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 A B S T R A C T

The global drive to decarbonize the transportation sector has intensified the adoption of emission-free 
powertrains, increasing the demand for high-fidelity yet computationally efficient modelling tools to support 
propulsion design, control development, and virtual testing. In this context, this paper presents a physics-
based, system-level model of a fully electric propulsion system integrating a Proton Exchange Membrane 
fuel cell (PEMFC) and a lithium-ion battery pack. The proposed framework adopts a multi-domain 0D 
formulation, in which the fuel cell system, battery, power electronics and electric motor are consistently 
coupled through mechanistic governing equations, capturing the dominant electrochemical, gas, thermal, 
electrical, mechanical, and control interactions. Numerical comparison against a commercially available 
MATLAB-Simscape benchmark under real-world maritime load cycles demonstrates an overall accuracy of 
98.87% across key variables, while reducing the average simulation time to about one-fortieth of the benchmark 
computation time. The proposed model provides a reliable platform to support Digital Twin development, 
control design, and powertrain optimization. To advance sustainable transportation research, the model has 
been made open source and is accessible via a dedicated GitHub repository.
1. Introduction

The global energy sector is undergoing a fundamental transforma-
tion, shifting from fossil fuels to zero-emission energy sources [1]. The 
transportation sector, among the largest contributors to greenhouse 
gas emissions and pollutants, has significant adverse impacts on both 
the environment and public health [2]. In this context, hydrogen-
powered fuel cells (FC) are considered a promising alternative to fossil 
fuel [3], offering emission-free powertrains with high efficiency and 
short refuelling times [4], comparable to internal combustion engine 
vehicles [5]. Compared to purely battery-electric solutions, hydrogen 
FC systems provide higher volumetric energy densities, in the range 
0.33 kWhL−1 to 0.51 kWhL−1 depending on storage technology [6], 
versus approximately 0.14 kWhL−1 for Li-ion batteries [6]. Among the 
available technologies, Proton Exchange Membrane fuel cells (PEMFC) 
are the most adopted in transport thanks to their high efficiency, low 
operating temperature and high power density [7]. However, their 
limited dynamic response reduces the capability to track rapid load 
variations, so they are usually coupled with batteries that manage fast 
transients. This hybridization introduces non-trivial dynamic interac-
tions among subsystems, motivating accurate system-level modelling 
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to capture the overall dynamics and optimize performance. PEMFC 
powertrain models are typically classified as mechanistic (physics-
based), empirical, or data-driven [8]. This distinction becomes critical 
at full system level, where the fuel cell stack must be modelled together 
with the balance of plant (BoP), including hydrogen storage, air com-
pression, humidification and thermal management. Such systems are 
inherently complex, as they involve tightly coupled electrochemical, 
gas, thermal and electrical phenomena. Data-driven models act as black 
boxes trained on large datasets [9], while empirical models use sim-
plified correlations derived from experiments or detailed mechanistic 
models [9]. Although computationally efficient, these two classes are 
less suitable when a detailed physical and chemical interpretation 
of system behaviour is required, for which mechanistic models are 
preferred [8].

Mechanistic models represent mass, energy and charge transport 
through explicit conservation equations, typically formulated via mass, 
energy and species balances coupled with fluid dynamics, heat transfer 
and electrochemical kinetics. Reported PEMFC models span differ-
ent fidelity levels, namely three-dimensional (3D), two-dimensional 
(2D), one-dimensional (1D) and zero-dimensional (0D), trading spatial 
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Fig. 1.  Propulsion model topology and related domains.
resolution and physical accuracy against computational cost. Compu-
tational fluid dynamics (CFD) models capture detailed transport of 
gases, water and heat in the cell (2D/3D) [10] and are valuable for 
studying coupled fluid-dynamic and electrochemical processes [11], 
but their very high computational burden confines their use to off-line 
analyses [12]. Lower-order 1D models improve efficiency by resolving 
state evolution along a single coordinate, for instance along the channel 
direction or through the membrane electrode assembly [9]. There 
also exist hybrid ‘‘3D+1D’’ or ‘‘2D+1D’’ strategies [13,14], which use 
higher-fidelity submodels only where needed, but remain too demand-
ing for embedded or real-time applications [15]. For real-time and 
system-level studies, lumped-parameter 0D models are most suitable. 
They use spatially averaged variables governed by balance equations 
and algebraic relations to capture dominant dynamics at low compu-
tational cost, at the expense of neglecting spatial gradients [12]. A 
foundational 0D PEMFC model was proposed by Pukrushpan et al. [16], 
who decomposed stack behaviour into anode flow, cathode flow, mem-
brane hydration and cell voltage. Subsequent works added physical ef-
fects: Hosseinzadeh et al. [17] emphasized water and thermal exchange 
mechanisms, while Dashti et al. [18] developed a 0D dead-ended anode 
(DEA) PEMFC stack model to study purge optimization. Since BoP–
FC stack interactions strongly affects performance, BoP modelling is 
crucial at system level. Extensions include coupling the stack with 
air compressors and anode recirculation [19], or with compressor 
and back-pressure valve control [20]. Hu et al. [21] further proposed 
a comprehensive 0D PEMFC system model including humidification 
dynamics. In hybrid electric powertrains, FCs are usually combined 
with batteries to handle transient power demands and enhance re-
sponsiveness, requiring models of the entire propulsion chain. Sev-
eral 0D FC–battery powertrain models have been developed. Zecchi 
et al. [22] proposed a hybrid powertrain model to investigate power 
split strategies using a simplified electrochemical FC model, while Sun 
et al. [23] implemented a MATLAB/Simulink model combining a sim-
plified battery with an electrochemical FC model. More comprehensive 
system-level models exist [24], but often neglect advanced PEMFC dy-
namic phenomena. Other works use commercial environments such as 
MATLAB-Simscape for detailed FC–battery powertrain modelling [25], 
at the cost of reduced computational efficiency.

Based on this review of 0D PEMFC-based powertrain models, two 
main limitations emerge: high-fidelity FC representations are usually 
restricted to the stack and BoP, without covering the full propulsion 
chain, while system-level powertrain models often rely on simplified 
2 
or empirical FC descriptions, limiting their ability to represent multi-
domain dynamics and component couplings. To address this gap, this 
paper proposes a multi-domain, system-level 0D framework that inte-
grates a detailed PEMFC stack and BoP with a Li-ion battery, power 
electronics and electric motor. Despite the physical detail, the formu-
lation remains computationally efficient, enabling real-time simulation 
and making it suitable as a Digital Twin (DT) core for online monitoring 
and control [26]. The explicit representation of component couplings 
supports control-oriented applications and Energy Management Sys-
tem (EMS) development [27], including power-split assessment and 
supervisory control design. The reduced execution time further sup-
ports system design and optimization, facilitating extensive parametric 
studies, virtual prototyping and integration within optimization loops 
during early-stage powertrain development.

To assess accuracy and computational performance, the proposed 
model is compared with a functionally equivalent Simscape-based 
benchmark under realistic maritime load cycles measured on the Va-
poretto operating on Venice’s Line 1 [28], with data provided by 
Vulkan Srl. The maritime sector is an attractive application domain 
for FC–battery powertrains, which are gaining relevance in marine 
propulsion [29,30]. Venice, heavily reliant on waterborne transport, 
experiences significant pollutant emissions from its waterbus fleet. 
Line 1 features a demanding profile, with high-power cruising out-
side the Canal Grande and low-speed, highly dynamic maneuvering 
within it, providing a meaningful benchmark to assess the capability 
of both models to reproduce transient power demands, energy flows 
and system-level dynamic responses in a real maritime scenario.

The proposed model has been transformed into an open source 
library, hosted on GitHub [31] and licensed under Creative Com-
mons By Attribution-Share Alike (CC-BY-SA), offering an accessible and 
customizable tool for both academic and industrial applications.

The structure of this article is as follows. In Section 2, the pow-
ertrain components are described. Subsequently, Section 3 focuses on 
the PEMFC system: starting with a recall of gas mixture dynamics, a 
high level description is provided for the subcomponents constituting 
the BoP, as well as the electrochemical and thermodynamic aspects of 
the FC. In Section 4, the battery model is introduced, while Section 5 
describes the model used for the electric motor. Moreover, Section 6 
illustrate the components comprising the power conditioning system, 
followed by an overview of the EMS adopted in this study. Section 7 
presents the Simscape model developed to verify the accuracy of the 
proposed model. In Section 8 are reported the simulation conditions un-
der which the models are tested along with an exhaustive comparison 
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Fig. 2. PEMFC system.
between the two numerical models. In Section 9 the paper concludes 
with considerations on the obtained results.

2. The electric powertrain

The electric powertrain topology integrates a PEMFC stack and a 
lithium-ion battery pack in a parallel configuration to drive an electric 
motor, as shown in Fig.  1. This architecture allows both energy sources 
to supply the motor simultaneously, providing operational flexibility. 
During high power demands, the battery supplements the PEMFC out-
put, while under low-load conditions the fuel cell can directly power 
the motor or recharge the battery. The PEMFC subsystem models 
the electrochemical, thermodynamic, and gas transport phenomena 
within the Membrane Electrode Assembly (MEA), together with auxil-
iary components such as hydrogen storage, air compressor, humidifiers, 
hydrogen recirculation loop, and cooling system. The battery pack 
is described through a dynamic model accounting for charge and 
discharge behaviour. A boost converter regulates the PEMFC output 
voltage and current according to the EMS commands, while non-
zero cable resistances are considered for the wiring. A brushed direct 
current (DC) motor is adopted, with an electromechanical model and 
a cascade controller for speed and current regulation. A buck–boost 
converter ahead of the motor decouples the DC bus from the stator 
circuit and defines the required terminal voltage. The EMS provides 
the power split between the PEMFC and the battery, designating the 
fuel cell as the primary energy source. It is worth emphasizing that all 
components are embedded within a unified multi-domain state-space 
model and are not treated as independent black boxes. Subsystems 
are coupled through energy-conserving connections and shared state 
variables, while the EMS acts as a supervisory layer providing refer-
ence powers and currents without modifying the underlying physical 
equations.

To facilitate the understanding of the various analytical relation-
ships presented in this study, the variables used have been grouped in 
Table  A.1.

3. PEMFC system

The schematic representation of the PEMFC system is shown in 
Fig.  2. Hydrogen is supplied from a pressurized tank and regulated 
by a pressure-reducing valve before being delivered to the anode gas 
channels. On the cathode side, oxygen is provided by an air compressor. 
Moisture humidifiers are installed on both anode and cathode sides 
3 
to maintain appropriate relative humidity levels, thereby minimizing 
electrochemical losses and ensuring adequate membrane hydration. 
A hydrogen recirculation loop is implemented on the anode side to 
redirect unconsumed hydrogen back to the fuel cell, improving fuel 
utilization. System pressure is regulated by two controllers acting on 
the hydrogen pressure-reducing valve and the cathode back-pressure 
valve, respectively. The air compressor is controlled to ensure sufficient 
oxygen supply and to prevent oxygen starvation. The PEMFC model 
incorporates the governing equations of gas transport, electrochemical 
reactions, and thermodynamic processes. A cooling system is included 
to dissipate the heat generated during operation and to maintain the 
fuel cell at its optimal operating temperature.

The cathode mixture consists of oxygen, nitrogen, and water vapour, 
while the anode mixture includes hydrogen, nitrogen, and water
vapour. This formulation enables the modelling of nitrogen back-
diffusion from the cathode to the anode, which may lead to perfor-
mance degradation. Although a purge valve is commonly adopted in 
the anode recirculation loop to mitigate this effect [32], it is neglected 
in this work for the sake of simplicity. For clarity and completeness, 
the PEMFC system is described by systematically presenting each 
component, with particular emphasis on the balance of plant. For each 
component, the physical inputs and outputs are defined and the gov-
erning equations are reported, ensuring transparency, reproducibility, 
and consistency of the modelling approach. All BoP components are 
collected in a single comprehensive figure provided in the Appendix 
(Fig.  B.1).

Before presenting the governing equations, the characteristic time 
scales of the main PEMFC processes are briefly discussed to motivate 
the adopted modelling assumptions: electrochemical and electrical phe-
nomena typically evolve on microsecond-to-millisecond time scales, 
whereas gas dynamics occur on the order of seconds and thermal 
processes on tens to hundreds of seconds. Accordingly, fast processes at 
the FC electrode level are assumed quasi-instantaneous, while gas and 
thermal subsystems are modelled dynamically using lumped mass and 
energy balance equations. This modelling choice represents a deliberate 
trade-off between physical fidelity and computational efficiency.

3.1. Elements of gas mixture dynamics

To achieve an accurate system-level representation, the dynamic 
behaviour of the gas mixture within the anode and cathode networks 
is explicitly modelled using lumped mass balance equations. Each 
component is treated as either a pipe or a chamber, where the gas 
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mixture dynamics are explicitly formulated to capture transient effects 
and system interactions. A set of fundamental assumptions is adopted: 
(i) perfectly rigid pipe walls, ensuring no structural deformation; (ii) 
negligible friction losses, assuming smooth internal surfaces; (iii) sub-
sonic flow conditions; (iv) negligible fluid inertia; and (v) the absence 
of gravitational effects. From here on, subscripts 𝑎, 𝑤, and 𝑔 indicate 
the properties of dry air, water vapour, and trace gas, respectively. 
Moreover, a positive flow rate denotes inflow into the pipe, whereas 
a negative value represents outflow.

3.1.1. Gas mixture dynamics equations
Considering a moisture flow passing through a rigid pipe or cham-

ber, the mass and energy conservation governing the gas mixture 
dynamics can be formulated as follows [33]: 
𝑑𝑚
𝑑𝑡

= 𝑚̇in − 𝑚̇out − 𝑚̇cond, (1a)

𝑑𝛷
𝑑𝑡

= 𝛷in −𝛷out −𝛷cond +𝑄, (1b)

𝑑𝑚𝑤
𝑑𝑡

= 𝑚̇w,in − 𝑚̇w,out − 𝑚̇cond, (1c)

𝑑𝑚𝑔

𝑑𝑡
= 𝑚̇g,in − 𝑚̇g,out . (1d)

The mass balance (Eq.  (1a)) considers the inlet and outlet mass 
flow rates, (𝑚̇in and 𝑚̇out respectively), while it accounts also for the 
rate of water condensation (𝑚̇cond). The energy balance (Eq. (1b)) 
accounts for the net energy flux (𝛷in − 𝛷out), the energy loss due to 
condensation (𝛷cond), and the heat exchange (𝑄) between the pipe wall 
and the internal gas volume. The mass balance of individual gas species 
(Eqs. (1c) and (1d)) follows the same principles, with 𝑚̇w,in and 𝑚̇w,out
representing the water mass inflow and outflow, respectively, while 
𝑚̇g,in and 𝑚̇g,out correspond to the inlet and outlet flow rates of gas 
species.

To determine the outlet flow rate of the pipe, the nozzle flow 
equations are applied. Depending on the pressure ratio across the 
nozzle, the flow can either be choked or unchoked [34]. In the choked 
flow regime, the velocity at the nozzle throat reaches the speed of 
sound, limiting the maximum possible flow rate. Conversely, in the 
unchoked regime, the flow rate remains pressure-dependent, governed 
by subsonic conditions. Therefore, if the pressure ratio is small, the flow 
is subcritical and can be linearized as follows [16]: 

𝑚̇out = 𝑘f (𝑝I − 𝑝out ), (2)

where 𝑘f  is the nozzle constant, 𝑝I is the pipe internal pressure and 𝑝out
is the downstream pressure.

The energy flow associated to the mixture is defined exploiting the 
definition of total enthalpy, as: 

𝛷out = 𝑚̇out

(

ℎI +
1
2

(

𝑚̇out
𝜌I𝑆p

)2
)

, (3)

where 𝑆p is the pipe cross-sectional area and 𝜌I is the mixture internal 
density. ℎI is the mixture specific enthalpy, calculated as follows: 

ℎI = 𝑥aℎa + 𝑥gℎg + 𝑥wℎw, (4)

where letters 𝑥 indicate the mass fraction of a specific species, and 
𝑥a + 𝑥g + 𝑥w = 1. The dynamics of the mass fraction of each mixture 
component is: 
𝑑𝑥
𝑑𝑡

𝜌I𝑉p + 𝑥𝑑𝑚
𝑑𝑡

=
𝑑(𝑥𝑚)
𝑑𝑡

, (5)

where 𝑉p is the internal volume of the pipe. Then, the mixture pressure 
and temperature dynamics equations are reported in Eqs. (6a) and (6b) 
(see Box  I) [33].
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In Eq. (6), 𝑇I is the mixture temperature, 𝑅I is the mixture specific 
gas constant, 𝑐v,I is the mixture specific heat at constant volume, and 
𝑢I the specific internal energy. 𝑅I, 𝑐v,I, and 𝑢I are defined as follows: 

𝑅I = 𝑥a𝑅a + 𝑥g𝑅g + 𝑥w𝑅w, (7a)

𝑐v,I = 𝑥a𝑐va, + 𝑥g𝑐v,g + 𝑥w𝑐v,w, (7b)

𝑢I = 𝑥a𝑢a + 𝑥g𝑢g + 𝑥w𝑢w. (7c)

Then, the equation of state relates the mixture density to the pres-
sure and temperature, as follows: 
𝑝I = 𝜌I𝑅I𝑇I. (8)

3.1.2. Condensation and wall heat transfer
In Eq. (1b) appears the term related to the heat exchange (𝑄) 

between the fluid and the wall of the pipe. It is given by both convective 
and conductive contributions, as follows: 
𝑄 = 𝑄conv +𝑄cond. (9)

The convective term is defined as follows [35]: 

𝑄cond =
𝑘I𝑆surf
𝐷h

(𝑇w − 𝑇I), (10)

in which 𝑘I is the mixture thermal conductivity, 𝑇w is the temperature 
of pipe walls, 𝐷h is the hydraulic diameter of the pipe and 𝑆surf  is the 
pipe surface area. As it is assumed an exponential distribution of the 
temperature along the pipe, the conductive heat exchange 𝑄conv can be 
defined as [35]: 

𝑄conv = |𝑚̇avg|𝑐p,avg(𝑇w − 𝑇in)

(

1 − e
− ℎ𝑆surf

|𝑚̇avg |𝑐p,avg

)

, (11)

where 𝑇in is the inlet mixture temperature according to the flow direc-
tion, 𝑚̇avg is the average mass flow rate between inlet and outlet, and 
𝑐p,avg is the average mixture specific heat between inlet and outlet. The 
term ℎ is the heat transfer coefficient: 
ℎ = 𝑁u𝑘avg∕𝐷h, (12)

where 𝑘avg is the average mixture thermal conductivity between inlet 
and outlet. 𝑁u is the Nusselt number, that for a laminar flow is constant, 
whereas for turbulent flow is defined using the Gnielinski’s correla-
tion [36]. Finally, the equations that account for water condensation 
on pipe walls follow: 

𝑚̇cond =

{

0 if 𝑥w ≤ 𝑥ws
𝑥w−𝑥ws
𝜏cond

𝜌I𝑉p if 𝑥w > 𝑥ws , (13)

where 𝜏cond is the condensation time constant and 𝑥ws is defined as the 
specific humidity at saturation: 

𝑥ws = 𝜙ws
𝑅I
𝑅w

𝑝ws
𝑝I

, (14)

in which 𝜙ws is the relative humidity at saturation, equal to 1, and 𝑝ws
is the water saturation pressure evaluated at the pipe temperature. The 
energy loss associated to the condensed water vapour is: 
𝛷cond = 𝑚̇cond(ℎw − 𝛥ℎvap), (15)

where 𝛥ℎvap is the water specific enthalpy of vaporization evaluated at 
the pipe temperature.

