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Abstract—Fuel cell electrified propulsion may currently 

represent a promising option for long-haul heavy-duty trucks. 

However, appropriately sizing fuel cell electrified propulsion 

systems to fully exploit the economic potential of this technology 

when applied to heavy-duty trucks still represents an open 

research question. To overcome this drawback, a methodology to 

size the fuel cell electrified propulsion system for a heavy-duty 

truck to minimize its total cost of ownership as function of 

different present- and future-oriented cost scenarios is presented 

in this paper.  

Retained cost contributions include both the retail price and the 

hydrogen and electricity lifetime costs as evaluated by 

implementing an optimal energy management approach in 

diversified driving missions. Fuel cell electrified truck powertrain 

sizing layouts are compared with battery electric powertrain 

option, and the latter is suggested as more appealing in the present 

cost scenario. Nevertheless, thanks to reductions forecasted in 10 

years and 30 years both in terms of component costs, hydrogen 

cost and electricity cost, rightsizing the fuel cell electrified truck 

propulsion system according to the proposed methodology allows 

demonstrating its economic viability compared with a battery 

electric powertrain layout.  

 
Index Terms—Cost-oriented sizing, Fuel cell, Heavy-duty truck, 

Optimal control, Total cost of ownership  

 

I. INTRODUCTION 

The evolution towards a sustainable transport system 

requires advancing several vehicle electrification technologies 

[1]. Indeed, pure electric powertrains are suggested as an 

effective solution for applications with limited propelling 

energy demand such as A-class passenger cars as example [2]. 

Nevertheless, when it comes to higher power and energy 

demand applications such as long-haul heavy-duty trucks, the 

viability of battery electric propulsion may be significantly 

restrained by the power-to-weight ratio of current 400V and 

800V lithium-ion based energy storage systems [3]. Battery 

swapping approaches might potentially enable pure battery 

electric propulsion of long-haul heavy-duty trucks, yet their 

feasibility has currently been assessed specifically for public 

transportation only [4]. Dynamic wireless power transfer 

represents a further potential enabler in this framework, yet it 
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demands radically reshaping the road infrastructure [5][6].  

In the depicted framework, fuel cell electrified vehicles 

(FCEVs) that are propelled by means of both hydrogen and 

electricity from the grid may represent a viable option for 

lowering the overall CO2 emissions of the heavy-duty transport 

sector [7][8]. Hydrogen may indeed serve as a second energy 

source in FCEVs which exhibits rapid refueling capability. 

However, several technological limitations currently restrain 

the widespread diffusion of FCEVs in the heavy-duty transport 

sector, including as example the overall cost of a FCEV, the 

lack of an extensive hydrogen refueling infrastructure and 

safety issues related to hydrogen storage [9]. A hydrogen 

fueling infrastructure could be intelligently designed by 

assessing refueling habits [10][11], while dedicated fault 

diagnosis methods may find development for fuel cell systems 

[12][13]. On the other hand, reducing the overall cost of a 

FCEV requires dedicated design and sizing procedures at early 

stages of the vehicle development.  

Several research works can be found in literature regarding 

sizing of fuel cell systems for passenger cars. Wu and Gao in 

2006 considered a fuel cell stack coupled with a supercapacitor 

bank as the energy storage system for a passenger car and sized 

the system to reduce the overall vehicle cost [14]. Optimal 

sizing a FCEV powertrain by coupling a fuel cell with a 

supercapacitor was proposed in 2010 by Hegazy and Van 

Mierlo [15] and in 2016 by Feroldi and Carignano [16]. 

Considering electrified city buses, powertrain architectures 

embedding either fuel cell and battery [17] or fuel cell, battery 

and supercapacitor were sized [18]. In 2008, Bauman and 

Kazerani compared three different FCEV powertrain layouts 

including (1) fuel cell-battery, (2) fuel cell-ultra capacitor, and 

(3) fuel cell-battery-ultra capacitor. The FCEV architecture 

embedding fuel cell and battery was suggested being the less 

costly option [19]. Even neglecting the powertrain cost, similar 

hydrogen economy capability was suggested between a fuel 

cell-battery and a fuel-cell capacitor FCEV layout for a 

passenger car in [20]. Since similarity between a passenger car 

and a commercial vehicle may be assumed from the electrified 

powertrain operational point of view, a fuel cell-battery FCEV 

powertrain layout is thus retained in this work. 

Focusing on cost-oriented sizing of fuel cell-battery FCEV 
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powertrain layouts for long-haul heavy-duty trucks, some 

limitations can be highlighted in current literature. For example, 

when the FCEV supervisory controller is based on a heuristic 

energy management approach (e.g. inherited from Advisor), the 

optimality of the estimated hydrogen economy capability for a 

given powertrain design option is not guaranteed [21][22]. In 

other studies, only one standard drive cycle and one cost 

scenario are retained for sizing the heavy-duty truck fuel cell 

electrified powertrain, while neglecting the impact of various 

driving conditions and changing prices on the identification of 

the best design option  [23]. Finally, few studies present sizing 

methodologies focused on specific powertrain components for 

the heavy-duty truck (e.g. hydrogen tank), thus neglecting their 

influence on the design of the remaining FCEV sub-systems 

[24][25].  

To overcome the reviewed limitations of current design 

methodologies for sizing the fuel cell and the battery pack of an 

electrified long-haul heavy-duty truck, this paper aims at 

presenting a dedicated procedure. Hydrogen and electrical 

energy economy capabilities are evaluated in various driving 

conditions using a global optimal off-line FCEV control 

strategy. The sizing objective involves minimizing the total cost 

of ownership (TCO) of the fuel cell electrified long-haul heavy-

duty truck including both retail price, lifetime hydrogen cost 

and lifetime electricity cost. Different cost scenarios are 

analyzed considering both 2020, 2030 and 2050 oriented 

possibilities. Results demonstrate that different costs for both 

FCEV powertrain components, hydrogen and electricity 

remarkably impact the best design option suggested by the 

proposed design methodology. The rest of this paper is 

organized as follows: the FCEV numerical model and the 

implemented energy management are presented first. The 

following section introduces the proposed cost-oriented FCEV 

propulsion system sizing methodology. Cost scenario-based 

FCEV sizing results for the long-haul heavy-duty truck are then 

discussed, and conclusions are finally drawn. 

II. FCEV MODEL AND ENERGY MANAGEMENT 

This section aims at describing the approaches for 

numerically modeling and optimally controlling the fuel cell 

electrified long-haul heavy-duty truck powertrain. All the 

procedures described here are implemented in MATLAB® 

environment. 

A. FCEV numerical model 

Fig. 1 illustrates the considered fuel cell electrified long-haul 

heavy-duty truck powertrain layout, while TABLE I reports the 

retained vehicle and powertrain parameters. On the propulsion 

side, an electric motor/generator (EM) is linked to the heavy-

duty truck chassis through a direct drive transmission, a 

differential, and the wheels of the driven axle. The energy 

storage and generation side includes the high-voltage battery 

pack, the fuel cell system and the hydrogen tank. The high-

voltage battery pack may work as an energy buffer, or as a 

primary power source as well when appropriately upsized. In 

this work, the battery pack is assumed capable of being charged 

from the grid, thus achieving plug-in electrified truck operation. 

