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Abstract

The use of renewable energy sources instead of conventional ones, together with the de-
velopment of efficient electricity storage solutions, represents a central objective of the
transition to sustainable and resilient energy systems. In this context, two main develop-
ment directions are the integration of hydrogen in the energy chain (Power-to-Gas) and the
use of batteries, each with specific advantages and disadvantages, compared to internal
combustion engines. The purpose of this work was to evaluate the dynamic response time
of a hydrogen fuel cell model powered by green hydrogen, under conditions of sudden
and instantaneous power demand, for its integration into wind-based renewable energy
systems. Experimental research was carried out on an autonomous installation designed to
operate continuously for an unlimited duration, simulating the integration of hydrogen
produced from wind sources. The novelty consists of the application of an instrumental
method for automatic measurement of the response time of a proton exchange membrane
hydrogen fuel cell, based on the automatic acquisition and processing of measured elec-
trical signals. The response time of the fuel cell was compared with that of an internal
combustion engine based on the classic Carnot cycle, using a dedicated oscilloscope. The
load connection time, the current and voltage variation as a function of time were recorded
simultaneously. The results show that the response time of the fuel cell is relatively short
(approximately 0.3 ms), much lower than that of the internal combustion engine (0.7 s),
being of the order of about 2333 times smaller. In conclusion, the hydrogen fuel cell can
be effectively integrated into renewable energy systems for the role of an uninterruptible
power supply, with an exceptionally fast dynamic response, suitable for applications in
regulating and supporting wind-powered networks.

Keywords: PEMFC; green hydrogen; dynamic response time; wind energy; wind—
hydrogen; resilient UPS

1. Introduction

One of the most promising energy conversion devices for stationary and portable
power systems is the proton exchange membrane fuel cell (PEMFC), especially in the
context of integrating renewable energy sources such as wind power. In modern energy
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chains, hydrogen produced from surplus wind energy (green hydrogen) can be stored and
subsequently converted into electricity by a fuel cell, allowing grid supplementation when
wind production is low [1-4]. Compared to traditional systems based on the Carnot cycle
of internal combustion engines or the Joule cycle of gas turbines, the use of hydrogen in fuel
cells offers significant advantages in terms of energy efficiency, operational flexibility and
the potential to reduce greenhouse gas emissions, especially in wind-integrated applications.
To understand the performance of fuel cells and optimize their design in wind power
systems, characterizing their dynamic responses to external load variations, in parallel
with the operating parameters, is an area of intensive investigation. In the context of
integration with wind power, the dynamic response of a PEM fuel cell is essential to
ensure the rapidity and stability in covering the fluctuations produced by the instability of
wind power generation. The dynamic response of a PEM fuel cell results from a complex
interaction between thermal, hydraulic and electrochemical effects, and optimizing the
operating conditions such as temperature, humidity, reactant stoichiometry, pressure and
water management in the cell structure is crucial to obtain fast and stable response times. In
wind-powered energy systems, these parameters directly influence the fuel cell’s ability to
respond instantaneously to load changes, contributing to the efficiency and resilience of the
entire wind hydrogen fuel cell chain. The response time of a proton exchange membrane
(PEM) fuel cell to a change in current or voltage is influenced by several factors, including
operating temperature, humidity, reactant stoichiometry, pressure, and water management
within the cell [5,6]. Specifically, factors such as operating temperature, humidity, and
reactant stoichiometry have a significant influence on the cell response dynamics to load
variations. Higher operating temperatures generally lead to shorter response times, as
a result of increased ionic conductivity of the membrane and enhanced water transport
processes within it. In addition, proper humidity management helps maintain optimal
membrane hydration, preventing both drying and flooding, which can negatively affect
performance. Reactant stoichiometry also influences the availability of chemical species at
the electrodes, playing an essential role in the stability and rapidity of the electrochemical
response of the system [7,8]. However, there is an optimal temperature range, and exceeding
this range can lead to performance degradation and slower response, requiring precise
tuning of the operating conditions in the context of wind integration [9].