In some system components, the effects of wall heat transfer and 
water vapour condensation can be considered negligible, as they do not 
significantly affect the dynamics of the gas mixture. Hence, additional 
simplifying assumptions are introduced to reduce the overall compu-
tational burden of the model. These assumptions help streamline the 
simulation while maintaining accuracy in the key dynamic behaviour. 
A summary of these assumptions is provided in Table  3.1 and will be 
further detailed for each component.
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𝜌I𝑉p

(

𝑑𝑝I
𝑑𝑡

1
𝑝I

−
𝑑𝑇I
𝑑𝑡

1
𝑇I

)

= 𝑑𝑚
𝑑𝑡

−
𝑅a − 𝑅w

𝑅I

(

𝑑𝑚w
𝑑𝑡

− 𝑥w
𝑑𝑚
𝑑𝑡

)

−
𝑅a − 𝑅g

𝑅I

(𝑑𝑚g

𝑑𝑡
− 𝑥g

𝑑𝑚
𝑑𝑡

)

, (6a)

𝜌I𝑐v,I𝑉p
𝑑𝑇I
𝑑𝑡

= 𝑑𝛷
𝑑𝑡

− (𝑢w − 𝑢a)
(

𝑑𝑚w
𝑑𝑡

− 𝑥w
𝑑𝑚
𝑑𝑡

)

+ (𝑢g − 𝑢a)
(𝑑𝑚g

𝑑𝑡
− 𝑥g

𝑑𝑚
𝑑𝑡

)

− 𝑢I
𝑑𝑚
𝑑𝑡

. (6b)

Box I. 
Table 3.1
Additional assumptions on each balance of plant component. ✓: Considered, 
x: Neglected.
 Component Heat Condensation 
 transfer effect  
 Hydrogen tank x x  
 Recirculation x ✓  
 Anode humidifier x ✓  
 Anode gas channels ✓ ✓  
 Cathode gas channels ✓ ✓  
 Cathode humidifier x ✓  
 Air compressor x x  

3.2. Hydrogen tank

The hydrogen, that is stored into a pressurized tank, is modelled as 
a fixed volume chamber with one outlet. The chamber is considered 
thermally insulated and it is assumed that pure hydrogen is stocked 
(𝑥g = 1 holds, where 𝑔 = 𝐻2), thus the condensation effect is neglected 
and the hydrogen does not exchange heat with the environment. As a 
consequence, the hydrogen dynamics equations follow: 
𝑑𝑚t
𝑑𝑡

= −𝑚̇out,t , (16a)

𝑑𝛷t
𝑑𝑡

= −𝛷out,t . (16b)

Then, the pressure and temperature dynamics equations are defined 
as: 

𝜌I,t𝑉t

(𝑑𝑝I,t
𝑑𝑡

1
𝑝I,t

−
𝑑𝑇I,t
𝑑𝑡

1
𝑇I,t

)

=
𝑑𝑚t
𝑑𝑡

, (17a)

𝜌I,t𝑐v,I𝑉t
𝑑𝑇I,t
𝑑𝑡

=
𝑑𝛷t
𝑑𝑡

− 𝑢I
𝑑𝑚t
𝑑𝑡

. (17b)

The hydrogen flow is controlled by a valve, that is activated by 
a proportional control algorithm, ensuring that the pressure inside 
the anode networks is kept around a predefined reference value. The 
controller sets the valve opening as: 
𝑆des
v,t = 𝑘p,vt (𝑝I,r − 𝑝refanode), (18)

in which 𝑆des
v,t  is the desired cross-sectional area of the valve, 𝑘p,vt is the 

proportional control gain, 𝑝I,r is the pressure at the valve outlet and 
𝑝refanode is the anode network reference pressure. Thus, the outlet flow 
rate 𝑚̇out,t is defined as follows: 

𝑚̇out,t = 𝑘v,t𝐶d,t𝑆
des
v,t

√

2𝜌I,t (𝑝I,t − 𝑝I,r ), (19)

in which 𝐶d,t is the tank discharge coefficient and 𝑘v,t is a modulating 
coefficient defined as: 

𝑘v,t = tanh
(

𝑘′v,t
√

2𝜌I,t (𝑝I,t − 𝑝I,r )
)

, (20)

where 𝑘′v,t is an arbitrary coefficient. This correction to the outlet mass 
flow rate allows the flow to be modulated in such a way that, given 
the very high pressure difference, it can represent the physical effect of 
choking. To prevent a negative opening of the valve, 𝑆des

v,t  is saturated 
to a minimum positive threshold.
5 
3.3. Anode recirculation

Here, the hydrogen flow coming from the tank blends with the gas 
mixture exiting form the FC. The flow coming from the anode gas 
channel is driven by an ideal blower, that does not add or remove 
energy to the flow. The recirculation is modelled as a three inlet 
chamber that is thermally insulated. Thus, the gas dynamics equations 
are: 
𝑑𝑚r
𝑑𝑡

= 𝑚̇out,t + 𝑚̇out,a − 𝑚̇out,r − 𝑚̇cond,r , (21a)

𝑑𝛷r
𝑑𝑡

= 𝛷out,t +𝛷out,a −𝛷out,r −𝛷cond,r , (21b)

𝑑𝑚H2O,r

𝑑𝑡
= 𝑚̇H2O,out,a − 𝑚̇H2O,out,r − 𝑚̇cond,r , (21c)

𝑑𝑚H2 ,r

𝑑𝑡
= 𝑚̇out,t + 𝑚̇H2 ,out,a − 𝑚̇H2 ,out,r . (21d)

The outlet mass flow rate 𝑚̇out,r and the outlet energy flow rate 𝛷out,r

are defined as follows: 
𝑚̇out,r = 𝑘f ,r (𝑝I,r − 𝑝I,ha), (22a)

𝛷out,r = 𝑚̇out,r

(

ℎI +
1
2

( 𝑚̇out,r

𝜌I,r𝑆r

)2
)

, (22b)

where 𝑝I,ha is the anode humidifier pressure. 𝑚̇out,a, 𝑚̇H2 ,out,a, 𝑚̇H2O,out,a
and 𝛷out,a are the flow rates exiting the anode gas channels and driven 
from the ideal blower up to the recirculation chamber. The blower 
is controlled by a proportional law that define the desired flow rate 
𝑚̇ref
out,a according to the value of the current flowing into the FC (𝐼FC), 

as follows: 
𝑚̇out,a = 𝑚̇ref

out,a = 𝑘′p,r (𝑐r + 𝑘p,r𝐼FC), (23)

in which 𝑐r is an adding constant, 𝑘p,r and 𝑘′p,r are the control propor-
tional gains. The adding constant allows a minimum recirculation flow 
even at zero current. The dynamics of temperature and pressure are 
reported in Eqs. (24a) and (24b)(see Box  II).

3.4. Anode humidifier

The humidifier is modelled as a three inlet pipe, in which the 
water vapour is injected into the pipe flow through an ideal moisture 
source. The pipe is assumed insulated from the environment, thus the 
governing gas dynamics equations are: 
𝑑𝑚ha
𝑑𝑡

= 𝑚̇out,r + 𝑚̇inj,ha − 𝑚̇out,ha − 𝑚̇cond,ha, (25a)

𝑑𝛷ha
𝑑𝑡

= 𝛷out,r +𝛷inj,ha −𝛷out,ha −𝛷cond,ha, (25b)

𝑑𝑚H2O,ha

𝑑𝑡
= 𝑚̇H2O,out,r + 𝑚̇inj,ha − 𝑚̇H2O,out,ha − 𝑚̇cond,ha, (25c)

𝑑𝑚H2 ,ha = 𝑚̇ − 𝑚̇ . (25d)

𝑑𝑡 H2 ,out,r H2 ,out,ha
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𝜌I,r𝑉r

(𝑑𝑝I,r
𝑑𝑡

1
𝑝I,r

−
𝑑𝑇I,r
𝑑𝑡

1
𝑇I,r

)

=
𝑑𝑚r
𝑑𝑡

−
𝑅N2

− 𝑅H2O

𝑅I

(𝑑𝑚H2O,r

𝑑𝑡
− 𝑥H2O

𝑑𝑚r
𝑑𝑡

)

−
𝑅N2

− 𝑅H2

𝑅I

(𝑑𝑚H2 ,r

𝑑𝑡
− 𝑥H2

𝑑𝑚r
𝑑𝑡

)

, (24a)

𝜌I,r𝑐v,I𝑉r
𝑑𝑇I,r
𝑑𝑡

=
𝑑𝛷r
𝑑𝑡

− (𝑢H2O − 𝑢N2
)
(𝑑𝑚H2O,r

𝑑𝑡
− 𝑥H2O

𝑑𝑚r
𝑑𝑡

)

+ (𝑢H2
− 𝑢N2

)
(𝑑𝑚H2 ,r

𝑑𝑡
− 𝑥H2

𝑑𝑚r
𝑑𝑡

)

− 𝑢I
𝑑𝑚r
𝑑𝑡

. (24b)

Box II. 
𝜌I,ha𝑉ha

(𝑑𝑝I,ha
𝑑𝑡

1
𝑝I,ha

−
𝑑𝑇I,ha
𝑑𝑡

1
𝑇I,ha

)

=
𝑑𝑚ha
𝑑𝑡

−
𝑅N2

− 𝑅H2O

𝑅I

(𝑑𝑚H2O,ha

𝑑𝑡
− 𝑥H2O

𝑑𝑚ha
𝑑𝑡

)

−
𝑅N2

− 𝑅H2

𝑅I

(𝑑𝑚H2 ,ha

𝑑𝑡
− 𝑥H2

𝑑𝑚ha
𝑑𝑡

)

, (26a)

𝜌I,ha𝑐v,I𝑉ha
𝑑𝑇I,ha
𝑑𝑡

=
𝑑𝛷ha
𝑑𝑡

− (𝑢H2O − 𝑢N2
)
(𝑑𝑚H2O,ha

𝑑𝑡
− 𝑥H2O

𝑑𝑚ha
𝑑𝑡

)

+ (𝑢H2
− 𝑢N2

)
(𝑑𝑚H2 ,ha

𝑑𝑡
− 𝑥H2

𝑑𝑚ha
𝑑𝑡

)

− 𝑢I
𝑑𝑚ha
𝑑𝑡

. (26b)

Box III. 
Then, the pressure and temperature dynamics equations are re-
ported in Eqs. (26a) and (26b)(see Box  III). The outlet mass flow rate 
𝑚̇out,ha and the outlet energy flow rate 𝛷out,ha are evaluated through the 
following equations: 
𝑚̇out,ha = 𝑘f ,ha(𝑝I,ha − 𝑝I,a), (27a)

𝛷out,ha = 𝑚̇out,ha

(

ℎI +
1
2

( 𝑚̇out,ha

𝜌I,ha𝑆ha

)2
)

, (27b)

where 𝑝I,a is the anode gas channels pressure. The moisture source 
injects water vapour through a proportional control logic, that defines 
the reference injected water vapour flow rate 𝑚̇ref

inj,ha that allows to 
reach the relative humidity setpoint 𝑅𝐻set . As ideal conditions are 
considered, the reference flow rate is equal to the actual one, as follows:
𝑚̇inj,ha = 𝑚̇ref

inj,ha = 𝑘p,ha(𝑅𝐻set − 𝑅𝐻I,ha), (28)

where 𝑅𝐻I,ha is the measured relative humidity in the pipe and 𝑘p,ha is 
the proportional control gain. The energy of water vapour injected is: 
𝛷inj,ha = 𝑚̇inj,haℎH2O. (29)

The water specific enthalpy ℎH2O is evaluated at the temperature of 
the FC, since it is assumed that the water produced by the fuel cell is 
reused for the humidification.

In the simulations reported in Section 8, the relative humidity 
setpoint is fixed at 100% for both anode and cathode, reflecting the 
common design objective of delivering fully humidified reactants at 
the stack inlet and enabling the analysis of potential flooding condi-
tions. The model formulation, however, allows for arbitrary humidity 
setpoints by adjusting 𝑅𝐻set .

3.5. Air compressor

The air compressor is modelled using a 3D performance map that 
defines the air mass flow rate as a function of the compressor rotational 
speed and of the pressure ratio between outlet and inlet. The map 
can be replaced by any other compressor map expressed in the same 
variables, thus preserving the generality of the underlying formulation. 
The air flow rate is imposed through an ideal flow source that draws 
air from the environment and delivers it to a downstream chamber, 
in which gas dynamics is formulated. The outlet air temperature is 
computed from an energy balance based on mass flow rate, pressure 
ratio, and compressor isentropic efficiency, thereby accounting for the 
dominant temperature rise due to compression; additional thermal and 
6 
mechanical losses are assumed to have a second order effect within the 
operating range considered. Wall heat transfer, condensation effects, 
and mechanical heat dissipation are neglected. The rotational inertia 
of the compressor shaft, as well as surge and stall phenomena, are 
not explicitly modelled. All these effects are therefore considered as 
a simplifying assumption. Finally, a control algorithm regulates the 
compressor operating point in accordance with the fuel cell power 
request.

The gas mixture dynamics equations are formulated as follows: 
𝑑𝑚cp

𝑑𝑡
= 𝑚̇in,cp − 𝑚̇out,cp, (30a)

𝑑𝛷cp

𝑑𝑡
= 𝛷in,cp −𝛷out,cp, (30b)

𝑑𝑚H2O,cp

𝑑𝑡
= 𝑚̇H2O,in,cp − 𝑚̇H2O,out,cp, (30c)

𝑑𝑚O2 ,cp

𝑑𝑡
= 𝑚̇O2 ,in,cp − 𝑚̇O2 ,out,cp. (30d)

Subsequently, the pressure and temperature dynamics equations are 
retrieved, as shown in the Eqs. (31a) and (31b)(see Box  IV).

The outlet mass and energy flow rate are evaluated as follows: 

𝑚̇out,cp = 𝑘f ,cp(𝑝I,cp − 𝑝I,hc), (32a)

𝛷out,cp = 𝑚̇out,cp

(

ℎI +
1
2

( 𝑚̇out,cp

𝜌I,cp𝑆cp,out

)2
)

, (32b)

where 𝑝I,hc is the cathode humidifier pressure and 𝑆cp,out is the com-
pressor outlet cross-sectional area. 𝑚̇in,cp is evaluated exploiting the 
corrected mass flow rate 𝑚̇corr , as follows [37]: 

𝑚in,cp = 𝑚̇corr
𝑝in,cp
𝑝env

√

𝑇env
𝑇in,cp

, (33)

in which 𝑝in,cp and 𝑇in,cp are respectively the pressure and temperature 
at the compressor inlet, while 𝑝env and 𝑇env are environment pressure 
and temperature. 𝑚̇corr is retrieved by means of the compressor 3D map 
as a function of the ratio of pressure between outlet and inlet (𝑝ratio) 
and the reference rotational speed of the compressor (𝜔ref

cp ), defined by 
the compressor control. The compressor map has been constructed by 
defining a vector of pressure ratios 𝑝LUTratio = [𝑝1 𝑝2 𝑝3 𝑝4 𝑝5]𝑇  and a vector 
of compressor rotational speeds 𝜔LUT

cp = [𝜔1 𝜔2 𝜔3]. For each pair of 
points (𝑝𝑖, 𝜔𝑗 ) there is a corresponding value of corrected flow rate 𝑚ij, 
which is arranged in a 5 × 3 matrix, 𝑚̇LUT. The corrected mass flow 
corr
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𝜌I,cp𝑉cp

(𝑑𝑝I,cp
𝑑𝑡

1
𝑝I,cp

−
𝑑𝑇I,cp
𝑑𝑡

1
𝑇I,cp

)

=
𝑑𝑚cp

𝑑𝑡
−

𝑅N2
− 𝑅H2O

𝑅I

(𝑑𝑚H2O,cp

𝑑𝑡
− 𝑥H2O

𝑑𝑚cp

𝑑𝑡

)

−
𝑅N2

− 𝑅O2

𝑅I

(𝑑𝑚O2 ,cp

𝑑𝑡
− 𝑥O2

𝑑𝑚cp

𝑑𝑡

)

, (31a)

𝜌I,cp𝑐v,I𝑉cp
𝑑𝑇I,cp
𝑑𝑡

=
𝑑𝛷cp

𝑑𝑡
− (𝑢H2O − 𝑢N2

)
(𝑑𝑚H2O,cp

𝑑𝑡
− 𝑥H2O

𝑑𝑚cp

𝑑𝑡

)

+ (𝑢H2
− 𝑢N2

)
(𝑑𝑚O2 ,cp

𝑑𝑡
− 𝑥O2

𝑑𝑚cp

𝑑𝑡

)

− 𝑢I
𝑑𝑚cp

𝑑𝑡
. (31b)

Box IV. 
rate 𝑚̇corr is computed at each simulation step by means of a bilinear 
interpolation over the two vectors.