Fuel cell system, high-voltage battery pack and EM are linked 

by means of power electronics, e.g. converters. A proton 

exchange membrane (PEM) fuel cell system is considered here. 

The FCEV is modelled here following a quasi-static approach 

in deriving the battery electrical power and the fuel cell power 

from the requirements of the given driving mission while 

neglecting higher-order dynamic phenomena [26]. In this 

framework, the torque that the driveline is required to either 

 
Fig. 1.  Fuel cell electrified long-haul heavy-duty truck layout. 

  

TABLE I 

ELECTRIFIED HEAVY-DUTY TRUCK PARAMETERS 

System Symbol Parameter Value Source 

Vehicle 
body 

𝑟𝑑𝑦𝑛 Wheel dynamic radius 0.492 m [27] 

𝑐𝑟 
Rolling friction 

coefficient 
0.006 [27] 

𝑐𝑑 
Aerodynamic drag 
coefficient 

0.73 [27] 

𝐴𝑓 Frontal area 9.75 m2 [27] 

𝜌𝑎𝑖𝑟 Air density 1.225 kg/m3 [27] 

 
𝑔 

Gravitational 

acceleration 
9.81 m/s2 [27] 

Drive-

line 
𝜂𝑑𝑖𝑓𝑓 Differential efficiency 0.97 [27] 

 𝜂𝑑𝑟𝑖𝑣𝑒  Direct drive efficiency 0.9852 [27] 

 
𝜏𝑡𝑜𝑡 

EM to wheels gear 

ratio 
7.5 [27] 

EM - Type PMSM [27] 

 - Maximum power 391 kW [27], [28] 

 - Maximum torque 2933 Nm [27], [28] 
Battery 

pack 
𝐴ℎ𝑐𝑒𝑙𝑙 Cell capacity  41 Ah [27] 

𝑂𝐶𝑉𝑛𝑜𝑚 Cell nominal voltage 3.62 V [27] 

𝑛𝑏,𝑠 
Number of cells in 

series 
150 [27] 

𝐼𝑐𝑒𝑙𝑙𝑚𝑖𝑛
 

Maximum cell charge 
current 

-150 A [27] 

𝐼𝑐𝑒𝑙𝑙𝑀𝐴𝑋
 

Maximum cell 

discharge current 
150 A [27] 

 𝑆𝑂𝐶𝑚𝑖𝑛 Minimum cell SOC 8% [27] 

 𝑆𝑂𝐶𝑀𝐴𝑋 Maximum cell SOC 89% [27] 

 
𝑃𝑎𝑢𝑥 

Electrical power of 
auxiliaries 

4860 W [27] 

Fuel 

cell 
system 

𝐴𝑐𝑒𝑙𝑙 Cell active area  200 cm2 [20] 

𝑃𝑐𝑒𝑙𝑙𝑀𝐴𝑋
 Maximum net power 0.477 W/cm2 [20] 

𝑛𝐹𝐶,𝑠 
Number of cells in 

series 
700 - 

 
𝐿𝐻𝑉𝐻2

 
Hydrogen lower 

heating value 
141.8 kJ/g [29] 
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deliver or absorb at the driven wheels 𝑇𝑤ℎ𝑒𝑒𝑙𝑠 can be evaluated 

in (1): 

 𝑇𝑤ℎ𝑒𝑒𝑙𝑠 = {𝑚𝑣𝑒ℎ ∙ [𝑐𝑟 ∙ 𝑔 ∙ 𝑐𝑜𝑠(𝜃) + 𝑔 ∙ 𝑠𝑖𝑛(𝜃) + 𝑎] +

𝜌𝑎𝑖𝑟∙𝐴𝑓∙𝑐𝑑∙𝑣2

2
} ∙ 𝑟𝑑𝑦𝑛    (1) 

where 𝑚𝑣𝑒ℎ represents the overall heavy-duty truck mass 

which is computed here as the sum of the different weight 

contributions. Further details regarding this procedure will be 

provided in the next section. 𝑣, 𝑎 and 𝜃 stand for instantaneous 

values of vehicle speed, required vehicle acceleration and road 

slope, respectively, as provided by the driving mission 

requirements. The other parameters in (1) refers to TABLE I. 

Then, angular speed 𝜔𝐸𝑀 and torque 𝑇𝐸𝑀 of the EM can be 

evaluated as in eq. (2) and eq. (3), respectively: 

𝜔𝐸𝑀 =
𝑣

𝑟𝑑𝑦𝑛
∙ 𝜏𝑡𝑜𝑡                                    (2) 

𝑇𝐸𝑀 =
𝑇𝑤ℎ𝑒𝑒𝑙𝑠+𝑇𝑏𝑟𝑎𝑘𝑒

𝜏𝑡𝑜𝑡 ∙(𝜂𝑑𝑖𝑓𝑓 ∙𝜂𝑑𝑟𝑖𝑣𝑒)
𝑠𝑖𝑔𝑛(𝑇𝑤ℎ𝑒𝑒𝑙𝑠)

                       (3) 

where 𝑇𝑏𝑟𝑎𝑘𝑒 is the torque provided at the wheels by the 

friction brakes, while the remaining parameters are reported in 

TABLE I. 𝜏𝑡𝑜𝑡 accounts for the gear ratios of both differential 

and direct drive, while including the sign of 𝑇𝑤ℎ𝑒𝑒𝑙𝑠 as the 

exponential of the transmission efficiencies allows considering 

both propelling and braking cases.  

The electrical power balance equation at the level of power 

electronics can be written as follows: 

𝑃𝐹𝐶 + 𝑃𝑏𝑎𝑡𝑡 = 𝜔𝐸𝑀 ∙ 𝑇𝐸𝑀 + Λ(𝜔𝐸𝑀 , 𝑇𝐸𝑀 , 𝑆𝑂𝐶) + 𝑃𝑎𝑢𝑥      (4) 

where 𝑃𝐹𝐶  and 𝑃𝑏𝑎𝑡𝑡 denote the values of electrical power of 

the fuel cell system and the battery pack, respectively. Λ is the 

total electrical loss of the EM in watts, which can be evaluated 

by interpolating in a three-dimensional empirical table with 

torque, speed, and voltage of the EM as independent variables. 

The voltage of the EM in turn depends on the battery SOC, as 

it will be explained in the following equation. In this paper, a 

permanent magnet synchronous machine (PMSM) is 

considered and related values of maximum power and torque 

have been retained from [27], where a sizing procedure has 

been performed for the EM and the direct drive transmission to  

be embedded in the same heavy-duty truck considered here. 

The EM operational lookup table has been generated using the 

dedicated tool available in Amesim® software and following 

the methodology illustrated in [28].  𝑃𝑎𝑢𝑥 represents the power 

consumption of the auxiliaries, i.e. air conditioning, electronic 

control unit, cooling circuit, electro-hydraulic power steering 

and electric air compressor [27]. 

