitate heat rejection. The compressor discharge pressure, determined by the 



operating map of the compressor-expander module (CEM), is lower at partial load to reduce the 

CEM parasitic power and improve FCS efficiency.24  

  The compressed air is humidified upstream of the stack by transferring some of the water 

in the spent cathode air.25 Whereas humidification helps in stabilizing the polymer electrolyte 

membrane, it may exacerbate cathode flooding at lower operating temperatures. The flooding can 

be mitigated by bypassing a portion of the cathode air at partial loads.   

  The reference system includes a recirculation blower that pumps the unreacted H2 in the 

anode exhaust stream to the anode inlet and mixes it with the fresh H2 feed. It also recycles the 

product water that transports from the cathode to the anode within the stack and improves stack 

performance with drier cathode streams.   

The thermal management system consists of two coolant circuits. The high-temperature 

circuit delivers the coolant to the stack, absorbs the waste heat and rejects it to the ambient in a 

dedicated radiator. The low-temperature circuit cools 1) the compressor discharge air in a heat 

exchanger upstream of the cathode humidifier, 2) the stator of the CEM motor, and 3) the traction 

inverter motor of the electric drive train. The coolant in both circuits is a 50-50 mixture of high 

resistivity ethylene glycol (EG) and water. 

2.2 Duty Cycle 

Figure 3a presents a real-world drive cycle for long-haul Class 8 trucks from 21st Century 

Truck Partnership.26 The daily duty cycle is 12-h long including three stretches, totaling 2.5 h, 

during which the truck is parked for extended time and the engine is turned off. The sustained top 

speed is 65 mph.  

The truck has 36.3-MT (80,000 lb.) gross vehicle weight (GVW). Autonomie simulations 

for this vehicle on the duty cycle in Fig. 3b indicate that the required input power to the traction 



motor is 500 kWe maximum, 400 kWe on 6% grade at 30 mph speed, 160 kWe for sustained top 

speed at 0% grade, and 140 kWe average.26 The total motor input energy is 1205 kWh. On a hybrid 

platform, 109 kWh braking energy is recoverable during 1.9 h of deceleration time. Inclusive of 

24 kWh hotel load and losses in DC/DC converter, FCS needs to provide 1131 kWh. 

2.3 Baseline Material Performance and Durability 

The polarization curves for aged cells are determined from the voltage balance equation. 

𝐸𝐸 = 𝐸𝐸𝑁𝑁 − (𝑖𝑖𝑅𝑅Ω𝑚𝑚 + 𝑖𝑖𝑅𝑅Ω𝑐𝑐 + 𝜂𝜂𝑠𝑠𝑐𝑐 + 𝜂𝜂𝑚𝑚𝑐𝑐 ) − (η𝑎𝑎 + 𝑖𝑖𝑅𝑅Ω𝑎𝑎)      (1) 

In a companion work, it is shown that the increase in ORR kinetic overpotential (𝜂𝜂𝑠𝑠𝑐𝑐) for a-Pt/C 

cathode due to aging can be described in terms of the loss in electrochemical surface area (𝐴𝐴𝑃𝑃𝑃𝑃) 

and the exchange current density that is a function of 𝐴𝐴𝑃𝑃𝑃𝑃.23 

𝑖𝑖 + 𝑖𝑖𝑥𝑥 = 𝑖𝑖0𝑟𝑟(𝐴𝐴𝑃𝑃𝑃𝑃)𝐴𝐴𝑃𝑃𝑃𝑃𝐿𝐿𝑃𝑃𝑃𝑃(1 − 𝜃𝜃)𝑒𝑒−
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Ref. 14 also shows that the increase in mass transfer overpotential (𝜂𝜂𝑚𝑚𝑐𝑐 ) with electrode aging can 

be represented in terms of the change in limiting current density (𝑖𝑖𝐿𝐿) because of the enhanced local 

O2 transport resistance at (𝑅𝑅𝑂𝑂2). 

