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Abstract: Hydrogen is a promising energy carrier in all fields of transportation, including unmanned
aerial vehicles (UAVs) and manned vehicles for urban air mobility (UAM). In these applications,
one of the biggest challenges is to overcome the limitations of lithium battery technologies, while
keeping the advantage of clean energy, at least in terms of direct emissions. For these reasons, there
is an ever-increasing interest in the development, simulation, and testing of propulsion systems
adopting air-cooled proton exchange membrane fuel cells (PEMFCs). Fuel cells for aerospace must be
designed for power-to-weight maximization. For this reason, auxiliary systems are simplified, and
the adoption of air-cooling and passive cooling techniques is favored. However, the performance and
dynamic behavior of PEMFCs are affected by the operating conditions, which, in applications like
UAVs and UAM, are continuously changing due to the variation of speed and altitude during the
flight. This investigation analyzes semi-empirical and control-oriented models of fuel cell systems
proposed in the scientific literature. The review addresses the whole fuel cell system, inclusive of the
balance of the plant, and introduces the transition from dynamic models to digital twins.

Keywords: hydrogen; open-cathode PEMFC; balance of plant; UAM; UAV; control-oriented modeling;
digital twins

1. Introduction

The hydrogen economy is one of today’s most promising paths to obtaining cleaner
energy and propulsion systems. Fuel cells were first introduced in aircraft as auxiliary
power units; however, in recent years, there has been an increasing interest in using fuel
cells, batteries, and, sometimes, supercapacitors for the electric propulsion of small aerial
vehicles [1]. Compared with internal combustion engines fueled with hydrogen, fuel cells
guarantee higher conversion efficiency and no direct emission. Thanks to the superior
energy density of hydrogen and the high specific power of fuel cells, propulsion systems
with fuel cells can guarantee lower takeoff weights and longer ranges than aerial vehicles
powered by batteries alone [2]. Another advantage of fuel cells for aerospace applications is
the possibility to use by-products (water, heat, and oxygen-depleted air) to save resources
and reduce take-off mass [3].

Three types of fuel cells can be considered for this application: proton exchange
membrane fuel cells (PEMFC), direct methanol fuel cells (DMFC), and solid oxide fuel cells
(SOFC) [4]. Among them, PEMFCs are characterized by the highest power density (an
important feature in aerospace applications), good start-stop capabilities and the possibility
to operate at low temperatures. On the other hand, this kind of fuel cell presents a higher
cost because of the use of expensive catalysts, materials, manufacturing technologies, and
ancillaries. Furthermore, they show very poor tolerance to CO and thus require a very high
purity of hydrogen unless high-temperature solutions are adopted. Since PEMFCs are the
most used fuel cell in urban air mobility (UAM) and unmanned aerial vehicles (UAVs), this
review concentrates on this kind of technology.
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The cell of PEMFC consists of a membrane electrolyte assembly (MEA) included
between the gas diffusion layers and the cathode and the anode flow channels. Bipolar
plates, sealing gaskets, and current collectors complete the cell (see Figure 1). The cell
converts the chemical energy of hydrogen into electricity with the following overall reaction:

Hy +1/20, — HyO + 286 k] /mol (1)
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Figure 1. Structure of a PEM fuel cell.

During normal operation, the average voltage of a single cell ranges between 0.6 and
0.7 V. To achieve the required voltage, a certain number of cells are connected in series
forming a stack [5]. The nominal electric power of the stack depends on the active area of
the MEA and the number of cells connected in series.

To optimize the electrochemical conversion without sacrificing the thermodynamic
efficiency, the temperature of the stack is usually kept between 60 °C and 80 °C. To increase
the tolerance to CO and reduce the need for a catalyst, high-temperature PEMFCs can be
adopted [6].

To make the conversion of hydrogen energy possible, it is necessary to provide the
reactants, keep the working temperature within optimal values by an appropriate cool-
ing system, and control the voltage with an electric power control system. The correct
humidification of the membrane is also a critical aspect and may require a separate wa-
ter management circuit [7]. All of these sub-systems form the so-called balance of plant
(BOP) [5] and absorb parasitic electric power from the stack during normal operation and
from a battery at the start-up.

For a power request below 6 kW, it is possible to adopt a simple configuration where
the same flow of air is used both to deliver oxygen to the cathode and as a cooling medium.
This kind of PEMFC is called open-cathode (OCPEMEFC). For applications like cell phones
and emergency chargers that require very low power, the PEMFC can be free-breathing;
that said, generally, the air is forced through the OCPEMFC using a fan [8]. A review of heat
and water management systems in an OCPEMEC is performed in [9] either at single-cell or
stack level.

In the aerospace field, there is an effort to extend the range of applications of air-cooled
fuel cells [10,11] by accurately selecting the location of the fuel cell in the fuselage [12,13]
and by adopting advanced cooling techniques [14-16]. Edge cooling can increase the stack
power by more than 15% [9]. In [17], heat spreaders and/or heat pipes have been proposed
for a medium-scale (<10 kW) fuel cell. Such solutions increase the volume of the stack and
require a higher flow of air than conventional air-cooling solutions but can be effective
for UAVs [18]. A high-temperature air-cooled PEMFC is used in the Zeroavia project [11].
Another option is the modular construction of fuel cell systems [19] by connecting more
lightweight air-cooled devices in series or parallel. This solution can be more suitable than
larger, heavier, and more complicated single-stack water-cooled systems [20]. On the other
hand, several technological issues must be considered in the association of elementary
stacks: the partition of power between the several modules, the power electronic interface,
and the auxiliary devices [21]. A power electronic interface is used in [21] to adapt the
fuel cell voltage to that of the load by considering that each stack can have a different
polarization curve.
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For stacks with a nominal power greater than 10 kW, the heat released by the electro-
chemical reaction cannot be rejected without adopting a liquid cooling circuit and the flow
of reactants needs to be increased to support the electrochemical reaction. To solve these is-
sues, a closed-cathode configuration (CCPEMFC) where the air is compressed to the desired
level is adopted [8]. Automotive fuel cell stacks in the range of 50-90 kW are liquid-cooled
using deionized water or a mixture of water and glycol. Liquid-cooled PEMFCs are used
in the ENFICA-FC [22] project as well as in Sigma-4 ultralight aircraft [23]. CCPEMFCs
are characterized by a complex balance of plants that require a higher parasitic power, in
particular for the compressor. On the other hand, their performance is less influenced by
ambient conditions because it is possible to better regulate heat dissipation and membrane
hydration [9]. A critical issue in this type of fuel cell is the control of the oxygen excess
ratio (OER). Fuel cells operated with stoichiometric air are subject to oxygen starvation that
in turn causes flooding of the stack and damage to the membrane. However, adopting high
values of OER increases the parasitic power of the compressor and causes a reduction in
the net power of the fuel cell. To avoid such problems and improve the performance of the
stack, an OER of about 2 is generally adopted.

A review of semi-empirical models for CCPEMFCs has already been proposed by the
author in a previous review paper [24]. The present investigation focuses on open-cathode
fuel cell systems with forced air-cooling that will be simply referred to as OCPEMEFCs.

The main control action in an OCPEMEC is the regulation of the fan flow rate to
achieve the desired temperature according to the load. The hydrogen can be supplied in
three possible ways: flow-through, dead-end anode, and recirculation [25]. The first one is
used in laboratory tests and is based on the feeding of hydrogen in excess to remove the
water diffused from the cathode to the anode. The hydrogen in excess is wasted and H;
emissions are produced. In recirculation mode, the residual hydrogen is recirculated back
to the supply line by a pump or an ejector after passing through a separator to isolate the
fuel from the impurities. The complexity and the high parasitic load of this solution mean
that it is rarely used in aerospace applications [26-28]. In dead-end mode, the anode is
sealed off and a solenoid valve is placed at the outlet to seal the anode. During the dead-end
operation, the accumulation of impurities in the anode like inert gases and liquid water
decreases the voltage of the cell. To remove such impurities and repristinate the voltage, the
purge valve is opened with a frequency of activation that needs to be accurately chosen to
improve fuel utilization [29]. The stack performance oscillates violently and periodically in
the purging process, causing spikes in the voltage signal and hydrogen consumption [30].
A pulse width of 0.2 s is used in [31], which refers to a fixed-wing UAV. The same work also
points out how the low hydrogen utilization at part load due to the purge action affects the
overall efficiency of the powertrain, in particular during taxi operation while the efficiency
in cruise conditions is in the range of 33-36%. In [32], the purge duration is optimized with
an experimental approach applied to a single-cell PEM fuel cell. To this scope, the fuel cell
power and hydrogen supplier rate were sampled with a frequency of 50 Hz.

As pointed out in [33], rapid variations in load and elevation during the flight have
a great impact on the performances of aeronautics PEMFCs. A rise in flight altitude
determines a reduction in air temperature, density, etc., that affects the behavior of the
fan. A sudden increase in the load accelerates the electro-chemical reaction and increases
hydrogen consumption without a simultaneous increase in the air flow rate due to the time
lag of the BOP. This causes rapid growth of the stack temperature, which can damage the
membrane [34]. To account for these effects, it is necessary to address the dynamic response
of the fuel cell with appropriate models.

The effect of altitude on the behavior of the fuel cell is addressed in the scientific
literature related to liquid-cooled fuel cells for road transportation. In the case of aerospace
applications, only a few papers addressed this issue because of the difficulty of simulating
and verifying PEMFC systems under a variable flight elevation. With a specific applica-
tion to unmanned air vehicles (UAVs), the results of Atkinson et al. [35] indicated that
OCPEMEC can be operated over wide ranges of temperature, relative humidity airspeed,
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and elevation. However, a significant reduction in the maximum power of the fuel cell is
observed during the flight due to increasing ambient humidity (up to 24%), flight speed (up
to 28%), and elevation (up to 20%). In aerial applications, the very dry and cold ambient
air, together with the presence of dust, can harm the membrane of the fuel cell. In [18], a
dome with regulated ventilation is proposed to solve this problem as well as to allow the
retrieval of the water vapor generated by the fuel cell.

The scientific literature on the control of fuel cell systems is mainly focused on the
regulation of heat transfer, mass flows and pressure levels, while the mismatch between
the load and the fuel cell voltages is neglected. However, changes in the cathode pressure
result in fluctuations in DC bus voltage [33] that in turn influence the speed regulation of
the fan that supplies the air.

Fuel cell models can be classified on the basis of the level of analysis, complexity of
the model, and way of encompassing dynamic effects.

Regarding the level of analysis, models for single cells and stacks concentrate on the
voltage—current characteristic while system-level models of OCPEMFCs address the control
of temperature with the fan and the management of the purge valve.

In relation to the underlying physics and computational effort, models are classified
into black box, grey box, and white box [36]. In a black box model, input and output
experimental data are correlated without any knowledge of the physical processes taking
place in the system. Examples of black box models, also called data-driven models, include
fuzzy logic and artificial neural networks. A black-box model is used for the control of
temperature in [37]. Data-driven models have high accuracy in predicting the perfor-
mance of a specific fuel cell system under a certain range of variation and require very
low computational effort. This makes them suitable for online identification of operational
parameters [36]. However, they have no generality. White box models, also called “mecha-
nism models” [38—40], consist of algebraic and /or differential equations that implement the
laws of electrochemistry, thermodynamics, and fluid mechanics. They are useful to study
the effect of geometrical or operational parameters on the performance of a fuel cell. Grey
box models are based on a combination of physical relationships and experimental data
and offer a compromise between complexity and simplicity. Therefore, they are considered
the best solution for energy management and control of fuel cells [36].