Based on 𝑃𝑏𝑎𝑡𝑡, the current of the battery pack 𝐼𝑏𝑎𝑡𝑡 can be 

evaluated according to an equivalent circuit model using (4): 

𝐼𝑏𝑎𝑡𝑡 =
2∙𝑃𝑏𝑎𝑡𝑡

√𝑂𝐶𝑉(𝑆𝑂𝐶)∙𝑛𝑏,𝑠−4∙𝑃𝑏𝑎𝑡𝑡∙𝑅𝐼𝑁(𝑆𝑂𝐶)∙
𝑛𝑏,𝑠
𝑛𝑏,𝑝

+𝑂𝐶𝑉(𝑆𝑂𝐶)∙𝑛𝑏,𝑠

   (4) 

where 𝑂𝐶𝑉 and 𝑅𝐼𝑁 respectively denote the open-circuit 

voltage and the internal resistance of a single cell of the battery 

pack. Both these variables can be determined by interpolating 

in a corresponding empirical one-dimensional lookup table with 

battery state-of-charge (SOC) as independent variables. Lookup 

tables considered here are retained from [27] accounting for 

different 𝑅𝐼𝑁 trends depending on charging or discharging 

events. 𝑛𝑏,𝑠 and 𝑛𝑏,𝑝 stand for the number of cells in series and 

in parallel, respectively, as per the battery pack configuration.  

𝑛𝑏,𝑠 is kept fixed to 150 in order to preserve the same battery 

pack nominal voltage of 520V, while 𝑛𝑏,𝑝 represents a sizing 

variable as it will be discussed in the next section. Finally, the 

battery pack SOC at the generic time instant 𝑡 can be evaluated 

by integrating 𝐼𝑏𝑎𝑡𝑡 over time as in eq. (5): 

𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶0 − ∫
𝐼𝑏𝑎𝑡𝑡(𝑡)

𝐴ℎ𝑐𝑒𝑙𝑙∙3600∙𝑛𝑏,𝑝

𝑡

0
𝑑𝑡               (5) 

where 𝐴ℎ𝑐𝑒𝑙𝑙 and 𝑆𝑂𝐶0 represent the cell capacity in ampere-

hours and the battery SOC at the beginning of the driving 

mission, respectively.  

When it comes to the fuel cell system, the hydrogen 

consumption rate in grams per second 𝐻̇2 can be evaluated as 

in eq. (6): 

𝐻̇2 =
𝑃𝐹𝐶

𝜂𝐹𝐶(
𝑃𝐹𝐶

𝐴𝑐𝑒𝑙𝑙 ∙𝑛𝐹𝐶,𝑠 ∙𝑛𝐹𝐶,𝑝
) ∙𝐿𝐻𝑉𝐻2

                  (6) 

where 𝜂𝐹𝐶  is the efficiency of the fuel cell system which can 

be evaluated as a function of 𝑃𝐹𝐶 . Here, 𝜂𝐹𝐶  already considers 

the parasitic power of the auxiliary components of the fuel cell 

system (e.g. air compressor) [20]. Also in this case the number 

of cells in series 𝑛𝐹𝐶,𝑠 has been kept constant, while the number 

of cells in parallel 𝑛𝐹𝐶,𝑝 for the fuel cell system represents a 

sizing variable. Remaining parameters have been reported in 

TABLE I. 

B. Optimal FCEV energy management 

Predicting the hydrogen and battery energy economy of a 

given powertrain design candidate needs solving the optimal 

FCEV control problem in the considered driving missions [30]. 

The optimal FCEV control problem requires in turn minimizing 

the overall hydrogen consumption from the initial time instant 

to the final time instant 𝑡𝑒𝑛𝑑 of the given driving mission while 

complying with considered constraints as illustrated in eq. (7) 

to eq. (10).  

 

arg min {∫ 𝐻̇2(𝑡, 𝑃𝐹𝐶 ) 𝑑𝑡
𝑡𝑒𝑛𝑑

0

} 

subject to:  

Driveline constraints: 

𝑇𝐸𝑀(𝑡) = 𝑓[𝑣(𝑡), 𝑎(𝑡), 𝜃(𝑡), 𝑇𝑏𝑟𝑎𝑘𝑒(𝑡)] 

𝑇𝐸𝑀𝑚𝑖𝑛
[𝜔𝐸𝑀(𝑡)] ≤ 𝑇𝐸𝑀(𝑡) 

𝑇𝐸𝑀[𝑡, 𝑣(𝑡) < 𝑣𝑐𝑢𝑡−𝑜𝑓𝑓 , 𝑇𝑤ℎ𝑒𝑒𝑙𝑠(𝑡) < 0] = 0 

Battery pack constraints: 

 𝑆𝑂𝐶(𝑡𝑒𝑛𝑑) ≥ 𝑆𝑂𝐶𝑙𝑖𝑚 

𝐼𝑏𝑎𝑡𝑡(𝑡) = 𝑔[𝑆𝑂𝐶(𝑡), 𝜔𝐸𝑀(𝑡), 𝑇𝐸𝑀(𝑡), 𝑃𝐹𝐶(𝑡)] 

𝑆𝑂𝐶𝑚𝑖𝑛  ≤ 𝑆𝑂𝐶(𝑡) ≤ 𝑆𝑂𝐶𝑀𝐴𝑋 

𝐼𝑐𝑒𝑙𝑙𝑚𝑖𝑛
∙ 𝑛𝑏,𝑝 ≤ 𝐼𝑏𝑎𝑡𝑡(𝑡) ≤ 𝐼𝑐𝑒𝑙𝑙𝑀𝐴𝑋

∙ 𝑛𝑏,𝑝 

Fuel cell system constraints: 

(7) 

 

 

 

(8) 

 

 

 

 

(9) 
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0 ≤ 𝑃𝐹𝐶(𝑡) ≤ 𝑃𝑐𝑒𝑙𝑙 𝑀𝐴𝑋
∙ 𝐴𝑐𝑒𝑙𝑙 ∙ 𝑛𝐹𝐶,𝑠 ∙ 𝑛𝐹𝐶,𝑝 

𝑃̇𝐹𝐶𝑚𝑖𝑛
≤ 𝑃̇𝐹𝐶(𝑡) ≤ 𝑃̇𝐹𝐶𝑀𝐴𝑋

 
(10) 

The driveline constraints reported in eq. (8) involve 

complying with the driving mission speed and road slope 

profiles over time while limiting the regenerative electrical 

power within the physical limitations of the EM. The eventual 

requirement of a more aggressive deceleration involves the 

intervention of friction brakes to supply the extra torque 

required to brake the truck. Moreover, regenerative braking is 

disabled below a certain vehicle speed value 𝑣𝑐𝑢𝑡−𝑜𝑓𝑓  which is 

set here to 10km/h [31]. Concerning battery pack constraints 

reported in (9), the SOC at the end of the given driving mission 

should not fall below a certain threshold 𝑆𝑂𝐶𝑙𝑖𝑚, set here to 

11% as per the cell specifications. Moreover, instantaneous 

values of both battery SOC and current need to be limited 

within allowed limits. Moving to the fuel cell system 

constraints reported in (10), its power is limited within 

physically allowed values as well. Furthermore, the 

instantaneous change in fuel cell power (𝑃̇𝐹𝐶) is constrained 

within corresponding limits 𝑃̇𝐹𝐶𝑚𝑖𝑛
 and 𝑃̇𝐹𝐶𝑀𝐴𝑋

 in order to 

account for fuel cell dynamics that are mainly related to the 

slow dynamic of the air circuit [32]. In this paper, 𝑃̇𝐹𝐶𝑚𝑖𝑛
 and 

𝑃̇𝐹𝐶𝑀𝐴𝑋
  are respectively set to -30% and +10% of the fuel cell 

system maximum power per second [33]. 