𝑙𝑙𝑙𝑙[(𝜂𝜂𝑚𝑚𝑐𝑐 𝜂𝜂𝑚𝑚𝑚𝑚𝑐𝑐 )/(𝑖𝑖 𝑖𝑖𝐿𝐿)1 2⁄ ]⁄ = −𝑔𝑔𝑇𝑇(𝑇𝑇,𝐴𝐴𝑃𝑃𝑃𝑃)𝑔𝑔𝜙𝜙(𝜙𝜙,𝐴𝐴𝑃𝑃𝑃𝑃)(1 − 𝑖𝑖 𝑖𝑖𝐿𝐿)⁄⁄     (3) 

𝑖𝑖𝐿𝐿 = 4𝐹𝐹𝐶𝐶𝑂𝑂2
𝑅𝑅𝑔𝑔+𝑅𝑅𝑑𝑑 + 𝑅𝑅𝐾𝐾𝐾𝐾+𝑅𝑅𝑂𝑂2(𝑖𝑖𝐿𝐿)/(𝐴𝐴𝑃𝑃𝑃𝑃𝐿𝐿𝑃𝑃𝑃𝑃) 

        (4) 

Ref. 23 provides the supporting experimental data and the derived constants in Eqs. (1) - (4). 

 

2.4 Degradation Mechanism 

The catalyst degradation mechanism and rate were investigated by modeling Pt dissolution 

in aqueous media. The model considers a non-ideal solution of Pt, PtOH, PtO and PtOx whose 



composition is governed by the following electrochemical reactions with rate constants estimated 

from the cyclic voltammetry data.27 

𝑃𝑃𝑃𝑃 + 𝐻𝐻2𝑂𝑂↔𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐻𝐻+ + 𝑒𝑒−        (5) 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ↔ 𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐻𝐻+ + 𝑒𝑒−         (6) 

𝑃𝑃𝑃𝑃 + 𝑥𝑥𝑥𝑥2𝑂𝑂 → 𝑃𝑃𝑃𝑃𝑃𝑃𝑥𝑥 + 2𝑥𝑥𝐻𝐻+ + 2𝑥𝑥𝑥𝑥−       (7) 

On-line ICP MS data for Elyst Pt50 550 catalyst in flowing 0.1 M HClO4 electrolyte were 

used to estimate the rate constants for the oxidative dissolution of Pt and PtOH and reductive 

dissolution of PtOx.28 

𝑃𝑃𝑃𝑃 ⟷ 𝑃𝑃𝑃𝑃2+ + 2𝑒𝑒−          (8) 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 +  𝐻𝐻+ ⟷ 𝑃𝑃𝑃𝑃2+ + 𝐻𝐻2𝑂𝑂 + 𝑒𝑒−        (9) 

𝑃𝑃𝑃𝑃𝑃𝑃𝑥𝑥 + 2𝑥𝑥𝐻𝐻+ + 2(𝑥𝑥 − 1)𝑒𝑒−⟶ 𝑃𝑃𝑃𝑃2+ + 𝑥𝑥𝐻𝐻2𝑂𝑂      (10) 

Figure 4 presents the illustrative peak anodic and cathodic Pt dissolution rates on square 

wave potentials with fixed 0.4 V lower potential limit (LPL) and variable upper potential limit 

(UPL). The cathodic peak reflects the dissolution of PtOx, depends on the UPL and hold time at 

UPL, and exceeds the anodic peak at 0.95-V UPL.  The potentiostatic dissolution rate at UPL, also 

included in Fig. 4, is smaller than the corresponding peak anodic and cathodic dissolution rates on 

the square wave potential. This corroborates the general understanding that Pt is less stable under 

dynamic potentials but the potentiostatic stability rapidly degrades at potentials higher than 0.9 V.  

