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Featured Application

Air-cooled fuel cells for small Unmanned Aerial Vehicles (UAVs), ground robots, e-bikes,
and light EV.

Abstract

Open-cathode Proton Exchange Membrane Fuel Cells (PEMFCs) are a promising technology
for increasing the endurance of small Unmanned Aerial Vehicles (UAVs), ground robots,
e-bikes, and light electric vehicles. However, their performance under realistic operating
conditions is strongly influenced by rapid variations in load, temperature, and ambient
pressure, which are often neglected in design-oriented or quasi-steady-state analyses. This
study experimentally investigates a 1 kW open-cathode PEMFC system, including its
balance of plant and a passive supercapacitor buffer, under a representative UAV flight
power profile. Steady-state and dynamic tests were conducted to assess polarization
characteristics, thermal behavior, parasitic power consumption, and hydrogen utilization.
Results revealed significant thermal inertia and hysteresis effects during load transients,
causing voltage deviations from steady-state performance and stabilization times exceeding
90 s. The supercapacitor effectively reduced stack current ramp rates, although some
high-frequency oscillations remained. Under flight-representative conditions, the system
achieved stable operation with average voltaic efficiency ranging from 55.3% to 60.7% and
net efficiency ranging from 50.2% to 54.2%. Auxiliary components had a measurable impact
on overall performance: cooling fans accounted for 2-6% of stack power during steady
operation and approximately 2.5% of total mission energy, while hydrogen purge losses
can significantly reduce vehicle endurance. The findings demonstrate the importance of
energy-based performance assessment, including auxiliary loads and purge losses, to obtain
realistic estimates of efficiency and endurance in dynamic PEMFC-powered applications.

Keywords: Proton Exchange Membrane Fuel Cell (PEMFC); dynamic operation; balance of
plant (BOP); endurance and efficiency

1. Introduction

The hydrogen economy is one of today’s most promising paths to obtaining cleaner
energy and propulsion systems. For low-power applications like Unmanned Aerial Vehicles
(UAVs) [1], ultralight vehicles [2,3], and ground robots [4,5]. Compared with other fuel-
cell technologies like Direct-Methanol fuel cells [6], Proton Exchange Membrane Fuel
Cells (PEMFCs) offer an advantageous combination of high power density, low operating
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temperature, rapid start-up, and good dynamic response, making them particularly suitable
for applications characterized by frequent load variations.

Open-cathode air-cooled fuel cells (often PEMFCs) are preferred for their simplicity,
low weight, and passive air cooling /humidification when required power is below 6 kW [7].
By combining the superior energy density of hydrogen with the high specific power of
lithium batteries and/or supercapacitors, propulsion systems with fuel cells can guarantee
lower weights and longer ranges than batteries alone [8]. Compared with internal combus-
tion engines fueled with hydrogen, fuel cells guarantee higher conversion efficiency and
no direct emissions [9,10].

Figure 1 shows a generic schematic structure of a PEM fuel cell. At the core of a PEMFC
lies the Membrane Electrode Assembly (MEA), interposed between the gas diffusion layers,
which in turn separate the MEA from the reactant flow channels on both the anode and
cathode sides [11]. Bipolar plates, sealing gaskets, and current collectors complete the
cell. The cell converts the chemical energy of hydrogen into electricity with the following
overall reaction:

H, + %02 — HyO + 286 kJ/mol (@)

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 [12]. The nominal electric power of the stack depends on the active area of
the MEA and the number of cells connected in series.

Figure 1. Structure of a PEM fuel cell [13].

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 water
management circuit [14]. All of these sub-systems form the so-called Balance Of Plant
(BOP) [12] and absorb parasitic electric power from the stack during normal operation and
from a battery at start-up. Moreover, they affect the dynamic response of the fuel cell to
variable loads.

The typical BOP of a self-humidified open-cathode fuel cell is shown in Figure 2. The
inflow of air is guaranteed by the usage of one or more fans whose motors receive power
from the stack, except for the start-up process, where a battery is used. The temperature
of the stack is regulated by controlling the speed of the fan motors and, therefore, the
mass flow rate of the fan. No external humidification is required because additives are
incorporated into the catalyst layer or in the membrane to retain the water generated by
reaction (1) [15].
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Figure 2. Balance of plant of a self-humidified open-cathode PEMFC.

Some commercial fuel cells adopt the short-circuit method to increase the proton
conductivity of the proton exchange membrane by enhancing water production. A mo-
mentary short circuit induces an overcurrent in the fuel cell, which significantly increases
the hydrogen—oxygen reaction rate, leading to more water formation. Moreover, it can
also improve the activity of the catalyst by the removal of the oxides formed on platinum
as a consequence of the slow oxygen diffusion kinetics on the cathode side [16]. Such
techniques, relying on dedicated electronic control (the Short Circuit Unit or SCU) and typi-
cally developed by system integrators or fuel cell manufacturers, are often implemented
without a thorough comprehension of the underlying mechanisms and the associated
secondary effects. According to some authors [17], the application of short circuits accel-
erates performance degradation. The SCU can also harm the consumption of hydrogen,
which was found to significantly increase, especially at low load [18]. However, insufficient
studies are as yet available on this issue [19], in particular for open-cathode fuel cells, where
the working temperature of the stack is also affected by the short-circuiting as found in
this investigation.

The BOP also includes the hydrogen circuit and the electronic controller. Hydrogen is
supplied from a tank that can be of three types: pressurized vessels, cryogenic tanks, or
metal-hydride storage systems. The flow rate and the pressure of hydrogen are controlled
using a regulation valve. The anode is usually dead-end, with a purge valve that is opened
with a certain frequency to eliminate water accumulated at the anode because of back
diffusion from the cathode and impurities [20]. The pressure difference between the inside
and outside of the anode during the purge generates a loss of hydrogen flow, which removes
accumulated water, restoring PEMFC performance and preventing deep voltage drops.
The theoretical relationship between water content and ionic resistance in the membrane
justifies using voltage as a practical indicator of hydration state. Purge frequency and
duration are to be optimized to keep cell voltage drops below 100 mV to ensure the correct
control of water [21] and minimize the consumption of hydrogen [22]. Bradley et al. [23]
pointed out that the purge action penalizes the overall efficiency of the powertrain at
part load.