Dynamic programming (DP) is implemented here as a 

popular technique to effectively solve the illustrated FCEV 

optimal control problem [34][35]. DP represents an energy 

management approach that is widely implemented in electrified 

powertrain design methodologies thanks to its capability of 

automatically evaluating the ideal energy economy for a given 

sizing candidate in retained driving missions [36][37]. As an 

off-line method, DP requires the a priori knowledge of the 

entire driving mission beforehand [38]. Then, the global 

optimal solution for the considered dynamic control problem is 

identified by exhaustively sweeping at each time instant all the 

possible values of control and state variables [39]. The control 

variable set 𝑈𝐷𝑃 and state variable set 𝑋𝐷𝑃 considered in this 

work are reported in eq. (11). 

𝑈𝐷𝑃 = {𝑃̇𝐹𝐶}   ;    𝑋𝐷𝑃 = {
𝑃𝐹𝐶

𝑆𝑂𝐶
}        (11) 

The control variable set includes the rate of fuel cell power 

and its discretization step is set to 5% of the fuel cell system 

maximum power as a reasonable trade-off between accuracy 

and grid size. Indeed, enlarging the discretization step for the 

fuel cell power above 5% of the fuel cell system maximum 

power has been observed slightly worsening the predicted 

hydrogen economy capability. On the other hand, reducing the 

discretization step for the fuel cell power below 5% of the fuel 

cell system maximum power has been found significantly 

increasing the computational cost required by DP without 

further improving the value of predicted hydrogen economy. 

𝑋𝐷𝑃 includes those variables whose evolution needs tracking 

over time throughout the driving mission. Battery SOC is 

retained both for evaluating at each time instant open-circuit 

voltage and internal resistance of the battery, and for ensuring 

compliance with corresponding optimal control constraints. 

The fuel cell system power is considered and updated at each 

time instant based on the controlled value of 𝑃̇𝐹𝐶 . The cost 

function that needs minimization within the DP algorithm 𝐽𝐷𝑃 

for the overall driving mission can thus be evaluated in eq. (12):  

𝐽𝐷𝑃 =  ∫ {𝐻̇2 [𝑡, (∫ 𝑃̇𝐹𝐶
𝑡

0
(𝑡)𝑑𝑡)] + 𝜆𝑎𝑐𝑡 ∙ 𝜇𝐹𝐶,𝑎𝑐𝑡} 𝑑𝑡

𝑡𝑒𝑛𝑑

0
 (12) 

where the hydrogen consumption over time depends on the 

fuel cell system power which can be obtained by integrating 𝑃̇𝐹𝐶  

while assuming that the fuel cell system is at rest in the first 

time instant. The second term in 𝐽𝐷𝑃 aims at avoiding frequent 

fuel cell system de/activations, and it involves 𝜆𝑎𝑐𝑡  as a constant 

weighting factor and 𝜇𝐹𝐶,𝑎𝑐𝑡 as a binary flag detecting fuel cell 

system activation based on instantaneous values of control and 

state variables. 

A generic DP MATLAB® toolbox has been used in this work 

made available from Sundstrom and Guzzella [40]. Since the 

retained DP tool allows constraining final values of state 

variables, the fuel cell system power and the battery SOC have 

been set to be 0 and greater than 𝑆𝑂𝐶𝑙𝑖𝑚 at the end of each 

retained driving mission, respectively [41]. As example, Fig. 2 

illustrates results obtained using the described DP in a selected 

portion of City Suburban Heavy Vehicle Cycle & Route 

(CSHVR) for the electrified heavy-duty truck embedding a 

334kW fuel cell system and an 86kWh battery pack. 

It should be admitted that, due to both its offline nature and 

its computational cost, DP may not straightforwardly be 

implemented as on-board control strategy in a FCEV. 

Nevertheless, a broad and ongoing research topic aims at 

developing FCEV real-time capable energy management 

systems that can achieve optimal performance in terms of 

hydrogen saving comparable with corresponding performance 

achieved by DP [42][43]. DP itself may serve in these processes 

as the reference benchmark for real-time controllers under 

 
Fig. 2.  Time series of cumulated hydrogen consumption, battery SOC, fuel cell 

power and battery power predicted by DP over a selected portion of CSHVR for the 

electrified heavy-duty truck embedding a 334kW fuel cell system and an 86kWh 

battery pack. 
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charging
Power assist

Regenerative 

braking

Pure electric
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development [44][45]. 

III. COST-ORIENTED FCEV PROPULSION SYSTEM SIZING 

On the basis of the presented approaches for modeling a fuel 

cell electrified heavy-duty truck and for predicting its optimal 

energy economy capability, this section aims at introducing the 

TCO-oriented sizing procedure for the related fuel cell 

electrified powertrain. Looking at Fig. 1, the propulsion side of 

the FCEV powertrain can be sized in terms of gear ratios and 

EM aiming at complying with vehicle drivability requirements 

and at minimizing the EM electrical loss while simulating 

predefined driving missions. For the sake of conciseness, in this 

paper the propulsion side of the FCEV powertrain is considered 

already sized based on the results presented in [27] for the same 

heavy-duty truck considered here that embeds a single EM and 

a direct drive transmission. On the other hand, the energy 

storage and generation side of the FCEV propulsions system in 

Fig. 1 is the focus of the sizing methodology discussed here. 

The number of fuel cell branches in parallel 𝑛𝐹𝐶,𝑝 and the 

number of battery branches in parallel 𝑛𝑏,𝑝 particularly 

represent the two sizing parameters that, in our aim, require 

determination. Fig. 3 illustrates the overall workflow of the 

related cost-oriented sizing methodology. Vehicle and 

powertrain baseline data are retained, and the parameters 

corresponding to the fuel cell heavy-duty truck layout under 

analysis are initialized. Battery pack capacity and fuel cell 

system power are particularly set based on selected values of 

𝑛𝐹𝐶,𝑝 and 𝑛𝑏,𝑝. 𝑛𝐹𝐶,𝑝 and 𝑛𝑏,𝑝 are respectively set to 0 (i.e. 

battery electric powertrain layout) and 1 in the first iteration of 

the sizing algorithm.  