2.5 Degradation Rate 

Following earlier work, the ECSA loss rate at high or cyclic potentials is modeled as a first 

order reaction.10 

𝑑𝑑𝐴𝐴𝑃𝑃𝑃𝑃
𝑑𝑑𝑑𝑑

= −𝑘𝑘(𝐴𝐴𝑃𝑃𝑃𝑃 − 𝐴𝐴𝑃𝑃𝑃𝑃0)         (11) 



The ECSA loss rate constant (𝑘𝑘) in Eq. (11) is empirically correlated to the aqueous Pt dissolution 

rate (𝑟̇𝑟𝑑𝑑) corrected for the relative humidity and temperature.10 

𝑘𝑘
𝑘𝑘0

= 𝑎𝑎𝑘𝑘( 𝑟̇𝑟𝑑𝑑
𝑟̇𝑟𝑑𝑑,0

)𝛷𝛷𝛽𝛽𝑘𝑘𝑒𝑒−
𝛥𝛥𝐻𝐻𝑘𝑘
𝑅𝑅 (1𝑇𝑇−

1
𝑇𝑇0

)         (12) 

Eq. (11) was used to determine 𝑘𝑘 from the ECSA loss data of Kneer et. al. for single cells 

with 45-cm2 active area and parallel channels.29, 30 The MEA consists of a 15-µm membrane, a-

Pt/HSAC cathode catalyst and Pt/C anode catalyst. The Pt loading is 0.25 mg/cm2 on cathode and 

0.1 mg/cm2 on anode. The cells were subjected to different variants of a standard accelerated cell 

test (AST) chosen as 0.6 V – 0.95 V square wave (SW), 2-s dwell time, 100% relative humidity 

(RH), 90oC, and 500 h or 400,000 AST cycles. The flow conditions are 11.3 slpm air at 2.5 bara 

on cathode and 4.5 slpm H2 at 2.7 bara on anode. For this study, three test series that varied a single 

AST parameter were selected for analysis. The first test series varied upper potential limit (UPL) 

from 0.8 V to 0.95 V in increments of 0.05 V, the second varied temperature from 60oC to 90oC 

in increment of 10oC, and the third varied RH from 40% to 100% in increment of 30%.  

Figure 5a correlates 𝑘𝑘 from the UPL test series with 𝑟̇𝑟𝑑𝑑 determined from the model for 

aqueous Pt dissolution under identical potential cycles. Raising UPL from 0.8 V to 0.95 V leads 

to a 30-fold increase in 𝑟̇𝑟𝑑𝑑 and an eight-fold increase in 𝑘𝑘. Pt dissolves faster in aqueous tests 

because of orders-of-magnitude higher electrolyte to Pt ratio than in an MEA. Also, some of the 

Pt that dissolves in an MEA can be redeposited by the Ostwald ripening mechanism. The observed 

loss in ECSA is primarily due to the growth in particle size but the underlying mechanism is Pt 

dissolution. Figure 5a indicates that there is a one-to-one, though non-linear, correlation between 

the ECSA loss rate and the aqueous Pt dissolution rate.   

Figures 5b and 5c present the temperature and RH dependence of the ECSA loss rate under 

the standard AST conditions. On SW cycles with fixed 0.6-V LPL, the ECSA loss rate increases 



four-fold on raising RH from 60% to 100% or temperature from 40oC to 90oC. Using these data in 

Eq. (12), 𝛽𝛽𝑘𝑘 and ∆𝐻𝐻𝑘𝑘 are estimated as 1.77 and 43.6 kJ/mol, respectively. 

2.6 Simulation Model 

The foregoing models for MEA performance and electrode stability were incorporated in 

a 1 + 1-D cell model within the GCtool framework for analyzing the behavior of the fuel cell 

system on a dynamic drive cycle.31 The model was modified to consider a hybrid platform to 

address the issue of thermal management. As discussed elsewhere, limitation in heat rejection 

favors downsizing the fuel cell by incorporating an energy storage battery and operating it in a 

charge depleting mode to provide supplemental power on transients, such as hill climb, that require 

traction power more than the FCS rating. 

3. Results and Discussion 

3.1 Hybrid Fuel Cell Platforms 

The hybrid platforms, FCH-175 and FCH-275, were investigated with constraints on 

minimum and maximum FCS rated power set by the required continuous power for cruise at 60 

mph on 0% grade and by heat rejection during 6%-grade hill climb for 22 min at 30 mph and 40oC 

ambient temperature.32 The truck duty cycle requires 166 kWe on the maximum sustained speed 

and 400 kWe during hill climb. Keeping the radiator frontal area in the FCH-175 hybrid the same 

as in its diesel counterpart, the heat transfer model indicates that the FCS power rating is limited 

to 175 kWe for 0.7 V cell voltage with the battery supplying the remaining 225 kWe for 82.5 kWh 

over the hill climb transient. Enlarging the radiator frontal area by 45% in FCH-275 hybrid 

increases the FCS power rating to 275 kWe and downsizes the battery discharge power to 125 kWe 

for 46 kWh during hill climb. The stack produces 238 kWe in FCH-175 and 356 kWe in FCH-275. 