The behavior of a fuel cell system under variable load operation can be addressed either
with a quasi-static or a dynamic model [41]. In the first case, the load and the boundary
conditions are assumed to vary very slowly compared with the dynamic processes that
take place in the system so that the fuel cell can be assumed to be always in equilibrium.
Therefore, a quasi-static simulation is a sequence of static operating conditions performed
over the mission duration. The goal of quasi-static models is to calculate the current and
voltage of the PEMFC under very slow modifications of the load [26]. For this scope,
equivalent electric circuit models with resistors and capacitor are often used. The preferred
simulation environment is MATLAB Simulink [42], although other numerical tools are
sometimes adopted [43]. Dynamic models are applied in the testing of the fuel cell control
system and for assessing the response of the fuel cell to fast load changes [44].

In hybrid electric power systems with fuel cells, quasi-static models of the fuel cell
system are generally used. However, the dynamic response of a PEMFC cannot be neglected
when developing energy management strategies [36], and when the fuel cell system is
subject to fast variations in load and altitude, as is the case for small drones [45,46]. A
profile of the electric power request acquired on a quadcopter is reported in Figure 2.

The effect of the fan parasitic power on the fuel cell net efficiency and power is often
neglected, and only a few experimental investigations address this aspect (Ou et al. [47],
Lee et al. [48]).
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Figure 2. Recorded load power profile of a battery quadcopter [45].

In the scientific literature, there is an increasing interest in digital twins, i.e., simulation
models that integrate physical models with sensor updates, historical data, and control
information [49] with a bilateral mutuality between the virtual representation and the
physical system [50]. In particular, the physical product modifies its real-time behavior
according to the feedback generated by the digital twin. On the other hand, thanks to sensor
updates and historical data, the model can precisely reflect the real-world condition of the
physical body. In transportation systems, there are many uses of digital twins including
increased safety, autonomous steering, smooth drive, and increased energy savings [50].
Nowadays, most of the works in the literature deal with digital twins for intelligent
transport systems [51,52]. The concept of digital twins was formally defined in 2012 by
NASA, which envisioned the possibilities it could entail in the aerospace industry [53].
However, the application of digital twins to fuel cell systems adopted in aerial vehicles is
currently lacking, to the author’s knowledge.

This study proposes a critical review of semi-empirical models for OCPEMEFCs at the
system level and analyses their fitting procedures. The investigation also addresses the
effect of flight altitude to identify a correct simulation practice for OCPEMFCs used in
drones and manned aerial vehicles. A previous review by the author [24] dealt with closed-
cathode configurations adopted in light aviation The two configurations are characterized
using quite different BOPs. These systems are subject to different transient effects and
introduce the necessity for different control actions. Therefore, while the modeling of the
fuel cell stack is the same for the two kinds of fuel cells, they need different quasi-static and
dynamic models for the BOP.

The main novelty of this review paper compared with similar investigations in the
scientific literature can be summarized as follows:

- Thereview considers quasi-static and dynamic models of the whole fuel cell system
and not only the stack;

- The investigation addresses the complex phenomena taking place in an OCPEMFC
and the recent approaches to control strategies;

- The operation at variable altitudes and fast loads typical of UAV operation is specifi-
cally considered;

- The review includes the recent hot topic of digital twins where semi-empirical models
are an option together with data-driven approaches.

The paper is organized as follows. Section 2 describes the structure of an open-cathode
PEM fuel cell together with the performance indexes, the dynamic processes, and their
control methods. The effect of altitude and the management of cold start are also addressed
in this section. Section 3 presents a review of the models for the stacks that can be applied
to both CCPEMFCs and OCPEMFCs. Quasi-static and dynamic models for the hydrogen
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circuit and the cooling system are analyzed in Section 4, together with numerical approaches
used to account for the effect of altitude on the performance of the fuel cell system. In
Section 5, the best simulation approach for a OCPEMFC system to be used in UAVs and
UAM is proposed and critical issues in the specification of the fuel cell system and the
identification of the model parameters are underlined, showing the necessity of a transition
from dynamic models to digital twins. Section 6 summarizes and concludes the review.

2. Open-Cathode PEM Fuel Cells

A water management system is generally needed in a fuel cell to achieve a fully
hydrated membrane while avoiding flooding. The control of hydration is traditionally
performed with an external humidification system but can also be achieved by means of
self-humidifying methods where the water generated from the reaction, Equation (1), is
used to keep the desired level of hydration in the membrane. This solution is preferred in
the aviation field because it reduces cost, weight, and complexity [54].

The typical configuration of a self-humidified OCPEMFC for UAV is shown in Figure 3
inclusive of the stack and the BOP. The BOP includes the hydrogen circuit, air path, electric
circuit, and controller.

air in

DC/DC
converter

Electric
load

Figure 3. BOP of a self-humidified OCPEMFC. No external humidification is required because of the
self-humidification process.

The hydrogen is supplied from a tank that can be of three types: pressurized vessels,
cryogenic tanks, or metal-hydride storage systems [41].

The flow rate and the pressure of hydrogen are controlled using a regulation valve.
The cathode is dead-end with a purge valve opened with a certain frequency to eliminate
water and impurities. As explained in the introduction, the opening of the purge valve
determines an outflow of hydrogen.

An inflow of air is guaranteed by the usage of one or more fans and is necessary both
for providing the oxidant and as a cooling medium. The motor receives power from the
stack or a battery (in particular during the start-up process). The temperature of the stack
is regulated by controlling the speed of the fan motors and, therefore, the mass flow rate of
the fan.

Since the voltage of the stack decreases with increasing current (i.e., load), a DC/DC
converter is used to obtain the desired voltage of the electric load.

2.1. Performance and Efficiency Indexes

The gross electric power of a stack is given by:
Py = Vsl ()

where Vi and Iy are the voltage and the current of the stack, consisting of N elementary
cells in series. Note that V;; is a nonlinear function of I because of a series of phenomena
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explained later in the paper. Therefore, the net electric power is also a nonlinear function of
It In fact, the main goal of a fuel cell stack model is to predict the dependence of Vs; and
Ist, the so-called “polarization curve” or “voltage—current curve” that is also affected by
operating variables like temperature, pressure, and water content [55].

When the OCPEMEFC is analyzed at a system level, it is necessary to encompass the
parasitic power of the BOP [56]. The net power of a fuel cell system is given by:

Pyet = Vitlstipc—pc — Paux 3)

where Py, and #pc_pc are the parasitic power of the auxiliaries and the efficiency of
the DC/DC converter, respectively. In an OCPEMFC, the main contribution to P,y is
represented by the power of the fan. In [57], for a Horizon H-500 fuel cell, the power con-
sumption of the auxiliary component was found to be dependent on the stack temperature
and ranging from 36.5 W at 296.15 K to 52 W at 338.15 K. The auxiliary power consumption
of a 100 W OCPEMFC was determined experimentally in [17] and was found to be strongly
dependent on the fan voltage control law because of the strong effect of temperature. With
appropriate fan speed control, the efficiency was found to increase from 28% to 36%. In [58],
a parasitic power of up to 5 W is measured for an H-12 horizon fuel cell with a rated power
of 12 W.
The efficiency of the stack can be expressed as:

V.
Hstack = MF N~5Et:0 (4)

where yr is the fuel utilization rate [55] assumed equal to 0.95 in [59] and 0.9 in [60],
while Ej is the electric counterpart of the heating value of hydrogen. It is equal to 1.462 V
if the higher heating value (HHV) of hydrogen is considered [60] and 1.254 V for the
lower heating value [55]. In a dead-end anode, the fuel utilization rate is affected by the
purging process. Purging must not be performed too often to minimize hydrogen loss and
membrane drying. In [61], the purging is said to take place when the voltage across the
last cell in the stack is less than 0.8 V so that the purge frequency is increased with the load.
The purging process causes spikes in the stack voltage [30,62] and in the consumption of
hydrogen [20]. In [63], the purging action was found to increase the total fuel consumption
by 32% over a driving cycle of 250 s. The purging frequency tends to increase with the
nominal power of the stack. The purging valve is activated every 30 s in the H-100 fuel cell
stack [30] and 10 s in [64,65] for the H-1000 Horizon fuel cell. Optimization of the purging
frequency is performed in [66,67].

The purging process determines a reduction in fuel utilization, particularly at low
loads. To quantify this effect, the flow rate of hydrogen without purging was estimated by
Verstraete et al. [62] by taking a moving average of the measured data. The fuel utilization
curve of Figure 4 was obtained.

The voltage of the fuel cell, V., is significantly inferior to Ey because of activation,
ohmic, and concentration [5] losses that will be described in Section 3.

The net efficiency of a fuel cell system can be expressed as [1]:

P
Mnet = = net (5)

mp, HHV
where mpy, is the hydrogen mass flow rate and HHYV is the higher heating value of Hj.

The net system efficiency was found to range between 32% and 49% in the power
range of the H-500XP stack [57]. Typical curves of cell voltage, net efficiency, and net power
vs. current are reported in Figure 5. Note that the net efficiency, unlike the gross efficiency
(which follows the same trend as the cell voltage), tends to zero at low loads and is lower
than the gross efficiency because it is affected by the duty cycle of the fan and by the loss of
hydrogen caused by the purging action [17]. This evidences the importance of accounting
for the parasitic power of the fan and the other components of the BOP.
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Figure 4. Fuel utilization vs. load [62].

current

Figure 5. Typical curves of cell voltage, net efficiency, and net power vs. current.

Note that the maximum efficiency (red star in Figure 5) is obtained at low loads and
high voltages while the maximum power (blue star in Figure 5) is obtained at medium-high
currents and low voltages. According to the field of application, FC system designers can
select the voltage that maximizes power, efficiency, or fuel utilization [68].

The performance of an OCPEMFC system can be measured also in terms of stack
cooling effectiveness ¢ [69]:

&€= Thaircp,air(Tst - Tumb)/Qgen (6)

where Ty and T,,,;, are the temperatures of the stack and the ambient, respectively. The
numerator of Equation (6) is the heat removal rate of the cooling system while Qgen is the
thermal power generated by the stack.

A cooling device can be also characterized in terms of the ratio between heat removal

rate and parasitic power. A well-designed cooling system can achieve an effectiveness ratio
between 20% and 40%.

2.2. Fan Working Point and Speed Control

In OCPEMECs, the role of the fan is to direct the airflow rate toward the air channels
of the cathode and to overcome the major and minor head losses [70,71] of the stack.

The pressure of the air supplied to the cathode is the sum of the ambient pressure
and the rise in pressure generated by the fan. The performance of a fan is expressed by its
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performance or characteristic curve that reports the pressure head vs. the air flow ratio.
The pressure head in this application is given by:

Apfan = Pc = Pamb 7)

where p, is the cathode pressure.

An example of the performance curve of the fan is reported in Figure 6 together with
a hypothetical stack resistance curve. The fan curve refers to the Delta FFB-0912-EHE
model used in the Horizon H-1000 stack [64]. The actual air mass flow rate is obtained
by intersecting the fan curve with the stack resistance curve [8], which is a quadratic
function of the air flow rate. In general, the pressure head decreases when the air mass flow
increases. However, most fans have a region of the performance curve where the pressure
head increases with 11,;, like the stack resistance curve (the instability region of Figure 6).
This region is to be avoided because the fan presents unstable behavior (stall). If the fan
attempts to generate more airflow, the system pressure increases, reducing the generated
airflow. As airflow decreases, the system pressure also decreases, and the fan responds by
generating more airflow. This induces larger changes in flow rates, which in turn can lead
to cyclic behavior of the air flow rate.