A. Vehicle mass determination 

Step A in Fig. 3 involves determining the overall truck mass 

𝑚𝑣𝑒ℎ based on the size of the components to be embedded in 

the given FCEV powertrain design candidate. To this end, 𝑚𝑣𝑒ℎ 

can be evaluated in (13) as the sum of various contributions: 

𝑚𝑣𝑒ℎ = 𝑚𝑡𝑟 + 𝑚𝑡𝑙 + 𝑚𝑐𝑎 + 𝑚𝑏 + 𝑚𝑖𝑛 + 𝑚𝐸𝑀 + 𝑚𝑔𝑏 +

𝑚𝐹𝐶 + 𝑚𝑡𝑎 (13) 

where 𝑚𝑡𝑟, 𝑚𝑡𝑙 and 𝑚𝑐𝑎 represent the tractor mass, the trailer 

mass, and the cargo mass, respectively. 𝑚𝑏 is the mass of the 

battery pack, while 𝑚𝑖𝑛, 𝑚𝐸𝑀 and 𝑚𝑔𝑏 respectively relate to 

mass contributions for inverter, EM and transmission. Finally, 

𝑚𝐹𝐶  and 𝑚𝑡𝑎 stand for the masses of the fuel cell system and 

the hydrogen storage system, respectively. Values and related 

sources for the mass contributions considered here are reported 

in TABLE II. Concerning 𝑚𝑡𝑎, its values has been evaluated 

considering the baseline 31 kg hydrogen storage capability of 

Hyunday Xcient® fuel cell truck [46] and retaining 5.7% 

gravimetric density as observed for Toyota Mirai® [47]. On 

their behalf, 𝑚𝑏 and 𝑚𝐹𝐶  are evaluated in kilograms according 

to the number of fuel cell branches and battery cell branches in 

parallel for each FCEV powertrain layout candidate as in eq. 

(14) and eq. (15), respectively. 

𝑚𝑏 = 6.7 ∙
𝐴ℎ𝑐𝑒𝑙𝑙∙𝑛𝑏,𝑝∙𝑂𝐶𝑉𝑛𝑜𝑚∙𝑛𝑏,𝑠

1000
   (14) 

𝑚𝐹𝐶 = 3 ∙
𝑃𝑐𝑒𝑙𝑙𝑀𝐴𝑋∙𝐴𝑐𝑒𝑙𝑙∙𝑛𝐹𝐶,𝑠∙𝑛𝐹𝐶,𝑝

1000
   (15) 

 

Where the weighting coefficients 6.7kg/kWh and 3kg/kW for 

the battery pack mass and the fuel cell system mass have been 

retained from [27] and [20], respectively. 

 
Fig. 3.  Flowchart of the cost-oriented sizing methodology for fuel cell 
electrified propulsion systems of long-haul heavy-duty trucks. 
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TABLE II 

ELECTRIFIED HEAVY-DUTY TRUCK MASS CONTRIBUTIONS 

System Symbol Parameter Value Source 

Vehicle 
body 

𝑚𝑡𝑟 Tractor mass 5,400 kg [27] 

𝑚𝑡𝑙 Trailer mass 7,500 kg [27] 

𝑚𝑐𝑎 Cargo mass 25,000 kg [27] 

Drive-

line 
𝑚𝑔𝑏 Transmission 

mass 

139 kg [27] 

EM 𝑚𝐸𝑀 Electric motor 
mass 

312 kg [27] 

 𝑚𝑖𝑛 Inverter mass 39 kg [27] 

Battery 

pack 

𝑚𝑏 Battery pack 

mass 

Proportional to 

𝑛𝑏,𝑝 as in (14) 

[27] 

Fuel 
cell 

system 

𝑚𝐹𝐶 Fuel cell system 
mass 

Proportional to 

𝑛𝐹𝐶,𝑝 as in (15) 

[20] 

𝑚𝑡𝑎 Hydrogen storage 

system mass 

544 kg [46], [47] 
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B. Hydrogen and electrical energy economy evaluation 

Once the overall mass of the FCEV powertrain layout under 

analysis has been determined, its hydrogen and battery energy 

economy capability need determination at Step B in Fig. 3. For 

the sake of assessing various real-world driving conditions, five 

driving missions experimentally collected considering heavy-

duty vehicles have been retained from ADVISOR including (1) 

Heavy Heavy-Duty Diesel Truck 65 (HHDDT65), (2) CARB 

Heavy Heavy-Duty Diesel Truck Composite Cycle (CARB), 

(3) CSHVR, (4) New York City Truck Driving Schedule 

(NYCTRUCK), and (5) Urban Dynamometer Driving Schedule 

for Heavy-Duty Vehicles (UDDSHDV) [48].  

In 2019, Liimatainen et al. have estimated the maximum daily 

distance travelled by long-haul trucks to rarely exceed 400 

kilometers, which is retained here as the distance to be covered 

without charging the high-voltage battery pack from the grid 

[49]. Each of the 5 driving missions listed above has therefore 

been considered steadily repeated until 400 km driven were 

achieved. The DP algorithm described in Section II.B is then 

applied to evaluate the hydrogen and electrical energy economy 

capabilities of the FCEV powertrain layout under analysis in 

each of the five considered driving missions. The battery is 

particularly assumed charged up to 𝑆𝑂𝐶𝑀𝐴𝑋 when starting each 

driving mission. Then, both hydrogen consumption capability 

𝐻2𝑐𝑜𝑛𝑠 in kilograms per 100 kilometers and electrical energy 

consumption capability 𝐸𝑐𝑜𝑛𝑠 in kilowatt-hours per 100 

kilometers for the retained FCEV powertrain design options are 

evaluated as the average of the single values related to the five 

driving missions. At this point, an initial check is conducted in 

Fig. 3 for the FCEV design candidate being able to avoid 

excessively depleting the battery energy in any of the retained 

driving missions. In case the FCEV layout option under 

analysis cannot comply with battery SOC limits set in at least 

one driving mission (e.g. due to insufficient fuel cell system 

power), this is discarded and the next candidate is examined. 

Alternatively, the workflow is continued. 

C. Retail price evaluation 

Step C in Fig. 3 relates to evaluating the retail price of the fuel 

cell heavy-duty truck design option under analysis 𝑅𝑃𝑣𝑒ℎ  using 

eq. (16): 

𝑅𝑃𝑣𝑒ℎ = 𝑐𝑐ℎ + 𝑐𝑖𝑛 + 𝑐𝐸𝑀 + 𝑐𝑔𝑏 + 𝛼𝐹𝐶 ∙

(
𝑃𝑐𝑒𝑙𝑙𝑀𝐴𝑋∙𝐴𝑐𝑒𝑙𝑙∙𝑛𝐹𝐶,𝑠∙𝑛𝐹𝐶,𝑝

1000
) + 𝑐𝑡𝑎 + 𝛼𝑏𝑎 ∙ (

𝐴ℎ𝑐𝑒𝑙𝑙∙𝑂𝐶𝑉𝑛𝑜𝑚∙𝑛𝑏,𝑠∙𝑛𝑏,𝑝

1000
) 

(16) 

where 𝑐𝑐ℎ, 𝑐𝑖𝑛, 𝑐𝐸𝑀, and 𝑐𝑔𝑏 represent retail price 

contributions for the truck chassis (including body, wheels, and 

other components), the inverter, the EM and the transmission, 

respectively. Values for these parameters are retained from [27] 

and amount to 75,000€, 5,865€, 6,256€ and 2,323€, 

respectively. 𝛼𝐹𝐶  and 𝛼𝑏𝑎 stand for the retail price coefficients 

for the fuel cell system in euro per kilowatt and for the battery 

pack in euro per kilowatt-hour, respectively.  Overall retail 

price for the fuel cell system and the battery pack can thus be 

evaluated by multiplying 𝛼𝐹𝐶  and 𝛼𝑏𝑎 by the fuel cell system 

maximum power and the battery pack capacity, respectively. 