The CEM, AC compressor and radiator fan consume 20, 16 and 22 kWe in FCH-175 and 30, 13 

and 31 kWe in FCH-275, respectively. 

3.2 HDV Load Sharing 

A study was conducted to determine the optimum load sharing between the FCS and ESS. 

It considers a load following fuel cell system in which the FCS and ESS together meet the traction 

motor power demand (𝑃𝑃𝑚𝑚) in Fig. 3b. A simple power sharing algorithm was developed in which 

the FCS helps to maintain the battery state of charge (S) within an operating window (S1 - S2) by 

increasing the FCS power (𝑃𝑃𝐹𝐹) if S < S1 or decreasing 𝑃𝑃𝐹𝐹 if S > S2. The ESS recovers a portion of 

the available braking energy and acts as a buffer to minimize the dynamic changes in FCS power. 

Figure 6 presents the portion of 𝑃𝑃𝑚𝑚 in Fig. 3b that is provided by the FCS and the corresponding 

power produced by the stack. It shows that the FCS remains powered except during three discrete 

periods in which the truck is parked for an extended time. The larger FCS and smaller ESS in 

FCH-275 lead to larger fluctuations in FCS power and greater voltage cycling. Over one HDV 

duty cycle the battery discharges 451 kWh in FCH-175 and 271 kWh in FCH-275. The battery 

power generally varies between ±300 kWe. 

A study was conducted to determine the beginning of life (BOL) battery capacity and initial 

depth of discharge (DOD) for specified mean state of charge subject to the constraints of 25,000-

h lifetime and ability to provide 82.5 kWh to traction motor during hill climb on 6% grade at end 

of life (EOL) in FCH-175 (46 kWh in FCH-275). A lithium iron phosphate (LFP) chemistry was 

chosen for which literature data are available to estimate calendar aging and cyclic capacity fade.33 

LFP chemistries are good candidates for HDV applications since they have good cyclic durability, 

moderate energy density, low cost, and favorable safety attributes. The battery model determined 

183 kWh battery capacity is required in FCH-175 with 16% DOD discharge at BOL and 35% 



capacity fade after 6230 full equivalent cycles (FEC). The corresponding attributes for FCH-275 

battery are 106 kWh with 18% DOD at BOL and 38% capacity fade after 6867 FECs. 

Figure 7 presents the lifetime charge and discharge statistics. Over a drive cycle, FCH-175 

battery discharges for 4 h providing 451 kWh and is charged for 5.5 h absorbing 499 kWh and has 

90.4% cycle efficiency. The average C-rate is 1.0 for discharge and 0.73C for charge. The 

corresponding drive cycle statistics for FCH-275 battery are 4.5 h, 271 kWh and 0.97C discharge 

time, energy, and C-rate; 4.7 h, 306 kWh and 0.93C charge time, energy, and C-rate; and 88.6% 

cycle efficiency. The smaller battery in FCH-275 is subjected to a more dynamic duty cycle leading 

to a slightly higher capacity fade and smaller cycle efficiency. 

3.3 FCS Lifetime and Cost 

An extensive study was conducted to investigate different approaches for extending the 

electrode lifetime to 25,000 h on Class-8 long haul truck duty cycle. The study variables are stack 

temperature, relative humidity, maximum cell voltage, minimum stack power, Pt loading in 

electrodes, and active membrane area. The issue of membrane lifetime is not specifically addressed 

but, recognizing that low operating temperatures and wet conditions promote membrane 

durability,34, 35 the radiator fan power was determined to maintain the coolant exit temperature 

preferably at 65oC, but below 75oC, throughout the drive cycle. At these temperatures and cathode 

stoichiometry below 1.5, the exit relative humidity is 100%. 