— Stack curve —Fan curve

instability region

Apfan

Air flow

Figure 6. Typical performance of a fan and an example of stack resistance curve.

The fan must be selected so that its operating point falls in the stable part of the
characteristic to guarantee a stable operation and avoid poor fan efficiency and wear on the
fan components [72].

Centrifugal or axial fans can be adopted according to the desired air velocity, and two
or more fans can be connected or in series to change the operating point. A comparison of
centrifugal and axial fans with the different rated speeds is performed in [72]. However,
the working point is affected slightly by the cell voltage and strongly by the fan speed.

A variable rotation speed allows the cooling air flow rate to be adjusted to regulate
the stack temperature, reducing the noise of the fan and saving energy when full speed is
not required. There are two main ways to control the speed of the fan: variable DC voltage
supply and PWM (pulse-width modulation). In the first case, a series resistor is used to
cause a voltage drop in the supply wire. The lower bound of voltage is limited by the need
to avoid a stall in the fan. In the second and most common case, the speed of the fan is
determined by the width of the PWM duty cycle while the input voltage is constant. A
duty cycle of 40% keeps the electric motor on for 40% of the total time of the PWM signal,
and the other 60% of the time, it will remain off. PWM is preferred because it does not
generate additional heat, reduces noise thanks to the high-frequency driving signal, and
increases the operational speed bandwidth [73]. With this technique, the speed variation
of cooling fans is within 30-100% of the rated speed and the minimum speed achieved
with PWM controllers is much lower than with DC fans. The duty cycle D is expressed as
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the ratio between the duration of pulse width and the period of the signal cycle. The fan
speed response is almost linear with the PWM duty cycle in the operational bandwidth
(D > 30%) [73].

2.3. Testing Procedure and Facilities
The characterization of a fuel cell system can address different aspects [1,5]:

Overall performance (I-V curve, net power curve);
Relative effect of the three main loss mechanisms;
Mass transport proprieties;

Parasitic losses;

Structure of catalyst, electrodes and flows;

Heat balance;

Lifetime issues;

According to [1], the most useful methods for electrochemical characterizations of the
stack are current-voltage measurements, current interrupt tests, electrochemical impedance
spectroscopy, and cyclic voltammetry.

Current-voltage measurements are usually performed with galvanostatic techniques
where the current is controlled by the user and the resulting voltage is recorded. In the first
case, the current is gradually scanned in time from zero to the maximum value, and the
voltage is measured after a long relaxation time. As pointed out in [1], it is important to
ensure that steady-state conditions are reached. Moreover, test conditions must be carefully
controlled and documented. To address the first point, it is necessary to conduct a series of
measurements at different speeds. For the second point, a warm-up must be performed by
operating the cell at a fixed current load for 30-60 min before testing and recording the fuel
cell temperatures of the gases and of the stack during the measurements. The pressure at
the inlets and outlets and the flows of reactants and products must be also recorded.

In the current interrupt measurement, a current is abruptly imposed or withdrawn,
and the time signal of voltage is measured until it approaches the steady stage value. This
method is used in [63] to tune a dynamic model of the fuel cell stack.

In electrochemical impedance spectroscopy, a sinusoidal perturbation is applied to
the system and the amplitude and phase shifts of the resulting signal are measured. By
repeating the test over a wide range of frequencies, an impedance spectrum is obtained.
The difference between the low-frequency intercept and the high-frequency intercept of
the real axis of an impedance spectrum represents the resistance of the electrode processes
while the high-frequency intercept is the ohmic resistance [35].

Regarding the relative effect of losses in a stack, O’'Hayre et al. [4] explain how it is
possible to separate the individual contributions of activation, ohmic, and concentration
losses from a current—voltage curve. As for the relative effect of the three loss mechanisms,
from the results reported in [68,74], the most relevant contribution is that associated with
activation losses.

The test bench of whole OCPEMFC systems usually consists of data acquisition
systems, controllers for the fan voltage and the purging time, thermocouples for tem-
perature measurement, and a flow-rate measurement for hydrogen flow rate [14,37]. A
programmable electronic load is used to reproduce a variable current load. Generally, tests
are performed in rooms where the temperature and humidity are not controlled, and their
values are sometimes not even recorded. However, the details of pressure, temperature,
humidity, and relaxation times are rarely reported in the scientific literature.

Altitude chambers have been proposed to reproduce the operation of a fuel cell
system at high (<11,000 m) and very high altitudes (>11,000 m). Often, these chambers
allow the control of pressure while humidity and temperature can be monitored. An
environmental test chamber was included in a wind tunnel by Atkinson et al. [35] to study
the effect of altitude on a single cell. The test system adopted in [35] includes a frequency
response analyzer for the analysis of the impedance spectrum. Saadi et al. [26] used
electrochemical impendence spectroscopy (EIS) to investigate the phenomena of diffusion
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and charge transfer. Wind tunnels are employed in [18] to study edge cooling in a UAV
and in [75] to measure the convective heat transfer coefficient of a PEM. In [30], the stack is
tested in an environmental chamber that allows the control of humidity, temperature, and
oxygen concentration.

2.4. Transient Phenomena in an OCPEMFC

In applications characterized by rapid variation of loads like UAVs, the analysis of the
dynamic behavior of PEMFCs is of the utmost importance [55,76]. One of the limitations of
fuel cells compared with batteries and supercapacitors is the slower response to variable
load profiles like that reported in Figure 2. A transient of 20-30 s from no load to rated
power was measured in [60] for a fuel cell. In [61], the dynamic responses to step-down
(20 A-0 A) and step-up (0 A-20 A) transient loads of a 1.2 kW Ballard fuel cell and a lithium
battery were found to be 1.2 s and 0.6 s, respectively. This explains the need for the fuel
cell to be coupled with a battery or a supercapacitor to improve the response to fast load
changes [77]. Analyzing the transient behavior of a PEMFC is also significant in the case
of start-up and shut-down operations to achieve a rapid increase in the stack temperature
and to avoid the degradation of the fuel cell, respectively [78].

Different interconnected dynamics processes take place in an OCPEMFC, each requir-
ing a suitable control action to optimize the behavior of the whole system [55,78].

The control of the temperature is the most critical issue in an OCPEMFC and is
achieved by acting on the speed of the fan. On the one hand, an increase in temperature
accelerates the electrochemical reaction and improves the efficiency. On the other hand, a
too-high temperature can damage the membrane and increase the internal resistance [79].
Moreover, high temperatures cause dehydration in the catalyst layer and reduce the cell
voltage [30]. As a consequence, both performance and efficiency are degraded. The optimal
temperature of the stack according to Abul-Hawa et al. [55] should be 80 °C while a range of
65-85 °C is considered in [79]. In other investigations, the reference value for temperature
is varied with the load [80]. Under cold-start operation, heaters are used for a fast warm-up
of the stack [37].

To avoid an excessive difference in pressure across the membrane that can damage the
membrane and increase reactant crossovet, it is necessary to regulate the feeding pressure
of hydrogen, especially at high-altitude, where the cathode pressure is lower [55].

The humidity of the cathode air must be high to minimize the internal resistance of the
fuel cell but not too high to avoid flooding. Sudden variations in the water content cause
hysteresis in the dynamic polarization curve [62]. In particular, a lower voltage at a given
current is obtained in the case of load reduction. The faster the load variation, the higher
the degree of hysteresis. The water content in the membrane is controlled with an external
circuit humidification circuit. In self-humidifying fuel cells [81], additives are adopted into
the catalyst layer or in the membrane to retain the water generated by reaction (1).

During transients, it is also important to avoid starvation of reactants to preserve the
performances [79,82]. Using more fuel than needed for a specified power (i.e., adopting low
values of yr) is a possibility, but this determines a waste of hydrogen, which is a precious
energy carrier. In [79], the optimization of stack orientation is also suggested as a way to
solve the problem of oxygen starvation.

At a cell level, a further dynamic phenomenon has to be considered: the double-layer
capacitor effect, which happens during the regular operation of the cell and is caused by the
accumulation of charge at the anode—electrolyte and electrolyte—cathode layers. However,
the double-layer capacitor effect has a much smaller time constant compared with the other
dynamic phenomena, as shown in Table 1.

The orders of magnitude of the time constants for membrane hydration and electro-
chemical double-layer were estimated numerically in [83] and confirmed experimentally
in [62].
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Table 1. Time constants of the transient phenomena in open-cathode fuel cells.

Phenomenon Scale of Time Constants Source
Stack temperature 100 s [55]
Membrane hydration 10s [83]
Fan speed 1s [30]
Gas transport 0.01-0.1s [55]
Double layer discharge 0.1 us [83]

2.5. Control Methods

A detailed review of control methods applied to OCPEMEFCs is beyond the goal of
this investigation. Nevertheless, it is significant to describe the control approaches for two
reasons. On the one hand, the dynamic behavior of the fuel cell is strictly related to the
control actions performed on the system. On the other hand, the number of recent papers
on advanced control techniques underlines the importance of making available accurate
and comprehensive control-oriented models.

In an open-cathode configuration, the main control action is related to temperature
and is achieved by regulating a single component, i.e., the fan [47]. This makes the air
stoichiometry rate calculation more critical than in a closed-cathode fuel cell [84]. On
the other hand, Ou et al. [47] pointed out that if the focus of the control is only on the
temperature, oxygen starvation can happen, in particular when a low air flow is required
for cooling, for example, when the fuel cell has not yet reached the optimal temperature
after the start from ambient conditions. To solve this problem, Ou et al. proposed a double
calculation of the excess air to avoid overheating and protect the cell from air starvation.

In [30], two dynamic states are considered: the stack temperature and the liquid water
saturation. The load current and the cathode inlet air temperature are the measurable
external perturbations. The control variable is the inlet air velocity through the PWM
control of the fan. The output of the system is the voltage. In this investigation, a local
PI controller is used to regulate the voltage of the cooling fan, and an extremum-seeking
algorithm is applied to obtain the optimal temperature set point for the PI controller.
However, the experimental validation revealed that this controller was not able to stabilize
the voltage because of the slow system dynamics of the drying of the catalyst layer. For
this reason, other controllers were proposed in a subsequent study by Strahl et al. [85]. A
review of the control method for temperature can be found in [14], where three control
parameters are considered: the duty cycle of the fan, the cycle time, and the difference
between the average output power of the current cycle and the previous cycle.

In [47], the control objective is to maximize the net power output and prevent over-
heating. For this scope, the relationship between net power and the duty cycle is mapped
for different load currents, and the optimal value of the fan duty ratio is obtained. Then,
the same process is used to identify the minimum duty ratio that allows the fuel cell to
operate in safe temperature conditions. They found that the oxygen excess ratio of power
optimization requires more air flow mass than the cooling system at high loads, and at
lower currents, temperature protection is more critical. The oxygen excess ratio was se-
lected as the maximum between the value that minimizes the net power and the minimum
value required to avoid overheating. The values of the optimal oxygen excess ratios were
fitted using a third-degree polynomial function and used as a reference for the fan control
performed with a conventional PI controller.

The classical PI or PID controller with feedback is often used for the control of
OCPEMEC, but sliding mode control has recently been proposed ([82,86]) to ensure the
desired value of the oxygen excess ratio. A PID controller is a simple, economical, and
easy-to-implement solution for single-input-single-output systems and is therefore applied
in a variety of applications including the control of a fuel cell system [87]. The method is
based on the difference (error) between a measured process variable and its setpoint and



Energies 2024, 17, 900

13 of 38

applies a correction based on the proportional, integral, and derivative terms. This control
method requires tuning to find the best values of the constants used in the three terms.
The tuning of the PID is addressed in detail in [65], where the author identified the best
setting in terms of a trade-off between fast response and reactants consumption. In the
work of Strahl et al. [30] on an H-100 stack, the proportional gain of the PID is 0.8, and the
integrator time constant is 20.