As the FC must always have an adequate supply of oxygen, a 
Proportional-Integral (PI) control law is implemented to ensure that 
the following reference air flow rate is always provided by the air 
compressor: 

𝑚̇ref
in,cp =

𝜆O2
𝑚̇ref
O2 ,cons

𝑥O2 ,env
, (34)

where 𝑥O2 ,env is the environmental oxygen mass fraction and 𝑚̇ref
O2 ,cons

is the oxygen rate of consumption, evaluated from the reference FC 
current 𝐼 refFC  (that is defined by the EMS) as follows [38]: 

𝑚̇ref
O2 ,cons

= 𝑁c𝑀O2

𝐼 refFC
4𝐹

, (35)

where 𝑁c is the number of cell in the FC, 𝑀O2
 is the oxygen molar 

mass, and 𝐹  is the Faraday’s constant. In Eq. (34) appears 𝜆O2
, the 

Oxygen Excess Ratio (OER), that is the ratio between the oxygen flow 
rate entering the cathode and the oxygen rate of consumption [39]. The 
output of the PI controller is the command that defines the reference 
rotational speed of the compressor 𝜔ref

cp  as follows: 

𝜔ref
cp = 𝜔cp,max𝑘P,cp

(

(𝑚̇ref
in,cp − 𝑚̇out,cp) + 𝑘I,cp ∫

𝑡

0
(𝑚̇ref

in,cp − 𝑚̇out,cp)𝑑𝑡
)

(36)

where 𝑘P,cp and 𝑘I,cp are respectively the proportional and integral 
control gain of the compressor control and 𝜔cp,max is the compressor 
maximum rotational velocity. Back to Eq. (30b), the term 𝛷in,cp is the 
compressor pipe inlet energy flow rate, defined as: 

𝛷in,cp = 𝑚̇in,cpℎT,in +𝛷work,cp, (37)

where 𝛷work,cp is power spent by the compressor, modelled as isen-
tropic [33]: 
𝛷work,cp = 𝑚̇in,cp(ℎT,in − ℎT,out ), (38)

where 

ℎT,in = ℎenv +
1
2

( 𝑚̇in,cp

𝜌env𝑆cp,in

)2
, (39a)

ℎT,out = ℎI +
1
2

( 𝑚̇out,cp

𝜌I,cp𝑆cp,out

)2
, (39b)

in which 𝑆cp,in is the compressor inlet cross-sectional area, ℎenv, 𝜌env
are respectively the specific enthalpy and density of air in environ-
mental conditions, and ℎT,in and ℎT,out are the total enthalpies at the 
compressor inlet and outlet, respectively.

3.6. Cathode humidifier

The cathode humidifier is modelled as a pipe with three inlets. 
Water vapour is introduced into the flow through a ideal moisture 
source. The pipe is considered to be thermally insulated, thus the 
dynamic equations of gas mixture are: 
𝑑𝑚hc = 𝑚̇ + 𝑚̇ − 𝑚̇ − 𝑚̇ , (40a)

𝑑𝑡 out,cp inj,hc out,hc cond,hc

7 
𝑑𝛷hc
𝑑𝑡

= 𝛷out,cp +𝛷inj,hc −𝛷out,hc −𝛷cond,hc, (40b)

𝑑𝑚H2O,hc

𝑑𝑡
= 𝑚̇H2O,out,cp + 𝑚̇inj,hc − 𝑚̇H2O,out,hc − 𝑚̇cond,hc, (40c)

𝑑𝑚O2 ,hc

𝑑𝑡
= 𝑚̇O2 ,out,cp − 𝑚̇O2 ,out,hc. (40d)

Subsequently, the pressure and temperature dynamics equations are 
retrieved in Eqs. (41a) and (41b)(see Box  V).

The outlet mass flow rate 𝑚̇out,hc and the outlet energy flow rate 
𝛷out,hc are calculated using the following equations: 

𝑚̇out,hc = 𝑘f ,hc(𝑝I,hc − 𝑝I,c), (42a)

𝛷out,hc = 𝑚̇out,hc

(

ℎI +
1
2

( 𝑚̇out,hc

𝜌I,hc𝑆hc

)2
)

, (42b)

where 𝑝I,c is the cathode gas channels pressure. This process is con-
trolled by a proportional control logic, which determines the desired 
mass flow rate of injected water vapour, 𝑚̇ref

inj,hc, needed to reach the 
desired relative humidity setpoint, 𝑅𝐻set . Thus, the actual injected flow 
rate is expressed as: 
𝑚̇inj,hc = 𝑚̇ref

inj,hc = 𝑘p,hc(𝑅𝐻set − 𝑅𝐻I,hc), (43)

in which 𝑅𝐻I,hc is the measured relative humidity in the pipe and 𝑘p,hc
is the proportional control gain. The energy of water vapour injected 
is: 
𝛷inj,hc = 𝑚̇inj,hcℎH2O. (44)

The specific enthalpy of water, ℎH2O, is calculated at the FC stack 
temperature, as the water generated by the stack is reused. The relative 
humidity setpoint is treated consistently with the anode side: in the 
simulations reported in Section 8, it is fixed at 100% to represent fully 
humidified reactants at the stack inlet.

3.7. Anode gas channels

The anode gas channels are modelled as a three inlet pipe system. 
The first inlet receives the gas mixture coming from the humidifier. A 
portion of this mixture diffuses through the MEA to take part in the 
electrochemical reactions. Then, the unused gases exit the pipe and 
recirculate back into the anode network. Both water condensation and 
heat exchange effects are considered.

The gas mixture dynamics equations are implemented as follows: 
𝑑𝑚a
𝑑𝑡

= 𝑚̇out,ha − 𝑚̇H2 ,cons − 𝑚̇H2O,m − 𝑚̇out,a − 𝑚̇cond,a, (45a)

𝑑𝛷a
𝑑𝑡

=𝛷out,ha −𝛷H2O,m −𝛷H2 ,cons −𝛷out,a

− 𝛷cond,a +𝑄cond,a +𝑄conv,a,
(45b)

𝑑𝑚H2O,a

𝑑𝑡
= 𝑚̇H2O,out,ha − 𝑚̇H2O,m − 𝑚̇H2O,out,a − 𝑚̇cond,a, (45c)

𝑑𝑚H2 ,a = 𝑚̇ − 𝑚̇ − 𝑚̇ . (45d)

𝑑𝑡 H2 ,out,ha H2 ,cons H2 ,out,a
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𝜌I,hc𝑉hc

(𝑑𝑝I,hc
𝑑𝑡

1
𝑝I,hc

−
𝑑𝑇I,hc
𝑑𝑡

1
𝑇I,hc

)

=
𝑑𝑚hc
𝑑𝑡

−
𝑅N2

− 𝑅H2O

𝑅I

(𝑑𝑚H2O,hc

𝑑𝑡
− 𝑥H2O

𝑑𝑚hc
𝑑𝑡

)

−
𝑅N2

− 𝑅O2

𝑅I

(𝑑𝑚O2 ,hc

𝑑𝑡
− 𝑥O2

𝑑𝑚hc
𝑑𝑡

)

, (41a)

𝜌I,hc𝑐v,I𝑉hc
𝑑𝑇I,hc
𝑑𝑡

=
𝑑𝛷hc
𝑑𝑡

− (𝑢H2O − 𝑢N2
)
(𝑑𝑚H2O,hc

𝑑𝑡
− 𝑥H2O

𝑑𝑚hc
𝑑𝑡

)

+ (𝑢O2
− 𝑢N2

)
(𝑑𝑚O2 ,hc

𝑑𝑡
− 𝑥O2

𝑑𝑚hc
𝑑𝑡

)

− 𝑢I
𝑑𝑚hc
𝑑𝑡

. (41b)

Box V. 
𝜌I,a𝑉a

(𝑑𝑝I,a
𝑑𝑡

1
𝑝I,a

−
𝑑𝑇I,a
𝑑𝑡

1
𝑇I,a

)

=
𝑑𝑚a
𝑑𝑡

−
𝑅N2

− 𝑅H2O

𝑅I

(𝑑𝑚H2O,a

𝑑𝑡
− 𝑥H2O

𝑑𝑚a
𝑑𝑡

)

−
𝑅N2

− 𝑅H2

𝑅I

(𝑑𝑚H2 ,a

𝑑𝑡
− 𝑥H2

𝑑𝑚a
𝑑𝑡

)

, (51a)

𝜌I,a𝑐v,I𝑉a
𝑑𝑇I,a
𝑑𝑡

=
𝑑𝛷a
𝑑𝑡

− (𝑢H2O − 𝑢N2
)
(𝑑𝑚H2O,a

𝑑𝑡
− 𝑥H2O

𝑑𝑚a
𝑑𝑡

)

+ (𝑢H2
− 𝑢N2

)
(𝑑𝑚H2 ,a

𝑑𝑡
− 𝑥H2

𝑑𝑚a
𝑑𝑡

)

− 𝑢I
𝑑𝑚a
𝑑𝑡

. (51b)

Box VI. 
In the mass balance Eq. (45a) appears the outlet mass flow rate 
𝑚̇out,a, that is defined by Eq. (23), and the mass flow rate of hydrogen 
and water that diffuse into the MEA, respectively 𝑚̇H2 ,cons and 𝑚̇H2O,m. 
𝑚̇H2 ,cons is calculated exploiting the Faraday’s law [38], that defines the 
hydrogen rate consumption, as follows: 

𝑚̇H2 ,cons = 𝑁c𝑀H2

𝐼FC
2𝐹

, (46)

where 𝑀H2
 is the hydrogen molar mass. The energy flow rate associated 

is evaluated as follows: 
𝛷H2 ,cons = 𝑚̇H2 ,consℎH2

. (47)

The hydrogen specific enthalpy, ℎH2
, is assessed at the pipe tem-

perature 𝑇I,a. While, 𝑚̇H2O,m is the output of the FC water management 
model and it is defined by Eq. (89). Thus, 𝛷H2O,m is defined as: 

𝛷H2O,m = 𝑚̇H2O,mℎH2O, (48)

where ℎH2O is evaluated either at the pipe temperature or at the FC 
stack temperature 𝑇FC according to the following formulation:

ℎH2O =
{

ℎH2O(𝑇I,a) if 𝑚̇H2O,m > 0
ℎH2O(𝑇FC) if 𝑚̇H2O,m < 0. (49)

Moreover, in Eq. (45b) is taken into account the heat exchange 
through the pipe wall. Both conductive and convective effects are 
considered, as follows: 

𝑄cond,a =
𝑘I𝑆surf ,a

𝐷h,a
(𝑇FC − 𝑇I,a), (50a)

𝑄conv,a = 𝑚̇avg,a𝑐p,avg(𝑇FC − 𝑇I,ha)

(

1 − e
−

ℎa𝑆surf ,a
𝑚̇avg,a𝑐p,avg

)

, (50b)

in which is assumed that the pipe wall temperature is equal to the 
FC stack temperature and that the temperature of the inlet flow rate 
is equal to the anode humidifier temperature. Then, the dynamics 
equations of pressure and temperature are reported in Eqs. (51a) and 
(51b)(see Box  VI).

It is worth noting that the volume of the gas channels is calculated 
by condensing all the channels (squared channels) present in each 
individual unit cell condensed into a single volume. Therefore, the 
volume of the FC anode is determined as follows: 
𝑉a = 𝑆a𝑙a = 𝑤2

ch,a𝑁ch,a𝑁c
√

𝐴c, (52)

where 𝑆a is the overall cross-sectional area of the anode gas channels, 
𝑤  and 𝑙  are the width and length of a single channel, respectively, 
ch,a a
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𝑁ch,a is the number of channels per unit cell, and 𝐴c is the FC unit cell 
area. Thereby, the surface area is: 

𝑆surf ,a = 4
(

𝑆a
𝐷h,a

)

𝑙a, (53)

in which 𝐷h,a is the anode gas channels hydraulic diameter.

3.8. Cathode gas channels

The cathode gas channels are modelled following the same approach 
adopted for the anode channels, accounting for gas exchange with the 
MEA. The outlet flow rates are regulated by a back-pressure relief valve 
that is responsible for venting out the unused oxygen and the water 
produced, as well as for maintaining the correct pressure in the cathode 
network. The cathode channel equations are the following: 
𝑑𝑚c
𝑑𝑡

=𝑚̇out,hc − 𝑚̇O2 ,cons + 𝑚̇H2O,m + 𝑚̇H2O,prod

− 𝑚̇out,c − 𝑚̇cond,c,
(54a)

𝑑𝛷c
𝑑𝑡

=𝛷out,hc −𝛷O2 ,cons +𝛷H2O,m +𝛷H2O,prod

− 𝛷out,c −𝛷cond,c +𝑄cond,c +𝑄conv,c,
(54b)

𝑑𝑚H2O,c

𝑑𝑡
= 𝑚̇H2O,out,hc + 𝑚̇H2O − 𝑚̇H2O,out,c − 𝑚̇cond,c, (54c)

𝑑𝑚O2 ,c

𝑑𝑡
= 𝑚̇O2 ,out,hc − 𝑚̇O2 ,cons − 𝑚̇O2 ,out,c. (54d)

The term 𝑚̇H2O,m represents the water exchanged with the MEA, 
and 𝑚̇H2O,prod consists in the water produced by the electrochemical 
reactions, that is evaluated using the Faraday’s law [38]: 

𝑚̇H2O,prod = 𝑁c𝑀H2O
𝐼FC
2𝐹

, (55)

where 𝑀H2O is the water molar mass. 𝑚̇H2O,m will be defined in Eq. (89), 
Similarly, the energy fluxes of the water are: 
𝛷H2O = 𝛷H2O,prod +𝛷H2O,m, (56a)

𝛷H2O,prod = 𝑚̇H2O,prodℎH2O, (56b)

𝛷H2O,m = 𝑚̇H2O,mℎH2O. (56c)

In Eq. (56b), ℎH2O is calculated at the FC stack temperature 𝑇FC, 
meanwhile in Eq. (56c) it depends on the flow direction, as follows: 

ℎH2O =
{

ℎH2O(𝑇FC) if 𝑚̇H2O,m > 0
ℎ (𝑇 ) if 𝑚̇  < 0. (57)

H2O I,c H2O,m
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𝜌I,c𝑉c

(𝑑𝑝I,c
𝑑𝑡

1
𝑝I,c

−
𝑑𝑇I,c
𝑑𝑡

1
𝑇I,c

)

=
𝑑𝑚c
𝑑𝑡

−
𝑅N2

− 𝑅H2O

𝑅I

(𝑑𝑚H2O,c

𝑑𝑡
− 𝑥H2O

𝑑𝑚c
𝑑𝑡

)

−
𝑅N2

− 𝑅O2

𝑅I

(𝑑𝑚O2 ,c

𝑑𝑡
− 𝑥O2

𝑑𝑚c
𝑑𝑡

)

, (64a)

𝜌I,c𝑐v,I𝑉c
𝑑𝑇I,c
𝑑𝑡

=
𝑑𝛷c
𝑑𝑡

− (𝑢H2O − 𝑢N2
)
(𝑑𝑚H2O,c

𝑑𝑡
− 𝑥H2O

𝑑𝑚c
𝑑𝑡

)

+ (𝑢O2
− 𝑢N2

)
(𝑑𝑚O2 ,c

𝑑𝑡
− 𝑥O2

𝑑𝑚c
𝑑𝑡

)

− 𝑢I
𝑑𝑚c
𝑑𝑡

. (64b)

Box VII. 
Moreover, 𝑚̇O2 ,cons is the oxygen rate of consumption, defined as: 

𝑚̇O2 ,cons = 𝑁c𝑀O2

𝐼FC
4𝐹

. (58)

The linked energy flow rate 𝛷O2 ,cons is: 

𝛷O2 ,cons = 𝑚̇O2 ,consℎO2
, (59)

where ℎO2
 is evaluated at the pipe temperature. As the cathode gas 

channels are directly connected to the cathode exhaust, i.e. the relief 
valve, the outlet flow rate 𝑚̇out,c is defined by the following equa-
tion [33]: 

𝑚̇out,c = 𝐶d,c𝑆
des
v,c

√

2𝜌I,c|𝑝I,c − 𝑝env|. (60)

where 𝐶d,c is the pipe discharge coefficient and 𝑆des
v,c  is desired the cross-

sectional area of the valve. The latter is controlled by a proportional 
control law that allows to maintain the pressure inside the cathode gas 
channels close to the reference pressure, as follows: 

𝑆des
v,c = 𝑘′p,c(𝑐c + 𝑘p,c(𝑝I,c − 𝑝refcathode)), (61)

in which 𝑐c is an adding constant, 𝑘p,c and 𝑘′p,c are the proportional 
control gains, and 𝑝refcathode is the anode network reference pressure. The 
linked outlet energy rate is: 

𝛷out,c = 𝑚̇out,c

(

ℎI +
1
2

( 𝑚̇out,c

𝜌I,c𝑆c

)2
)

. (62)

Furthermore, Eq. (54b) accounts also for the heat exchange through 
the pipe wall that is composed by both conductive and convective 
effects, as follows: 

𝑄cond,c =
𝑘I𝑆surf ,c

𝐷h,c
(𝑇FC − 𝑇I,c), (63a)

𝑄conv,c = 𝑚̇avg,c𝑐p,avg(𝑇FC − 𝑇I,hc)

(

1 − e
−

ℎc𝑆surf ,c
𝑚̇avg,c𝑐p,avg

)

, (63b)

where the pipe wall temperature is assumed equal to the FC stack 
temperature and that the temperature of the inlet flow rate is equal to 
the humidifier temperature. Then, the dynamics equations of pressure 
and temperature are reported in Eq.  (64)(see the equations in Box  VII). 
The volume of the cathode channels, 𝑉c, and its surface area, 𝑆surf ,c, are 
retrieved respectively by means of Eqs. (52) and (53).