As suggested by the results in Figs. 4 and 5, the peak potential, i.e., cell voltage is a key 

parameter in controlling Pt dissolution and ECSA loss. The cell voltage can be controlled by 

limiting the idle power. Clipping the cell voltage to stabilize the ORR catalyst constrains the 

system functionality by setting the minimum stack power or the maximum turndown. Figure 8 

illustrates this relationship for a stack whose lifetime is defined by 45% ECSA loss and the 



operating pressure and temperature are 1 atm and 60oC coolant exit temperature. Minimally 

clipping the cell voltage to 875 mV limits the BOL stack power in FCS-175 to 15.1 kW at the 

normal 1.5 cathode stoichiometry for an overall turndown (the ratio of maximum to minimum 

power) of 15.8. Under the same conditions, clipping the cell voltage to 830 mV for an extended 

electrode lifetime limits the stack power to 41.7 kW for an overall turndown of 5.7. The deeper 

the voltage clipping the more the load sharing between the battery and FCS and lower the drive 

cycle efficiency. Figure 8a shows that lowering the cathode stoichiometry during idle for specified 

voltage clipping is a viable method of reducing the stack power for greater turndown. 

Figure 8b compares the approaches of maintaining constant voltage clipping or idle power 

as the stack degrades and loses ECSA. For constant voltage clipping, the idle power decreases for 

wider turndown, and the stack operability improves. For constant idle power, the maximum cell 

voltage decreases slowing the electrode degradation rate. 

Figures 9a and 9b explicitly present the effect of voltage clipping at constant idle power on 

electrode lifetime in FCS-175 on truck duty cycle and load sharing in Figs. 3 and 6a. The end-of-

life is identified as the terminal point beyond which the stack cannot generate 175 kW with 750 

mW/cm2 power density at 0.7 V and 40oC ambient temperature. This EOL corresponds to 38% 

ECSA loss and 32 m2 active membrane area for 0.4 mg/cm2 Pt loading in cathode. As per Eq. (11), 

the ECSA loss rate in Fig. 9a slows as the electrode ages and is faster at higher BOL cell voltage 

at idling (𝐸𝐸𝑖𝑖𝑖𝑖𝐵𝐵𝐵𝐵). The modeled lifetime is less than 20,000 h for 𝐸𝐸𝑖𝑖𝑖𝑖𝐵𝐵𝐵𝐵 = 842  mV and can be extended 

to 25,000 h for 𝐸𝐸𝑖𝑖𝑖𝑖𝐵𝐵𝐵𝐵 = 813  mV. 

Figure 9c presents the effect of catalyst overloading on ECSA loss and electrode lifetime. 

The acceptable ECSA loss for 750 mW/cm2 EOL power density at 0.7 V is a function of Pt loading 

in the cathode: 25%, 30%, 34% and 38% for 0.25, 0.30, 0.35 and 0.40 mg-Pt/cm2, respectively. 



The calculated lifetime increases from 13,300 h for 0.25 mg-Pt/cm2 to 16,800 h for 0.30 mg-

Pt/cm2, 20,000 h for 0.35 mg-Pt/cm2, and >25,000 h for 0.40 mg-Pt/cm2. 

Figures 9d and 9e present the concept of membrane oversizing defined as the ratio of BOL 

to EOL power density at 0.7 V. This metric is a measure of the required allowance in active 

membrane area to achieve the performance target at EOL. It is nominally a function of the 

allowable ECSA loss, Pt loading and lifetime. On FCH-175 duty cycle, the MEA with 0.4 mg/cm2 

Pt loading in cathode requires 44% oversizing to reach the target of 750 mW/cm2 at 0.7 V after 

25,000 h. The electrode degrades faster on the more dynamic FCH-275 FCS duty cycle and can 

only reach 25,000-h lifetime if the EOL power density target is relaxed to 642 mW/cm2. In this 

case, the allowable ECSA loss is 50% for 67% membrane oversizing. 