A review of control methods used in fuel cell systems to avoid starvation can be found
in [79]. They underlined the drawbacks of classical proportional integral and derivative
controllers, i.e., the inaccuracy and slow response time that can be solved by more advanced
controllers like the sliding mode, adaptive, neural network, fuzzy logic [88], and model-
predictive controllers. In the last case, the availability of a fast but accurate dynamic model
of the fuel cell system is critical. In [89], a model predictive control (MPC) and a PID
controller were designed to control the voltage at the desired value by regulating both
hydrogen and air flow rates. The two controllers were compared under different operating
conditions and the MPC was found to be superior in fulfilling the stabilization of the
voltage. Similarly, a comparison between MPC and traditional PID is reported in [90]. Li
et al. [91] developed an active disturbance rejection controller (ADRC) with a switching
law for temperature regulation.

In [74], fuzzy logic is used for the control of the temperature using the temperature
error, its derivative, and current as inputs and the duty cycle of the fan as an output.
A constant temperature of 35 °C was set as a reference. In [88], both temperature and
humidity are controlled by employing a fuzzy-based logic that controls the PWM signal of
the fan and the behavior of the external humidifier. The goal of the investigation presented
in [92] was the simultaneous control of current and temperature to supply the requested
power with the highest possible efficiency, i.e., with the lowest consumption of hydrogen.
A fuzzy logic controller (FLC) is used to reach the reference temperature (that depends
on the current) while a PI controller is used to control the current. As discussed in [92],
PID controllers cause large temperature overshoots because they work well for a limited
operating range. Moreover, their tuning is dependent on the accuracy of the model. On the
other hand, FLCs are more flexible in terms of range of operation and also work well with
not very accurate models.

In most of the papers cited above, the reference temperature is assumed to be constant
(see, for example, [88]) while in [80], the optimal reference temperature is expressed as a
function of the current. The results reported in [30] show that, for each current, there is an
optimal stack temperature and, therefore, a different PWM value. Moreover, the optimal
values of the temperature in that investigation were found to be higher than the default val-
ues considered in the standard controller. This also allows a reduction in the parasitic power
of the fan thanks to the lower PWM. In [14], a temperature reference-seeking algorithm
is employed to determine the optimal operating temperature in variable environmental
conditions. The author of this review believes this approach to be particularly suitable for
aerospace applications, but a further step is required. One of the scenarios investigated
in [14] is a typical mission of a UAV. However, the effect of different values of ambient
pressure and temperature due to flight altitude is not considered. Their strategy allowed
an increase of up to 2.78% of the net power compared with the constant duty cycle control.

To optimize the behavior of the fuel cell system, it is also possible to control the
operating point of the fuel cell to ensure maximum power or maximum efficiency through
the power management unit that has the role of matching the operating point of the
fuel cell with the load demand, i.e., to ensure that the power generated by the stack is
equal to the power requested by the load [55]. Power management is needed because the
voltage produced by the stack decreases when the current increases. The unstable direct
current generated from the stack has to be strictly controlled to ensure the rapid delivery
of the load required during fast transients [79]. A DC/DC power converter needs to be
introduced between the fuel cell and the load to convert and stabilize the bus voltage [1]. An
excessive change in DC/DC input current generates an insufficient supply of air. Therefore,
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the topology and control of the DC/DC converters must be designed and optimized in
combination with the PEMFC system to improve output performances. To solve this
problem, Zhao et al. [33] propose a PEMFC dynamic model that considers the disturbances
of the internal load, the centrifugal compressor with its driving motors, and the external
UAYV power load under variable elevations and operating conditions.

Another possibility to control voltage is through hybridization. As already stated,
the response of a fuel cell system to changes in demand is not comparable to that of its
competitor (i.e., internal combustion engines and batteries) because its response to transient
changes in load depends on the management of heat and water content, regulation of
pressure and flow rate of the reactants [55]. For this reason, a secondary energy storage
device (battery or capacitor) is needed to support the fuel cell during transients. Verstraete
et al. [62] found that the controller developed by Horizon Energy Systems for their self-
humidified stacks short circuits the stack output power every 10 s to increase the efficiency.
A supercapacitor and/or a battery is needed to ensure continuous power during the short-
circuiting process. In [77], a controller is developed for a fuel cell/supercapacitor system
to keep the fuel cell power between the desired bounds and to limit the variation slope
of the fuel cell to avoid starvation. Hybrid systems with batteries or supercapacitors can
be passive or active [46]. In a passive system, no DC/DC converter is used; therefore, the
voltage of the two systems (the fuel cell and the secondary storage system) must be similar.
This reduces the weight and complexity but does not allow operation flexibility. A review
of hybrid electric configurations with fuel cells for UAV applications can be found in [93].

2.6. Effect of Altitude and Cold Start

The variation in ambient temperature, pressure, and relative humidity with elevation
can degrade the fuel cell performances and make the thermal management of the fuel cell
system [94] more difficult. In fact, the request of air velocity and volumetric flow rate for
the cooling of the fuel cell [75] increases with altitude because of the lower density. Since
the increase in air velocity is smaller than the density variation, the Reynolds number of
the flow also decreases.

The impact of vibration, cathode air starvation, low pressure, and cold start on PEMSs
utilized in high-altitude environments is addressed in [95]. As the altitude rises, the
drop in temperature and pressure and cathode air starvation cause a decline in the cell
performance due to damage to the membrane electrode assembly. The effect of low pressure
can be overcome by increasing the cathode air flow rate, but it is necessary to monitor the
membrane humidity. A critical value of the air stoichiometric ratio must not be reached to
prevent the membrane from drying.

Altitude affects the behavior of both closed-cathode and open-cathode fuel cells [67].
The effect of altitude on voltage and power in OCPEMFCs was experimentally evaluated for
a single-cell system [35]. The fuel cell was tested in a depressurized chamber to simulate the
pressure up to 3239 m and a decrease of 17% was found in the cell power. This reduction is
suggested to be due to higher activation losses due to the operation at lower oxygen partial
pressure. Moreover, the ohmic resistance increases because of the low cell temperature and
relative humidity. On the other hand, the cell can dissipate waste heat more effectively at
high altitudes thanks to the lower ambient temperature. Therefore, the maximum current
density of the cell increases. However, as pointed out in [35], it is not possible to associate
such variation only to altitude because the fuel cell is highly sensitive to ambient relative
humidity and temperature.

The authors of [35] also pointed out how the availability of cool air at high tempera-
tures could enable the removal of many traditional BOP components. The implementation
of the open-cathode flexible fuel cell to cover the airframe is suggested for UAVs while
hollow structures like the wings of fuselage can be used for hydrogen storage. On the other
hand, this solution does not allow control of the fuel cell stack and, therefore, can cause
the degradation of the cell performance when the temperature. They found that the forced
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airflow has little influence on OCPEMFC performance at low and intermediate cell voltage
(<0.65 V).

When the stack works at an ambient temperature under 0 °C, the water produced
by the reaction can solidify and the increase in water volume can destroy the MEA. To
avoid such a problem, it is necessary to ensure that the heating rate is more rapid than the
freezing rate of water by employing shutdown purging, external heating, etc. [69,95].

3. General Models for Fuel Cell Stack

As pointed out in [55], the stack is described by three sets of variables: geometrical,
operational, and performance. The effect of technological and geometrical parameters on
the behavior of the stack can be addressed using white models like computational fluid
dynamic (CFD) methods. As explained in the introduction, this class of models is not
included in this review because it cannot be applied to a system-level simulation. On the
other hand, operational variables like the pressure, control of reactants, stack temperature,
and water content can be addressed with grey or semi-empirical approaches.

The main goal of these models is to approximate the “voltage—current” or “polarization
curve” of the fuel cell that presents the typical trend shown in Figure 7 with the red line. It
is important to notice that, from an electrochemical point of view, the polarization curve
can be reported in terms of cell voltage vs. current density or stack voltage vs. current.
The first approach is employed when the focus is on the single cell [1]. At the stack level,
instead, it is the indifferent to represent the polarization curve in terms of current (I) or

current density (i = % .

activation
losses

ohmic
losses concentration
losses

Ist
Figure 7. Typical voltage curve of a fuel cell.

All models proposed in the scientific literature treat hydrogen and air as ideal gases, a
hypothesis justified by the low working temperature of PEM fuel cells.

The semi-empiric models adopted to analyze the behavior of the stack in OCPEMFCs
and CCPEMEFCs are the same because the two systems differ only for the BOP. A detailed
analysis of static and dynamic models for the stack of CCPEMFCs can be found in [24].
Here, a summary is reported.

Theoretically, a single cell can generate an open-circuit reversible voltage E( given
by [5,96]:

Eg = 1.229 — 8.46 x 10~*(Ty — 298.15) (8)

where Ty is the stack temperature.

The first term, 1.229 V, is obtained from the Gibbs free energy change at 298 K and 1 atm
of Equation (1) and represents the highest voltage obtainable from a hydrogen—oxygen
fuel cell. Under non-standard conditions, the open-circuit voltage, called Nernst voltage,
EnNernst, can be calculated as follows:

RTst

1
ENemst = EO + F ll‘l(sz) + Eln(PO2) (9)
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where R and F are the ideal gas constant and the Faraday constant, respectively, and pp,
and po, are the partial pressures of the reactants. The partial pressure of the water does
not contribute at temperatures below 100 °C, being in a liquid state. The partial pressure
of hydrogen depends on the hydrogen feeding pressure. In an OCPEMFC, the partial
pressure of oxygen depends on the molar fraction of oxygen in the atmospheric air. In the
case of dry air at sea level, it is about 0.21 atm [5]. According to the International Standard
Atmosphere model (ISA), temperature T,,,,;, and pressure p,,,; at an altitude from sea level
up to 11,000 m can be calculated as:

Tomp () = To — 6.5y (10)

L 5.2561
pamb(hL) = Po (1 - 6.51"0) (11)

where Ty = 288.15 K and py = 1.013 bar and #; is the altitude in meters.
The humidity of the air in parts per million by volume (ppmv) can be estimated from
0 to 15 km with the following empirical correlation [96]:

16,176 h

— e 2051 —

1+exp(LL) 20517000
2299

The Nernst voltage is the reversible open circuit of the electrochemical cell associated
to the change in Gibbs energy in the reaction (Equation (1)) [5]. Once the fuel cell is subject
to an external load, a current is generated and voltage drops because of the irreversibility
associate to activation, crossover, ohmic, and mass concentration processes [15] as shown
in Figure 7. These losses occur at all currents, but the activation process is more relevant
at low currents while the concentration voltage drop is significant only when the current
approaches its maximum value.

Neglecting the only dynamic process in the cell, i.e., the double layer charging effect,
the cell is modeled with the equivalent circuit of Figure 8 and the voltage of the stack can
be calculated as:

HyO(ppmv) = 320 (12)

Vst = N(ENernst - AVohm — AVyet — AVconc) (13)

A""Iact A\"”ohm i\‘Vconc

Enernst

Figure 8. Equivalent electric circuit applied in the quasi-static analysis of PEMFCs.