3.9. Fuel cell stack

3.9.1. Electrochemistry
The FC is formed by a predefined number of cells, that are stack to-

gether to increase the overall output voltage. At each unit cell cathode 
the electrochemical reaction between hydrogen and oxygen occurs and 
a voltage is produced, that can be defined by the Nernst’s equation [7], 
as follows: 

𝐸 = 𝐸0 +
𝑅𝑇FC
2𝐹

ln

(

𝑎H2

√𝑎O2

𝑎

)

, (65)

H2O

9 
Fig. 3. Polarization curve of the PEMFC stack at nominal operating conditions, 
computed using the stack dimensioning adopted in the simulations (see Ap-
pendix  D, Table  D.1).

where 𝐸0 = 1.23 V is the open circuit voltage, 𝑅 is the universal gas 
constant and 𝑇FC is the stack temperature. 𝑎O2

 and 𝑎H2
 are, respectively, 

the oxygen and hydrogen activities, defined as follows: 
𝑎H2

= 𝑝H2
∕𝑝0, 𝑎O2

= 𝑝O2
∕𝑝0, (66)

where 𝑝H2
 and 𝑝O2

 are respectively the hydrogen and oxygen partial 
pressures inside the MEA and 𝑝0 is a reference pressure, i.e. environ-
ment pressure. 𝑝H2

 and 𝑝O2
 are computed as: 

𝑝H2
= 𝑦̄H2

𝑝̄an, 𝑝O2
= 𝑦̄O2

𝑝̄cat , (67)

in which: 

𝑦̄H2
=

𝑦H2 ,ha + 𝑦H2 ,a

2
, 𝑝̄an =

𝑝I,ha + 𝑝I,a
2

, (68a)

𝑦̄O2
=

𝑦O2 ,hc + 𝑦O2 ,c

2
, 𝑝̄cat =

𝑝I,hc + 𝑝I,c
2

, (68b)

where 𝑦H2 ,ha and 𝑦H2 ,a are respectively the hydrogen molar fraction in 
the anode humidifier and anode gas channels, and 𝑦O2 ,hc and 𝑦O2 ,c are 
respectively the oxygen molar fraction in the cathode humidifier and 
cathode gas channels. Instead, the water activity 𝑎H2O is evaluated as 
follows: 
𝑎H2O = 𝑝H2O∕𝑝s, (69)

in which 𝑝H2O is the partial pressure of the water and 𝑝s the water 
saturation pressure computed at the stack temperature [40]. 𝑝H2O is 
evaluated as: 
𝑝H2O = 𝑝I,c𝑦H2O,c, (70)

where 𝑦H2O,c is the water molar fraction in the cathode gas channels 
pipe.

Concerning the fuel cell voltage, different types of losses occur 
within the stack and contribute to the reduction of the overall output 
voltage. For clarity, the polarization curve of the simulated PEMFC 
stack is therefore presented in Fig.  3, computed using the same stack 
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dimensioning adopted in the simulations (see Appendix  D, Table  D.1). 
As commonly observed in PEMFC systems, the polarization curve high-
lights the progressive voltage drop as the stack current increases, 
reflecting the combined effects of activation, ohmic, and concentration 
losses [41]. The losses that are dominant at low current are the ac-
tivation losses. They are the result of the energy barrier required to 
overcome the activation of the electrochemical reactions [42]. These 
losses are described by the Tafel’s equation [43]: 

𝑉act =
𝑅𝑇FC
2𝛼𝐹

ln
(

𝑖FC
𝑖0

)

, (71)

where 𝑖FC is the FC current density, 𝛼 is the charge transfer coeffi-
cient, and 𝑖0 is the exchange current density. The value of 𝑖FC can be 
calculated as: 

𝑖FC =
𝐼FC
𝐴c

, (72)

where 𝐴c is the FC active area. As the Tafel’s equation is valid for 
current densities above the exchange current density 𝑖0, to avoid the 
non-physical divergence of the Tafel term as 𝑖FC → 0, we impose 
𝑉act = 0 whenever the current density is below 𝑖0. The concentration 
losses, that result from the reduction of reactant concentrations at the 
electrode sites, are relevant at high current density since the slow 
dynamics of the gas diffusion through the porous media at the electrode 
acts as a bottleneck to the reaction [40]. The concentration losses can 
be calculated as follows [44]: 

𝑉conc =
𝑅𝑇FC
2𝐹

ln
(

1 −
𝑖FC
𝑖L

)

, (73)

where 𝑖L is the maximum limiting current density. Other formula-
tions for concentration losses, including purely exponential or other 
semi-empirical models, could be adopted within the same framework 
depending on data availability and modelling objectives. The present 
parametrization has been selected to provide a good compromise be-
tween simplicity and accuracy for the reference PEMFC stack consid-
ered. Lastly, the ohmic losses takes into account all the resistance that 
arise in the MEA.

The ohmic losses can be defined as follows: 

𝑉ohm = 𝐼FC𝑅m, (74)

in which 𝑅m the resistance of the membrane, defined as the reciprocal 
of the FC active area times the integral over the membrane thickness 
𝑡m of the reciprocal of the conductivity [40], as follows: 

𝑅m = 1
𝐴c ∫

𝑡m

0

𝑑𝑚
𝜎(𝜆)

, (75)

where 𝑑𝑚 in the infinitesimal membrane thickness. The membrane 
conductivity 𝜎 is a function of the membrane water content 𝜆, which 
is defined as the ratio of water molecules to the sulphonated sites. 
The value of 𝜎 can be evaluated though an empirical equation [45] 
as follows: 

𝜎 = 𝜎30e
1268

(

1
303.15−

1
𝑇FC

)

, (76a)

𝜎30 =
{

0.005139𝜆 − 0.00326 if 𝜆 > 1
0.005139 − 0.00326 if 𝜆 < 1. (76b)

The membrane water content 𝜆 is calculated as the mean value 
between the water content at the anode catalyst layer (𝜆acl) and at the 
cathode catalyst layer (𝜆ccl): 

𝜆 =
𝜆acl + 𝜆ccl

2
(77)

Both 𝜆acl and 𝜆ccl are a function of, respectively, the water activity 
at the anode (𝑎H2O,acl) and cathode (𝑎H2O,ccl) catalyst layer. The general 
formula that relates the water content at the catalyst layer (CL) and the 
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water activity at the anode or cathode CL is defined as [46]: 

𝜆cl =

⎧

⎪

⎨

⎪

⎩

0.043 + 17.81𝑎H2O,cl
0.043 + 17.81𝑎H2O,cl − 39.85𝑎2H2O,cl

+ 36𝑎3H2O,cl
14.003 + 1.4(𝑎H2O,cl − 1)

if 𝑎H2O,cl < 0
if 0 ≤ 𝑎H2O,cl ≤ 1.
if 𝑎H2O,cl > 1

(78)

The water activities at the catalyst layers are calculated considering 
the molar concentration of water as follows: 

𝑎H2O,cl = 𝑦H2O,cl
𝑝
𝑝s
, (79)

where 𝑝 is either 𝑝I,a or 𝑝I,c, and 𝑦H2O,cl is either the water molar 
fraction at the anode or cathode catalyst layer. Water molar fractions 
are derived using Fick’s law for diffusion in porous media. Assuming 
a constant concentration gradient and solving for the water molar 
fraction, the formulation becomes [47]: 

𝑦H2O,cl = 𝑦H2O −
𝑚̇H2O,gdl𝑡gdl𝑅𝑇FC
𝑝𝐷H2O,gdl𝑀H2O

, (80)

where 𝑦H2O is the water molar fraction either in the anode or cathode 
gas channels, 𝑡gdl is the thickness of the gas diffusion layer, 𝐷H2O,gdl
is the water diffusivity at the gas diffusion layer, and 𝑚̇H2O,gdl is the 
water flow rate that diffuses into the gas diffusion layer. Concerning the 
latter variable, on the anode side it equals to the water flow through 
the membrane (Eq. (89)), while on the cathode side it is defined as the 
sum of the water flow through the membrane, 𝑚̇H2O,m, and the water 
produced, 𝑚̇H2O,prod: 

𝑚̇H2O,gdl =
{

𝑚̇H2O,m anode
−(𝑚̇H2O,m + 𝑚̇H2O,prod) cathode. (81)

Then, the output voltage of the FC stack is given by: 

𝑉FC = 𝑁c(𝐸 − 𝑉act − 𝑉conc − 𝑉ohm). (82)

It worth noticing that additional ohmic losses associated with the 
electrodes, bipolar plates, and interfacial contact resistances may be 
considered by condensing into an equivalent constant resistance placed 
after the fuel cell stack.

3.9.2. Water management model
It is well known that evaluating the water content inside the mem-

brane is crucial for a better understanding of the FC behaviour [45]. All 
the physical phenomena that affect the water transport are considered: 
the electro-osmotic drag, the back-diffusion transport, and pressure gra-
dient transport [46]. The electro-osmotic drag accounts for the water 
molecules transported due to hydrogen protons drag, which molar flux 
is defined as: 

𝑁osm = 𝑛d
𝑖FC
𝐹

, (83)

where 𝑛d is the electro-osmotic drag coefficient, defined as follows: 

𝑛d =
{

0.0029𝜆2acl + 0.05𝜆acl if 𝜆acl ≥ 0
0.05𝜆acl if 𝜆acl < 0, (84)

where 𝜆acl is evaluated by means of Eq. (78). The back-diffusion trans-
port arises from differences in water concentrations at anode and 
cathode catalyst layers. This gradient is due to differences in humidity 
in anode and cathode [48]. As a result, a water flux arises to balance 
the concentrations. It is defined as follows [16]: 

𝑁dif f =
𝐷H2O,dif f

𝑡m

(

𝐶H2O,acl − 𝐶H2O,ccl

)

, (85)

where 𝐷H2O,dif f  is the water back-diffusion coefficient, 𝐶H2O,acl and 
𝐶  are respectively the water concentration at anode and cathode 
H2O,ccl
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catalyst layer. The water concentration either at anode or cathode 
catalyst layer can be defined as follows: 

𝐶H2O,cl =
𝜌m,dry

𝑀m,dry
𝜆cl, (86)

where 𝜌m,dry is the dry membrane density and 𝑀m,dry is the membrane 
molar mass. The water content at anode and cathode catalyst layer are 
calculated with Eq. (78). Whereas, the water back-diffusion coefficient 
is defined as [46]: 

𝐷H2O,dif f = 1.25 ⋅ 10−6e
2416

(

1
303.15−

1
𝑇FC

)

. (87)

When the pressure of anode and cathode are not equal, a water flow 
arises due to the pressure gradient. The resultant molar flow rate is 
defined exploiting the Darcy’s law [40]: 

𝑁hydr =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑝I,a𝐾d
(𝑝I,a−𝑝I,c)𝑦H2O,acl
𝑅𝑇FC𝜇H2O𝑡m

if 𝑝I,a > 𝑝I,c

𝑝I,c𝐾d
(𝑝I,a−𝑝I,c)𝑦H2O,ccl
𝑅𝑇FC𝜇H2O𝑡m

if 𝑝I,a < 𝑝I,c
(88)

in which 𝐾d is the Darcy’s constant, equal to 1,58 ⋅ 10−14 cm2, and 𝜇H2O
is the dynamic viscosity of water calculated at FC stack temperature. 
Therefore, the overall water flow through the membrane is: 
𝑚̇H2O,m = 𝑀H2O𝐴c𝑁c(𝑁osm +𝑁dif f +𝑁hydr ). (89)

3.9.3. Fuel cell efficiency
The FC efficiency can be defined as: 

𝜂FC =
𝑃el
𝑃H2

, (90)

where 𝑃el is the electrical power output of the FC and 𝑃H2
 is the 

chemical power of the consumed hydrogen. The output power can be 
defined as follows: 
𝑃el = 𝑉FC𝐼FC. (91)

The hydrogen power can be defined exploiting either the Higher 
Heating Value (HHV) or the Lower Heating Value (LHV). Taking into 
account the 𝐻𝐻𝑉 , 𝑃H2

 is defined as: 

𝑃H2
=

𝑚̇H2 ,cons𝐻𝐻𝑉
𝑀H2

. (92)

By substituting the definition of 𝑚̇H2 ,cons (see Eq. (46)), the efficiency 
becomes: 

𝜂FC =
𝑉FC2𝐹
𝐻𝐻𝑉

. (93)

In a rigorous sense, Eq. (93) refers to the thermal efficiency of the 
FC, meaning that this efficiency only accounts for the losses inside 
the FC. If a broader perspective is to be taken, and thus the overall 
system efficiency is to be evaluated, the energy consumed by the BoP 
components must also be considered.

3.9.4. Fuel cell thermodynamics
The FC is characterized by the following power balance [40]: 

∑

i
(𝛷𝑖)in =

∑

i
(𝛷𝑖)out + 𝑃el +𝑄gen. (94)

As inputs, there are the inlet energy flow rates of the hydrogen, 
oxygen and water vapour (∑i(𝛷𝑖)in), while as output there are the 
gas energy flow rates exiting the FC (∑i(𝛷𝑖)out), the electrical power 
produced (𝑃el), and the heat generated (𝑄gen). The difference between 
the inlet and outlet gas flow rates is essentially the power associated to 
the reactants and products of the electrochemical reaction, as follows: 
∑

(𝛷𝑖)in −
∑

(𝛷𝑖)out = 𝛷H2
+𝛷O2

−𝛷H2O. (95)

i i
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where: 
𝛷H2

= 𝑚̇H2 ,cons𝐿𝐻𝑉 , (96a)

𝛷O2
= 𝑚̇O2 ,cons(ℎO2

− ℎO2 ,std), (96b)

𝛷H2O = 𝑚̇H2O,prod(ℎH2O − ℎH2O,std). (96c)

The specific enthalpies ℎO2
 and ℎH2O are evaluated at the FC stack 

temperature, while ℎO2 ,std and ℎH2O,std are the specific enthalpies at 
standard condition. Whereas, for hydrogen is considered the 𝐿𝐻𝑉 . 
𝑃el is defined by Eq. (91), thus, from Eq. (94) can be retrieved the 
heat produced 𝑄gen. Subsequently, the FC stack temperature 𝑇FC can 
be evaluated with the following differential equation: 

𝑇̇FC =
𝑄gen −𝑄cc

𝑐p,m𝜌m𝑉m
, (97)

in which 𝑄cc is the heat dissipated by the cooling system, 𝑐p,m, 𝜌m and 
𝑉m are respectively the overall specific heat, density and volume of the 
membrane electrode assembly.

3.10. Cooling system

The cooling system is composed by: FC coolant channels, coolant 
tank, radiator and coolant pump. The pump extracts the appropriate 
amount of fluid from the coolant tank and puts it into circulation. The 
heat is extracted by the coolant into the FC coolant channels and then 
exchanged through the radiator. Water is considered as coolant.

3.10.1. Fuel cell cooling channels
This component is modelled as a two-inlet pipe with the following 

assumptions: (i) rigid pipe wall, (ii) compressible liquid, (iii) liquid 
inertia negligible, (iv) viscous friction negligible, (v) gravity effects 
negligible. As the dynamic compressibility of the coolant is considered, 
the mass and energy conservation equations in the pipe are [33]: 

𝑉cc𝜌I,cc

(

1
𝛽
𝑑𝑝I,cc
𝑑𝑡

− 𝛼T
𝑑𝑇I,cc
𝑑𝑡

)

= 𝑚̇in,cc − 𝑚̇out,cc, (98a)

𝑉cc
𝑑(𝜌I,cc𝑢I,cc)

𝑑𝑡
= 𝛷in,cc −𝛷out,cc +𝑄cc, (98b)

where 𝑝I,cc, 𝑇I,cc, 𝜌I,cc 𝑢I,cc are respectively the coolant pressure, tem-
perature, density and internal energy in the channels, 𝑉cc is the pipe 
volume, 𝛼T is the coolant isobaric thermal expansion coefficient, and 𝛽
is the isothermal bulk modulus. The outlet flow rate 𝑚̇out,cc and outlet 
energy flow rate 𝛷out,cc are defined respectively as: 

𝑚̇out,cc = 𝑘f ,cc(𝑝I,cc − 𝑝I,ct ), (99a)

𝛷out,cc = 𝑚̇out,ccℎI,cc, (99b)

in which 𝑘f ,cc is the coolant channels outlet flow constant, ℎI,cc is the 
coolant channels specific internal energy, and 𝑝I,ct is the coolant tank 
internal pressure. Similarly, the inlet mass and energy flow rates are 
evaluated as: 
𝑚̇in,cc = 𝑚̇out,rad = 𝑘f ,rad(𝑝I,rad − 𝑝I,cc), (100a)

𝛷in,cc = 𝛷out,rad = 𝑚̇out,radℎI,rad, (100b)

where 𝑘f ,rad is the radiator outlet flow constant, ℎI,rad is the radiator 
specific internal energy, and 𝑝I,rad is the radiator internal pressure. 
Then, the heat exchanged through the pipe walls, 𝑄cc, is modelled 
taking into account both conductive and convective contributions, as 
follows: 
𝑄 = 𝑄 +𝑄 , (101)
cc cd,cc cv,cc
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in which 𝑄cv,cc and 𝑄cd,cc are: 

𝑄cd,cc =
𝑘I,cc𝑆surf ,cc

𝐷h,cc
(𝑇FC − 𝑇I,cc), (102a)

𝑄cv,cc = 𝑚̇avg,cc𝑐p,avg,cc(𝑇FC − 𝑇I,rad)

(

1 − e
−

ℎcc𝑆surf ,cc
𝑚̇avg,cc𝑐p,avg,cc

)

, (102b)

where the pipe wall temperature is equal to FC stack temperature and 
the temperature of inlet flow is equal to the radiator internal temper-
ature. The total volume is calculated considering that the FC coolant 
channels consist of a single square channel that passes through the FC 
multiple times, forming multiple layers. Therefore, it is determined as 
follows: 

𝑉cc = 𝑆cc𝑙cc = 𝑤2
cc𝑁l,cc𝑁p,cc

√

𝐴c, (103)

where 𝑆cc is the overall cross-sectional area of the coolant channels, 
𝑤cc and 𝑙cc are the width and length of a single channel, 𝑁l,cc is the 
number of layers in stack and 𝑁p,cc is the number of passes per layer. 
Consequently, is also evaluated the surface area 𝑆surf ,cc: 

𝑆surf ,cc = 4
(

𝑆cc
𝐷h,cc

)

𝑙cc, (104)

in which 𝐷h,cc is the hydraulic diameter of the coolant channels.