Correlations provided by Huya-Kouadio36 were used to compare the costs of all the FCS 

components identified in Fig. 2 except the traction motor. The projected FCS costs are $194/kW 

and $198/kW in FCH-175 and FCH-275, respectively, if manufactured at 10,000 units/year, 

decreasing to $165/kW and $164/kW if manufactured at 100,000 units/year. For a further 

perspective, the cost of the 400-kW hybrid system was estimated by also including the energy 

storage battery at $150/kWh. The projected costs for FCH-175 and FCH-275 are $154/kW and 

$176/kW, respectively, if manufactured at 10,000 units/year, decreasing to $137/kW and $150/kW 

if manufactured at 100,000 units/year. 

3.4 Dynamic Polarization Curves 

Figure 10 presents the dynamic polarization curves on the FCH-175 duty cycle. There is a 

~45 mV voltage drop from BOL to EOL which is nearly independent of current density implying 

that it is mainly due to slowdown in ORR kinetics. The mean voltage degradation rate is 1.8 µV/h 



and would be much higher if the simulations were conducted at constant maximum cell voltage 

rather than at constant idle power. 

3.5 Degradation Adjusted Performance 

Figure 11 presents the degradation adjusted efficiency and performance of the fuel cell 

drivetrain. Here the stack efficiency is defined as the ratio of power produced by stack to the lower 

heating value (LHV) of H2 consumed. The stack efficiency includes losses due to H2 crossover 

and electrical loss due to the shorting current. The FCS efficiency is defined as the ratio of net 

power produced by FCS to the LHV of H2 consumed. The FCS efficiency includes parasitic losses 

in BOP subsystems for air, thermal, water and fuel management. The fuel economy incorporates 

FCS efficiency, battery losses, drivetrain component efficiencies, and aerodynamic and road 

friction losses.  

The stack and FCS cycle efficiencies in Fig. 11 decrease by 4.2 % and 5.4%, respectively, 

during the lifetime on FCH-175 drive cycle. Both the cycle efficiencies and the efficiency losses 

are somewhat higher on FCH-275 drive cycle and the variations in FCS efficiency are wider. FCH-

275 with larger stack also has slightly better fuel economy than FCH-175. 

Figure 12 presents the statistics of lifetime H2 consumption in FCH-175. It indicates that 

voltage clipping has minimal effect on fuel economy in that less than 10% H2 is consumed at cell 

voltage above 775 mV. Less than 5% H2 is consumed at stack power below 75 kW, i.e., below 

43% of rated power. The modes in H2 consumptions are in 745±2.5 mV and 160±5 kW bands.  

Thus, although voltage clipping and stack idling are important parameters in determining electrode 

lifetime, they do not materially affect H2 consumptions, cycle efficiency or vehicle fuel economy.  



4. Summary and Conclusions 

A hybrid fuel cell configuration has been investigated that overcomes thermal management 

issues in fuel cell powertrains for heavy-duty Class 8 trucks. Two hybrid configurations are 

analyzed: FCH-175 with 175-kW FCS and 183-kWh ESS, and FCH-275 with 275-kW FCS and 

106-kWh ESS. A load sharing strategy was developed to distribute the dynamic load between FCS 

and ESS in a manner that optimizes their lifetimes. The battery operating SOC windows, 16-18% 

DOD at BOL in the two hybrids, were determined to limit the capacity fade to 35-38% after 6230-

6867 FECs. The battery capacity is sufficient to provide the supplemental power and energy on 

the hill climb transient at EOL in the charge depleting mode. 

The concepts of voltage clipping, idle power limit, catalyst overloading and active 

membrane area oversizing are introduced and evaluated to reach the target of 25,000 h lifetime on 

the HDV duty cycle. The end-of-life is identified as the terminal point beyond which the stack 

cannot generate the rated power at 750 mW/cm2 power density, 0.7 V and 40oC ambient 

temperature. Reaching the target lifetime with the a-Pt/C ORR catalyst in FCH-175 requires 

voltage clipping to 813 mV, idle power limited to 50 kW, catalyst overloading to 0.45 mg/cm2 

total Pt in anode and cathode, and 44% active membrane area oversizing. The target lifetime can 

be reached in FCH-275 with voltage clipping to 820 mV, idle power limited to 70 kW, 0.45 mg/cm2 

total Pt loading, and 67% active membrane area oversizing, and relaxation of EOL power density 

to 642 mW/cm2. As the cathode catalyst ages, the idle power is held constant, the maximum cell 

voltage decreases, and the electrode degradation rate slows. 