Since the voltage of the stack decreases with increasing current (i.e., load) and is af-
fected by the purge operation, a DC/DC converter is usually adopted to obtain the voltage
required by the electric motor(s) for the propulsion of the vehicle. Fuel cells provide steady
power but have a slower transient response due to fuel/air flow, reaction kinetics, and ther-
mal management. Moreover, rapid current or power fluctuations cause degradation in fuel
cells. On the contrary, batteries and supercapacitors can react quickly and can handle the
fast load changes required, for example, by a UAV [24-27]. Therefore, a battery or a superca-
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pacitor is added to the fuel cell power system to smooth down the dynamic variation in the
fuel cell current and improve its lifespan. These secondary energy storage systems can be
connected through DC/DC converters, thus obtaining active or semiactive configurations.
In case of active configurations, several energy management strategies can be implemented
to minimize fuel consumption, extend the vehicle endurance [24], and save the fuel cell
life by regulating the current rate of change. However, to simplify the architecture and
minimize the cost, a passive configuration is adopted in this investigation [26].

Rapid variations in load and elevation during the flight have a great impact on the
performance of PEMFCs for aeronautical applications [13,28]. 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 electrochemical reaction and increases
hydrogen consumption without a simultaneous increase in the air flow rate due to the time
lag of the BOP. This can cause rapid growth of the stack temperature and starving processes
that can damage the membrane and reduce the performance of the PEMFC [29]. With a
specific application to unmanned air vehicles (UAVs), the results of Atkinson et al. [30]
indicated that PEMFC can be operated over wide ranges of temperature, relative humidity,
airspeed, 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%). Therefore, a further critical issue arises in the
evaluation of fuel cell system performance in the case of application to aerial vehicles.

1.1. Goal, Novelty Claim and Contribution to the State of the Art

The goal of the present investigation is to analyze how dynamic mission profiles
affect hydrogen consumption and system-level efficiency in an open-cathode PEMFC
and to propose an energy-based assessment framework that includes balance-of-plant
contributions and purge losses to improve the estimation of endurance in small vehicles
equipped with this kind of propulsion system, like UAVs and light ground vehicles.

Most works in the scientific literature on fuel cells focus either on very small systems,
such as single cells [31], or on powerful liquid-cooled stacks exceeding 10 kW. In the
first case, the stack operates under controlled conditions without a cooling system [32].
In contrast, liquid-cooled stacks involve a more complex balance of plant (BOP) than
considered in this investigation, typically requiring a dedicated cooling system, a closed
cathode circuit, and a blower or compressor.

Studies on the sizing and management of open-cathode fuel cells for UAVs are usu-
ally based on experimental data obtained under quasi-stationary conditions (Tian et al.,
2024 [33]; Liu et al., 2025 [34], He et al. [8]). Other investigations address dynamic tests
aimed at modeling or controlling specific phenomena, such as stack temperature or purging
frequency and duration [35]. For example, Hou et al. [36] observed that a step decrease in
current demand causes the stack voltage to increase abruptly before gradually decreasing
to the steady-state value; they proposed a logarithmic transfer function to predict voltage
behavior during purging. Similarly, Tang et al. [37] analyzed the dynamic behavior of an
externally humidified fuel cell stack under varying load profiles, investigating the effects
on voltage, temperature, and flow rate.

A few studies have employed real UAV flight data. Santos et al. [27], for instance,
analyzed current and voltage trends of the fuel cell and a secondary battery system, but
did not consider the role of the BOP. Marqués et al. [38] calculated hydrogen consumption
based on reaction stoichiometry, without accounting for additional consumption due to
unsteady temperature conditions or hydrogen losses during purging. A similar approach
is used by Figueroa-Santos et al. [4] in the optimization of the energy management of a fuel
cell hybrid powered robot.
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Other recent works have focused on PEM fuel cells for UAV applications under
simplified operating conditions. Meng et al. [39] proposed a zero-dimensional model of a
3 kW air-cooled stack with metallic bipolar plates, validated against laboratory data, and
highlighted a significant reduction in peak power with increasing altitude. However, their
analysis was limited to simulated profiles without actual UAV flight data. Zine et al. [40]
experimentally assessed an open-cathode PEMFC under altitude chamber conditions,
showing net power losses at higher elevations, but only under steady-state operation,
without accounting for transient load and BOP dynamics. Ferreira et al. [41] developed
and tested a small PEMFC stack for UAVs under various ambient conditions, reporting
efficiencies up to 52% at low current densities, but did not investigate realistic transient
flight missions.

The main research question addressed in this work is related to the effects of realistic
dynamic mission profiles on hydrogen consumption, efficiency, and overall performance of
an open-cathode PEMFC system. To answer this question, a comprehensive experimental
investigation was conducted on a 1 kW open-cathode PEMFC system equipped with its
balance of plant and a passive supercapacitor buffer and operated under a representative
UAV flight power profile.

Although previous studies have investigated open-cathode PEMFC systems for UAV
and small mobility applications using experimental data and, in some cases, representative
mission profiles [24,27], the combined impact of purge-related hydrogen losses, cooling-
system parasitic consumption, and transient operating conditions on system-level efficiency
and endurance has received limited attention.

The novelty of this work lies in the adoption of a holistic energy-based methodology
that explicitly accounts for hydrogen losses due to purging, parasitic power consumption
of the cooling system, and transient interactions among the fuel-cell stack, balance of
plant, and supercapacitor. To the authors” knowledge, few experimental studies have
simultaneously considered these dynamic penalties under realistic operating conditions,
and none were found that combine them within the energy-based assessment framework
proposed here.

The scientific contribution of the present work is the adoption of a comprehensive
energy-based assessment framework that explicitly accounts for these factors under realistic
operating conditions. The outcomes of this study can also support the development of
both physics-based [42] and data-driven [43] models, as well as the implementation of
advanced control strategies for key components—such as fans, purge valves, and the
SCU—in vehicles equipped with open-cathode fuel cells.

1.2. Organization of the Paper

The paper is organized as follows. Section 2 describes the experimental setup, while
the design of experiments is introduced and explained in Section 3. Section 4 presents
and discusses the results. Section 5 introduces the proposed energy-based metrics for fuel
consumption and efficiency during the vehicle mission. The results are summarized in
conclusion Section 6, where the limitations of the proposed investigation are also discussed.