Finally, 𝑐𝑡𝑎 represents the retail price for the hydrogen storage 

system. 𝛼𝐹𝐶 , 𝛼𝑏𝑎, and 𝑐𝑡𝑎 are not fixed in this work, yet they 

are varied depending on the cost scenario considered, as it will 

be discussed in section IV.A.  

D. TCO evaluation 

Once the hydrogen economy, the electrical energy economy, 

and the retail price of the FCEV design layout under analysis 

have been evaluated in the two previous steps, step D in Fig. 3 

aims at determining the related TCO (𝑇𝐶𝑂𝑣𝑒ℎ). This is achieved 

using eq. (17): 

𝑇𝐶𝑂𝑣𝑒ℎ = 𝑅𝑃𝑣𝑒ℎ +
[𝛼𝐻2∙𝐻2𝑐𝑜𝑛𝑠+𝛼𝑒𝑙𝑒𝑐∙𝐸𝑐𝑜𝑛𝑠]

100
∙ 𝑑𝑦𝑒𝑎𝑟 ∙ 𝑙𝑖𝑓𝑒𝑣𝑒ℎ  (17) 

where 𝛼𝐻2 and 𝛼𝑒𝑙𝑒𝑐  represent the hydrogen cost and the 

electricity cost in euro per kilogram and euro per kilowatt-hour, 

respectively. Both these parameters depend here on the cost 

scenario considered. 𝑑𝑦𝑒𝑎𝑟  is the distance covered yearly by the 

long-haul heavy-duty truck under design, and it is assumed here 

being 110,000 kilometers [50]. Finally, 𝑙𝑖𝑓𝑒𝑣𝑒ℎ represents the 

expected economic lifetime of the long-haul heavy-duty truck 

under design, which is assumed being 8 years here [27]. 

E. FCEV powertrain sizing space exploration 

The TCO associated with the FCEV powertrain sizing 

candidate under analysis has been evaluated and stored in the 

previous steps. When selecting the next sizing option to be 

analyzed, a brute force algorithm is retained here to 

exhaustively explore the considered FCEV sizing space. Even 

though different algorithms may be implemented to improve 

the computationally efficiency of the sizing space exploration 

process (e.g. genetic algorithm, particle-swarm optimization), a 

brute force method allows thoroughly observing the impact of 

the cost scenario parameters on the various FCEV sizing 

options retained. The brute force algorithm for exploring the 

FCEV sizing space finds illustration in Fig. 3. It should be noted 

that, when progressively increasing the number of battery cells 

in parallel 𝑛𝑏,𝑝, while increasing 𝑛𝐹𝐶,𝑝 , in case the FCEV sizing 

candidate exhibits worsen performance both in terms of 

hydrogen consumption and electrical energy consumption 

compared with the previously analyzed sizing option, 𝑛𝑏,𝑝 is set 

back to 1. This is performed in order to improve the 

computational efficiency of the overall sizing process by 

reducing the number of sizing candidates to be analyzed. 

Once all sizing candidates have been considered, the 

workflow illustrated in Fig. 3 is concluded and the sizing results 

can be analyzed.  

IV. FUEL CELL ELECTRIFIED HEAVY-DUTY TRUCK SIZING 

RESULTS 

This section aims at presenting results obtained for the 

introduced FCEV powertrain sizing methodology. Retained 

present- and future-oriented cost scenarios are presented first, 

followed by the discussion of the sizing results.  

A. Cost scenarios 

Five FCEV cost parameters still need definition that were 

introduced in both sub-sections III.C and III.D. These relate to 

(1) the retail price coefficient for the fuel cell system 𝛼𝐹𝐶 , (2) 

the retail price coefficient for the battery pack 𝛼𝑏𝑎, (3) the retail 

price for the hydrogen storage system  𝑐𝑡𝑎, (4) the hydrogen cost 

𝛼𝐻2, and (5) the electricity cost 𝛼𝑒𝑙𝑒𝑐 . For the sake of assessing 
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the best FCEV sizing candidate based on present- and future-

oriented cost parameters, six different cost scenarios are 

considered in this paper by varying the abovementioned cost 

parameters. Table III reports the considered values for the five 

cost parameters as function of the six cost scenarios retained, 

along with the corresponding references. “2020” scenario 

considers current values for cost parameters, in particular the 

hydrogen cost of 7.44€/kg was determined in [52] by analyzing 

real-world refueling stations for buses. “2030” scenario has 

been defined according to current projections for both fuel cell 

system, battery pack, hydrogen storage system, hydrogen and 

electricity costs in ten years. As it can be seen in TABLE III, 

current 2030 projections assume significant reductions in all the 

cost parameters compared with “2020” scenario. Finally, four 

2050-projected different cost scenarios are considered. These 

share the same cost parameters for fuel cell system, battery pack 

and hydrogen storage system. A further reduction in these three 

retail price parameters is currently forecasted compared with 

both “2020” and “2030” scenarios thanks to technological 

advances and a considerable amount of research and 

development activities. Operative cost parameters related to 

hydrogen and electricity might exhibit in thirty years higher 

variability and uncertainty linked to future energy policies and 

regulations worldwide. To mitigate this shortcoming, compared 

with “2030” scenario, the four 2050 scenarios can be generated 

by assuming either an increase in both electricity and hydrogen 

costs (“2050-H2high-Ehigh”), or a decrease in both electricity 

and hydrogen costs (“2050-H2low-Elow”), or a decrease in one 

cost contribution and an increase in the other one (“2050-

H2lowEhigh” and “2050-H2highElow”). These fluctuations for 

both hydrogen and electricity prices are based here upon 

forecasted values found in consulted references. As example, 

different 30 year-oriented hydrogen price projections might 

stem from forecasting the cost associated to the electrolysis 

within the hydrogen production process, among other factors 

[58][59]. 

B. Scenario-based FCEV Sizing Results 

Before starting the FCEV powertrain sizing workflow 

illustrated in Fig. 3, maximum values for 𝑛𝐹𝐶,𝑝 and 𝑛𝑏,𝑝 have 

been set to 9 and 51 in this paper, respectively. This leads to 

generate a sizing space comprising totally 510 candidates. Out 

of them, 136 candidates were found not achieving battery 

charge-sustenance, while 225 candidates were found worsening 

both hydrogen economy and electrical energy economy 

capabilities compared with the previously analyzed candidates. 

The remaining 149 candidates were assessed according to the 

implemented sizing methodology. On average, around 51 

minutes are required to simulate the fuel cell electrified heavy-

duty truck controlled by DP while travelling one of the five 300-

kilometer-long driving missions retained using a desktop 

computer with Intel Core i7-8700 (3.2 GHz) and 32 GB of 

RAM. This leads to 51x5x149=37,995 minutes (i.e. around 23 

days) being required to complete the presented overall FCEV 

powertrain sizing methodology. Obtained sizing results are 

illustrated in Fig. 4 in terms of vehicle TCO as function of fuel 

cell system power and battery pack capacity for all the retained 

cost scenarios. The best FCEV powertrain sizing option is 

shown as well in each scenario sub-plot in Fig. 4, while related 

design and performance parameters are reported in TABLE IV. 