The stack and FCS cycle efficiencies decrease by 4.2 % and 5.4%, respectively, during the 

lifetime on FCH-175 drive cycle. The cycle efficiencies and the efficiency losses are somewhat 

higher on FCH-275 drive cycle. The voltage clipping has minimal effect on fuel economy. Less 



than 5% H2 is consumed in FCH-175 drive cycles at stack power below 75 kW. The modes in H2 

consumptions are in 745±2.5 mV and 160±5 kW bands.  Thus, although voltage clipping and stack 

idling are important parameters in determining electrode lifetime, they do not materially affect H2 

consumptions, cycle efficiency or vehicle fuel economy.  

The spider chart in Fig. 13 compares the modeled status FCS performance, durability and 

cost with targets. Because of catalyst overloading and voltage clipping used to meet the power 

density and lifetime targets, FCS in FCH-175 cannot match the metrics for peak efficiency, total 

PGM loading, and PGM utilization. Overcoming these shortfalls will require the development of 

a more active and stable ORR catalyst capable of reaching the target power density at EOL with 

0.3 mg/cm2 total Pt loading. Meeting the $80/kW cost target will also require cheaper balance of 

stack (BOS) and plant (BOP) components such as polymer membrane, bipolar plates, gas diffusion 

layers, compressor-expander-motor module for air management, and hydrogen recirculation 

blower.37 Further work is required to address the issues of membrane durability and experimental 

validation of results in laboratory and field tests. 
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Nomenclature 

𝐴𝐴𝑃𝑃𝑃𝑃 ECSA     𝐶𝐶𝑂𝑂2 oxygen concentration in gas channel 

𝐸𝐸 cell voltage    𝐸𝐸𝑁𝑁 Nernst potential 

𝐹𝐹 Faraday constant, 96485 C/mol 𝑖𝑖 current density 

𝑖𝑖0𝑟𝑟 reference exchange current density 𝑖𝑖𝐿𝐿  limiting current density 

𝑖𝑖𝑥𝑥 crossover current density  𝑘𝑘 Pt dissolution rate 

𝑘𝑘0 reference Pt dissolution rate  𝐿𝐿𝑃𝑃𝑃𝑃 Pt loading 

𝑃𝑃𝑂𝑂2 oxygen partial pressure  𝑅𝑅 gas constant, 8.314 J/mol.K 

𝑅𝑅𝑔𝑔 O2 transport resistance, gas channel 𝑅𝑅𝑑𝑑 O2 transport resistance, GDL 

𝑅𝑅𝐾𝐾𝐾𝐾 O2 transport resistance, CCL  𝑅𝑅𝑂𝑂2 local O2 transfer resistance, CCL 

𝑟̇𝑟𝑑𝑑 aqueous Pt dissolution rate  𝑟̇𝑟𝑑𝑑,𝑜𝑜 reference aqueous Pt dissolution rate 

𝑅𝑅Ω𝑎𝑎 anode Ohmic resistance  𝑅𝑅Ω𝑐𝑐  cathode Ohmic resistance 

𝑅𝑅Ω𝑚𝑚 Membrane Ohmic resistance  𝑇𝑇 temperature, 𝑇𝑇𝑟𝑟 = 353 K  

αc ORR symmetry factor, 0.5  β ORR RH dependence    

𝛽𝛽𝑘𝑘 RH dependence Pt dissolution rate γ ORR P(O2) dependence   

𝜃𝜃 platinum oxide coverage  𝜂𝜂𝑎𝑎 anode overpotential    

𝜂𝜂𝑚𝑚𝑐𝑐  cathode mass transfer overpotential  𝜂𝜂𝑚𝑚𝑚𝑚 
𝑐𝑐  400 mV 

𝜂𝜂𝑠𝑠𝑐𝑐 cathode kinetic overpotential  Φ relative humidity 

ω activation energy of PtOx effect ∆𝐻𝐻𝑘𝑘 activation energy of Pt dissolution rate 