2. Experimental Setup

Experimental data acquired on the Dronebase eXplorer 1000, a tactical drone designed
and manufactured by DroneBase S.r.1., Rimini, Italy, were used as a reference for analyzing
a fuel cell system (FCS) under ground-based conditions replicating flight power demand.
The authors selected an UAV as the reference application, as it represents one of the most
relevant use cases for open-circuit fuel cells. However, the analysis proposed here can be
extended to other kinds of low-power vehicles, for example ground robots [4].
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The UAV is equipped with two Lithium-polymer batteries with the following nominal
values: Capacity 22 Ah, 22.2 V, 10 C, max power 4.9 kW. The database includes data
acquired with a frequency of 10 Hz on a mission with a maximum altitude of 168 m, with a
flight time of about 16 min, of the following signals of relevance for this project:

- GPS: latitude, longitude, altitude.
- Battery current and voltage.

Figure 3 shows the data of battery power and flight altitude acquired on board. A
Fast Fourier Transform (FFT) analysis was performed on the complete UAV mission profile
to identify the frequency ranges containing the dominant power demand dynamics. The
resulting spectrum revealed that most of the signal energy was concentrated at low fre-
quencies, corresponding to the gradual variations in propulsion power associated with the
flight phases. Conversely, the spectral amplitudes above approximately 0.2 Hz were found
to be nearly constant and significantly lower than the dominant components, indicating
the presence of broadband instrumental noise rather than actual power demand variations.
Based on this observation, a low-pass filtering procedure was applied to remove the high-
frequency components above 0.2 Hz while preserving the relevant low-frequency content
of the mission profile. This filtering operation reduced the influence of measurement un-
certainty and sensor noise without altering the overall energy content or the characteristic
temporal evolution of the power demand. Note that the selected cut-off frequency corre-
sponds to a period of 5 s, which is significantly shorter than the characteristic time scales of
the UAV mission and of the fuel-cell thermal dynamics, as shown later in the manuscript.
As a result, the processed signal more accurately represents the load variations experienced
by the propulsion system and provides a reliable input for the subsequent experimental
analysis of the fuel cell system.

Figure 3. Power and altitude profiles of the reference mission.

A 1kW FCS originally acquired for an ultralight prototype [3] was used for the analysis,
being able to supply the required power in its high-efficiency region. An experimental setup
was implemented to acquire all required data. The FCS includes four fans, an ultracapacitor
(UCQC), a start-up battery, a purge valve, and a hydrogen regulator. The main specifications
of the fuel cell system are reported in Table 1.

https:/ /doi.org/10.3390/app16125949
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Table 1. Main specifications of the fuel cell system.

Category Value
Type of fuel cell PEM
Number of cells 50
Peak power 1100 W
Rated current 0-335A@30V
DC voltage 25-48 V
H, purity 99.99%
H, relative pressure 0.5-0.65 bar
Hydrogen consumption @ 1000 W 1.125 g/min
External temperature 5-35°C
Max stack temperature 65°C
Humidification Self-humidified
Relative humidity 10-95%
Air cooling 4 x fan 80X25MM 13.8VDC
Start-up battery Lead acid 12 V

Ultracapacitors or supercapacitors are electrochemical devices with much higher
capacitance than conventional capacitors, thanks to their large electrode surface area and
thin dielectric layers. The ultracapacitor that complements the fuel cell here has a discharge
capacitance of 1.25 F and a rated voltage of 56 V. The supercapacitor is connected in parallel
with the stack, with a passive hybridization scheme, while the fan is powered by the cell
through a DC-DC converter that steps down the voltage to 12 V. A lead-acid battery is used
at start-up only to power the auxiliaries. Each fan has a rated airflow of 2.3 m3/min at the
rated speed of 5600 rpm and 13.8 V. The fuel cell manual contains plots of voltage, power,
fuel consumption, and airflow requirement vs. current that will be used for the validation
of the model under stationary conditions. The fuel cell is equipped with a Short Circuit
Unit (SCU) that is set to short-circuit the negative and positive electrodes of the stack at
100 ms every 10 s.

The flow chart of the experimental setup is illustrated in Figure 4. The adopted
flowmeter is based on the thermal measurement principle, i.e., the mass flow rate of
hydrogen is indirectly obtained from measures of temperature by means of two temperature
sensors positioned one before and one after the heating system. The variable electronic load
allows different input signals of current, voltage, or power to be implemented in the tests.
The acquisition system includes not only the main signals from the stack (current, voltage,
and temperature) acquired through the stack serial port, but also the electrical signals to the
fan and the supercapacitor, the fan speed, the ambient conditions of temperature, pressure,
and humidity by means of an in-house data acquisition system composed by a Arduino
Uno board. Finally, the hydrogen mass flow rate and its temperature are acquired by means
of the flowmeter serial port. All sensors are integrated and synchronized by means of a
computer. The list of measured data, together with the acquisition frequency and accuracy,
is shown in Table 2.

All tests were performed under uncontrolled ambient conditions. However, the whole
experimental setup is designed to be included in an altitude chamber designed for the
analysis of the PEMFC system under simulated flight conditions up to 2000 m. However,
such a facility is not yet available for the tests.

https:/ /doi.org/10.3390/app16125949
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Figure 4. Flow chart of the experimental setup.

Table 2. Details of the experimental setup.

Measured Variable Accuracy Acquisition Frequency Source
Stack Temperature 0.5°C 1Hz Stack serial port
Stack Voltage 0333V 1Hz Stack serial port
Stack current 02A 1Hz Stack serial port
Hydrogen Mass Flow 0.001 g/min 1Hz Flowmeter serial port
Temperature H2 inlet 0.1°C 1Hz Flowmeter serial port
Voltage Fan (INA219) 3.9mV 1Hz Arduino-USB
Current Fan (INA219) 0.05 mA 1Hz Arduino-USB
Fan speed 1rpm 1Hz Arduino-USB
Voltage capacitor bank (voltage divider) 0.05V 1Hz Arduino-USB
Current capacitor bank (ACS712-20A) 0.05 A 1Hz Arduino-USB
Humidity ambient 1% 1Hz Arduino-USB
Temperature ambient 0.1°C 1Hz Arduino-USB
Load Voltage 0.01V 1Hz Arduino-USB
Load current 0.01 A 1Hz Arduino-USB

3. Design of Experiments

The goal of the experiments is to analyze and quantify all the relevant parameters that
define the dynamic behavior and the performance of the whole FCS. The input signals of
the tests discussed in the present investigation are reported in Figure 5. The ambient values
of temperature and Relative Humidity (RH) for each test, performed in the spring-summer
period at Lecce, were recorded and reported in Figure 5 as well. The current and power
signals refer to the system-level quantities, because the programmable load sets their values
during operation.

https:/ /doi.org/10.3390/app16125949
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Figure 5. Input signals for the tests (set with the programmable load).