In recent years, the proton exchange membrane (PEM) market has experienced rapid
and extensive development, mainly due to the low operating temperatures of the cells
and the high power density that they can offer [10-13]. In the context of renewable energy
systems, including those integrated with wind energy, the increased performance of PEMs
strengthens the potential of fuel cells as an efficient solution for the conversion and storage
of green hydrogen energy. Researchers have focused their efforts on investigating the local
current distribution in PEM cells, but also on the analysis of the local current, total current
and local voltage values [14-16], essential aspects for the integration of these cells into wind-
hydrogen chains. The results of a study on the response time of a PEM cell under the action
of an external load highlighted the dynamic behavior of the cell before establishing the
steady state. The authors evaluated the response time of a PEM cell array to gradual load
changes, as well as the time it takes for the output voltage to stabilize, and typical response
times were in the order of 0.5 ms for peak voltage and 3 ms for stabilization [17,18]. In wind
energy applications, these extremely short response times are critical for quickly covering
sudden variations in wind power output and maintaining grid stability. The cell structure
and materials including the membrane type, electrodes, and diffusion layer are important
factors to consider in fuel cell design and optimization [19,20]. Dynamic modeling of PEM
cells thus becomes essential, as it allows for predictions of system behavior that closely
align with experimental results under varying load conditions [21-30]. The main objective
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of this experimental study was to demonstrate the speed with which the cell adjusts its
output voltage and current to a change in load or operating conditions. The impact of
response time is particularly important in applications where the fuel cell must adapt to
changing power requirements, because the maximum rates of change in current and voltage
are specific to the fuel cell stack and test hardware; response times can vary in a range from
less than 5 ms to approximately 100 ms. It has been experimentally demonstrated that
PEMEFCs can handle various types of load without the need for additional current filtering
or smoothing, which makes them suitable for the role of a fast and stable power source in
wind-integrable systems. The stack proposed in this paper can be easily integrated into
a fuel cell system powered by green hydrogen, and the final solution is distinguished by
its low cost and high efficiency, being compatible with the sustainability and resilience
requirements of modern wind energy systems.

The aim of this paper is to estimate the response time of a hydrogen fuel cell model to
a sudden and instantaneous power demand, in the context of integrating fuel cells with
renewable energy sources, such as wind power. The dynamic response of fuel cells is of par-
ticular importance for applications where green hydrogen is produced from surplus wind
power and then rapidly converted into electricity; unfortunately, there are few publications
that describe in detail the dynamic behavior of PEM fuel cells under various operating
conditions. Several studies have been conducted on the dynamic response of PEM, which
provide a reference framework for assessing the performance of wind-hydrogen-fuel cell
systems. Some authors have investigated the behavior and performance of a proton ex-
change membrane (PEM) fuel cell to rapid load changes, observing that the response of the
fuel cell system is faster than 0.15 s to these changes; however, load changes are visible in
the voltage and current responses. Other researchers have experimentally evaluated the dy-
namic behavior of an air-breathing fuel cell, measuring the PEM performance as a function
of temperature, humidity, and airflow, in steady-state and transient regimes. One objective
of the studies was to analyze the effect of fuel stoichiometry, tanks, and dilution on the
dynamic behavior of a PEM fuel cell during load changes. The behavior when exceeding
the steady-state current density was analyzed for different rates of voltage change at a
constant input flow rate, and in the case of DMFCs, the impact of anode concentration and
cathode pressure flow rate on the dynamic response was investigated, highlighting clear
dependencies of the response times on the operating conditions,. The normal operation
of PEMFCs is strongly influenced by the operating temperature. The proton exchange
membrane can be degraded by excessively high temperatures, while low temperatures can
cause slower electrochemical reactions. Therefore, an efficient and adequate cooling system
allows PEMEFCs to achieve higher powers, reliable operation, and extended lifetimes, essen-
tial conditions for their integration into wind-powered systems, where loads and operating
conditions can vary rapidly. Maintaining a uniform temperature inside the PEM stack is
another crucial aspect of thermal management, as uneven temperature distributions can
cause local degradation of system performance and stability. Also, both the humidity levels
of the anode and cathode significantly influence the response time of the PEMFC. Optimal
humidity levels, often around 50% at the anode and 70% at the cathode, can minimize the
time required to reach steady state, favoring the fast dynamic response of the cell, required
in wind energy integration scenarios. Low humidity can hinder water transport and slow
down the response, while excessive humidity can lead to electrode flooding and a decrease
in performance, both effects having direct implications for the speed and stability of the
hydrogen-wind system.