Finally, Fig. 5 illustrates cost breakdown of the suggested 

heavy-duty truck powertrain layouts as a function of the 

considered cost scenarios. 

In the present “2020” scenario, the implemented sizing 

methodology suggests that, from a TCO perspective, a battery 

electric heavy-duty truck powertrain layout may be more 

appealing than a fuel cell electrified propulsion system. Indeed, 

not embedding the fuel cell system allows removing the cost 

contributions related to fuel cell system production, hydrogen 

storage system production, and hydrogen consumption. The 

higher weighting factors for these cost contributions reported in 

TABLE III for the present “2020” scenario indeed entail higher 

costs for the fuel cell electrified powertrain layouts as it can be 

observed in Fig. 4(a). As a downside, remarkable upsizing the 

battery pack is needed to meet the 400-kilometer range 

requirement in pure electric operation. As reported in TABLE 

IV, the overall truck mass increases up to more than 46 ton 

mainly due to the required 1.1 MWh battery pack. On the other 

hand, significant reductions forecasted for values of 𝛼𝐹𝐶 , 𝑐𝑡𝑎, 

and 𝛼𝐻2 in the “2030” scenario compared with the present 

scenario corroborate the TCO viability of a fuel cell electrified 

truck powertrain layout in around ten years’ time. In particular, 

the automated sizing methodology suggests a 334kW fuel cell 

system coupled with a downsized 87kWh battery pack as the 

best powertrain layout in the “2030” scenario as shown in Fig. 

4(b). Reducing the overall weight by 12.5%, the retail price by 

64.8%, the TCO by 59.4% might be achieved in this way for 

the long-haul heavy-duty truck in 2030 compared with 2020 

through right-sizing the fuel cell electrified propulsion system 

as reported in TABLE IV and in Fig. 5.  

Moving to the 2050 oriented cost scenario results, when the 

hydrogen price is forecasted to be as low as 1.16€/kg (i.e. 

“2050-H2low-Elow” and “2050-H2lowEhigh”), the 

implemented sizing methodology suggests as best option the 

same FCEV powertrain layout as for the “2030” scenario. In 

these assumed 2050 cost scenarios, hydrogen still seems a much 

more viable energy source for the electrified propulsion of long-

TABLE III 

FCEV COST PARAMETERS ACROSS PRESENT AND FUTURE SCENARIOS 

Cost scenario 
𝛼𝐹𝐶 

[€/kW] 

𝛼𝐻2 

[€/kg] 

𝑐𝑡𝑎 

[€] 

𝛼𝑏𝑎 

[€/kWh] 

𝛼𝑒𝑙𝑒𝑐 

[€/kWh] 

2020 
206 

[51] 

7.44 

[52] 

27,900 

[53] 

250 

[27] 

0.21 

[54] 

2030 
49 

[55] 
1.93 
[56] 

17,422 
[55] 

80 
[55] 

0.11 
[57] 

2050-H2low-

Elow 

36 

[55] 

1.16 

[58] 

14,012 

[55] 

71 

[55] 

0.10 

[57] 

2050-H2high-
Ehigh 

36 
[55] 

2.80 
[59] 

14,012 
[55] 

71 
[55] 

0.17 
[58] 

2050-H2low-

Ehigh 

36 

[55] 

1.16 

[58] 

14,012 

[55] 

71 

[55] 

0.17 

[58] 

2050-H2high-
Elow 

36 
[55] 

2.80 
[59] 

14,012 
[55] 

71 
[55] 

0.10 
[57] 
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haul heavy-duty trucks by means of fuel cell systems compared 

with electricity. Indeed, the sizing methodology chooses to 

remarkably downsize the battery pack which in turns serves as 

energy buffer rather than primary energy source for traction, 

entailing significant reductions both in terms of vehicle weight 

and retail price. As consequence, the electricity price 

fluctuation assumed between “2050-H2low-Elow” and “2050-

H2lowEhigh” scenarios has a limited 1,000€ impact on the 

overall truck TCO, as it can be seen in Fig. 5 as well. 

When an increase is assumed in 2050 for both hydrogen and 

electricity prices (i.e. “2050-H2high-Ehigh”), the implemented 

sizing methodology suggests to slightly increase the fuel cell 

system power by 67kW compared with the “2030” scenario. 

Such upsizing of the fuel cell system allows reducing the 

hydrogen consumption estimated using DP (e.g. through 

operating the fuel cell system in more efficient power regions) 

and in turn the hydrogen lifetime cost by around 1%. This 

reduction in the lifetime hydrogen cost is suggested capable of 

counterbalancing the increase in retail price due to the fuel cell 

system upsizing for the considered cost scenario. Finally, when 

an increase in the hydrogen price is forecasted along with a 

reduction in the electricity price (i.e. “2050-H2highElow”), the 

battery electric powertrain layout is again suggested to be more 

competitive compared to a fuel cell electrified propulsion 

system option.  

C. Cost attractiveness of fuel cell electrified truck layouts 

versus pure electric truck layouts 

Such diversified sizing results as a function of the considered 

cost scenario demand further investigation regarding the 

hydrogen price required for fuel cell electrified heavy-duty 

trucks to be more appealing than battery electric heavy-duty 

trucks. Results aiming at answering this research question are 

illustrated in Fig. 6, where the hydrogen price corresponding to 

the break-even point (BEP) between fuel cell truck and battery 

electric truck in terms of TCO has been plotted as a function of 

 
Fig. 4.  FCEV TCO as function of fuel cell system power and battery pack capacity across retained cost scenarios. 

(a) 2020

(c) 2050-H2low-Elow

(e) 2050-H2low-Ehigh

(b) 2030

(d) 2050-H2high-Ehigh

(f) 2050-H2high-Elow
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Hydrogen and 
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economy worsening



 9 

the forecasted electricity price for 2020, 2030 and 2050 oriented 

scenarios. 2020, 2030 and 2050 oriented scenarios differ in this 

case concerning the values of price parameters related to the 

development and manufacturing of fuel cell electrified truck 

components (i.e. 𝛼𝐹𝐶 , 𝛼𝑏𝑎, 𝛼𝑏𝑎). The set of values for these 

three coefficients is thus fixed in each year scenario, while the 

hydrogen price 𝛼𝐻2  and the electricity price 𝛼𝑒𝑙𝑒𝑐  become the 

two independent variables driving the TCO of the sizing options 

for the fuel cell electrified truck. Then, the FCEV sizing results 

obtained in the previous sub-section are explored while 

exhaustively sweeping different combinations of values for 𝛼𝐻2 

and 𝛼𝑒𝑙𝑒𝑐 . For a given year scenario, the break-even point in 

terms of 𝛼𝐻2 value for a given value of 𝛼𝑒𝑙𝑒𝑐  relates to have at 

least one fuel cell electrified powertrain sizing candidate 

exhibiting lower TCO compared with the battery electric sizing 

powertrain sizing candidate. This leads to draw three break-

even lines in Fig. 6 which respectively relate to 2020, 2030 and 

2050 oriented scenarios. Obtained equations for break-even 

lines of 2020, 2030 and 2050 oriented scenario are reported in 

eq. (18), eq. (19) and eq. (20), respectively. 