3.10.2. Coolant pump
The coolant pump is modelled as an ideal pump that provides the 

reference mass flow rate defined by a control algorithm. The work spent 
by the pump is considered isentropic and it is added to the coolant 
energy flow [33]: 

𝛷work,p =
𝑚̇ref
p (𝑝I,rad − 𝑝I,ct )

𝜌avg,p
, (105)

in which 𝜌avg is the mean density between inlet and outlet: 

𝜌avg,p =
𝜌I,rad + 𝜌I,ct

2
, (106)

where 𝜌I,rad and 𝜌I,ct are respectively the coolant density in the radiator 
and in the coolant tank. While, 𝑚̇ref

p  is the flow rate imposed by 
the control algorithm. Indeed, the pump command is created by a 
proportional-integrative control logic that acts on the tracking error of 
the FC temperature and a temperature of reference: 

𝑚̇ref
p = 𝑘P,p

(

(𝑇 ref
FC − 𝑇FC) + 𝑘I,p ∫

𝑡

0
(𝑇 ref

FC − 𝑇FC)𝑑𝑡
)

. (107)

𝑘P,p and 𝑘I,p are the proportional and integral gain of the
proportional-integrative controller and 𝑇 ref

FC  is the FC reference temper-
ature.

3.10.3. Coolant tank
The coolant tank is modelled as a variable volume chamber with one 

outlet. One side is free to move without any load, so internal pressure 
is constant and equal to the environment pressure. The following 
assumption are made: (i) liquid compressibility negligible, (ii) rigid 
chamber, (iii) heat exchange negligible, (iv) resistances negligible.

Thus, the mass conservation is defined as [33]: 

𝑚̇ct = 𝜌I,ct𝑆ct𝑣ct , (108)

where 𝑣ct is the translational velocity of the free-moving side and 𝑆ct
is the cross-sectional area of the chamber. The sign of 𝑣ct sets the flow 
direction, a positive sign means that the flow enters into the chamber. 
Specifically, 𝑚̇ct is calculated as: 

𝑚̇ = 𝑚̇ − 𝑚̇ref . (109)
ct out,cc p
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Then, the energy conservation equation is defined as [33]: 

𝑉ct
𝑑(𝜌I,ct𝑢I,ct )

𝑑𝑡
= 𝛷ct − 𝑝I,ct𝑆ct𝑣ct , (110)

in which 𝑢I,ch in the coolant internal energy, 𝑉I,ch is the tank volume. 
As the chamber has a free moving side, 𝑝ch is equal to 𝑝env. The energy 
flow rate 𝛷ct is defined according to the flow direction, as follows: 

𝛷ct =
{

𝑚̇ctℎ(𝑃I,ct , 𝑇I,cc) if 𝑚̇ct > 0
𝑚̇ctℎ(𝑃I,ct , 𝑇I,ct ) if 𝑚̇ct < 0. (111)

3.11. Radiator

The radiator is modelled as a two inlet pipe exploiting the same 
assumption of the FC coolant channels.

Geometrically, it is modelled as a finned tube radiator, while the 
mass and energy conservation equations are defined as follows: 

𝑉rad𝜌I,rad

(

1
𝛽
𝑑𝑝I,rad
𝑑𝑡

− 𝛼T
𝑑𝑇I,rad
𝑑𝑡

)

= 𝑚̇in,rad − 𝑚̇out,rad, (112a)

𝑉rad
𝑑(𝜌I,rad𝑢I,rad)

𝑑𝑡
= 𝛷in,rad −𝛷out,rad +𝑄rad. (112b)

The outlet flow rate 𝑚̇out,rad and outlet energy flow rate 𝛷out,rad are 
respectively defined in Eqs. (100a) and (100b). The inlet mass and 
energy flow rates are evaluated as: 

𝑚̇in,rad = 𝑚̇ref
p , (113a)

𝛷in,rad = 𝛷work,p +𝛷out,cc −𝛷cv. (113b)

The total heat exchanged through the pipe walls is evaluated as: 

𝑄rad = 𝑄cd,rad +𝑄cv,rad, (114a)

𝑄cd,rad =
𝑘I,rad𝑆surf ,rad

𝐷h,rad
(𝑇w,rad − 𝑇I,rad), (114b)

𝑄cv,rad = 𝑚̇avg,rad𝑐p,avg,rad(𝑇w,rad − 𝑇I,cc)

(

1 − e
−

ℎrad𝑆surf ,rad
𝑚̇avg,rad𝑐p,avg,rad

)

, (114c)

A portion of this heat is absorbed by the radiator itself, causing 
its temperature to increase, while the remainder is dissipated into the 
environment. The heat exchanged with the environment is modelled as 
convective through the following equation [35]: 

𝑄env = 𝑘rad𝐴rad(𝑇w,rad − 𝑇env) (115)

where 𝑘rad is the radiator convective heat transfer coefficient, 𝐴rad is 
the radiator active surface area, and 𝑇w,rad is the pipe wall temperature, 
which is calculated as follows: 

𝑇̇w,rad =
𝑄rad −𝑄env
𝑐p,rad𝑚rad

, (116)

where 𝑐p,rad and 𝑚rad are the specific heat and mass of the radiator.
The numerical values of all PEMFC system parameters used in the 

simulations (e.g. active area, membrane thickness, compressor map 
coefficients, coolant flow rates) are reported in Appendix  D (Table  D.1).

4. Battery

Concerning the Li-ion battery, four types of battery models are 
reported in literature [49–51]:

• Table-based models: they employ tabulated relations between vari-
ables, such as open circuit voltage as function of the state of charge. 
Their accuracy is limited and strictly related to the battery chosen;
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• Electrochemical models: they describe the battery behaviour con-
sidering the electrochemical processes. They are accurate but re-
quire high computational burden resulting not suitable for real-time 
applications;

• Equivalent circuit models: they model the electrical behaviour of the 
battery by means of voltage sources, resistors and capacitors. There 
exist many different models, which accuracy depends of the level of 
fidelity adopted;

• Data-driven models: they rely on algorithm of machine learning to 
model batteries. They can be very accurate, especially in capturing 
not analytically defined behaviour, while require high computa-
tional burden.

As the presented work relies on analytical equations, the equivalent 
circuit strategy is employed. Moreover, this approach requires few 
information about the battery chosen, such as discharge characteristic. 
The battery model encompasses a controlled voltage source with a 
series resistor. The voltage source represents the open circuit voltage 
(OCV) as a function of state of charge (SOC), while the resistor models 
the internal resistance. The model assumption are: (i) constant internal 
resistance, (ii) same parameters for both charging and discharging, (iii) 
no Peukert effect, (iv) no thermal effect, (v) no self discharge effect, (vi) 
no aging effect. The discharge equation is the following [52]: 

𝑉bat = 𝑉0 −𝐾
𝑄max

𝑄max − 𝑖𝑡
𝐼∗ −𝐾

𝑄max
𝑄max − 𝑖𝑡

𝑖𝑡

+ 𝐴𝑒(−𝐵⋅𝑖𝑡) − 𝑅int𝐼bat ,
(117)

and the charge equation is: 

𝑉bat = 𝑉0 −𝐾
𝑄max

𝑖𝑡 + 0.1𝑄max
𝐼∗ −𝐾

𝑄max
𝑄max − 𝑖𝑡

𝑖𝑡

+ 0.1𝑄max𝐼
∗ + 𝐴𝑒(−𝐵⋅𝑖𝑡) − 𝑅int𝐼bat ,

(118)

where, 𝑉bat is the battery output voltage, 𝐴 is the exponential zone 
amplitude, 𝐵 is the exponential zone inverse time constant, 𝐾 is the 
polarization constant, 𝑅int is the internal resistance, 𝑄max is the max-
imum battery capacity, 𝑖𝑡 is the extracted capacity, 𝐼batt is the battery 
current, and 𝐼∗ is the filtered battery current. 𝑉0 is a constant voltage 
defined by the equation: 
𝑉full = 𝑉0 − 𝑅int𝐼bat,nom + 𝐴, (119)

where 𝐼bat,nom is the nominal battery current and 𝑉full is the fully 
charged voltage. Since the open circuit voltage generally varies non-
linearly with the SOC, this effect is taken into account in Eq. (117) 
through the polarization voltage term 𝐾𝑄max∕(𝑄max − 𝑖𝑡)𝑖𝑡. Instead, the 
polarization resistance effect is represented by the term 𝐾𝑄max∕(𝑄max−
𝑖𝑡)𝐼∗ [53]. The same formulation is extended to the charging phase. The 
parameters 𝐴 and 𝐵 are retrieved as follows [54]: 
𝐴 = 𝑉full − 𝑉exp 𝐵 = 3∕𝑄exp, (120)

in which 𝑉exp and 𝑄exp are respectively the voltage and the capacity 
corresponding to the end of the exponential zone of the battery char-
acteristics. The value of 𝐾 is evaluated through the equation [52]: 

𝑉exp =𝑉0 −𝐾
𝑄max

𝑄max −𝑄exp
(𝑄exp + 𝐼bat,nom)

− 𝑅int𝐼bat,nom + 𝐴𝑒−3𝑄exp∕𝑄exp ,
(121)

It is worth noting that 𝑉full, 𝑉exp, 𝑄exp and 𝑄max are retrieved from 
the battery characteristics at nominal current.

The state of charge of the battery is defined as the ratio of the 
remaining capacity to the total capacity [55]: 

𝑆𝑂𝐶 = 100

(

1 −
𝜆d ∫ 𝐼bat𝑑𝑡

𝑄max

)

, (122)

where ∫ 𝐼bat𝑑𝑡 is the extracted capacity and 𝜆d is the discharge ef-
ficiency, that accounts for the non-ideality of the battery charging/
discharging. It is assumed to be equal for both discharge and charge.
13 
All battery parameters, including nominal capacity, open-circuit 
voltage coefficients and internal resistance values, are listed in Table 
D.1.

5. Electric motor

The electric motor chosen for the proposed model is a brushed 
DC motor, due to its simplicity and the easiness in speed and torque 
control [56].

5.1. Electromechanical model

The electrical circuit equation is [57]: 

𝑉a = 𝑅ar𝐼a + 𝐿a
𝑑𝐼a
𝑑𝑡

+ 𝐸a, (123)

where 𝑉a and 𝐼a are respectively the armature voltage and current, 𝑅ar
and 𝐿a are respectively the armature resistance and inductance and 𝐸a
is the back-emf created by the rotor windings. The rotor mechanical 
dynamics follows: 

𝑇e = 𝐽m
𝑑𝜔m
𝑑𝑡

+ 𝐵m𝜔m + 𝑇L, (124)

where 𝑇e is the motor torque, 𝐽m is the rotor inertia, 𝜔m is rotor angular 
speed, 𝐵m is the viscous friction coefficient, and 𝑇L is the load torque. 
An important relation that links the electrical and the mechanical 
domains is the proportionality between the motor torque and current: 

𝑇e = 𝑘t𝐼a, (125)

and between the back-emf and the rotational speed: 

𝐸a = 𝑘e𝜔m. (126)

In particular, the motor constant are supposed equal to each other 
𝑘t = 𝑘e = 𝑘m [58]. Given that the powertrain is tested under the load 
cycle representative of a Venetian lagoon Vaporetto, it is assumed that 
a propeller is mechanically coupled to the motor shaft. Consequently, 
the load torque 𝑇L is expressed as a quadratic function of the motor 
angular speed 𝜔m, according to: 

𝑇L = 𝑎𝜔2
m + 𝑏𝜔m, (127)

where motor and propeller are assumed to rotate at the same speed. The 
coefficients 𝑎 and 𝑏 are derived from proprietary propeller data supplied 
by the manufacturer; for confidentiality reasons, their numerical values 
are not disclosed, although the exact relation has been implemented in 
the simulations.

5.2. Electric motor control

As the DC motor converts electrical energy into mechanical torque, 
a torque control is necessary for monitoring the motor behaviour. 
However, due to high cost of torque sensor, it is always preferable to 
exploit the direct proportionality to the current (see Eq. (125)) [58]. 
Similarly, it is crucial to keep a control on the rotational speed of 
the motor. Consequently, it is chosen a control strategy that exploits 
two cascade feedback controllers: an outer loop (speed control) that is 
responsible for maintaining the reference motor speed by defining the 
reference command for the inner loop (current control), which defines 
the reference armature voltage to satisfy the torque demand. The 
control laws of the current and speed are, respectively, the following: 

𝐼 refa = 1
𝑘m

(𝐾pc(𝜔ref
m − 𝜔m) + 𝐾ic ∫

𝑡

0
(𝜔ref

m − 𝜔m)𝑑𝑡), (128a)

𝑉 ref
a = 𝐸a + (𝐾ps(𝐼 refa − 𝐼a) + 𝐾is

𝑡
(𝐼 refa − 𝐼a)𝑑𝑡). (128b)
∫0
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The term 𝐸a is added as feed-forward action. The reference voltage 
is then fed to the Buck-Boost converter, that is responsible for maintain-
ing this voltage to the motor terminals. Indeed, the duty cycle of the 
converter is defined by a control logic that exploits 𝑉a,ref  as reference 
(see Section 6.2). Focusing on the current control loop, the zero pole 
cancellation technique is adopted for tuning the controller gains. The 
gains are defined as follow [58]: 
𝐾pc = 𝐿a𝜔cc, 𝐾ic = 𝑅a𝜔cc, (129)

where 𝜔cc is the crossover frequency. It must be chosen performing a 
trade off between stability and response time [59]. The output of the 
current controller, that is the reference voltage 𝑉 ref

a , must always be 
a feasible value, thus, it is inserted a saturation and consequently an 
anti-windup controller which avoids the integral windup. The gain of 
the anti-windup controller is selected as 𝐾aw,c = 1∕𝐾pc [60]. Regarding 
the speed controller, the same procedure is carried on, and the gain 
coefficients are defined as follows: 
𝐾ps = 5𝐽m, 𝐾is = 𝐽m𝜔cs, (130)

in which 𝜔cs is the crossover frequency of the speed control loop. 
To prevent the inner control loop from influencing the outer control 
loop., 𝜔cs is chosen five times smaller than 𝜔cc [58]. Analogously, an 
anti-windup controller is also implemented in the speed controller, as 
is imposed a saturation on the armature current. The gain chosen is 
𝐾aw,s = 1∕𝐾ps.

E-motor, control and drivetrain parameters are summarized in Table 
D.1.

6. Power conditioning

A DC bus model is employed to accurately represent the link among 
the driveline components. A parallel configuration between fuel cell 
and battery is adopted. A boost converter interfaces the fuel cell stack 
with the DC bus, while a buck–boost converter connects the DC bus 
to the electric motor. A non-zero resistance is assumed for the wiring, 
while inductive effects are considered negligible. Based on these as-
sumptions, the governing electrical equations are formulated.

6.1. Boost converter

The converter exploits a pulse-width modulation technique (PWM) 
and operates in continuous conduction mode (CCM). These assumptions 
allows to define the output voltage 𝑉out,b and the output current 𝐼out,b
as function of the duty cycle 𝐷b as follow [61]: 

𝑉out,b =
𝑉in,b

(1 −𝐷b)
, (131)

𝐼out,b = 𝐼in,b(1 −𝐷b), (132)

where 𝑉in,b is the input voltage and 𝐼in,b is the input current, i.e. the FC 
voltage 𝑉FC and current 𝐼FC respectively. The proposed model accounts 
for the dynamics of the capacitor and the inductor. Thus, the equations 
considered follows: 
𝐿b𝐼̇in,b = −(1 −𝐷b)𝑉out,b + 𝑉in,b, (133a)

𝐶b𝑉̇out,b = (1 −𝐷b)𝐼in,b − 𝐼out,b, (133b)

where 𝐿b is the input inductance and 𝐶b is the output capacitance. 
Their values are selected so that the continue conduction mode is 
ensured and the voltage-current ripples are well adsorbed. Thus, the 
following expressions are adopted [61]: 

𝐿b =
𝑉 n
out,b(1 −𝐷n

b)𝐷
n
b

𝛥𝐼L,b𝑓s,b
, 𝐶b =

𝐼nout,b𝐷
n
b

𝑓s,b𝛥𝑉out,b
, (134)

in which 𝑓s,b is the switching frequency, 𝛥𝐼L,b is the maximum inductor 
current ripple, 𝛥𝑉  is the maximum output voltage ripples, 𝑉 n , 
out,b out,b
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𝐼nout,b and 𝐷n
b are respectively the output voltage, current and duty 

cycle in nominal condition. A current control provides the correct duty 
cycle value in order to track the FC reference current 𝐼 refFC , defined by 
the energy management system. A proportional–integral controller is 
employed, as follows: 

𝐷b = 𝐾P,b(𝐼 refFC − 𝐼FC) +𝐾I,b ∫

𝑡

0
(𝐼 refFC − 𝐼FC)𝑑𝑡, (135)

in which 𝐼FC = 𝐼in,b, 𝐾P,b and 𝐾I,b are respectively the proportional and 
integral control gains.