The stoichiometric ratio, which is the ratio of the amount of reactant supplied to the
theoretical amount required for the electrochemical reaction, plays an important role in
the dynamic behavior of proton exchange membrane fuel cells (PEMFC). Adjusting the
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stoichiometry can influence the availability of reactants (hydrogen and oxygen) and the
removal of reaction products, having a direct impact on the response time of the cell, espe-
cially in applications integrated with wind-hydrogen systems. For example, increasing the
stoichiometric air flow rate can improve both steady-state and dynamic performance, en-
suring sufficient oxygen supply and more efficient water management, essential conditions
for rapid response to variable loads generated by wind power generation instabilities [5].
Operating pressure is another factor that affects the response time of PEMFC. Increasing
pressure can improve reactant mass transfer and power density, contributing to better
performance in both steady-state and transient conditions, which is advantageous in wind
integration scenarios where power requirements can vary rapidly. Water transport within
the cell is also crucial for performance and response time. Factors such as electro-osmotic
resistance and back diffusion of water through the membrane, as well as the rate of water
generation, supply, and removal, influence how quickly the cell reaches a new steady
state after a load change. Poor water management can lead to membrane flooding or
drying, which significantly slows down the dynamic response and affects the stability of
the hydrogen-wind system. The magnitude and rate of load changes also influence the
response time of the PEMFC [31]. In general, smaller and slower load changes lead to faster
and more stable responses, while sudden and significant changes can generate overshoot
and oscillations in voltage and current, similar to the behavior of intermittent renewable
energy systems such as wind. Optimizing operating conditions temperature, humidity,
stoichiometry and pressure, as well as ensuring efficient water management, are essential
to achieve fast and stable response times, consistent with the resilience requirements of
wind-powered energy systems. Many applications, including those integrated with wind
farms, require backup power supplies capable of handling both long-term static loads
and rapid power variations. Not every power system can satisfy both requirements, but
proton exchange membrane fuel cells (PEMFCs) can be designed to support all types of
load without additional current smoothing, due to their fast and efficient dynamic response.
The novelty of this work consists of the use of an instrumental method for measuring the
response time of a PEMFC fuel cell, based on the automatic acquisition and processing of
electrical signals (voltage, current, time) on a digital oscilloscope. Through the function
of storing and analyzing signals, the authors were able to perform a thorough analysis of
the measured data, identifying intermittent events, oscillations or rare errors that would
be difficult to observe in real time, as well as preparing the data for further processing
(reports, comparisons, models). In this way, this work complements existing studies with
relevant experimental values for the operational monitoring of fuel cells integrated into
energy chains based on wind and green hydrogen [32,33].

The integration of green hydrogen produced from wind energy is a central pillar of this
work, providing the essential operational context for evaluating the dynamic response of
fuel cells. In a hybrid wind-hydrogen system, the inherent fluctuations of wind production
are compensated by converting the surplus energy into hydrogen through electrolysis,
which is stored and subsequently used as a clean energy vector. Proton exchange membrane
fuel cells (PEMFC) play a critical role in this value chain, acting as a fast conversion interface
that converts the stored hydrogen back into electricity to stabilize the grid during periods
of calm weather or peak demand. Therefore, accurately characterizing the response time
of PEMFC to sudden power demands is not just a theoretical exercise, but a prerequisite
for the correct sizing of backup systems and for ensuring the resilience of grids powered
predominantly by wind sources. This work experimentally demonstrates that the response
speed of PEMFC technology (on the order of milliseconds) qualifies it as the ideal solution
for managing the intermittency specific to wind farms, facilitating the transition to a
decarbonized and stable energy mix [34-38].
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2. Materials and Methods

In the context of the current energy transition, replacing conventional sources with
renewable energy forms is a primary objective. However, due to the intermittent and
unpredictable nature of unconventional sources, such as wind and solar energy, efficient
storage of electrical energy becomes a critical component to ensure grid stability. Proton
exchange membrane fuel cells (PEMFC) represent a viable solution to this challenge, but
their optimal integration requires a precise characterization of the response dynamics to
sudden load variations.