The voltage drop AV caused by irreversibility is expressed as the sum of ohmic (AVy,),
activation (AV,), and concentration (AV¢u) voltage drop.

3.1. Activation Losses

The activation losses are calculated using the Tafel equation or, more recently, with
Amphett’s model [97].
The Tafel equation, in the more general form, is:

AV = Rt ln<ISt + I”) (14)

2aF "\ Sput I
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This equation is valid only for Is; > Iy, where Iy is the exchange current, the minimum
current at which the voltage drop is observable [5]. The transfer coefficient « measures the
part of electrical energy that is utilized in varying the rate of the electrochemical reaction. I;,
sometimes neglected, takes into account fuel crossover and internal currents, i.e., fuels and
electrons that move through the electrolyte. The values of the parameters in this equation
are assumed equal to &« = 0.2571, I,/ S;er = 0.00037707 A/ cm? and Iy = 0.0047758 A /cm?
in [8] for a OCPEMFC with a nominal power of 500 W. However, the transfer coefficient
is affected by temperature [96] and oxygen partial pressure [30]. For more details, please
refer to [24].

The exchange current increases exponentially with temperature:

SIO = 1.256 — 8exp [0.10988(Ty; — 323.15)] (15)
act

In Amphett’s model, the activation losses are accounted for with the following
equation:
AVact = &1+ 82 Tst + C3Tstn (co,) +CaTstIn(Ist) (16)

where §; with i = 1, 4 are parameters that originally had a physical interpretation but are
usually regarded as parameters to be tuned. The values proposed in the scientific literature
for these parameters are summarized in Table 2.

Table 2. Values of the empirical parameters of Equation (16) found in the scientific literature.

Stack Name &1 éo &3 Ga Ref.
Horizon 2000 W —0.9477 0.0033 7.5 % 107° —1.915 x 10~* [69,88]
Horizon 1000 W —0.944 3.54 x 1073 8x 1072 —1.96 x 1074 [65]
Horizon 500 W -1.0 0.0034 7.8 x 1070 —1.85x 1074 [57]

500 W -1.29 0.0032 2.6 x107° —15x107% [92]

Ballard Mark V FC 5 kW —0.948 From Equation (17) 7.6 x 1072 —1.93 x 1074 [87]
Ballard Mark V FC 5 kW —0.948 0.00312 7.6 x 1075 ~1.93 x 1074 [98]
Ballard Mark IV FC —0.9514 0.00312 74 %1075 —1.87 x 1074 [99]
Ballard Mark V FC —0.944 0.00354 7.8 x 1075 ~1.96 x 1074 [99]
NedStack PS6 (500 W) —1.023071 3.4760 x 1073 7.7883 x 10~° —0.954 x 104 [91]
NedStack PS6 (500 W) —~1.1997 g:;%é i 18:; 43.'66164211007_55 —0.954 x 104 [100]
Not declared —0.944 3.54 x 1073 7.8 x 1070 —1.96 x 1074 [55]
Unspecified 300 W stack —0.948 From Equation (17) 7.6 x 107> —1.93 x 1074 [94]

As shown by Qinshan [68], small variations in the parameters generate large variations
in the polarization curve.

In [87,94], the second coefficient is computed as proposed by the authors of [99] in an
attempt to generalize the model:

& = 0.00286 + 0.002In(Sact) + 4.3-107% + Incppo (17)

where cpy, is the hydrogen concentration, which depends on stack temperature and hydro-
gen pressure, Py,:
77
cH, = 9.17-107PH2exp(—T> (18)

st

An increase from p; to p; in the pressure determines a gain in the cell voltage that can
be estimated as [5]:
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AVigain = c-ln(ij) (19)

where c is a function of exchange current density and is influenced by pressure, humidity,
and fuel cell design [5].

3.2. Ohmic Losses
Ohmic losses are modeled with the equivalent resistance R,

AVohm = Rohmlst (20)

The ohmic resistance incorporates the resistance encountered by the ions in the passage
through the membrane, Ry, and the contact resistance, R., between cells [80]. Ryem
depends on the membrane thickness t,;, the water content of the membrane A, the stack
temperature T, and the current density [69,90,94]:

2 2.5
181.6t - {1 —0.034% + 0.062(3T0s3t) (sﬁii) }

(21)

Rmem =

[ — 0634 — 35t -5,p-exp (41874729
Recently, an empirical model has been proposed by Kandidayeni [36] to address the

dependence of ohmic resistance on stack temperature and current density:

Ist
Sact

Rowm = C1+ 02Tst + 03 (22)
where (1, (> and {3 are empirical parameters.

The internal resistance is also affected by stack pressure [5], but this effect is not
addressed in the scientific literature, to the author’s knowledge.

3.3. Concentration Losses

Concentration losses are relevant only in the high-current region [5]. Since the fuel cell
is normally operated between the max efficiency load and the maximum power, they are
often neglected.

The loss of voltage caused by mass transport is generally modeled with the exponential
equation reported in Equation (23); see, for example, [87].

AVione = Bln <1 _ [t ) (23)

max

where B is assumed equal to R;;_ft in [42,80,92] but can be expressed as function of current,

temperature, and/or other parameters [24].
An empirical exponential model is used as an alternative to Equation (23):

P,
AVione = m-exp(Nlg) + b-ln(;z) (24)

where m, b, and a are empirical coefficients.

3.4. Simplified Parametric Models

The equations reported in the previous sub-sections need detailed information about
the stacks. In the absence of such information, fully parametric models were proposed
in the scientific literature. The most common is the equation proposed by Larminie and
Dicks [5] to account for all losses:

V =Ey— A -In(i) — R;-i — m-exp(ni) (25)
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The values of the tuning parameters Ey, A, R;, m, and n for two different stacks are
reported in Table 3 to underline their large variability. In the first case, ref. [63], the fitting
of the model is performed by using a least squares system identification technique while
an online identification approach is used in [62] for the 300 W Aerostack fuel cell.

Table 3. Fitting of the simplified parametric model.

Stack Ey A (VInA™1) R; () m (V) n(A 1)  Ref.
Horizon H-1000 59.99 0.07559 0.24493 0.2 0.003 [63]
Aerostack 300 W 30.48 0.4947 0.5002 1.972 x 107*  0.5002 [62]

To increase the generality of the model by accounting for the effect of feeding pressure,
an additional term can be added to Equation (25) [101]:

V=Ey— A In(i) — Rj-i — m-exp(ni) — C-ln(P> (26)
Po,

3.5. Double-Layer Capacitor Effect

Under dynamic operation, the generation of two layers charged with opposite po-
larity in the boundary between the electrodes and the membrane makes the cell act as a
capacitor [62] and determines a hysteresis in the voltage—current curve.

This phenomenon is modeled by adding a capacitor in the equivalent electric circuit
in Figure 8 in parallel with the activation, the ohmic, and/or the concentration losses. The
scheme proposed by [5] and adopted by several studies in the scientific literature is shown
in Figure 9. Alternatively, this effect can be addressed by using a time constant.

AVt Rath Rconc

AMA—AMA

Enemst | /C L'\vohm

I\

AV,

Vstack

Figure 9. Equivalent electric circuit with double-layer capacitor effect.

More details about the modeling of this dynamic process can be found in the previous
review paper [24]. Since the time scale of the double-layer effect is much smaller than the
other dynamic processes that take place in fuel cells, it can be neglected when analyzing
the whole fuel cell system. Therefore, the models described in Section 3 can be used as
quasi-static approaches for the dynamic modeling of the whole fuel cell system.

4. Modeling the BOP of an Open-Cathode Fuel Cell

The stack temperature is affected by the load (current) and the current/voltage operat-
ing point of the cell is in turn affected by the cell temperature. The coupling between the
voltage model and the thermal model is well put into evidence in the scientific literature
(see, for example, [36]), but the purging process is also important to have an accurate
prediction of the net power and overall efficiency of the system.

For the modeling of an OCPEMEFC inclusive of its BOP, the rate of change in reactants
is usually addressed with a quasi-static approach while the cooling system, inclusive of the
fan speed and stack temperature dynamics, is analyzed by solving dynamic equations.
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4.1. Flows of Reactants and Products

Under constant operation conditions, the stoichiometric flow rates of hydrogen
MH,, react, OXYZeN M0, reqct, and water 1y, o ¢en can be expressed as a function of to the
stack current [5,55] using the basic reaction of Equation (1):

Mp,

mHz, react — ? Ist (27)
. Mo
Mo, ,react = TFZ'Ist (28)

where My, and Mo, are the molar mass of hydrogen and oxygen, respectively. Oxygen
in an OCPEMEC can be obtained only from ambient air, so it is better to express the
requirement of oxygen in terms of stochiometric air. To avoid starvation, the air mass flow
rate must exceed the stoichiometric value by a factor A named excess ratio. Therefore, the
mass flow rate of air is:

M,y

Mo22F 'Ist (29)

Myjr = A

While the accurate control of the excess ratio is a critical issue in a CCPEMEFC (see [24]),
in an open-cathode configuration, the flow rate required by the cooling process is much
higher than the stoichiometric air. Consequently, the oxygen molar fraction and partial
pressure can be considered almost constant [57], even during fast dynamical loads.

The water generated from the reaction is given by:

. Mpy,oNIg;
MH,0,gen = 2271:5 (30)

Under unsteady-state conditions, the partial pressure of hydrogen, py,, can be ob-
tained by the following mass balance:

d V. dpyg ) ) .
EmHZ = R*; Zt 2 = Mg, in — MH,,react — MH,,0ut (31)

where V;, is the anode volume, mpy, ;, is the flow rate of hydrogen from the regulation valve
and 1y, oy is the flow rate escaping the dead-end anode during the purging process. The
mass flow rate 71y, ;, can be calculated as [82]:

mHz,in = <1 - pv'a>kvlst (32)
Pa
where p, is the anode pressure, p,, is the partial pressure of water vapor, and k; is the
valve constant.
For a 100 W open-cathode fuel cell, the peaks of hydrogen flow rate due to the purging
process are 10 L/min, about eight times higher than the nominal flow rate at 20 W [17].
In [91,94], the outflow of hydrogen is expressed as:

mHz,out =ka (PHZ - Pamb)MHz (33)

In [31], the volume flow rate of hydrogen through the purging valve, VHZ.,Out, is
calculated as:

- 5140 (P — Pamb) Pamb
VHzout - 3600 V\/ PTst (34)

where p, is the anode pressure and ky is the constant of the purge valve. The gas density, p,
is obtained from the molar fraction of hydrogen, nitrogen, and water vapor. The nitrogen
molar fraction was found to reach 0.14 when the cell voltage drop was 0.1 V. When the
valve is open, the gaseous mixture is purged together with liquid vapor. Therefore, the
fraction of water can be obtained from the saturated water vapor.



Energies 2024, 17, 900 21 of 38
The pressure drop of hydrogen can be expressed as:
-2
APHZ = kaH2 (35)
A value kf = 2.22-1073 atmmin?/nl® is used in [57].
In [8], an empirical model for the purging process is proposed:
t—1tp
PHZ(t) = ptanku(t) - Appurgeu(t - tl) + Appurge 1-— exp| — p (36)
p

Ti”le(t) = mHz,nom’

where py, is the hydrogen tank pressure, Appyrge is the pressure drop during the purge, u
is the unit step function, t; and t; are the beginning and the end of purging, respectively,
and Ty, is the time constant (the time it takes for the hydrogen pressure to reach 63% of the
tank pressure).