𝛼𝐻2−𝑏𝑒𝑝−2020 = 2.08 + 19.51 ∙ 𝛼𝑒𝑙𝑒𝑐      (18) 

𝛼𝐻2−𝑏𝑒𝑝−2030 = 0.59 + 20.03 ∙ 𝛼𝑒𝑙𝑒𝑐      (19) 

𝛼𝐻2−𝑏𝑒𝑝−2050 = 0.56 + 20.16 ∙ 𝛼𝑒𝑙𝑒𝑐      (20) 

𝛼𝐻2−𝑏𝑒𝑝−2020, 𝛼𝐻2−𝑏𝑒𝑝−2030 and 𝛼𝐻2−𝑏𝑒𝑝−2050 stand for 

hydrogen price targets in euro per kilogram which allow 

achieving equal TCO between a fuel cell electrified truck and a 

pure electric truck as a function of the electricity price in 2020, 

2030 and 2050 oriented scenarios, respectively. For a given 

value of electricity price, economic attractiveness of a fuel cell 

electrified truck layout over a pure electric truck layout relates 

to the value of hydrogen price being lower than 𝛼𝐻2−𝑏𝑒𝑝 for the 

corresponding year scenario. 

Hydrogen prices for both “2020” and “2050-H2highElow” 

scenarios are located above the corresponding break-even lines 

in Fig. 6, which involve convenience of the pure electric 

powertrain layout. On the other hand, convenience of a fuel cell 

electrified powertrain layout is suggested in Fig. 6 for the 

heavy-duty truck in the remaining cost scenarios since they are 

located below the corresponding break-even lines. This kind of 

results may help designers and engineers in selecting the most 

appropriate heavy-duty truck powertrain layout as function of 

forecasted future electricity price and hydrogen price. 

V. CONCLUSIONS 

This paper aims at presenting a TCO-oriented sizing 

TABLE IV 

SUGGESTED FCEV POWERTRAIN DESIGN PARAMETERS ACROSS PRESENT AND 

FUTURE COST SCENARIOS 

Cost scenario 

Fuel cell 

system 

power 
[kW] 

Battery 

pack 

capacity 
[kWh] 

𝐻2𝑐𝑜𝑛𝑠 

[kg/ 

100 
km] 

𝐸𝑐𝑜𝑛𝑠 

[kWh/ 

100 
km] 

𝑚𝑣𝑒ℎ 

[ton] 

𝑇𝐶𝑂𝑣𝑒ℎ 

[k€] 

2020 0 1104 0.0 196.1 46.3 731.3 

2030 334 87 9.1 16.0 40.5 297.1 

2050- 

H2low-Elow 
334 87 9.1 16.0 40.5 225.8 

2050- 
H2high-Ehigh 

401 87 9.0 16.0 40.7 366.3 

2050- 
H2low-Ehigh 

334 87 9.1 16.0 40.5 235.7 

2050- 

H2high-Elow 
0 1104 0.0 196.1 46.3 338.0 

 

 
Fig. 5.  Cost breakdown of suggested FCEV powertrain layouts across retained cost 

scenarios. 
 

 

Fig. 6.  Break-even lines between pure electric powertrain layout and fuel cell 

electrified powertrain layout for the considered heavy-duty truck in the 

retained cost scenarios as function of predicted electricity price and predicted 

hydrogen price. 

Convenience of pure 

electric powertrain layout

2050-H2high-Ehigh

2050-H2high-Elow

2050-H2low-Ehigh2050-H2low-Elow

Convenience of 

fuel cell electrified 

powertrain layout

2020

2030
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methodology for fuel cell electrified heavy-duty trucks. The 

adopted numerical modelling procedure and optimal energy 

management strategy for a FCEV have been discussed first. The 

implemented cost-oriented powertrain sizing procedure has 

then been illustrated which involves evaluating the overall 

vehicle mass, assessing the hydrogen and electrical energy 

economy capabilities, and estimating the retail price and the 

TCO of each sizing candidate. The flexibility of the 

implemented sizing methodology has been demonstrated by 

considering six different present-oriented, 10-year oriented and 

30-year oriented cost scenarios. 

Obtained results suggest that, from a TCO perspective, a 

battery electric powertrain layout may currently be suggested 

outperforming a fuel cell electrified powertrain layout. This 

implication mainly stems from higher current cost factors for 

fuel cell system production, hydrogen storage system 

production and hydrogen refueling. Yet, this entails remarkable 

upsizing both the battery pack capacity and the overall vehicle 

weight. On the other hand, when rightsized following the 

proposed methodology, a fuel cell electrified powertrain option 

is suggested to be more appealing in a 10-year (i.e. 2030) 

oriented cost scenario, involving consistent reductions both in 

the truck weight, the battery pack capacity, and the retail price. 

As concerns 30-year (i.e. 2050) oriented cost scenarios, a fuel 

cell electrified powertrain layout is still suggested as more 

viable for the heavy-duty truck than a battery electric 

powertrain, except a decrease in the electricity price would be 

forecasted along with a considerable increase in the hydrogen 

price. 

The presented methodology is generalized and can be applied 

to different heavy-duty truck parameters. Here, the validity of 

the predicted FCEV sizing results depends on the future cost 

trends being in line with current forecast. This requires future 

synergic advances in fuel cell propulsion technologies, in high-

voltage battery technologies, in hydrogen production and 

refueling infrastructure, and in electricity production and 

charging infrastructure. Engineers may adopt the presented 

methodology at early vehicle design phases to appropriately 

size fuel cell electrified propulsion systems of long-haul heavy-

duty trucks as function of actual or forecasted cost parameters. 

Regarding FCEV energy management, implementing the 

retained DP based global optimal control approach on-board 

fuel cell electrified trucks may currently be difficult due to the 

significant computational cost involved and the requirement of 

a priori knowledge of future driving conditions over an 

extended time horizon (e.g. several minutes). However, the 

optimal control trajectories identified by DP can pave the way 

for developing enhanced real-time capable energy management 

approaches [60]. For instance, DP can be used to set 

appropriately the targets and to benchmark the performance of 

real-time FCEV energy management strategies and 

consequently fine-tune them. A related example is provided in 

[61], where a Pontryagins’s Minimum Principle based FCEV 

energy management was demonstrated achieving only 1.5% 

higher hydrogen consumption compared with the optimal 

benchmark provided by DP. Moreover, in [62] control results 

obtained using DP were analyzed to improve the calibration of 

an adaptive rule-based control strategy for a fuel cell hybrid 

railway vehicle. Also in this case, fine tuning the real-time rule-

based control approach led to limit the increase in hydrogen 

consumption within only 1.3% compared with the DP optimal 

off-line reference. 

Related future work may involve increasing the FCEV model 

fidelity level (e.g. considering greenhouse gases as in [63], or 

fuel cell system temperature as in [64][65], or fuel cell system 

degradation as in [66][67]), and in turn the complexity of the 

energy management problem. Moreover, different fuel cell 

types, battery chemistries, driving missions and truck loading 

conditions may be assessed as example. Finally, the 

computational efficiency of the proposed methodology may be 

enhanced by implementing different optimization-based sizing 

space exploration algorithms. 
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