2.1. Dynamic Characterization Techniques

The response time of PEM fuel cells can be evaluated by several established experimen-
tal techniques: electrochemical impedance spectroscopy (EIS), chronoamperometry, and
load-step transient measurements. Electrochemical impedance spectroscopy (EIS) analyzes
the frequency response of the cell to an alternating voltage disturbance, generating an
impedance spectrum that is interpreted by equivalent circuit models (ECM) to identify the
internal processes that contribute to the overall response. This method requires a frequency
response analyzer (FRA) and a specialized load bank. Chronoamperometry measures the
current response over time to the application of a voltage step, being useful for studying
electrochemical kinetics. Transient load step measurements involve rapidly changing the
electrical load connected to the cell and observing the evolution of the voltage and current
until the new steady state is reached. This technique most closely reflects the operating
conditions in wind-hydrogen hybrid systems, where power fluctuations are severe and
frequent. In this study, the load-step transient measurement method was chosen due to its
direct relevance for load-following applications in renewable microgrids.

2.2. Experimental Setup and Testing Facility

We chose this step load regime because it represents the “worst-case scenario” for a
fuel cell: the sudden transition from the quiescent state (no optimized active reactant flow)
to significant consumption (approx. 22% of the nominal power of the 6.8 kW stack). It
is important to note that, although the integration of green hydrogen and fuel cells into
wind energy systems involves a complex technological cycle (wind generation, hydrogen
production by electrolysis, its storage, electrochemical conversion and load response), the
experimental setup in this study does not physically reproduce the entire chain. Instead,
the architecture of the facility was deliberately designed to isolate and evaluate exclusively
the conversion interface (PEMFC stack). This methodological decision is justified by the fact
that, while the generation, electrolysis and storage processes have relatively slow system
dynamics (on the order of minutes or hours), the electrochemical conversion represents the
critical dynamic node. The fuel cell is the component that must ensure a practically instan-
taneous response to compensate for severe fluctuations or network faults. Therefore, our
facility focuses on simulating the final and most transiently demanding stage of the wind-
hydrogen system. A progressive increase in load would have masked the electrochemical
inertia. By testing under this transient shock, we demonstrated the robustness of the gas
diffusion layer and internal kinetics. The experiments were conducted on a stand-alone
installation designed for continuous and unlimited operation, equipped with a proton
exchange membrane fuel cell (PEMFC). The installation simulates an independent backup
system, capable of compensating for the intermittency of wind production. The nominal
operating parameters of the fuel cell stack were set at a voltage of approximately 46.8 V
direct current (DC) and a current of 32 A DC. To ensure thermal stability in continuous
operation, the installation was equipped with an industrial cooling system with a power of
10 kW, based on a water-to-air heat exchanger. The coolant temperature was maintained

https://doi.org/10.3390/sul18094165


https://doi.org/10.3390/su18094165

Sustainability 2026, 18, 4165

6of 21

within the optimal range of 65-70 °C, and the cooling fan has a maximum power of 155 W.
To guarantee complete system autonomy (portability), all auxiliary equipment requiring
single-phase alternating current (230 V/50 Hz) is powered by a dedicated inverter, which
converts energy directly from the fuel cell (output voltage 48 V DC).

2.3. Data Acquisition and Signal Processing

The applied experimental method is based on the use of a high-performance, two-
channel analog oscilloscope, capable of simultaneously measuring the voltage and current
of the fuel cell with high precision Figure 1. Data acquisition was performed with a
sampling frequency of 20,000 measurements per second, ensuring a fine temporal resolution
necessary to capture fast transient phenomena. The oscilloscope generates data files in
.csv format, which contain large volumes of information. The methodological novelty of
this study consists of the development of specific procedures for the automatic isolation of
areas of interest from these massive files, namely the intervals in which sudden voltage and
current jumps occur. This approach allowed overcoming the major difficulty represented by
the manual processing of an extremely large number of data points, facilitating a detailed
graphical and mathematical analysis of the variation in electrical quantities in the transient
regime. Through this technique, the load connection time, current variation and voltage
evolution as a function of time were accurately determined. The data obtained were
subsequently compared with the performance of an internal combustion engine based on
the Carnot cycle, to highlight the dynamic superiority of fuel cells in applications requiring
minimal response time. In addition, to visualize in real time the battery response speed to a
sudden power demand, additional measurements were performed using an uninterruptible
power supply (UPS) with a sampling rate of 100 MS/s, a logic analyzer and a variable
voltage source, connected by measurement cables and coaxial adapters. This redundant
configuration validated the accuracy of the main data and allowed the identification of
possible measurement errors.

Cathode
/ Y
Fuel Electric

cell Load
stack

Anode

Oscilloscope

Figure 1. Test Diagram.