Test CO is a square current signal with a step-up from 0 A to 20 A and then a step
down from 20 A to 0 A after 400 s. The step input is traditionally used to characterize
system dynamics because it produces a clear time-domain response from which important
performance indices (rise time, settling time, overshoot, steady-state error) can be directly
read [44].

In test C1, current was increased (and then decreased) with a step of 100 s to allow the
stack to reach stationary conditions of temperature. This test was aimed at identifying the
steady-state values of voltage, temperature, and other relevant parameters as a function
of the load current input. To this scope, it was repeated nine times (C1.1-C1.9) and was
performed with and without the activation of the SCU (C1.SCU).

The current was gradually increased and decreased with a triangular signal in test
#C2. Therefore, the fuel cell stack is never allowed to reach the stationary conditions.

The second set of tests was obtained by controlling the load power. In the Test#P1, the
power was increased and then decreased with steps of 100 s to reach stationary conditions
as in test C1. Finally, in Test#P2, the power profile of Figure 3 was used as input to the
system to study its behavior under ground-level reproductions of the flight. It was repeated
six times (P2.1-P2.6).

All tests were performed with the stack at the ambient conditions to simulate “cold
start”, i.e., with the stack temperature starting from the ambient temperature. The time
span of all tests, except CO0, is 1500 s to match the duration of the recorded flight.

The experimental setup used in this investigation does not allow the control of ambient
conditions, which has a strong effect on the performance of the FCS. For this reason,
some tests were performed only once while tests C1 and P2 were repeated 9 and 6 times,
respectively. Such repeated experiments were used to quantify variability through standard
deviations and error bars.

Note that, due to the limited availability of hydrogen and the exploratory nature of
the present experimental campaign, not all test conditions were repeated the same number
of times. The primary objective of the repeated experiments (Tests C1 and P2) was to
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quantify the variability of the fuel cell system response under representative steady-state
and mission-like operating conditions, respectively. These tests were therefore selected for
replication because they provide the most relevant information for assessing repeatability
and for calculating standard deviations and error bars. In contrast, tests C0, C2, and P1
were mainly intended to characterize the qualitative dynamic behavior of the system and
to identify trends in the transient response. Since these tests exhibited highly repeatable
profiles and were not primarily used for statistical comparisons, a single execution was
considered sufficient at this stage of the investigation. This strategy also reduced hydrogen
consumption and experimental time, allowing resources to be allocated to a future testing
campaign in an altitude chamber, where environmental conditions such as temperature,
pressure, and humidity will be controlled. Moreover, a full inferential statistical analysis
(e.g., p-values) was not included due to limited sample size and non-controlled conditions,
and because the study aims at a physics-based, system-level characterization rather than
hypothesis testing. A more rigorous testing procedure will be performed when the alti-
tude chamber is available with the possibility to control ambient temperature, pressure
and humidity.

4. Results and Discussion

Before analyzing the results of the tests, it is necessary to point out that some calibration
issues were found with the flowmeter, as shown in Figure 6, where the raw measured
signal for test C0 is reported together with the theoretical consumption of hydrogen r1g, 4,
obtained from stack current I [12]:

. My
My, m = sz It )

where My, is the molar mass of hydrogen and F is the Faraday constant.

Figure 6. Measured vs. theoretical mass flow rate of hydrogen for test CO.

Note that the measured value is very high (about 0.5 g/min) also at no load, where the
measured stack current is 0.4 A (to power the auxiliary) while the corresponding theoretical
mass flow rate, from Equation (2), is 0.0126 g/min. The spikes in the measured mass flow
rate are caused by the purge valve as discussed later.

Measuring hydrogen flow accurately is difficult due to its low density, high diffusivity,
sensitivity to pressure/temperature changes, dynamic flow conditions, and the limitations
of measurement devices. Proper calibration, fast-response meters, and careful system
design are essential.

The problem with measured mass flow rate is obtained also in steady-state operation,
as shown in Figure 7, where the steady-steady values of fuel consumption obtained with
test C1 are reported, together with error bands showing the variability of the measured
values. To reduce the effect of uncertainties and pressure regulator oscillations, the test was

https:/ /doi.org/10.3390/app16125949
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repeated nine times. The standard deviation in the measurement of steady-state mass flow
rate ranged between 0.02 g/min and 0.045 g/min, being, on average, about 5% over the 8
values of currents.

Figure 7. Steady-state fuel consumption vs. current: measured steady-state values compared to Hy
consumption from Equation (2).

Note that applying a constant offset to the measured values was not sufficient to
obtain reasonable values of hydrogen mass flow rate and the dispersion in the values of
steady-state hydrogen consumption is much higher than in the case of voltage and current.

After verifying the lack of losses of hydrogen in the whole hydrogen line and in
the stack, the authors concluded that this could be caused by sensor degradation. While
waiting for the replacement of the flowmeter, the mass flow rates measured in the present
investigations were only used in qualitative terms.

4.1. Steady-State Operation

Test C1 was used to identify the steady-state operation by averaging the values of
voltage, fan speed, mass flow rate, etc. at the end of each step up and down performed
with the same level of current, after reaching a stationary value of stack temperature.

The steady-state polarization curve obtained with this procedure is compared to the
data declared by the manufacturer in Figure 8. The manufacturer reports two polarization
curves obtained at different values of temperature and humidity to show the variability of
fuel cell performance with ambient operating conditions. The black error bars show the
variability of the measured values in the nine tests performed with the same input profile,
which is quite too low to be visualized except for the currents between 15 A and 20 A.

Under steady-state operation, there is no contribution of the UC to the power supply.

The four fans are used for cooling and for feeding the required oxygen. At start-up
they are powered by the battery until the stack is able to generate a minimum current,
found to be about 0.4 A, to power the fans at zero load.

The stack temperature under steady-state operation increases almost linearly with
current as shown in Figure 9.

https:/ /doi.org/10.3390/app16125949
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Figure 8. Estimated steady-state polarization curve, with error bars, plotted against manufacturer’s data.