The flow rate of hydrogen inside the fuel cell not only depends on the purging pulse
but also on the hydrogen pressure dynamics:

u(t) + (mHZ,mM _ mHz) u(t—ty) — (mHZ,max — mHZ,an> . <1 —exp ( t ; t3)> (37)

m

where mpy, —and mp,  are the maximum allowed flow rate and the nominal flow rate,
respectivefy, t3 = ty + L, is the time instant at which the mass flow rate starts to decay
with t, = kqt) and 7, is the time constant of the mass flow rate dynamics. According
to [8], T,;, = Tp. This model contains five empirical parameters that depend on the size,
power rating and auxiliary components of the fuel cell stack: Appuree, Tp, T;;,s m Hy o and
k1. The values suggested by Ishaku et al. [8] are: Appurge = 19.7 kPa, 7, = 7, = 0.22 5.
r'nHzmx =0.1483 g/sand k = 1.6.
The nominal flow rate is given by [8]:

M nom = N <TﬁH2,ocv + MHZ';;) (38)
where mpy, ocy is the mass flow rate required to generate the open circuit voltage, while the
second term converts current into hydrogen mass flow rate. The author of this investigation
could not find an explanation of the first term of Equation (38) in the book [1] used as a
reference for this formula in [8].

In [43,44], a delay in the Nernst equation is used to simulate the dynamics of reac-
tant flows:

TS
Tes+1

RTst

E =E
Nernst 0+ F

In(pn,) + %ln(poz) — kg (T —298.15) — A Is(s) (39)

In this equation, kg is an empirical variable, A, is a constant, and 7 is the time lag due
to transient effects in the mass flow of reactants. In [43], the values suggested for the SR-12
FC and 1.2 kW Nexa PEMFC were 7, 80 s, A, = 3.33 mQ and 7, = 115.3 s, A, = 4.48 m(),
respectively.

The importance of taking into account the dynamics of humidity in analyzing the
behavior of the stack is pointed out in [44]. The dynamic of water concentration in a
self-humidified stack depends on the liquid water saturation ss;, which is the ratio of the
liquid volume to the volume of void space in the porous structure [30].

ds t . . .
KSTE = MH,,react — MHy,evap — MH, dif f (40)

where m Hy,evap and M, di 77 are the loss of water caused by evaporation and diffusion,
respectively. The evaporation rate is given by:
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KepanM .
M(Psat - Pv) 1f Po < Psat (41)

mHz,ez;a =
P R- Ts tackD pore

In this equation, p, is the vapor pressure and ps; the saturated vapor pressure.

E
pS(Zt = pOeXp <_ KB T:tact> (42)

where pg and E, are the pre-exponential factor and the activation energy of evaporation, re-
spectively. Vapor pressure does not usually exceed the saturated vapor pressure. Therefore,
there is no condensation in the stack. Moreover, the variations in the local vapor pressure
as a consequence of the water evaporation and diffusion are negligible [30].

Regarding mpy, 4if¢, Strahl et al. [30] used capillary theory and Darcy’s law to obtain
an empirical model for water diffusion.

4.2. Cooling System

In equilibrium conditions, the heat generated by the reactions, Qggn, is equal to the heat
that the fuel cell wastes into the environment and the temperature of the stack is constant:

Qgen = Qnat + de + Qfan + Qsens+lut (43)

The heat produces from the exothermic chemical reaction (1) can be computed as

Qqen = (Enernst"N — Vag)-Ist [30,80], Qgen = (1.25-N — Vi) It [55] or Qgepy = Queae — Pots

where ch = ]ﬁgf AH is the total energy released from the electrochemical reaction and P,

is obtained from Equation (2).
More specifically, the reaction heat flux is given by [74]:

Qreac = mHz,reac (H?,Hz + AI_IH2> + moz,reac (H?,oz + AHOZ> - ThHZO,gen (H?,HZO + AI_IHZO> (44)

where H? is the standard enthalpy of formation. Assuming the hypothesis of perfect
gas [90] for hydrogen and oxygen:

Qreac = mHz,reuc [HJQ,HZ + CH, (Tamb - TO)] + mOz,reuc [H}),Oz + COZ (Tamb - TO)] - mHZO,gen [H?,HzO + CHZO (Tamb - TO)} (45)

Q,uat is the heat flux dissipated by the fuel cell surface by means of natural convection
with the external environment Q,;; = Hyat-Snat- (Tst — Tamp)- his contribution is sometimes
neglected, as in [69].

The radiant flow rate Q,,; can be expressed as [90]:

de =0 Ts2t —C2 Tcza,in (46)

where ¢; and c; are empirical parameters. In [74], the following values are proposed:
c1 = 2179 x 1073, ¢; = 2.436 x 1072, Teq,in is the temperature of the air entering the
cathode (usually assumed to be equal to T,,,;, for an open cathode fuel cell).

The heat flux by radiation and natural convection is an order of magnitude smaller
than forced convection [70] and can be approximated as 10% of the total wasted heat [30]
or neglected.

The forced convection in the cathode side generated by the fan can be calculated
as [80]:

szm = maircp,air(Tst - Tamb) = Pair(Tst) Vaircp,air(Tst - Tumb) (47)

where Vﬂir is the volumetric air flow rate that can be correlated to the fan duty ratio
Da, [88,92]:

Qfan = “FDfanSinletpaiGC,air(Tst - Tumh) (48)
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where a ¢ is an empirical coefficient and S;;;j; is the cross-sectional inlet area exposed to the
forced convection.
Alternatively, it is possible to express the forced convection heat as [43]:

Qfan - hforcsforc<Tst - Tamb) (49)

where h ¢y, can be estimated as a function of the fan mass flow rate Mgy [8l:

.2 .
hfore = aamig;, + aptgiy + a3 (50)
or of the fan duty ratio [89]:
hforc = alezfgn + “ZDfan +a3 (51)

where «;, with i = 1:3 are empirical parameters.

A detailed analysis of the thermal resistance in an MEA with a metallic bipolar plate
is reported in [94].

Quens 1 1at 1s the sensible and latent-heat-associated water warming and phase change.
The latent heat Q, /¢ 18 given by [80]:

NR
= PHZOsttLHZOIstkw (52)

Qi/g
where pppo is the water density, L is the latent heat of evaporation, and k, is an empirical
coefficient representing the rate of water produced in liquid form that evaporates. However,
this contribution is often neglected.

As proposed in [42], the sensible and latent heat Qsens+lat can be expressed by the
following equation:

Qsens+lat = (mHz,inTst - mHz,outTamh)Cp,Hz + (moz,outht - moz,inTamb)Cp,O2 + mHZO,gen(Tst - Tamh)cp,HZO,l + mHZO,genLHZO (53)

In Mahjoubi et al. [80], the volumetric air flow rate Q,;; is related to the fan voltage by:

Th .
Quir = p:: =600,/ Vg — 2.0 (54)

In [74], the mass airflow m1,;, is assumed to be linearly dependent on the control signal
of the fan speed:

Mgir = B1Dfan — B2 (55)

B1 and B, are obtained by fitting experimental data (8; = 0.01912, B, = 0.1604).
A similar approach is used in [8], where a linear correlation between the PRM com-
mand to the fans and their rotational speed is assumed:

w(t) = 159.1D,, — 1211 (56)

In [47], a correlation between fan voltage and oxygen flow rate is obtained by fitting
experimental data:

MOy in = 544 % 10—7Vfan —3.61 x107°V5, + 112 x 10V, — 652 x 107°  (57)

where Vi, is the voltage measured by a speed sensor as a result of the PWM control of
the fan.

The correlation between inlet air velocity and the PWM duty cycle is obtained experi-
mentally in [30] and fitted with a third-degree polynomial.
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In [82], the flow rate of oxygen generated by the fan is calculated as:
Mo, = A0,Y0,ca (1 - p,{s“}%)kflst (58)
plst

where 10, ¢, is the molar fraction of the incoming air, pss is the saturation pressure of
the water at the cathode, and . is the relative humidity. The inlet inside pressure is
assumed to be proportional to the input current through the factor k. The fan conditions
are represented by constant k; , which can be obtained by the characteristic fan curves.

In the Nexa PEMFC [44], the control of the duty cycle of the fan includes three
operating zones. While the temperature of the cell is below 50.34 °C, the fan is operated
at the constant duty cycle of 35%. For higher values, the duty cycle is calculated with a
lookup table; when the temperature is higher than 67.7 °C, the duty cycle is increased to
make the temperature fall to 65 °C.

Using the fluid dynamic similitude theory; it is possible to estimate the power absorbed
by the fan according to the airflow rate. According to this theory, which applies to any
dynamic fluid machine, the following relations (also called laws of similarity) can be written
between the flow rate, fan pressure head, and efficiency [102]:

A 2
pfan,l _ <w1> (59)
Apfun,2 w2
Mgirn w2
= (61)
w2 01
Mfan (mairll Apfan,l ) = Mfan (mairZ/ Apfﬂn,Z) (62)

where w and w; are two different values of fan speed and Ap; and m,;,;, withi=1, 2 being
the corresponding pressure head and mass flow rate. 77, is the fan efficiency.

These laws are used in [29] but applied to the pump of the liquid cooling system. In [8],
Equation (60) is considered to evaluate the fan operating point at any rotational speed.

Increasing the fan speed improves the reactant supply and decreases the temperature
but may also lead to a dry membrane, depending on the ambient temperature. It is difficult
to assess the combination of these three effects by using an analytic model. According
to [36], the additional power can be accounted for by correcting the relationship between
hydrogen flow rate and current as:

sz =alg + bDfan +c (63)

where g, b, and c are empirical parameters. Using this correlation, Kandidayeni et al. [36]
account not only for fan power absorption but also for the effect of stack temperature on fuel
consumption. In fact, it was possible to find the optimum value of hydrogen consumption
for each specific power level.

The power absorbed by a fan can be calculated with two different formulas according
to the model used for the air. If the air flowing in the fan is treated as a perfect gas [58]:

1 ) k=1
Pf:m — [muircp,uir Tamb <PPC - 1)] (64)

Helec!] fan amb

where 17, is the efficiency of the electric motor moving the fan. The fan efficiency is a
function of the mass flow rate. However, the fan efficiency can be considered constant if
the fan is regulated with a PWM using Equation (62).
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However, the limited increase in pressure in a fan allows the air to be treated as an
incompressible fluid. Therefore, the electric power absorption can be calculated as:

1 .
7mairAPfan /Pamh (65)

-
fam Helec!] fan

A linear correlation is assumed between power and flow rate in the air blower [1].
This corresponds to considering Ap,, independent of flow rate. This assumption is not
valid, especially in the stability regions of the performance curve (see Figure 6).

Under dynamic operations, Equation (43) becomes:

dT, 1 - : : :
e —— (Qgen - Qnat - de - qun - Qsenerlat) (66)

dar mpcCrc

where mpc is the mass of the stack and Crc its thermal capacity.

In [44], the equivalent circuit of Figure 10 is instead proposed for the thermal dy-
namics using the analogies between thermal and electrical variables; the heat flow can be
represented by a current flow.

Rillst)

WG“ :

S E— Gy

/1l

T

Figure 10. Equivalent circuit used for temperature dynamics by Restrepo et al. [44].

The voltage source and the resistor are current-dependent while the capacitor has a
constant capacity. The proposed circuit determines the following differential equation:

doe(t) | ve(t) Et(Lst)

it ) T () (67)

where 7(Ist) = R¢(It)-Cy is the time constant of the circuit. The equivalent circuit proposed
by [44] was further improved to account for the control of the fan by adding a nonlinear
temperature-dependent current source I, that is defined as a piecewise function:

Ey — Tl% if Ta4<T
Itan(Tet) = { (E1 + E2) — (11 + 1) 20 if Ti<Ty<T (68)
Iy — 1 if Tu>T

This leads to four other parameters being tuned: Eq, E», 7y and 1o, while T; and T are
dependent on the control strategy adopted for the duty cycle of the fan.