6.2. Buck-Boost converter

On the motor branch in modelled a Buck-Boost converter, adopting 
the inverting configuration. The converter is designed to work in CCM 
and it exploit a PWM technique. The conversion laws are: 

𝑉out,bb =
𝐷bb

(1 −𝐷bb)
𝑉in,bb, (136)

𝐼out,bb =
(1 −𝐷bb)

𝐷bb
𝐼in,bb, (137)

where 𝐷bb is the duty cycle, 𝑉in,bb and 𝐼in,bb are respectively the input 
voltage and current, 𝑉out,bb and 𝐼out,bb are respectively the output volt-
age and current. The dynamics equations of inductor and capacitor are 
implemented as follows: 
𝐿bb𝐼̇L,bb = −(1 −𝐷bb)𝑉out,bb + 𝑉in,bb𝐷bb, (138a)

𝐶bb𝑉̇out,bb = (1 −𝐷bb)𝐼L,bb − 𝐼out,bb, (138b)

where 𝐿bb is the input inductance, 𝐶bb is the output capacitance, and 
𝐼L,bb is the current flowing through the inductor. The value of the 
capacitance and the inductance are chosen according to the following 
equations [61]: 

𝐿bb =
𝑉 n
out,bb(1 −𝐷n

bb)

𝛥𝐼L,bb𝑓s,bb
, 𝐶bb =

𝐼nout,bb𝐷
n
bb

𝑓s,bb𝛥𝑉out,bb
, (139)

in which 𝑓s,bb is the switching frequency, 𝛥𝐼L,bb is the maximum in-
ductor current ripple, 𝛥𝑉out,bb is the maximum output voltage ripples, 
𝑉 n
out,bb, 𝐼nout,bb and 𝐷n

bb are respectively the output voltage, current and 
duty cycle in nominal condition. To define the duty cycle 𝐷bb of the 
converter it is implemented a voltage control, that ensures the tracking 
of the reference voltage defined by motor cascade control loop, that is 
𝑉 ref
a  (see Eq. (128b)). A proportional-integrative control algorithm is 
used in the following form: 

𝐷bb = 𝐾P,bb(𝑉 ref
a − 𝑉out,bb) + 𝐾I,bb ∫

𝑡

0
(𝑉 ref

a − 𝑉out,bb)𝑑𝑡, (140)

in which 𝐾P,bb is the proportional control gain and 𝐾I,bb is the integral 
control gain.

6.3. Energy management system

The Energy Management System is introduced to provide a realistic 
supervisory power split for the proposed model. It does not introduce 
a novel contribution of this work. The EMS acts on top of this unified 
model by providing the fuel cell reference current (and power) and the 
corresponding battery contribution required to meet the load demand, 
based on the battery state of charge. In line with established approaches 
in the literature [62–64], a rule-based strategy is adopted: the fuel cell 
is commanded to operate close to a prescribed high-efficiency operating 
region, 𝑃FC,opt , while the battery buffers fast transients and compensates 
the residual power. In the simulations, the same EMS is implemented 
for both the proposed analytical model and the Simscape benchmark, so 
that differences in the results reflect the underlying physical modelling 
rather than the supervisory logic. In Fig.  4 is displayed the logic 
adopted.



A. Brusasco et al. Energy Conversion and Management: X 29 (2026) 101527 
Fig. 4. Block diagram of the rule-based EMS. The supervisory logic sets the fuel cell reference power 𝑃FC as a function of load demand and battery SOC, using 
thresholds 𝑆𝑂𝐶low and 𝑆𝑂𝐶high and the optimal fuel cell power 𝑃FC,opt .
Fig. 5. Normalized load cycle (propeller angular velocity) of the vaporetto on Venice’s Line 1. The data were provided by Vulkan Srl and sampled from real 
operating conditions of the reference waterbus.
7. Simscape model

In order to verify the accuracy and reliability of the proposed analyt-
ical model, a benchmark model has been developed using the Simscape 
environment. The model is designed to be the exact counterpart of the 
proposed one, using the same component modelling logic and relying 
on the same assumptions. For the modelling of the various subsystems, 
predefined Simscape library blocks are employed, as well as custom 
physics-based representations for specific components, such as the DC 
Bus. All control laws, including the EMS, are implemented in the 
Simulink environment. The Simscape components employed, together 
with the modelling logic adopted for the system construction, are listed 
in Table  C.1, along with the web link to the official documentation. 
The Simscape implementation leverages the PEM Fuel Cell System 
model available in the official MathWorks library [65]. This model 
includes a detailed description of the electrochemistry, thermodynam-
ics, and gas exchange phenomena of a polymer electrolyte membrane 
fuel cell. Regarding the electrical domain, it is modelled using the 
Simscape Electrical toolbox. The Boost converter on the FC branch is 
modelled through the Boost Converter block [66], as well as the Buck-
Boost converter [67]. The resistances on the DC bus are evaluated 
using the Resistor block [68]. The battery is modelled through the 
Battery block [69] from the Specialized Power Systems library and then 
linked to the Simscape Electrical domain. The motor is modelled using 
the DC Motor block [70]. To emulate the mechanical load, an Ideal 
Torque Source is exploited [71], generating the torque retrieved by the 
propeller map.
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8. Simulations results

As mentioned in the introduction, the normalized load cycle of the 
Vaporetto operating on Venice’s Line 1, provided by Vulkan Srl [28], 
serves as the basis for this study and was obtained by sampling real 
operating data. The data, collected over a one-hour period, capture the 
vessel’s typical operational patterns. Fig.  5 illustrates the normalized 
load cycle used in the analysis. The input to the model is the reference 
angular velocity at the propeller shaft. The propulsion power demand 
is derived from the propeller rotational speed profile using standard 
marine propulsion relations. In particular, the hydrodynamic torque 
at the propeller shaft is modelled as a quadratic function of the pro-
peller angular speed, as expressed in Eq. (127), and the corresponding 
mechanical power is obtained as the product of torque and rotational 
speed. The electric motor and gearbox are modelled as described in 
Section 5 and the electrical power demand is computed from the 
mechanical power by accounting for motor and converters efficiencies. 
As a result, a case study of a propulsion system with a total output 
power of 130 kW was defined, comprising a 100 kW fuel cell system and 
a 30 kW battery. All system components are dimensioned accordingly. 
Table  D.1 lists all the parameters used in the simulations.

To ensure clearer visualization of the results, although the simula-
tions were conducted over a time span of approximately 64 min, the 
temporal evolution of the variables is presented over a 15 min interval. 
This approach minimizes line overlap and enhances the clarity of the 
comparison. In all the figures, regardless of the colour, the dashed line 
represents the output from the proposed Analytical model, while the 
continuous line refers to the Simscape model outcome.
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Fig. 6. Graphical comparison between the proposed analytical model and the Simscape benchmark under the same operating conditions. The figure reports: (a) 
FC current, (b) FC efficiency, (c) FC stack temperature, (d) hydrogen consumed, (e) Battery current and (f) Battery SOC, (g) Motor shaft torque and (h) Motor 
armature voltage. the time axis is intentionally restricted to a 15 s window to improve readability.
8.1. Accuracy analysis

Firstly, the FC current (Fig.  6(a)), efficiency (Fig.  6(b)), temperature 
(Fig.  6(c)) and cumulative hydrogen consumption (Fig.  6(d)) obtained 
with the proposed model are compared against the corresponding 
results of the Simscape benchmark. The figures show an excellent 
agreement between the two models in terms of both magnitude and 
temporal evolution. Only minor discrepancies are observed. In par-
ticular, the fuel cell current profiles exhibit nearly identical trends 
and saturation levels, while the efficiency and temperature trajectories 
closely match those of the reference model, including the asymptotic 
stabilization of the stack temperature around the nominal operating 
value of 80 ◦C. The cumulative hydrogen consumption further confirms 
the consistency of the two models over long simulation times.
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A similar level of agreement is observed for the battery variables. 
Figs.  6(e) and 6(f) report the battery current and state of charge, respec-
tively, showing an almost perfect overlap between the analytical model 
and the Simscape results. The close correspondence of both charging 
and discharging phases indicates that the proposed model accurately 
reproduces the power exchange dynamics between the battery and the 
rest of the powertrain under the same supervisory control logic. Finally, 
the electric motor variables are compared in Figs.  6(g) and 6(h), which 
report the motor torque and armature voltage. Also in this case, the two 
models yield virtually identical results in both amplitude and temporal 
evolution. The consistency observed across electrical and mechanical 
quantities confirms that the proposed framework correctly captures 
the electromechanical coupling of the motor-drive system, matching 
the behaviour of the high-fidelity Simscape implementation. Once the 
graphical comparison is conducted, an error analysis is performed on 
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each relevant variable of the system. The Mean Relative Error (MRE) 
was used as the error metric, as it provides a straightforward and 
interpretable measure of model accuracy: 

MRE = 1
𝑁

𝑁
∑

i=1

(

|𝑥𝑖 − 𝑦𝑖|
𝑦𝑖

)

⋅ 100%, (141)

where 𝑥𝑖 is the general output variable of the analytical model, 𝑦𝑖 is the 
general output variable of the Simscape model, and 𝑁 is the number 
of simulation. Table  8.1 summarizes the MRE values, computed by 
first averaging the variables over time and subsequently over the 100 
simulation runs. For what concerns the FC, the variables that describe 
its whole behaviour are considered. While, for each BOP component, 
pressure, temperature, relative humidity and H2 or O2 mass fraction 
are taken into account, this way the internal gas dynamics is perfectly 
characterized. Regarding the other components of the propulsion, the 
variables under investigation are essentially electrical, such as voltage, 
current and power. At the electric motor level, also the mechanical 
quantities are considered. By observing the table, it is clear that the 
majority of the MREs stabilize at values below 1%. This is particularly 
true when considering the system’s electrical variables. The most signif-
icant errors arise at the level of the FC balance of plant. Among these, 
for example, are the mass fractions of hydrogen in the anode network. 
This can be considered reasonable since the anode network consists 
of a series of interconnected components with significant complexity, 
where a single error can propagate in a cascading manner, amplifying 
subsequent errors. Nevertheless, the average MRE calculated across all 
the variables is 1.13%, which means an overall accuracy of 98.87%. 
The accuracy increases significantly when an analysis focuses only on 
the main system variables. For instance, consider the case study where 
only the following FC variables are taken into account: voltage, current, 
power, energy, temperature, hydrogen consumption, air compressor 
power, efficiency, and heat produced, while the variables of the other 
components remain unchanged. In this scenario, the overall MRE would 
be 0.17%, which means an overall accuracy of 99.83%.

In conclusion, it is important to note that the proposed model does 
not aim to exceed the benchmark in terms of numerical accuracy, 
but rather to achieve comparable accuracy while significantly reducing 
computational complexity. The results presented demonstrate that this 
objective is met consistently across all tested operating conditions, 
thereby supporting the suitability of the model for fast system-level 
simulations and iterative design workflows.

8.2. Computational time analysis

The analysis is performed over 100 simulations for both the analyt-
ical and Simscape models. As input of the simulations, it is employed 
the same load cycle presented in the previous section (Fig.  5). The sim-
ulations were run on a personal computer that exploits, as processor, a 
13th Gen Intel(R) Core(TM) i7-1355U, 10 core, 1.70GHz, 5GHz boost.

Table  8.2 reports the mean simulation times of the two models. 
The average values were computed by excluding a limited number of 
outliers, primarily occurring during the initial runs and associated with 
MATLAB environment initialization and solver setup routines. Under 
identical hardware and solver settings, the analytical Simulink model 
achieves a mean simulation time of 3.24 s, compared to 139.5 s for the 
Simscape benchmark, corresponding to a reduction in computational 
cost by a factor of approximately 43. Fig.  7 complements this analysis 
by showing the full distributions of the computational times through 
boxplots, including outliers. Both models exhibit narrow interquartile 
ranges, indicating good repeatability. Simscape shows a larger absolute 
dispersion and a higher number of upper outliers. To enable a fair 
comparison, the relative variability is quantified through the coefficient 
of variation, defined as: 
𝐶𝑉 = 𝜎 , (142)
𝜇
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Fig. 7. Boxplots of the computational time distributions for the analytical 
model and Simscape model obtained over 100 simulations. Different y-axes are 
used due to the distinct time scales and include outliers to provide a complete 
statistical characterization.

where 𝜎 is the standard deviation and 𝜇 the mean value. The coeffi-
cients of variation are low for both models, being 2.4% for the analyti-
cal model and 3.9% for Simscape model, indicating good repeatability 
in both cases, with a slightly more stable behaviour observed for the 
Simulink implementation.

8.3. Analysis under transient and abnormal operating conditions

In order to assess the robustness and dynamic capabilities of the 
proposed model, additional case studies were carried out under both 
transient and abnormal operating conditions.

8.3.1. Abnormal operating condition
A first study investigates model performance under an abnormal op-

erating condition representative of a balance-of-plant fault. For bench-
marking, the same analysis is conducted using the reference Simscape 
model. Both models are subjected to the duty cycle shown in Fig. 
5 until a prescribed time instant, at which the anode and cathode 
humidifiers are intentionally switched off, preventing humidified air 
supply. The results are reported in Fig.  8. Focusing on the analytical 
model (Fig.  8(a)), the humidifier shutdown at 𝑡 = 350 s induces an 
immediate drop in fuel cell voltage and current, which is compensated 
by an increased battery current to satisfy the power demand. This 
behaviour is attributed to an increase in the internal resistance of the 
polymer electrolyte membrane caused by reduced hydration. Overall, 
the proposed model captures the system response to humidifier failure 
as expected, including voltage degradation and the associated water 
balance dynamics.

Examining the Simscape results reported in Fig.  8(b), a zoomed-in 
view over a reduced temporal window, approximately 10 s after the 
humidifier shutdown, is shown to better resolve the transient response. 
Under these conditions, the Simscape model fails to robustly handle the 
abnormal scenario: electrical variables exhibit physically inconsistent 
dynamics, with peak values up to three orders of magnitude larger than 
those observed under nominal operation. This behaviour is triggered 
by the collapse of the fuel cell current, which instantaneously shifts the 
power demand to the battery beyond its admissible limits. The resulting 
constraint violations propagate through the model, leading to divergent 
voltage and current trajectories. This response is likely related to the 
internal logic of the Simscape blocks, where built-in error handling may 
override a purely physics-based evolution.
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Table 8.1
Mean Relative Error (MRE) between the proposed analytical model and the Simscape benchmark for the most relevant system variables, computed over the entire 
simulation horizon and averaged over 100 simulations.
 Component Variable Symbol MRE [%] Component Variable Symbol MRE [%] 
 

Fuel cell

Voltage 𝑉FC 0.14
Cathode 
humidifier

Pressure 𝑝I,hc 0.07  
 Current 𝐼FC 0.33 Temperature 𝑇I,hc 0.02  
 Reference current 𝐼 ref

FC 0.31 RH 𝑅𝐻I,hc 0.11  
 Output power 𝑃FC 0.27 O2 mass fraction 𝑥O2 ,hc 0.25  
 Energy produced 𝐸FC 0.054

Cathode gas 
channels

Pressure 𝑝I,c 0.07  
 Heat produced 𝑄gen 0.89 Temperature 𝑇I,c 0.22  
 Temperature 𝑇FC 0.014 RH 𝑅𝐻I,c 3.8  
 Efficiency 𝜂FC 0.14 O2 mass fraction 𝑥O2 ,c 2.88  
 H2 mass consumed 𝑚H2 ,cons 0.11 Cooling 

system

FC c.c. temperature 𝑇I,cc 0.69  
 Hydrogen 
tank

Pressure 𝑝I,t 0.014 Radiator temperature 𝑇I,rad 1.84  
 Temperature 𝑇t 0.004

Battery

Voltage 𝑉bat 0.16  
 
Anode 
recirculation

Pressure 𝑝I,r 0.18 Current 𝐼bat 0.21  
 Temperature 𝑇I,r 0.24 State of charge 𝑆𝑂𝐶 0.035  
 RH 𝑅𝐻I,r 0.92 Output power 𝑃bat 0.16  
 H2 mass fraction 𝑥H2 ,r 13.3 Energy produced 𝐸bat 0.21  
 
Anode 
humidifier

Pressure 𝑝I,ha 0.15

Electric 
motor

Voltage 𝑉a 0.071  
 Temperature 𝑇I,ha 0.29 Current 𝐼a 0.14  
 RH 𝑅𝐻I,ha 0.096 Reference voltage 𝑉 ref

a 0.071  
 H2 mass fraction 𝑥H2 ,ha 11.2 Motor torque 𝑇e 0.14  
 
Anode gas 
channels

Pressure 𝑝I,a 0.15 Load torque 𝑇L 0.14  
 Temperature 𝑇I,a 0.26 Shaft velocity 𝜔m 0.07  
 RH 𝑅𝐻I,a 3.64 Electrical power 𝑃m,el 0.2  
 H2 mass fraction 𝑥H2 ,a 17.18 Mechanical power 𝑃m,mech 0.2  
 
Air 
compressor

Pressure 𝑝I,hc 0.07 Boost 
converter

Output voltage 𝑉out,b 0.018  
 Temperature 𝑇I,hc 0.043 Output current 𝐼out,b 0.27  
 RH I,cp 0.9 Buck-Boost 

converter
Output voltage 𝑉out,bb 0.018  

 O2 mass fraction 𝑥O2 ,cp 4.4 ⋅ 10−7 Output current 𝐼out,bb 0.27  
 Power 𝛷work,cp 0.39  
 Overall mean relative error 1.13%
Fig. 8. Comparison between the analytical model and the Simscape benchmark for an abnormal operation condition (FC humidifiers failure at 𝑡 = 350 s): (a) 
Analytical model results over the full simulation horizon and (b) Simscape model results using a magnified view of the same variable over a restricted time 
window, focusing on transient events to better illustrate local discrepancies and dynamic response differences.
Table 8.2
Mean simulation time and simulation time ratio.
 Mean simulation time [s] Simulation time ratio [–] 
 Analytical model Simscape model  
 3.24 139.5 43  

8.3.2. Transient operating condition
This case study investigates the dynamic response of the proposed 

model during transient operating conditions. Three scenarios with in-
creasing transient severity are considered, emulating representative 
operating situations (Fig.  9(a)): a power ramp lasting 5 s, a steeper 
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ramp lasting 1 s, and a quasi-step input. These inputs correspond to 
different power demands at the motor shaft. Fig.  9(b) reports the 
temporal evolution of the current required by the motor, together with 
the contributions provided by the battery and the fuel cell. The results 
highlight the markedly different dynamic characteristics of the two 
energy sources. As expected, the fuel cell exhibits a significantly slower 
response in supplying the requested power, whereas the battery reacts 
on a much shorter time scale. Consequently, during the initial phase of 
each transient event, the battery supplies the majority of the current 
demanded by the load, with this effect becoming more pronounced as 
the transient steepness increases. In the subsequent phase, the fuel cell 
current gradually rises and progressively compensates for the battery 
contribution, eventually becoming the dominant power source. Overall, 
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Fig. 9. Transient response of the propulsion system under three scenarios with increasing severity. (a) Normalized motor shaft angular velocity profiles 
corresponding to three representative operating conditions (from top to bottom): a power ramp lasting 5 s, a steeper ramp lasting 1 s, and a quasi-step input. (b) 
Corresponding fuel cell, battery, and motor currents, highlighting the different dynamic contributions of each subsystem as the transient rapidity increases.
these results provide a qualitative verification that the proposed model 
captures the expected transient behaviour and the complementary roles 
of the fuel cell and the battery during fast load variations.