Figure 9. Steady-state values of stack temperature vs. stack current (with error bars).

Based on communication with the manufacturer, we found out that temperature is
controlled by regulating the fan speed by means of a PWM on the basis of the stack current
only. This kind of control is not quite suitable for a variable altitude application because it
will lead to a decrease in the stack operating temperature with altitude, with a reduction in
performance and efficiency.

The parasitic power of the fan increases in absolute terms with the load current as
shown in Figure 10(left), but its relevance to the net power of the FCS decreases with load,
being only 2% of the stack power for load currents higher than 12 A, see Figure 10(right).

https:/ /doi.org/10.3390/app16125949
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Figure 10. Fans behavior under steady-state operation vs. load current: fan speed with error bars
(left), relevance of parasitic power (right).

The fan parasitic power, as expected, increases with rpm following a cubic law. The
maximum parasitic power during test C1 is 11.2 W. However, under dynamic operations,
larger values have been measured as discussed later.

4.2. Effect of the Short Circuit Unit (SCU)

The plots of Figure 11 compare the values of the stack signals measured on test C1
with and without the activation of the SCU. For the case without SCU, the nine repetitions
are reported, together with the average (black line). The selected signals are stack voltage,
temperature and power, and mass flow rate of hydrogen.

Figure 11. Effect of short circuit unit on the stack voltage, gross power, temperature, and hydrogen

consumption (Test C1).
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The behavior of the stack voltage vs. time without the SCU, Figure 11a, shows an
undershot in correspondence to each current step, then a slow increase until the next current
step when the current is increased. Similarly, an overshoot is present in correspondence
of each step-down. Smaller perturbations of the voltage can be noticed at the opening of
the purging valve. However, the voltage signal is quite regular, and the repeatability of
the tests is very good, with small variation from test to test due to the slight differences
in the ambient temperature. When the SCU is activated (magenta line), a noteworthy
increase in the level of voltage and, consequently of power, Figure 11b, is obtained. The
stack voltage is, on average, 1.94 V higher than in the case without SCU thanks to the better
humidification of the cell. As a consequence, the stack power is also increased, particularly
at high currents. On the other hand, the voltage and the power show a higher variability
with time and current so that the cell never reaches a steady-state operating condition.

Figure 11c compares the levels of temperature, showing a higher dispersion, compared
to the voltage, in the nine repetitions without SCU, caused by the uncontrolled ambient
temperature. The temperature of the stack, however, is much lower in the case with SCU.
To understand the behavior of the stack temperature, we can recall the thermal balance
equation of the stack:

dTs

Qgen - (Qnat + de + Qfan + Qsens+lat> - Mst'cst'ﬁ 3)

In this equation, Ts;, Mg, Cst are the temperature, mass and thermal capacity of the
stack, respectively. Q,,,; is the heat flux dissipated by the fuel cell surface by means of
natural convection with the external environment, Qfa = M4irCpair(Tst — Tomp) is the

contribution of the forced convection in the cathode side generated by the fan, and Qsens T lat
is the sensible and latent-heat-associated water warming and phase change. Q,,, is the

heat produced from the exothermic chemical reaction and can be computed as Qg,,, =
(1.25-N — Vi) I [12].

Neglecting the other sources of heat transfer, Equation (3) can be written as Qgen =
r'na,-rcprair(Tst — T,mp) at stationary conditions. Working with the SCU unit reduces the

amount of heat released by the fuel cell, Qgen, because the improved humification reduces
the ohmic losses of the cell. This explains the increase in voltage. On the other hand, the
air mass flow rate is almost the same in the two cases because the fan speed is changed
according to the current of the load.

The stack temperature has a relevant role in the efficiency of the stack [12]. The
thermodynamic efficiency or maximum theoretical efficiency is defined as the ratio of
the change in Gibbs free energy to the change in enthalpy. It decreases with temperature
because of the increased contribution of entropy. The voltaic efficiency is defined as [12]

(4)

where V, is the cell voltage, Yt with N number of cells in the stack, and 1.25 V the available
electromotive force at standard operating conditions.

On the one hand, a higher temperature improves the thermodynamic efficiency and
the reaction kinetics, reducing the activation losses. It also improves proton conductivity
and helps evaporate excess water, limiting the accumulation of liquid in the cathode. On
the other hand, excessive temperatures accelerate degradation mechanisms. In the case of
SCU, the temperature is almost always below the minimum desired temperature which
is 40 °C.

The results indicate that the activation of the SCU increases the average stack voltage
at a given current, leading to an apparent improvement in voltaic efficiency. This behavior
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can be attributed to the temporary enhancement of membrane hydration and catalyst
activity induced by the short-circuit events, which reduce activation and ohmic losses.
However, the higher stack voltage does not necessarily translate into an improvement in
overall system efficiency. As shown by the temperature measurements, operation with
the SCU results in a lower average stack temperature. This behavior may be attributed
not only to the reduction in ohmic losses resulting from improved membrane hydration
and proton conductivity, but also to the transient nature of the short-circuit events. During
each short circuit, high-current pulses generate localized Joule heating and promote rapid
water production within the membrane—electrode assembly [18]. Part of the generated
heat is absorbed by the associated phase-change and water transport processes, while the
intermittent character of the pulses limits sustained heat accumulation within the stack. As
a consequence, despite the occurrence of localized heating phenomena, the average stack
temperature remains lower than that observed during operation without the SCU.

The influence of the SCU on hydrogen consumption is evident in Figure 11d. Because
purge events occurred at slightly different times in the nine repetitions, averaging the
fuel-consumption traces without SCU would have produced misleading results; therefore,
only the individual measurements are reported. The large peaks associated with purge
operations are comparable in number and magnitude to those observed without SCU.
However, additional fuel-consumption spikes appear during the short-circuit events. These
spikes are particularly pronounced at low current levels, where the short-circuit current
represents a larger increase relative to the nominal operating current. During each short-
circuit event, the stack temporarily operates at very high current density, accelerating the
electrochemical reaction rate and increasing hydrogen consumption. Since the electrical
energy generated during these events is not fully delivered to the external load, the ad-
ditional hydrogen consumed does not result in a proportional increase in useful output
power, thereby reducing the overall fuel utilization efficiency. This observation is consistent
with the findings reported in [18].