In [36], a data drive approach based on a two-variable transfer function is used to
model the dynamic of temperature in a fuel cell system to avoid the reduced accuracy
of a physical-based model caused by neglected phenomena simplifications and external
disturbances. Even under the same ambient and operating conditions, the thermal behavior
of a system can differ, for example, because of a different level of humidity or non-uniform
conditions of temperature.

The dynamic of the fan speed is usually neglected in the control of the temperature
by acting on the fan but could be modeled with an approach similar to that used for the
compressor speed dynamics in CCPEMEC (see [23]). In [30], the time constant of the
voltage response after a step in the pulse width modulator (PWM) duty cycle was found
between 2 and 3 min.
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4.3. Comprehensive Dynamic Models

The stack analyzed in [30] (Horizon H-100) required up to 30 min to reach steady-state
conditions due to the several transient phenomena that take place in an open-cathode fuel
cell. To account for all the dynamic effects, a second-order model was developed by Strahl
et al. [30,85]:

Tst = K1 Ist Vet + Kl Iszt + (KZTamb - KZTst)u (69)
ést = K3Ts — K4fp(Tst)Sst - fd(sst) (70)
Vst = KSTstfa(Tst/ Sst, Ist) (71)

where u is the cathode inlet air velocity depending on the PWM signal.

Note that these equations are highly nonlinear because of the complex expression of
fa, fa and f,, and Ky — K5 are functions of the dynamic states as well.

In [90], a linearized model is used for voltage and temperature dynamics:

Vo =21Vt + 20Tt + 23 (72)
Tor = 24Vt + 25T 5 + 26T — (Tst — 299)u’ + 27 (73)
u' = zgu? + z¢ + 219 (74)

where u is the duty cycle of the fan. Similarly, the dynamic of hydrogen mass flow is written
in [82] as:

. P Mgl
my, = (1 - PZ) Kylst — ;I;; o+ ka,out my, (75)

Note that the first two terms at the left side of this equation are a rewriting of Equa-
tions (31)—(33).
The dynamics of oxygen rate can be written as:

MOZ ISt

F ke out mo, (76)

I’i’loz = AOZyOZ/Cﬂ (1 — pks:l}slptc)kflst —

k¢ is representative of the fan conditions where the speed increases with load current.

Note that overall dynamic models, similarly to the stack empirical models, include a
large number of parameters to be estimated.

In [103], the influence of the delays in the flow of hydrogen and oxygen on cell voltage
during transients is accounted for by calculating the Nernst potential in the following way:

RT, 1
ENernst = EO + 21_ft ln(sz) + Eln(pC)z) - Ed (77)
where E; is equal to:
E; = Agin(1 — Lt (t) xexp(—t/ T) (78)

In this equation, 7, is the overall flow delay, A4, is a constant factor, and “x” is the
convolution operator.

4.4. Effect of Altitude

According to [35], the effect of ambient density can be estimated by correcting the
current density with the ratio of the reference pressure at sea level to the pressure at the
given altitude. However, this correction is not sufficient to account for the measured
increase in the maximum current density. This suggests that the concentration losses
should also be corrected to account for the differences in temperature, pressure, and
relative humidity.

A numerical study of the effect of altitude on PEM fuel cells at the level of a single
cell is reported in [96]. For the PEMFC system, the authors considered horizontal flight
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at different altitudes with constant temperatures of the stack. Then, they considered a
horizontal flight at 2500 m and studied the effect of humidity.

In this study, a static approach was considered for the polarization losses using
the equations reported in Section 3 combined with the kinetic theory of gases and ionic
conductivity analysis. Gonzalez-Espasadin et al. [96] analyzed the loss of voltage of the
fuel cell, which was explained by the effect of low pressure at the cathode on the activation
losses and the ideal potential. Moreover, the change in temperature affects the relative
humidity. In particular, a decrease in the temperature of the cell determines a reduction in
the relative humidity of the cathode, which produces better hydration of the membrane [96].
If the temperature increases and humidity decreases, the proton conductivity is reduced,
causing an increase in the ohmic losses and, therefore, worsening of the cell performance.
Using the numerical polarization curves of a single-cell PEM with a working temperature
of 80 °C [96], it is possible to estimate a reduction in the cell power by 20% at 3000 m and
30% at 8000 m. The loss of power appears less relevant when the fuel cell works at a lower
temperature (50 °C). However, these results are obtained on a single cell with a model that
could be unsuitable to model the behavior of the whole fuel cell system, as pointed out by
the authors of [96].

The positive effect of relative humidity on the fuel cell performances is also analyzed
in [96]. The positive effect of increasing humidity is less significant when RH is greater
than 60%, suggesting that the cell has reached maximum hydration.

Barelli et al. [66] implemented, in AspenPlus, a semi-empirical model of a fuel cell
based on an experimentally fitted reference polarization curve obtained at standard condi-
tions. The effects of pressure, RH, temperature, and humidity are expressed in terms of
deviation from the reference polarization curve.

After validating their single-cell model with experimental data at sea level, the authors
of [94] numerically analyzed the effect of increasing altitude to 2000 m and 4000 m on the
performances of an OCPEMFC (see Figure 11).

34 ~
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33 ——— 600 mA-cm™
5 —— 800 mA-cm™ - 4000
Altitude
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Time/s

Figure 11. Simulated voltage curves of a OCPEMEFC at different altitudes and currents [94].

To obtain such curves, the authors of [94] included the effect of temperature and
pressure in the polarization curves using Equation (9) for the Nernst potential, Equation (21)
for the internal resistance, Equation (16) for the activation losses and Equation (23) with
K =1 for the concentration voltage drop. The dynamics of the double-layer charging, flow
rates, and stack temperature were included in the model. They obtained a reduction of
about 8% in the maximum electric power with an altitude increase from sea level to 4000 m
as a consequence of the reduced partial pressure of oxygen. They also underlined the
dynamic response of the stack voltage to changes in altitude and found out the system
stabilizes after 100 s and that the cell voltage distribution is slightly less homogeneous in
case of a sudden increase in altitude. In [94], the effect of the air stoichiometric ratio is
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also analyzed, and it was pointed out that the minimal air stoichiometric ratio must be
reduced at higher altitudes to keep the stack temperature constant. Increasing the altitude
determines an increase in temperature difference between the stack and the surrounding
air; see Equation (17). However deep in the analysis of the altitude effect this work is, it
lacks experimental validation because the model is validated only at sea level under a
single operating condition.

As shown by this analysis of the state of the art, the effect of altitude on the performance
of an OCPEMEC is still not fully addressed in the scientific literature.

The dependence of stack voltage on temperature, pressure, and water content is
expressed in [58] as:

Vcell = ENernst(pambr Tstack) - AVact(Pambr Tstuck) - AVOhm(Tstack/ /\m) - AVCOVIC(pamb/ Tstack) (79)

Other dependences from ambient conditions can be added from the equations reported
in Section 4. The internal resistance is affected not only by temperature and humidity but
also by ambient pressure [104]. The temperature of the Ty, in equilibrium conditions
is established by controlling the fan speed, but it is influenced by ambient temperature
during transients. Moreover, the effect of altitude is not only on the polarization curve of
the stack but also on its balance of plan components like the fan and the fuel system [61].
The authors of [61] developed an altitude test method making use of an opened system
altitude chamber. The testbench was used to obtain trends in temperature, cooling fan
speed, airflow, and fuel flow at different loads and altitudes (up to 1500 m). However, only
the pressure was controllable in this system. The fuel cell was not meant for propulsion
but to replace the traditional aircraft battery or the conventional auxiliary power unit. The
fuel cell considered in the text was a 1.2 kW Ballard Nexa unit. The authors found that
as ambient temperature increases or ambient pressure decreases, the cooling fan needs to
operate at a higher speed to maintain the same amount of heat transfer for a given load
because of the lower density of the air. The increased speed of the fan determines larger
parasitic loads and reduces the net power of the fuel cell system. The PWM duty cycle
of the fan was found to increase from 54% of the maximum speed at 400 m to 72% at
1500 m to maintain the stack temperature at 65 °C. This is in accordance with the fan laws
(Equation (61)).

5. Identification of the Best Simulation Approach

The effects of altitude on the whole fuel cell system are summarized in Table 4 to-
gether with the equation that can be used to predict such effect. They are classified into
primary and secondary according to their relative importance. From this point of view, the
simulation approach used by Gong et al. [94] is the more complete.

Table 4. Summary of the effects of ambient conditions and how to model them.

Component Parameter Ambient Temperature Ambient Pressure Relative Humidity
Secondary through T,k
Stack Nernst voltage during transients, Primary. Equation (9) Secondary, through po,

Equation (9)
Secondary through T,k

Activation losses

Ohmic losses

Primary through
during transients, ary throug
. Equation (19) or
Equation (16)
secondary through
Secondary through Iy, Equation (26)
Equation (15) !

Secondary through Ty,
during transients
Equation (21)

Secondary, not modeled

Indirect through Ay,
Equation (21)
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Table 4. Cont.
Component Parameter Ambient Temperature Ambient Pressure Relative Humidity
. Secondz.iry throu.gh Tstack Secondary, through po
Concentration losses during transients, Equation (24) 2
Equation (23) !
Primary from thermal
Cooling svstem Air flow rate and PWM balance under static, Primary through air 47)
&5y duty cycle Equation (43), or dynamic density, Equation (47)
conditions, Equation (66),
Primary through air density, Pr1.mary thr(?ugh air Seco.ndary throggh air
Fan power Equation (64) or (65) density, Equation (64) or  density, e Equation (64)
! (65) or (65)
. e . Primary through .
Purging system  Hydrogen utilization Negligible Equation (33) or (34) Negligible

By implementing these equations, it should be possible to assess the behavior of
the whole fuel cell system under variable operating conditions in terms of flight altitude.
However, these models include many parameters to be tuned.

The identification of the model parameters is usually performed by considering one
single polarization curve, but this is not correct because the polarization curve is strongly
affected by operating conditions (pressure, temperature, and humidity). Nevertheless,
this approach is often found in the scientific literature. In [105], three different values of
pressure and temperature are used for the parameter identification of the voltage—current
curve, but the identification is repeated for each condition, so the model has no predictive
value. Their model is based on empirical correlations that do not consider the operating
pressure. In [36], frequency identification is applied by using data from electrochemical
impedance spectroscopy.

These procedures can be affected by uncertainties in the specification of the fuel cell
systems and/or in the operating conditions.

5.1. Uncertainties in the Specification of Fuel Cell Stacks

To apply the models summarized in Table 4, some geometrical parameters are needed.
However, the values reported in the scientific literature are sometimes inconsistent. To
underline the uncertainties in the specification of the same stack, let us consider some
commercial fuel cells. In the first studies of dynamic models for fuel cells [43], the most
studied PEM fuel cells were the Ballard-Mark-V and VI [26,44,48], while in more recent
years, the focus has moved on the Horizon technology [57,64,65,80,88].

The number of cells in the stack is easy to retrieve because it is reported in the manual.
Nevertheless, the number of cells of the H-2000 stack is reported to be 72 in Barreras et al.,
2012 [6] while the value declared in the manual (and used in all other studies on this stack)
is 48.