9. Conclusions

The analytical model presented in this study is characterized by 
multiple physical domains couplings through explicit analytical expres-
sions, enabling accurate and reliable simulations while maintaining a 
low computational burden. When benchmarked against a detailed Sim-
scape implementation, the proposed model attains an overall accuracy 
of about 98.87% across all state variables while reducing the average 
computation time by roughly one order of magnitude. This combina-
tion of accuracy and computational efficiency makes the framework 
particularly attractive for iterative design studies and for real-time–
oriented applications. Moreover, two dedicated case studies have been 
carried out to assess the reliability of the model in capturing the 
system’s response under particular conditions. In future work, predic-
tive algorithms will be integrated into the framework to evaluate the 
medium and long-term behaviour of the powertrain, accounting for 
component aging and lifetime. Beyond the purely simulation-based 
assessment, experimental campaigns are planned on a down-scaled 
propulsion system fully analogous to the one modelled, which will 
provide an experimental validation. Furthermore, the model will be 
translated into Python in order to make it fully open-source and in-
dependent of commercial software such as MATLAB, thereby fostering 
accessibility and community-driven development.
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Table A.1
Model parameters nomenclature.
 Nomenclature
 𝑚 Gas mixture mass 𝑇in Inlet mixture temperature  
 𝑚̇in Gas mixture inlet mass flow rate ℎ Heat transfer coefficient  
 𝑚̇out Gas mixture outlet mass flow rate 𝑁u Nusselt number  
 𝑚̇cond Water vapour rate of condensation 𝑥ws Specific humidity at saturation  
 𝛷 Gas mixture internal energy 𝑝ws H2O saturation pressure  
 𝛷in Gas mixture inlet rate of energy 𝜏cond Condensation time constant  
 𝛷out Gas mixture outlet rate of energy 𝜙ws Relative humidity at saturation  
 𝛷cond H2O condensation energy rate. 𝛥ℎvap H2O enthalpy of vaporization  
 𝑄 Heat flow rate exchanged through the pipe walls 𝑆surf Pipe surface area  
 𝑚̇w H2O mass 𝑚̇avg Average mixture mass flow rate  
 𝑚̇w,in H2O inlet mass flow rate 𝑐p,avg Average mixture specific heat  
 𝑚̇w,out H2O outlet mass flow rate 𝑘avg Average mixture thermal conductivity  
 𝑚̇g Trace gas mass 𝑚t Tank hydrogen mass  
 𝑚̇g,in Trace gas inlet mass flow rate 𝛷t Tank hydrogen energy  
 𝑚̇g,out Trace gas outlet mass flow rate 𝑚̇out,t Tank outlet flow rate  
 𝑘f Nozzle constant 𝛷out,t Tank outlet energy flow rate  
 𝑝I Pipe internal pressure 𝑉t Tank volume  
 ℎI Mixture specific enthalpy 𝑝I,t Tank pressure  
 𝜌I Mixture internal energy 𝑇I,t Tank temperature  
 𝑇I Mixture temperature 𝜌I,t Tank gas mixture density  
 𝑅I Mixture specific gas constant 𝑆des

vt Tank valve desired cross-sectional area  
 𝑐v,I Mixture specific heat at constant volume 𝑘p,vt Tank valve proportional gain  
 𝑢I Mixture specific internal energy 𝑘′v,t Tank valve modulating coefficient  
 ℎT,in Inlet total enthalpy 𝐶d,t Tank valve discharge coefficient  
 ℎT,out Outlet total enthalpy 𝑝refanode Anode network reference pressure  
 𝑝out Pipe outlet pressure 𝑚r Recirculation gas mixture mass  
 𝑉p Pipe internal volume 𝛷r Recirculation gas mixture energy  
 𝑆p Pipe cross-sectional area 𝑚̇out,r Recirculation outlet mass flow rate  
 ℎa Dry air specific enthalpy 𝛷out,r Recirculation outlet energy flow rate  
 ℎg Trace gas specific enthalpy 𝑚̇cond,r Recirculation condensation flow rate  
 ℎw H2O specific enthalpy 𝛷cond,r Recirculation condensation energy flow rate  
 𝑥a Dry air mass fraction 𝑚H2O,r Recirculation H2O mass  
 𝑥g Trace gas mass fraction 𝑚H2 ,r Recirculation H2 mass  
 𝑥w H2O mass fraction 𝑚̇H2O,out,r Recirculation outlet H2O flow rate  
 𝑢a Dry air specific internal energy 𝑚̇H2 ,out,r Recirculation outlet H2 flow rate  
 𝑢g Trace gas specific internal energy 𝑉r Recirculation volume  
 𝑢w H2O specific internal energy 𝑆r Recirculation outlet cross-sectional area  
 𝑅a Dry air specific gas constant 𝑝I,r Recirculation pressure  
 𝑅g Trace gas specific gas constant 𝑇I,r Recirculation temperature  
 𝑅w H2O specific gas constant 𝜌I,r Recirculation gas mixture density  
 𝑐v,a Dry air specific heat at constant volume 𝑘f ,r Recirculation outlet flow gain  
 𝑐v,g Trace gas specific heat at constant volume 𝑘p,r Recirculation blower proportional control gain  
 𝑐v,w H2O specific heat at constant volume 𝑘′p,r Recirculation blower proportional control gain  
 𝑄cond Conductive heat flow rate 𝑐r Recirculation blower control constant  
 𝑄conv Convective heat flow rate 𝑚ha Anode humidifier gas mixture mass  
 𝑘I Mixture thermal conductivity 𝛷ha Anode humidifier gas mixture energy  
 𝑇w Pipe walls temperature 𝑚̇out,ha Anode humidifier outlet flow rate  
 𝐷h Hydraulic diameter of the pipe 𝛷out,ha Anode humidifier outlet energy flow rate  
 𝑚̇cond,ha Anode humidifier condensation flow rate 𝜆O2

Oxygen Excess Ratio (OER)  
 𝛷cond,ha Anode humidifier condensation energy flow rate 𝜔cp,max Compressor maximum rotational velocity  
 𝑚H2O,ha Anode humidifier H2O mass 𝑘P,cp Compressor proportional control gain  
 𝑚H2 ,ha Anode humidifier H2 mass 𝑘I,cp Compressor integral control gain  
 𝑚̇H2O,out,ha Anode humidifier outlet H2O flow rate 𝛷work,cp Compressor power  
 𝑚̇H2 ,out,ha Anode humidifier outlet H2 flow rate 𝑆cp,in Compressor inlet cross-sectional area  
 𝑚̇inj,ha Anode humidifier injected H2O flow rate 𝑚hc Cathode humidifier gas mixture mass  
 𝛷inj,ha Anode humidifier injected H2O energy flow rate 𝛷hc Cathode humidifier gas mixture energy  
 𝑉ha Anode humidifier volume 𝑚̇out,hc Cathode humidifier outlet flow rate  
 𝑆ha Anode humidifier outlet cross-sectional area 𝛷out,hc Cathode humidifier outlet energy flow rate  
 𝑝I,ha Anode humidifier pressure 𝑚̇cond,hc Cathode humidifier condensation flow rate  
 𝑇I,ha Anode humidifier temperature 𝛷cond,hc Cathode humidifier condensation energy flow rate 
 𝜌I,ha Anode humidifier gas mixture density 𝑚H2O,hc Cathode humidifier H2O mass  
 𝑘f ,ha Anode humidifier outlet flow gain 𝑚H2 ,hc Cathode humidifier H2 mass  
 𝑅𝐻set Relative humidity setpoint 𝑚̇H2O,out,hc Cathode humidifier outlet H2O flow rate  
 𝑘p,ha Anode humidifier proportional control gain 𝑚̇H2 ,out,hc Cathode humidifier outlet H2 flow rate  
 𝑚cp Compressor gas mixture mass 𝑚̇inj,hc Cathode humidifier injected H2O flow rate  
 𝛷cp Compressor gas mixture energy 𝛷inj,hc Cathode humidifier injected H2O energy flow rate 
 𝑚̇in,cp Compressor inlet mass flow rate 𝑉hc Cathode humidifier volume  
 𝑚̇out,c Compressor outlet mass flow rate 𝑆hc Cathode humidifier outlet cross-sectional area  
 𝛷in,cp Compressor inlet energy flow rate 𝑝I,hc Cathode humidifier pressure  
 𝛷out,cp Compressor outlet energy flow rate 𝑇I,hc Cathode humidifier temperature  
 𝑚H2O,cp Compressor H2O mass 𝜌I,hc Cathode humidifier gas mixture density  
 𝑚O2 ,cp Compressor O2 mass 𝑘f ,hc Cathode humidifier outlet flow gain  
 𝑚̇H2O,in,cp Compressor inlet H2O flow rate 𝑘p,hc Cathode humidifier proportional control gain  
 (continued on next page)
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Table A.1 (continued).
 𝑚̇H2O,out,cp Compressor outlet H2O flow rate 𝑚̇a Anode gas channels gas mixture mass  
 𝑚̇O2 ,in,cp Compressor inlet O2 flow rate 𝛷a Anode gas channels gas mixture energy  
 𝑚̇O2 ,out,cp Compressor outlet O2 flow rate 𝑚̇out,a Anode gas channels outlet flow rate  
 𝑉cp Compressor volume 𝛷out,a Anode gas channels outlet energy flow rate  
 𝑆cp Compressor cross-sectional area 𝑚̇cond,a Anode gas channels condensation flow rate  
 𝑝I,cp Compressor pressure 𝛷cond,a Anode gas channels condensation energy flow rate 
 𝑇I,cp Compressor temperature 𝑚H2O,a Anode gas channels H2O mass  
 𝜌I,cp Compressor gas mixture density 𝑚H2 ,a Anode gas channels H2 mass  
 𝑘f ,cp Compressor outlet flow gain 𝑚̇H2O,out,a Anode gas channels outlet H2O flow rate  
 𝑚̇corr Compressor corrected mass flow rate 𝑚̇H2 ,out,a Anode gas channels outlet H2 flow rate  
 𝑝in,cp Compressor inlet pressure 𝑉a Anode gas channels volume  
 𝑇in,cp Compressor inlet temperature 𝑆a Anode gas channels cross-sectional area  
 𝑃env Environmental pressure 𝑆surf ,a Anode gas channels surface area  
 𝑇env Environmental temperature 𝑝I,a Anode gas channels pressure  
 𝜌env Environmental air density 𝑇I,a Anode gas channels temperature  
 𝑥O2 ,env Environmental O2 mass fraction 𝜌I,a Anode gas channels gas mixture density  
 𝑃ratio Inlet-outlet pressure ratio 𝐷h,a Anode gas channels hydraulic diameter  
 𝜔ref

cp Compressor reference rotational speed 𝑚̇avg,a Anode gas channels average mass flow rate  
 𝑚̇ref

in,cp Compressor reference air flow rate ℎa Anode gas channels heat transfer coefficient  
 𝑘I,c Cathode gas channels heat transfer coefficient 𝑘I,c Anode gas channels heat transfer coefficient  
 𝑙c Cathode gas channels length 𝑙a Anode gas channels length  
 𝑤ch,c Cathode gas channels unit cell width 𝑤ch,a Anode gas channels unit cell width  
 𝑁ch,c Cathode gas channels number of unit cell 𝑁ch,a Anode gas channels number of unit cell  
 𝑐p,avg,c Cathode gas channels average coolant specific heat 𝑐p,avg,a Anode gas channels average coolant specific heat  
 𝑘I,c Cathode gas channels coolant thermal conductivity 𝑘I,a Anode gas channels coolant thermal conductivity  
 𝑚̇c Cathode gas channels gas mixture mass 𝑀H2O H2O molar mass  
 𝛷c Cathode gas channels gas mixture energy 𝐸 Nernst’s potential  
 𝑚̇out,c Cathode gas channels outlet flow rate 𝐸0 FC open circuit voltage  
 𝛷out,c Cathode gas channels outlet energy flow rate 𝑅 Universal gas constant  
 𝑚̇cond,c Cathode gas channels condensation flow rate 𝑇FC FC stack temperature  
 𝛷cond,c Cathode gas channels condensation energy flow 𝐹 Faraday’s constant  
 𝑚H2O,c Cathode gas channels H2O mass 𝑎H2

H2 activity  
 𝑚O2 ,c Cathode gas channels H2 mass 𝑎O2

O2 activity  
 𝑚̇H2O,out,c Cathode gas channels outlet H2O flow rate 𝑎H2O H2O activity  
 𝑚̇O2 ,out,c Cathode gas channels outlet H2 flow rate 𝑝H2

H2 partial pressure  
 𝑚̇H2O Cathode gas channels total H2O flow rate 𝑝O2

O2 partial pressure  
 𝛷H2O Cathode gas channels total H2O energy flow rate 𝑝H2O H2O partial pressure  
 𝑉c Cathode gas channels volume 𝑝0 Reference pressure  
 𝑆c Cathode gas channels cross-sectional area 𝑖FC FC current density  
 𝑆surf ,c Cathode gas channels surface area 𝐼FC FC current  
 𝑝I,c Cathode gas channels pressure 𝛼 FC charge transfer coefficient  
 𝑇I,c Cathode gas channels temperature 𝑖0 FC exchange current density  
 𝜌I,c Cathode gas channels gas mixture density 𝑖L FC limiting current density  
 𝐷h,c Cathode gas channels hydraulic diameter 𝑅m Membrane resistance  
 𝑚̇avg,c Cathode gas channels average mass flow rate 𝑁c FC number of cell  
 ℎc Cathode gas channels heat transfer coefficient 𝐴c FC active area  
 𝐶d,c Cathode exhaust valve discharge coefficient 𝜎 Membrane conductivity  
 𝑆des

v,c Cathode exhaust valve desired cross-sectional area 𝜆 Membrane H2O content  
 𝑘p,c Cathode exhaust valve control proportional gain 𝜆acl Anode CL H2O content  
 𝑘′p,c Cathode exhaust valve control proportional gain 𝜆ccl Cathode CL H2O content  
 𝑐c Cathode exhaust valve control adding constant 𝑎H2O,acl Anode CL H2O activity  
 𝑃 ref

cathode Cathode network reference pressure 𝑎H2O,ccl Cathode CL H2O activity  
 𝑚̇H2 ,cons H2 consumption rate 𝑦H2O,cl CL H2O molar fraction  
 𝑚̇O2 ,cons O2 consumption rate 𝑦H2O Electrode H2O molar fraction  
 𝑚̇H2O,prod H2O production rate 𝑡gdl GDL thickness  
 𝑚̇H2O,m H2O exchanged with MEA 𝐷h2o,gdl GDL H2O diffusivity  
 𝛷H2 ,cons H2 consumed energy flow rate 𝑚̇H2O,gdl GDL H2O flow rate  
 𝛷O2 ,cons O2 consumed energy flow rate 𝑉act Activation losses  
 𝛷H2O,prod H2O produced energy flow rate 𝑉conc Concentration losses  
 𝛷H2O,m H2O energy exchanged with MEA 𝑉ohm Ohmic losses  
 𝑅H2

H2 specific gas constant 𝑉FC FC output voltage  
 𝑅O2

O2 specific gas constant 𝑛d FC electro-osmotic drag coefficient  
 𝑅H2O H2O specific gas constant 𝐷H2O,dif f H2O back-diffusion coefficient  
 ℎH2

H2 specific enthalpy 𝐶H2O,acl Anode CL H2O concentration  
 ℎO2

O2 specific enthalpy 𝐶H2O,ccl Cathode CL H2O concentration  
 ℎH2O H2O specific enthalpy 𝜌m,dry Dry membrane density  
 𝑢H2

H2 specific internal energy 𝑀m,dry Dry membrane molar mass  
 𝑢O2

O2 specific internal energy 𝐾d Darcy’s constant  
 𝑢H2O H2O specific internal energy 𝜇H2O H2O dynamic viscosity  
 𝑀H2

H2 molar mass 𝑁osm Electro-osmotic drag molar flux  
 𝑀O2

O2 molar mass 𝑁dif f Back-diffusion molar flux  
 𝑁hydr Pressure gradient molar flux 𝑝I,ct Coolant tank pressure  
 𝜂FC FC efficiency 𝑇I,ct Coolant tank temperature  
 𝑃el FC output power 𝜌I,ct Coolant tank coolant density  
 𝑃H2

H2 chemical power 𝑉ct Coolant tank volume  
 (continued on next page)
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Table A.1 (continued).
 𝐻𝐻𝑉 H2 Higher Heating Value 𝑆ct Coolant tank cross-sectional area  
 𝐿𝐻𝑉 H2 Lower Heating Value 𝑣ct Free-moving side translational velocity  
 𝛷H2