Therefore, although the SCU can improve voltage stability and mitigate some perfor-
mance losses associated with membrane dehydration, its operation introduces an efficiency
trade-off by increasing hydrogen consumption. A more detailed quantification of this
trade-off, including the effects of altitude and ambient conditions, will be the subject of
future investigations in the altitude chamber. Given the additional fuel consumption and
the irregularities introduced in the power and fuel-flow measurements, the SCU was deac-
tivated during the remaining tests to ensure a clearer assessment of the intrinsic dynamic
behavior of the fuel cell system.

4.3. Measurement of the Dynamic Response

The results of test CO were used to analyze and quantify the overall dynamic response
of the whole fuel cell system, comprehensive of the ultracapacitor, purging valve and fan.
The main signals for this test are shown in Figure 12.

From the plots of current, we can notice that the ultracapacitor smooth down the
current demand to the fuel cell, with absolute peak values of about 2 A at the beginning
and ending of the step signal. This effect is more evident in Figure 13, where the rates of
change of load current and stack current are compared. Note the lower absolute value of
rate of change of stack current in both the step-up and step-down.

Differently from what observed by [37], the stack voltage shows a small under-
shoot during step-up but no overshoot at step-down thanks to the role of the ultraca-
pacitor. During the constant current operation, the stack voltage experiences no evident
drops, but it undergoes a decrease after the undershoot because of the changes in the
stack temperature.
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Figure 12. Results of Test CO (T;,,,,=21.8 °C, RH = 67%).

Figure 13. Current rate of change for load and stack (Test CO).

The fan speed has a very fast dynamic behavior, with a rise time of about 35 s. It
reaches a peak of 6600 rpm at the beginning of step down where a fast decreasing of
temperature is desired, proving that fan is not controlled based on temperature only in the
case of dynamic load. This corresponds to a sudden increase in the parasitic power of the
fan and, therefore, in a decrease in the net power of the FCS.

The thermal inertia of the fuel cell stack causes the temperature to increase slower
with a rise time of 91 s and a settling time of 191 s. This delay in reaching the steady-state
temperature affects the voltage and, therefore, the voltaic and the thermodynamic efficiency
of the stack.
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4.4. Temperature and Voltage Under Dynamic Operating Conditions

The rate of change of the current under the other tests is shown in Figure 14. Com-
pared with C1, test C2 is characterized by a more regular rate of change since current is
continuously increased and decreased. When the power is used as input instead of current,
as in test P1, the rate of change of the current is higher because it is affected by the need to
compensate for the changes in voltage with temperature. Very high rates of change are also
obtained in test P2, showing that the ultracapacitor is not sufficient to smooth down the

dynamic request of power to the stack.

Figure 14. Rate of change of stack current in the dynamic tests.

Figure 15 compares the stack behavior—both temperature and polarization curve—
under tests C1, C2, P1, and P2. The plots report the voltage and temperature measured dur-
ing the transient tests, together with the steady-state curves (red line). A £5% uncertainty
bar is added to the steady-state curves to highlight the differences between steady-state
and dynamic values. Filled and empty blue markers represent the values recorded during
the increasing-current phase (Ist+) and the decreasing-current phase (Ist—), respectively.

In test C1, where the fuel cell is allowed to reach steady-state operation, the stack
operating points cluster closely around the steady-state line in the left-hand plot. At
each current level, the temperature is lower than the steady-state value during step-up
transitions and higher during step-down transitions, reflecting the influence of the previous
current level. The stack voltage follows these temperature variations, showing only small
deviations from the steady-state curve.

In test C2, because the load current varies continuously, the temperature never reaches
its steady-state value. A clear hysteresis appears: the temperature is consistently higher
than the steady-state value when the current decreases (Ist—). Except during the cold-
start phase, the temperature is also higher than the steady-state values for much of the
increasing-current phase (Ist+). In terms of voltage, the highest values occur during the
Ist— regions, again due to the higher temperature.
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Figure 15. Effect of unsteady operation on stack temperature (left) and polarization curve (right).
The red dotted line refers to the steady-state operation and shows an uncertainty bar of £5%.
The filled and empty circles represent the transient operation when current is increased or
decreased, respectively.

The largest deviations from the steady-state temperatures occur during the test P2,
where the temperature remains around 38 °C for most of the test and the voltage stays
below the steady-state curve. Nevertheless, all voltage deviations remain within the £5%
uncertainty bar.

4.5. Hydrogen Flow Measurements and Purge-Related Phenomena

The measured hydrogen mass flow rate is shown in Figure 16 and compared
with the theoretical consumption (black line) calculated from the stack current using
Equation (2). The theoretical hydrogen consumption at zero load current is not null but
equal to 0.013 g/min because of the parasitic power of the BOP. This implies that the
observed discrepancy between theoretical and measured values cannot be attributed to
the parasitic power of the auxiliary components, since the two curves should coincide, at
least, at zero load current. At higher current levels, deviations from the theoretical value
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are expected because of other phenomena such as small leaks, internal short circuits, or
hydrogen crossover to the cathode.

Figure 16. Measured mass flow rate of hydrogen plotted against stoichiometric values.

Furthermore, the measured hydrogen mass flow rate is not proportional to the stack
current and exhibits overshoots and undershoots when the current is suddenly increased or
decreased, respectively. However, a direct quantitative comparison between the measured
and theoretical curves is not meaningful due to the limited repeatability of the tests and the
previously discussed calibration issues affecting the flow meters. For this reason, the results
reported in Figure 16 are used primarily to qualitatively highlight the dynamic effects of
the system and, from a quantitative standpoint, to estimate the hydrogen losses associated
with purge events.

The purge valve opening frequency can be identified by the spikes in the measured
mass flow rate. According to the manufacturer, the opening frequency depends on the stack
current while the opening time is constant. As a consequence, the height of the peaks of
fuel consumption associated with each purging process is almost the same in all tests, being
not affected by the current request or the dynamicity of the test. The losses of hydrogen,
however, are larger when the current is increased because of the higher frequency of
purging, as shown in Figure 17 which compares tests CO and P2. However, some peaks are
not fully captured by the available instrumentation, as shown in Figure 16a,b. In addition,
a rigorous quantification of these losses is hindered by the lack of proper calibration
of the flowmeter.