∆𝐻𝐻𝑠𝑠𝑐𝑐 ORR activation energy 
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Figure 1 Approach for baselining materials, performance, durability, and cost of fuel cell systems 
for heavy duty trucks  



 
 

 
Figure 2 Reference FCS configurations for heavy-duty trucks: a) 175 kW FCS with 2 stacks and 
b) 275 kW FCS with 4 stacks 

 



       

 

Figure 3 Class-8 long haul truck duty cycle18: a) vehicle speed and b) motor power 



 

Figure 4 Peak Pt dissolution rate on a square wave potential with 0.4 V lower and 0.85 to 0.95 V 
upper potentials with 1-h hold at LPL and UPL 

 

  



 

Figure 5 Correlation between aqueous dissolution and cell degradation: a) Correlation for 90oC 
and 100% RH, b) temperature correction for 0.6-0.95 V SW and 100% RH, and c) RH correction 
for 0.6-0.95 V SW and 90oC 

  



 

 

 

Figure 6 HDV load sharing on truck duty cycle: a) FCH load in FCH-175, and b) FCH load in 
FCS-275 



 

 

Figure 7 HDV load sharing: ESS load cycle statistics in a) FCH-175, and b) FCH-275 

  



 

 
Figure 8 Voltage clipping and idle power: a) BOL idle power, and b) idling at constant stack power 
or cell voltage 



 

 

 
 

Figure 9 Approach to reaching 25,000 h lifetime: a) ECSA loss rate in FCH-175 for different levels 
of voltage clipping, b) stack lifetime in FCH-175 as function of maximum cell voltage, c) stack 
lifetime in FCH-175 as function of Pt loading in cathode, d) ECSA loss rate in FCH-275, and e) 
stack lifetime in FCH-275 as function of membrane oversizing 

  



 

 
Figure 10 Cell performance and stability in FCH-175: a) dynamic polarization curves, and b) 
voltage degradation rate 

  



  

  
(b) Stack and system efficiency 

Figure 11 Degradation adjusted performance: a) drive cycle FCS efficiency and fuel economy, b) 
FCH-175 stack and system efficiency, and c) FCH-275 stack and system efficiency 
  



 

 

Figure 12 Hydrogen consumption spectra on truck duty cycle in FCH-175: a) hydrogen 
consumption vs cell voltage, and b) hydrogen consumption vs stack power 



 

Figure 13 Spider chart of FCS performance, lifetime, and cost metrics   

 


	RKA_FCS_HDV_Lifetime_Performance_TXT_01052024.pdf
	Nomenclature
	1. Toyota, Kenworth Prove Fuel Cell Electric Truck Capabilities with Successful Completion of Truck Operations for ZANZEFF Project, https://www.hydrogenfwd.org/h2_spotlight/toyota-kenworth-prove-fuel-cell-electric-truck-capabilities-with-successful-co...
	2. Fuel Cell Technology: Daimler Truck Builds First Mercedez-Benz G2nH2 Truck Customer-Trial Fleet, https://www.daimlertruck.com/en/newsroom/pressrelease/fuel-cell-technology-daimler-truck-builds-first-mercedes-benz-genh2-truck-customer-trial-fleet-52...
	3. XCIENT Fuel Cell Truck, https://ecv.hyundai.com/global/en/products/xcient-fuel-cell-truck-fcev/
	4. TRE FCEV: The Hydrogen Powered Electric Class 8 Truck with up to 500 Mile Range, https://nikolamotor.com/
	5. Zero Emission Hydrogen Fuel Cell Vehicles, https://www.hyzonmotors.com/
	6. Anglo American Unveils a Prototype of the World’s Largest Hydrogen-Powered Mine Haul Truck—A Vital Step Towards Reducing Carbon Emissions over Time. 2022. Available online: https://www.angloamerican.com/media/press-releases/2022/06-05-2022 (accesse...
	7. S. Satyapal, Hydrogen and Fuel Cells Overview: Opportunities for Ports & Maritime Applications, H2@Ports Workshop, San Francisco, CA, Sep. 10, 2019.


	Binder1.pdf
	RKA_FCS_HDV_Lifetime_Performance_Figs_01052024