H2 consumed net energy 𝑚̇in,rad Radiator inlet flow rate  
 𝛷O2

O2 consumed net energy 𝑚̇out,rad Radiator outlet flow rate  
 𝛷H2O H2O produced net energy 𝑄rad Radiator heat flow rate  
 ℎH2 ,std H2 specific enthalpy in standard conditions 𝛷in,rad Radiator inlet energy flow rate  
 ℎO2 ,std O2 specific enthalpy in standard conditions 𝛷out,rad Radiator outlet energy flow rate  
 ℎH2O,std H2O specific enthalpy in standard conditions 𝑄env Radiator convective heat flow rate  
 𝑐p,m Membrane specific heat 𝑉rad Radiator volume  
 𝑉m Membrane volume 𝐴rad Radiator active surface area  
 𝑄gen FC heat produced 𝑝I,rad Radiator pressure  
 𝑄a Anode gas channels heat flow rate 𝑇I,rad Radiator temperature  
 𝑄cond,a Anode gas channels conductive heat flow rate 𝜌I,rad Radiator coolant density  
 𝑄conv,a Anode gas channels convective heat flow rate 𝑘rad Radiator convective heat transfer coefficient  
 𝑄c Cathode gas channels heat flow rate 𝑘f ,rad Radiator outlet flow constant  
 𝑄cond,c Cathode gas channels conductive heat flow rate 𝑇w,rad Radiator wall temperature  
 𝑄conv,c Cathode gas channels convective heat flow rate 𝑚rad Radiator mass  
 𝑐p,avg,cc Cathode gas channels average coolant specific heat 𝑆surf ,rad Radiator surface area  
 𝑘I,cc FC coolant channels coolant thermal conductivity 𝐷h,rad Radiator hydraulic diameter  
 𝑘f ,cc FC coolant channels outlet flow constant 𝑐p,avg,rad Radiator average coolant specific heat  
 𝑁l,cc FC coolant channels number of unit cell 𝑘I,rad Radiator coolant thermal conductivity  
 𝑙cc FC coolant channels length 𝑐p,rad Radiator specific heat  
 𝑤cc FC coolant channels unit cell width 𝑚̇avg,rad Radiator average mass flow rate  
 𝑁p,cc FC coolant channels number of unit cell ℎrad Radiator heat transfer coefficient  
 𝑚̇in,cc FC coolant channels inlet flow rate 𝑉bat Battery output voltage  
 𝑚̇out,cc FC coolant channels outlet flow rate 𝐼bat Battery current  
 𝛷in,cc FC coolant channels inlet energy flow rate 𝑄max Battery maximum capacity  
 𝛷out,cc FC coolant channels outlet energy flow rate 𝐼∗ Battery filtered current  
 𝑄cc FC coolant channels heat flow rate 𝑖𝑡 Battery extracted capacity  
 𝑄cv,cc FC coolant channels convective heat flow rate 𝑅int Battery internal resistance  
 𝑄cd,cc FC coolant channels conductive heat flow rate 𝑉0 Battery constant voltage  
 𝑉cc FC coolant channels volume 𝑄nom Battery nominal capacity  
 𝑆surf ,cc FC coolant channels surface area 𝑄exp Battery exponential capacity  
 𝑝I,cc FC coolant channels pressure 𝐼bat,nom Battery nominal current  
 𝑇I,cc FC coolant channels temperature 𝑉nom Battery nominal voltage  
 𝜌I,cc FC coolant channels coolant density 𝑉exp Battery exponential voltage  
 𝛼T Coolant isobaric thermal expansion coefficient 𝑉full Battery fully charge voltage  
 𝛽 Coolant isothermal bulk modulus 𝐴 Battery exponential zone amplitude  
 𝐷h,cc FC coolant channels hydraulic diameter 𝐵 Battery exponential zone inverse time constant  
 𝑚̇avg,cc FC coolant channels average mass flow rate 𝐾 Battery polarization constant  
 ℎcc FC coolant channels heat transfer coefficient 𝜆d Battery charge/discharge efficiency  
 𝛷work,p Coolant pump power 𝑆𝑂𝐶 Battery state of charge  
 𝑚̇ref

p Coolant pump reference flow rate 𝑉a Motor armature voltage  
 𝑘P,p Coolant pump proportional control gain 𝐼a Motor armature current  
 𝑘I,p Coolant pump integral control gain 𝑅ar Motor armature resistance  
 𝑇 ref

FC FC reference temperature 𝐿a Motor armature inductance  
 𝑚̇ct Coolant tank mass flow rate 𝐸a Motor back-emf  
 𝛷ct Coolant tank energy flow rate 𝑇e Motor torque  
 𝑇L Motor load torque 𝛥𝐼L,b Boost converter max inductor current ripples  
 𝐽m Rotor inertia 𝛥𝑉out,b Boost converter max output voltage ripples  
 𝐵m Motor viscous friction coefficient 𝑓s,b Boost converter switching frequency  
 𝜔m Motor rotational speed 𝐾P,b Boost converter proportional control gain  
 𝑘t Motor torque constant 𝐾I,b Boost converter integrative control gain  
 𝑘e Motor back-emf constant 𝐼 ref

FC Reference FC current  
 𝑘m Motor constant 𝑉in,bb Buck-Boost converter input voltage  
 𝐼 ref

a Motor reference armature current 𝑉out,bb Buck-Boost converter output voltage  
 𝑉 ref

a Motor reference armature voltage 𝐼in,bb Buck-Boost converter input current  
 𝜔ref

m Motor reference rotational speed 𝐼out,bb Buck-Boost converter output current  
 𝐾pc Motor current control proportional gain 𝐷bb Buck-Boost converter duty cycle  
 𝐾ic Motor current control integral gain 𝐿bb Buck-Boost converter input inductance  
 𝐾ps Motor speed control proportional gain 𝐶bb Buck-Boost converter output capacitance  
 𝐾is Motor speed control integral gain 𝐼L,bb Buck-Boost converter inductor current  
 𝐾aw,c Motor current control anti wind-up gain 𝐾aw,s Motor speed control anti wind-up gain  
 𝜔cc Motor current control cross-over frequency 𝑉 n

out,bb Buck-Boost converter nominal output voltage  
 𝜔cs Motor speed control cross-over frequency 𝐼n

out,bb Buck-Boost converter nominal output current  
 𝑉in,b Boost converter input voltage 𝐷n

bb Buck-Boost converter nominal duty cycle  
 𝑉out,b Boost converter output voltage 𝛥𝐼L,bb Buck-Boost converter max inductor current ripples 
 𝐼in,b Boost converter input current 𝛥𝑉out,bb Buck-Boost converter max output voltage ripples  
 𝐼out,b Boost converter output current 𝑓s,bb Buck-Boost converter switching frequency  
 𝐷b Boost converter duty cycle 𝐾P,bb Buck-Boost converter proportional control gain  
 𝐿b Boost converter input inductance 𝐾I,bb Buck-Boost converter integral control gain  
 𝐶b Boost converter output capacitance 𝑃load Load power  
 𝑉 n

out,b Boost converter nominal output voltage 𝑃FC,opt FC optimal output power  
 𝐼n

out,b Boost converter nominal output current 𝑆𝑂𝐶high High SOC threshold value  
 𝐷n

b Boost converter nominal duty cycle 𝑆𝑂𝐶low Low SOC threshold value  
 𝑅bus DC Bus resistance 𝑃FC,max Maximum FC output power  
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Fig. B.1. Exploded view of the Fuel Cell system.

Appendix C. Simscape blocks

See Table  C.1. 
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Table C.1
Simscape blocks used for building the Simscape model.
 Component Implementation Reference 

 Fuel cell stack [65]  

 Anode network [65]  

 Cathode network [65]  

 FC cooling system [65]  

 (continued on next page)
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Table C.1 (continued).

 Battery and power electronics [66–69] 

 Electric motor [70,71]  

Appendix D. Parameters values used for the simulations

See Table  D.1.

Table D.1
Parameters values used for the simulations.
 Component Parameter Symbol Value Unit  
 

Fuel cell

Number of cell in the stack 𝑁c 400 [–]  
 Exchange current density 𝑖o 1 ⋅ 10−4 [A/cm2]  
 Max limiting current density 𝑖L 1,4 [A/cm2]  
 Charge transfer coefficient 𝛼 0.7 [–]  
 Fuel cell active area 𝐴c 280 [cm2]  
 Membrane thickness 𝑡m 125 [μm]  
 Gas diffusion layer thickness 𝑡gdl 250 [μm]  
 Dry membrane volume 𝑉m 0.007 [m3]  
 Dry membrane specific heat 𝑐p,m 870 [J/(kg*K)]  
 Dry membrane density 𝜌m,dry 1800 [kg/m3]  
 Unit cell active area 𝐴c 280 [cm2]  
 

Hydrogen tank 

Tank volume 𝑉t 0.12 [m3]  
 Initial tank pressure 𝑝t,0 70 [MPa]  
 Initial tank temperature 𝑇t,0 20 [◦C]  
 Anode network reference pressure 𝑝refanode 0.161325 [MPa]  
 Valve discharge coefficient 𝐶d,t 0.64 [–]  
 Valve proportional gain 𝑘p,vt −1.57 ⋅ 10−8 [m2/Pa]  
 Valve modulating coefficient 𝑘′v,t 2.1 ⋅ 10−7 [kg/(Pa*s)] 
 

 Anode recirculation

Volume 𝑉r 1.25 ⋅ 10−4 [m3]  
 Cross-sectional area 𝑆r 7.854 ⋅ 10−5 [m2]  
 Outlet flow gain 𝑘f ,r 4 ⋅ 10−5 [kg/(Pa*s)] 
 Blower proportional control gain 𝑘p,r 0.002 [1/A]  
 Blower proportional control gain 𝑘′p,r 0.01 [kg/s]  
 Blower control constant 𝑐r 0.2 [–]  
 (continued on next page)
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Table D.1 (continued).
 Component Parameter Symbol Value Unit  
 

Anode humidifier

Volume 𝑉ha 4.91 ⋅ 10−4 [m3]  
 Cross-sectional area 𝑆ha 0.002 [m2]  
 Outlet flow gain 𝑘f ,ha 6 ⋅ 10−5 [kg/(Pa*s)] 
 Proportional control gain 𝑘p,ha 0.1 [kg/s]  
 Relative humidity setpoint 𝑅𝐻set 1 [–]  
 

Air compressor

Volume 𝑉cp 0.0003 [m3]  
 Inlet cross-sectional area 𝑆cp,in 0.002 [m2]  
 Outlet cross-sectional area 𝑆cp,out 0.002 [m2]  
 Outlet flow gain 𝑘f ,cp 4 ⋅ 10−3 [kg/(Pa*s)] 
 Oxygen Excess Ratio (OER) 𝜆O2

2.5 [–]  
 Proportional control gain 𝑘P,cp 5 [s/kg]  
 Integral control gain 𝑘I,cp 0.5 [1/kg]  
 Environmental pressure 𝑝env 0.101325 [MPa]  
 Environmental temperature 𝑇env 20 [◦C]  
 Environmental relative humidity 𝑅𝐻env 0.5 [–]  
 Environmental O2 mass fraction 𝑥O2 ,env 0.23 [–]  
 Pressure ratios vector 𝑝LUTratio [1 1.25 1.5 1.75 2] [–]  
 Angular velocity vector 𝜔LUT

cp [0 1800 3600] [rpm]  
 Corrected flow rate matrix 𝑚̇LUT

corr [ 0 0.05 0.1 ; 0 0.0375 0.075 ; 0 0.025 
0.05 ; 0 0.0125 0.025 ; 0 0 0 ] * 4

[kg/s]  

 
Cathode humidifier

Volume 𝑉hc 4.91 ⋅ 10−4 [m3]  
 Cross-sectional area 𝑆hc 0.002 [m2]  
 Outlet flow gain 𝑘f ,hc 6 ⋅ 10−5 [kg/(Pa*s)] 
 Proportional control gain 𝑘p,hc 0.1 [kg/s]  
 

Anode gas channels

Volume 𝑉a 0.0535 [m3]  
 Cross-sectional area 𝑆a 0.32 [m2]  
 Length 𝑙a 0.1673 [m]  
 Unit cell width 𝑤ch,a 0.01 [m]  
 Number of unit cell 𝑁ch,a 8 [–]  
 Surface area 𝑆surf ,a 21.42 [m2]  
 Hydraulic diameter 𝐷h,a 0.01 [m]  
 

 Cathode gas channels 

Volume 𝑉c 0.0535 [m3]  
 Cross-sectional area 𝑆c 0.32 [m2]  
 Length 𝑙c 0.1673 [m]  
 Unit cell width 𝑤ch,c 0.01 [m]  
 Number of unit cell 𝑁ch,c 8 [–]  
 Surface area 𝑆surf ,c 21.42 [m2]  
 Hydraulic diameter 𝐷h,c 0.01 [m]  
 Valve discharge coefficient 𝐶d,t 0.64 [–]  
 Valve control proportional gain 𝑘p,c 1.28 ⋅ 10−8 [1/Pa]  
 Valve control proportional gain 𝑘′p,c 1.964 ⋅ 10−3 [m2]  
 Valve adding constant 𝑐c 1 ⋅ 10−8 [–]  
 Cathode network reference pressure 𝑝refcathode 0.161325 [MPa]  
 

 FC coolant channels 

Volume 𝑉cc 0.004 [m3]  
 Cross-sectional area 𝑆cc 0.002 [m2]  
 Length 𝑙cc 2.01 [m]  
 Unit cell width 𝑤cc 0.01 [m]  
 Number of unit cell 𝑁p,cc 12 [–]  
 Number of unit cell 𝑁l,cc 20 [–]  
 Surface area 𝑆surf ,cc 1.61 [m2]  
 Hydraulic diameter 𝐷h,cc 0.01 [m]  
 Outlet flow gain 𝑘f ,cc 1 ⋅ 10−4 [kg/(Pa*s)] 
 

Radiator 

Volume 𝑉cc 9.38 ⋅ 10−4 [m3]  
 Cross-sectional area 𝑆rad 9.38 ⋅ 10−4 [m2]  
 Mass 𝑚rad 3.4 [kg]  
 Specific heat 𝑐p,rad 910 [J/(kg*K)]  
 Convective heat transfer coefficient 𝑘rad 300 [W/K/m2]  
 Surface area 𝑆surf ,rad 1.33 [m2]  
 Hydraulic diameter 𝐷h,cc 0.0028 [m]  
 Outlet flow gain 𝑘f ,r 1 ⋅ 10−3 [kg/(Pa*s)] 
 Coolant tank Initial tank volume 𝑉ct,0 0.0081 [m3]  
 Cross-sectional area 𝑆ct 0.1 [m2]  
 
Coolant pump

FC reference temperature 𝑇 ref
FC 80 [◦C]  

 Pump proportional control gain 𝑘P,p 0.2 [kg/(s◦C)]  
 Pump integral control gain 𝑘I,p 0.01 [kg/(s2◦C)] 
 (continued on next page)
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Table D.1 (continued).
 Component Parameter Symbol Value Unit  
 

Battery

Nominal voltage 𝑉nom 409.6 [V]  
 Stored energy 𝐸bat 20.48 [kWh]  
 Rated capacity 𝑄rated 50 [Ah]  
 Nominal capacity 𝑄nom 45.2 [Ah]  
 Exponential capacity 𝑄exp 2.47 [Ah]  
 Maximum capacity 𝑄max 51.7 [Ah]  
 Exponential voltage 𝑉exp 442.5 [V]  
 Fully charge voltage 𝑉full 476.8 [V]  
 Constant voltage 𝑉0 444.3 [V]  
 Internal resistance 𝑅int 0.082 [Ω]  
 Exponential zone amplitude 𝐴 34.27 [V]  
 Exponential zone inverse time constant 𝐵 1.217 [Ah1]  
 Polarization constant 𝐾 0.067 [V/Ah]  
 Coulombic efficiency 𝜆c 1.039 [–]  
 

Electric motor

Rated output power 𝑃m,rared 110 [kW]  
 Motor efficiency 𝜂m 0.92 [–]  
 Rated armature voltage 𝑉a,rated 520 [V]  
 Rated motor velocity 𝜔m,rated 3220 [rpm]  
 Rated armature current 𝐼a,rated 224 [A]  
 Rated torque 𝑇e,rated 326 [N m]  
 Armature resistance 𝑅ar 58.5 [mΩ]  
 Armature inductance 𝐿a 1.03 [mH]  
 Rotor inertia 𝐽m 0.07 [kg*m2]  
 Rotor viscous friction 𝐵m 0.01 [N m/(rad/s)] 
 Motor constant 𝑘m 1.456 [N m/A]  
 Current control bandwidth 𝜔cc 1000 [Hz]  
 Current control proportional gain 𝐾pc 1.03 [V/A]  
 Current control integral gain 𝐾ic 58.5 [V/(A*s)]  
 Speed control bandwidth 𝜔cs 200 [Hz]  
 Speed control proportional gain 𝐾ps 0.35 [kg*m2]  
 Speed control integral gain 𝐾is 14 [kg*m2/s]  
 

Boost converter

Input inductance 𝐿b 20 [μH]  
 Output capacitance 𝐶b 500 [μF]  
 Switching frequency 𝑓s,b 50 ⋅ 103 [Hz]  
 Proportional control gain 𝐾P,b 0.01 [1/A]  
 Integral control gain 𝐾I,b 0.1 [1/(A*s)]  
 

Buck-Boost converter

Input inductance 𝐿bb 50 [μH]  
 Output capacitance 𝐶bb 2000 [μF]  
 Switching frequency 𝑓s,bb 50 ⋅ 103 [Hz]  
 Proportional control gain 𝐾P,bb 0.01 [1/A]  
 Integral control gain 𝐾I,bb 0.1 [1/(A*s)]  
 

EMS

Optimal FC power 𝑃FC,opt 75 [kW]  
 Maximum FC power 𝑃FC,max 115 [kW]  
 Initial battery SOC 𝑆𝑂𝐶in 95 [%]  
 High battery SOC 𝑆𝑂𝐶high 80 [%]  
 Low battery SOC 𝑆𝑂𝐶low 40 [%]  
 DC bus Bus resistance 𝑅Bus 0.01 [Ω]  

Data availability

The data were made open source on Github.
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