Figure 18 shows the recorded hydrogen mass flow rate mp,;, for the six repetitions of
test P2.

In conclusion, the tests highlight the critical challenges associated with accurately
measuring hydrogen mass flow rate, as well as the need for a high-frequency data acquisi-
tion system to properly capture purge and SCU events. This could explain why it is quite
impossible to find experimental studies on this kind of systems that reports the actual
measurements of hydrogen flow rate with or without purge. For example, Strahl et al. [45]
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proposes a similar approach to estimate the losses of hydrogen in purge but does not report
the actual values obtained from the tests.

Figure 17. Estimated hydrogen consumption without purge (black line) vs. measured signal.

Figure 18. Recorded mass flow rate during the six repetitions of test P2.

4.6. Parasitic Power of Auxiliaries Under Dynamic Operation

The plots of Figure 19 depict the power of stack, UC, and fan over the five tests,
including test C1 performed with the activation of the SCU.

The role of the ultracapacitor is to absorb the high-frequency component of the load
power. The fuel cell stack and the UC share the same DC bus and, in steady-state, op-
erate at the same voltage. When the load current suddenly increases, the stack voltage
drops below the UC voltage; the UC then rapidly discharges until the voltages equalize.
Conversely, when the stack voltage exceeds the UC voltage, the UC is charged. The UC
charge/discharge process is fast but not instantaneous because it is affected by the internal
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resistance of the cells and the interconnection circuit. Consequently, the current flowing
into the UC depends both on its state of charge (through the voltage difference between
stack and UC) and on the maximum current that the fuel cell can deliver at that instant.

Figure 19. Parasitic power of the fans and contribution of the ultracapacitor.

In absolute terms, the UC contribution is the highest for test CO where the peaks of
about £50 W at the step-up and step-down events were measured, because of the very
high rate of change in current, while it is minimum for test C1 performed with the SCU
off. When the SCU is activated, the UC must counteract the increase in voltage and the
current caused by the short-circuits. Similarly, in the case of constant power request (P1)
the UC must counteract the reduction of voltage and the increase of current caused by the
accumulation of impurities between two consecutive purging events. This explains the
presence of relevant intermediate peaks in both tests.

In the case of test C2, the UC contribution is also quite relevant because of the continu-
ous variation of the load current calls for the need to compensate for the slow dynamics
of the stack with the help of the ultracapacitor. This is particularly true when the current
is brough to zero and then increased again. In the case of test P2, an undershot and an
overshot are present only at the start and end of the mission, respectively.

The fan parasitic power is directly linked to the fan speed whose measured values are
plotted in Figure 20, together with the steady-state values obtained by interpolating the
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curve of Figure 10(left). Note that thermal inertia significantly affects the parasitic power of
the auxiliaries, in particular when the current is suddenly decreased. In the case of test P1
the control of the fan speed becomes instable when the power request of the load exceeds
600 W. In fact, many spikes can be observed in the high-current zone of the blue signal
of Figures 19e and 20c. This is another proof that the control system of the fans needs to
be optimized.

Figure 20. Measured fan speed plotted against steady-state values.

The instability of fan speed in the high-power region is an indication of the unsuit-
ability of the present fan control strategy that set the desired temperature on the bases
of current input only. More advanced control methods have been presented in the sci-
entific literature [13], like the sliding mode [46], fuzzy logic [47], and model-predictive
controllers [48]. They will be taken into consideration in the continuation of the project.

5. Energy-Based Metrics for Fuel Cell

The performances of fuel cells systems are usually analyzed by means of power-based
metrics like voltaic efficiency and hydrogen mass flow rate is usually estimated directly
from the current signal by using the stoichiometry of the reaction. The results of the
present investigation have pointed out the limitations of such approach. For this reason
energy-based metrics are here proposed and discussed.

Figure 21 shows the voltaic efficiency of the stack during the first 300 s of test P2,
considered as a reference mission for the FCS, calculated using Equation (4) from the
voltage data recorded in the six repetitions of the test.

The voltaic efficiency decreased with increasing current, as expected, but it is also
influenced by stack temperature. The minimum value, equal to 54.3%, is observed in
repetitions 4 and 5, which were performed at the lowest ambient temperature. Notably,
a difference of only 2 °C in ambient temperature can lead to a variation of up to three
percentage points (Test P2.2 vs. Test P2.5). Since the efficiency varies with time due to the
dynamic input signal, an average value calculated over the entire test, hereafter denoted as
7,, is used for the subsequent analysis.
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Figure 21. Voltaic efficiency of the stack during the first 300 s of test P2. Each curve represents one of
the six repetitions; the ambient temperature is reported in round brackets.

The overall theoretical hydrogen consumption over the mission is then computed as

MH2 T
bth = 51 -
Mipth = 5 /o Lipaadt 5)

where T is the mission duration. In this equation, the load current, I;,,;, is used instead
of the stack current for two reasons. First, the stack current measurement exhibits lower
accuracy. Second, from a methodological perspective, the load current represents the
actual net current of the whole fuel cell system. Therefore, mp,;; represents the hydrogen
consumption obtained by neglecting parasitic power and purge losses, as commonly done
in the scientific literature [40].

However, not all the hydrogen supplied to the stack reacts to produce electricity. To
account for this, the fuel utilization factor pr is introduced. It is defined as the fraction of
the supplied hydrogen that reacted and can be estimated as the ratio between theoretical
and actual hydrogen consumption [4]. In global terms, it can be written as

ME,th
HE = — (6)
where mp,;, is the total hydrogen consumed during the test.

The following procedure is introduced here to obtain a conservative estimate of the
total hydrogen consumption, my, ;-

m}(—Iﬂ‘n = Mpy,th + Mpurge + mscu (7)

where Mpurge is the hydrogen mass lost during purge events, that could be estimated as
the difference between the cumulative measured hydrogen flow with and without the
purge spikes (see Figure 17) over the entire test. Unfortunately, a quantitative analysis
of the total hydrogen consumption is not possible with the current instrumentation. For
steady-state operation values of 90-95% reported for the utilization factor in [49,50]. In
case of SCU activation, an additional mass mgcy penalizes the utilization factor and the
poverall efficiency.
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Transient effects and additional factors, such as small leaks, internal short circuits, or
hydrogen crossover to the cathode, can further increase the discrepancy between theoretical
and actual hydrogen consumption. For instance, Li et al. [51] reported a very low utilization
factor of 39.6% during a flight test of a fuel-cell-powered UAV. Although this value is neither
explained nor discussed by the authors, this analysis of the scientific literature confirms the
need of a comprehensive energy-based approach.