One of the pieces of information that is always necessary for applying semi-empirical
models is the active area that allows passing from the current stack in A to the specific
current in A/cm? as necessary to apply the voltage model. However, the active area of
the Horizon H-2000 stacks is assumed to be equal to 100 cm? in Mahjoubi et al., 2019 [80]
and 333 cm? in Ou et al., 2017 [88], while for the Nexa FC [44], the active area ranges from
100 cm? [94] to 122 cm?. For this reason, it is considered a parameter to be estimated in [44].

More consistent is the value of membrane thickness that, for the stacks of the Horizon
H series, ranges from 0.025 cm for the H-1000 [64] to 0.0238 cm for the H-2000 [88]. Ac-
cording to [44], most manufacturers of PEMFC use membranes of Nafion type that have a
thickness between 51 and 254 um.

The specific heat of the Horizon H-2000 stack is reported to be equal to 300 J/kgK in
Mahjoubi et al., 2019 [80] and 1226 J/kgK in Ou et al., 2017 [88]. The second value seems
to be more acceptable since this parameter should be independent of the stack size and
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values between 1240 and 1260 ] /kgK are proposed for the H-500 and the H-1000 in other
investigations (Kandidayeni et al. [36], Omran et al. [57], Zhang et al., 2020 [90]).

Uncertainties can also be found in other thermal parameters like the natural convection
parameters and the heat exchange surface for natural and forced convection.

5.2. Uncertainties in the Operating Conditions

The semi-empirical models presented in this review require the definition of a certain
number of parameters using in situ characterization techniques where signals of voltage,
current, temperature, etc., are collected and used for the tuning. Most voltage models
are validated/fitted only over a non-specified operating point in terms of temperature
and humidity (see, for example, [57]). However, this is not correct as pointed out in [36]
because of the strong effect of temperature and humidity over the polarization curve. A
more correct approach is adopted in [67], where the authors considered four sets of voltage
curves; two of them are used for the parameter identification process while the other two
are employed to check the validity of the obtained model. Their model was found to predict
accurately the effect of pressure on the voltage curve. The authors of [70] validated their
model by considering three different values of the stack temperature. In their study, the
only empirical variable was the gain factor used to correct the term B in the modeling of
the concentration losses (see Equation (23)).

In [1], the testing conditions reported in the document include warm-up (to ensure that
the cell system has reached equilibrium temperature), temperature, pressure, flow rates,
and compression force. Regarding the last item, compression forces must be monitored
because cells with lower compression forces are characterized by increased ohmic losses
while a too-high compression force can increase the concentration losses. In this analysis,
the combination of the Kalman filter with Amphlett’s model was found to achieve the most
precise prediction of the polarization curve.

Even fewer details are reported in the case of dynamic tests [9]. The work of Headly
etal. [106] is the only investigation that proposes a validation of a model of relative humidity
by comparison with transient measurements of the relative humidity at the cathode outlet.

In [64], a Horizon H-1000 PEM fuel cell stack was tested under standard pressure and
23 °C ambient temperature operated for about 25 min. The load current was increased
from 1 to 17A with a holding time of one and a half minutes. A temperature sensor was
installed at the exit of the fan outlet. In this work, an overall efficiency of 84% was assumed
to match the experimental voltage—current curve at 23 °C, which is quite different from the
manufacturer’s voltage—current curve (obtained at the nominal temperature of 25 °C).

Figure 12 shows the voltage—current curve of the H-2000 Horizon fuel cell as reported
by different works in the literature compared with the nominal curve found in the manual
of the manufacturer. The voltage—current curves reported in the documents significantly
differ from those reported in the fuel cell datasheet because of different operating conditions
in terms of pressure, temperature, and humidity of the stack. Figure 12 was drawn to
put into evidence how the literature on this topic often lacks scientific rigor in neglecting
to report the operating conditions of the test and in using a single polarization curve to
tune or validate a model. Note that in the case of Barreras et al. [6], the polarization curve
reported in their paper is not coherent with the specification of the H-2000 stack and with
the number of cells in the stack.
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Figure 12. Voltage—current curves of the same fuel cell stack (H-2000) as reported in different
investigations [6,59,80,88].

5.3. Uncertainties in the Values of the Empirical Parameter

The estimation of the model parameters must be performed properly to avoid numer-
ical and approximation errors. Hoogendoorn et al. [60] performed a sensitivity analysis
on the empirical parameters of Equation (25) and showed that the results in terms of
polarization curve are strongly affected by the value assigned to each parameter. More
specifically, the parameters that had the highest impact on the voltage/current curve were
the internal resistance and the Nernst voltage. Parameter A, which quantifies the activation
losses, was also found to have a strong effect on the polarization curve, while m and n
influence the high-current part of the voltage curve and the concentration losses dominate.
A similar approach is used by [68] regarding parameters ¢; of Equation (16). These two
investigations demonstrate that an experimental polarization curve can be fitted with dif-
ferent combinations of the empirical parameters, especially if a single experimental curve
obtained under unspecified operating conditions is used for the tuning. The result can be
a perfectly tuned model but unrealistic values of the losses and no prediction capability.
Under these circumstances, the obtained model is quite useless and could be replaced by a
simple look-up table implementing the experimental polarization curve.

The least squares MATLAB algorithm is applied for the fitting of the voltage—current
model in [60] while genetic algorithms and particle swarm optimization evolutionary
algorithms are mentioned in [44]. Reviews of the fitting procedures for the empirical
coefficients reported above are included in [67], while in [36], three methods for online
identification (recursive least squares, Kalman filter, and extended Kalman filter) are
compared. A hybrid vortex search algorithm and differential evolution are adopted in [67].
The sum squared deviation between experimental and calculated static voltage—current
curves of PEMFC is used as a fitness function to be minimized in this work. Seleem
et al. [107] proposed a novel and simplified precise model for the PEMFCs parameter
extraction of a fuel cell dynamic. The unknown model parameters were reduced to four
and could be obtained using the meta-heuristic algorithm (also called the equilibrium
optimizer).

In [96], the fitting was performed concerning only two parameters: the contact re-
sistance R; and the temperature-independent transfer coefficient term in the activation
losses. In [36], a review of metaheuristic-based algorithms for parameter estimation in
terms of §;, i = 1,4, A, R, B, Ly is reported for some fuel cell stacks with nominal power
between 200 and 500 W. A review and detailed comparison of the different identification
techniques for semi-empirical voltage models can be found in [108]. It was found that
evolving metaheuristic techniques perform better than evolutionary algorithms.
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Real-time processing of experimental data has been suggested to adapt the PEMFC
model to changes in operating condition, degradation, and aging [36]. The data to extract
include the maximum efficiency point, maximum power, minimum voltage, maximum
current, etc. A global energy management strategy that compares the estimated with the
measured value of the fuel cell voltage to update the model parameter and optimize the
energy management is proposed in [36].

Kandidayeni et al. [109] proposed an online identification method able to adapt the
parameters to the model according to the fuel cell aging processes. The proposed method
uses the current, temperature, and pressure of the stack as inputs and the voltage of the stack
as an output. There are eight parameters to be identified: ¢; with i = 1,4 for Equation (16),
(1,02, C3 for the internal resistance, Equation (22), and B for the concentration voltage drop,
Equation (23).

The approach was extended in [110] and allowed the correction of the maximum
current I, on the basis of variable operating conditions and degradation processes.

5.4. From Dynamic Models to Digital Twins

Given the difficulties in developing comprehensive dynamic models of fuel cell sys-
tems and the need for online identification methods, the natural transition of the dynamic
models described in this investigation would be the development of digital twins (DT).
Using DTs, for example, the designer can see if the temperature control system is perform-
ing as intended and make improvements based on real-time feedback from sensors. The
critical issue in this application is the data collection from multi-physic fields including gas
reactant, water content, temperature, etc. [111].

At this time, only a few works on digital twins of fuel cells can be found in the scientific
literature [111-113]. In [111], a 3D physical model of a PEM FC is used to train a surrogate
model with comparable accuracy and much higher computing efficiency. The digital twin
was represented in the form of multi-physics field contours and had the goal of predicting
health operation envelopes of relevant parameters like temperature, relative humidity,
oxygen concentration, and liquid saturation, while in [112], the digital twin was used
to predict the fuel cell remaining life. In [114,115], the concept of digital twins has been
applied to a fuel cell hybrid electric vehicle to evaluate the impact of auxiliary systems on
the driving range and to test different energy management strategies. In [116], a digital twin
was used to predict voltage, temperature, and membrane water content for in situ operation
control. In [117], a digital twin was used to predict fuel cell degradation and voltage and
temperature were considered as the operation parameters to monitor the degradation level.
The digital twin framework proposed by Yue et al. [117] for a fuel cell system includes a
first phase in which knowledge from historical operation data, operating conditions, and
human expertise is transferred to the digital twin. In a second phase, the sensors on the
physical system send information to the digital twin about real-time operation data and
ambient conditions. The digital twin, finally, sends commands to the physical system to
perform optimizations, control actions, maintenance schedules, etc.

A suggested list of the potential application of digital twins of fuel cell systems for
UAYV, UAM, and lightweight aerial vehicles in general is as follows:

e  Monitor the deviation of the behavior of the single component from design conditions
due to degradation and aging;

e  Analyze the effect of flight speed and altitude and degradation on the voltage curve
and in particular on the maximum current [110] of the fuel cell;
Manage transient and cold-start operations;
Predict the fan power and purging process on the performance of the system to
optimize efficiency and power utilization [9] and, therefore, the range, in real time
during the flight;

e Implement algorithms for energy management in hybrid electric configurations or
route optimization in fleet analyses [118].
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6. Conclusions

This review analyzed semi-empirical models for open-cathode fuel cell systems
adopted in low-power aerial vehicles and in particular their suitability to predict the
behaviors of an OCPEMFC under dynamic operating conditions of load and flight altitude.
The review included not only the prediction of the polarization curve of the stack but also
the impact on the fuel cell performance of the balance of the plant, consisting of a forced
convection air-cooling system and a water content control circuit.

Regarding the quasi-static behavior of OCPEMFCs, the analysis of the scientific litera-
ture on this topic showed that a consolidated approach has been reached in the modeling of
the polarization losses, at least for operation at sea level. However, the proposed tuning and
validation procedure shows some inconsistencies in terms of geometrical and operational
parameters. Stack models fitted over a single polarization curve have a limited prediction
capability, especially when applied under variable altitude conditions. These results stress
the necessity of proposing a standardized fitting procedure that encompasses different
operating conditions. The fan operation and the purging process affect the net power of the
fuel cell system and its actual hydrogen consumption. Nevertheless, this aspect is seldom
taken into account.

Many transient phenomena take place in OCPEMFCs and affect their response to
dynamic loads. However, an all-inclusive dynamic model covering all these phenomena is
still missing according to the analysis of the scientific literature performed in this paper.
This lack of a global model can be justified by the different time constants of the dynamic
processes, which allow some dynamic effects to be neglected according to the focus of the
control action.

Recent studies on OCPEMEFCs propose online identification strategies and advanced
control methods to overcome the drawbacks of standard PID controllers. The working
temperature of the fuel cell, which was kept constant in the first studies on the control
of OCPEMEFC, is considered in recent studies as a parameter to be adapted to operating
conditions. The scientific research on the effect of altitude on the performance and the
dynamic behavior of OCPEMEFCs is still quite limited, and the adoption of altitude chambers
to quantify this effect needs to be encouraged. Given the high uncertainties on the geometric
and operating parameters of OCPEMEFCs, a transition from dynamic models to digital
twins is proposed as a future direction in this field of research.
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