The net power of the entire FCS can be expressed as follows:

Pyet = Vstlst“‘PUC_pfun_Ppur (8)

where Vs and I, are the stack voltage and current, respectively; Py, is the parasitic power of
the cooling fan; Pyc is the contribution of the ultracapacitor; and Ppar includes the parasitic
power of the purge valve, control electronics, cable voltage drops, diode losses, and similar
effects. In the FCS, Pyc is positive during charging and negative during discharging, while
Ppar is always positive. Although Ppar could theoretically be obtained as the difference
between measured quantities of load and stack power, its magnitude is extremely small
and cannot be reliably quantified with the available measurements.

The ratio between net electrical power and chemical power defines the overall or net
efficiency of the fuel cell system:

P
Mnet = —— =5 net 9)

my,, LHV

In this investigation, the net power coincides with the power measured at the load.
However, the net efficiency cannot be calculated instantaneously because of purge and
SCU losses. Therefore, an energy balance approach is more suitable.

The high repeatability of the tests, in terms of both power and energy, is confirmed
by the low standard deviation observed not only for net energy but also for fan en-
ergy. As shown in Table 3, the fan parasitic energy accounts on average for 2.46% of the
stack energy.

Table 3. Estimated energy flows during the mission (test P2).

Test Enet Efun Eqtack £ (%)
P2.1 150.56 3.75 154.15 2.43%
P2.2 158.38 4.05 162.04 2.50%
2.3 155.24 3.88 158.77 2.45%
P2.4 153.44 3.84 156.88 2.45%
P25 154.98 3.96 158.27 2.50%
P2.6 157.77 3.94 161.30 2.45%
Average 155.06 3.90 158.57 2.46%
St. Dev 2.87 0.10 2.90

The net efficiency over the entire test is finally calculated as

Mnet = % 7 13+7 (10)
iy, o LHV
With ,
test
Enet = 0 Pnet dt (11)
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To highlight the additional inefficiencies introduced by fan parasitic power and purge
losses, the net efficiency is compared with the stack efficiency, defined as

Estuck
= stack _ 12
Nstack mHzthLHV ( )

Figure 22 compares the average values of voltaic efficiency, stack efficiency, and net
efficiency for the six repetitions of test P2. Literature values of utilization factor (92%) were
used to assess the net efficiency, since the measured flow rate of hydrogen was not accurate.
On average, the net efficiency is 52.2%, while the stack efficiency is 58%. The fan alone
reduces the stack efficiency by 1.3 percentage points, on average.

Figure 22. Comparison between voltaic, stack, and net efficiency with estimated error bars.

The error bands shown in the plots represent the estimated uncertainty associated
with each efficiency value, calculated using the error propagation methodology described
in [52]. The average estimated relative uncertainty in net power is approximately 4.2%,
whereas the average relative uncertainty in fan power is about 2%, based on the accura-
cies of the voltage and current measurements. Since the performance metrics defined in
Equations (10)-(12) are based on time-integrated quantities, the corresponding relative
uncertainties are 3.9% and 4.7% for stack energy and net energy, respectively, based on an
average relative uncertainty of 2.7% for the hydrogen measurement.

The Sankey diagram of Figure 23 illustrates the energy flows within the fuel cell
system using the average values of purge losses, stack efficiency, and net efficiency based
on the average values of Figure 22.

Although the losses due to cooling fans and purge events are relatively small, this
analysis highlights the importance of a comprehensive estimation of hydrogen consumption
and net efficiency for an accurate assessment of endurance. Assuming that the drone is
equipped with a tank containing exactly 8.2 g of hydrogen (equal to the average value of
my, ), it would not be able to complete the 25 min mission, as the hydrogen supply would
be depleted before due to purge losses and fan parasitic power.
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Figure 23. Sankey diagram of the average energy flows in the FCS during the test P2.

6. Conclusions

This study demonstrates that the performance of open-cathode PEM fuel cell systems
under realistic dynamic operation significantly deviates from steady-state predictions due
to the combined effects of thermal inertia, balance-of-plant dynamics, and purge-related
losses. Experimental results show that rapid load variations induce temperature hysteresis
and delayed thermal stabilization, leading to voltage deviations of up to 5% from steady-
state values.

A system-level analysis reveals that auxiliary components and purge events, although
often neglected, have a measurable impact on overall performance and endurance. Under
flight-representative operating conditions, the system achieved an average voltaic efficiency
ranging from 55.3% to 60.7%, with a corresponding net efficiency between 50.2% and
54.2%. The cathode fan consumed approximately 2.5% of the stack energy output. Net
efficiency was estimated using hydrogen utilization factors reported in the literature, since
the uncertainty associated with the hydrogen flow measurements prevented a reliable
quantification of hydrogen losses related to purge events and SCU operation. These results
highlight that neglecting such effects leads to a systematic overestimation of hydrogen
efficiency and mission endurance.

From an engineering perspective, the findings emphasize the need for an energy-
based approach to accurately assess fuel consumption in dynamic applications, like those
encountered in drones and small vehicles. In particular, endurance estimation and tank
sizing should include a design margin of at least 10% to account for auxiliary loads and
purge losses. Furthermore, the results underline the importance of optimizing fan control
strategies under transient conditions and adapting purge management to variable load
profiles. The proposed energy-based framework provides a practical methodology for
translating stack-level measurements into realistic estimates of vehicle-level endurance,
while systematically accounting for auxiliary loads, transient effects, and hydrogen
utilization losses.

The role of the supercapacitor was confirmed to be beneficial in mitigating rapid
load transients by reducing the rate of change of stack current, although it does not fully
eliminate high-frequency fluctuations. This indicates that passive hybridization alone may
be insufficient for highly dynamic missions.

The study also highlights important experimental limitations. Tests were conducted
under uncontrolled ambient conditions, and hydrogen mass flow measurements were
affected by calibration issues, restricting quantitative analysis to a conservative estimation
framework. Future work will address these limitations through experiments in a controlled
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altitude chamber and the implementation of improved high-frequency and calibrated
measurement systems, enabling a more rigorous quantification of dynamic hydrogen
consumption and system efficiency.
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