2.4. Data Analysis

The experimental setup used in this study was designed modularly, comprising two
main interdependent subsystems: the electrical power and measurement section, and
the hydro pneumatic reactant management section. This architecture ensures precise
control of operating parameters and high-fidelity data acquisition, critical for the dynamic
characterization of the fuel cell in transient regimes. The test facility is modularly structured
into two main subsystems Figure 2: the electrical and hydro pneumatic sections. The
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electrical section ensures energy conversion and high-precision data acquisition. It includes
the fuel cell (FC) stack, a pure sine wave inverter for powering the auxiliaries, and a
tantalum-wound resistive load bank, directly connected to the DC output for load step
simulation. Dynamic measurements were performed with an analog/digital oscilloscope,
complemented by a multimeter and a clamp meter for voltage divider calibration, ensuring
a measurement error below 0.5%. The hydro pneumatic section manages the reactant flows
to optimize the electrochemical reaction. The hydrogen circuit includes a recirculation
pump that ensures autonomous humidification of the gas at the anode inlet, preventing
membrane desiccation, and rotameters for flow monitoring. The air circuit integrates the
circulation pump, the impurity filtration system, the expansion vessel for flow lamination
and sensors for temperature and air flow, allowing precise control of the stoichiometric
ratio and thermal management.

Gas humidifier Air outlet
I : .
- Alr filter
Stack 4—— | u—O .
P R— Air blower A'r inlet
H2 inlet

H2 recurculatlon O By pass valve

G Oe

- Water[
%Q-&} reservoir

Coolant pump

Figure 2. The experimental installation and basic diagram of the installation.

2.5. Technical Specifications of the Installation

Table 1 summarizes the test operating conditions and the main technical parameters
of the experimental facility. These values define the operating regime in which the dynamic
response of the fuel cell was characterized, ensuring controlled and reproducible conditions
for the analysis of the system performance in the context of integration with wind energy
sources. The lowest value is given for a 2 kW stack, and the highest value is given for
a 10 kW stack. The values approximately scale linearly with the number of cells, in the
present case, 48.
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Table 1. Technical specifications and operating parameters.
Electrical Mechanical Stalf:r;)nl:::::;ng Fuel Air Cooling
Rated Power: Nominal operatin Hydrogen humidity level: Medium:
’ Weight: P 8 Y08 o " Humidity level: 75%  de-mineralized water
P =6.8 kWe, temperature: HP-50% RH at a stack o
1=230 A 27 kg 65 °C temperature of 62 °C RH at 62 °C or ethylene glycol
(EG) and inhibitors
Purity (dry): grade > 2.5
(max: CO 0.2 ppb, CO,
0.5 vol%, total sulfur Purity: instrument air
Size excl 4 ppm, formaldehyde quality (max:
Stack voltage at rated © exc. . 0.01 ppm, formic acid CO 25 ppm, sulfur .
) connectors: Maximum allowable . ] Size:
power: 364 mm. X 196 temp: 70 °C 0.2 ppm, ammonia 0.01 ppm, nitrogen 350 mm X 425 mm
941V P 0.1 ppm, total dioxide 0.3 ppm,
mm X 288 mm .
halogenated compounds ammonia 1 ppm,
0.05 ppm, particles particles 1 ug/NL)
1 ug/NL. (Hp
specification)
Stack voltage . . . Nominal pressure Maximum
. Surface temperature: Nominal pressure level: .
maximum: Cell count: 48 70 °C max 0.015-0.03 MP level: conductivity
16-75 V at OCV o T a4 ambient <10 pS.em ™
Pressure level:
ambient,
Stack operating non-pressurized;
Cell voltage: ressure level- Maximum allowable Maximum allowable pressure difference
1.0-0.5 V per cell Patmos heric ' pressure: 0.045 MPa pressure: 0.045 MPa <0.015 MPa;
P Maximum allowed
pressure:
0.045 MPa

Minimum cell
voltage:
0.3V for the
worst-performing cell

Stack outlets
pressure: ambient
(back pressure
not allowed)

Maximum pressure drop
<0.005 MPa at max power

Maximum pressure
drop:
<0.012 MPa at
max power

Maximum pressure
drop: 0.015 MPa for
demi-water;
0.045 MPa for
Glysantin® FC G20
(ethylene glycol (EG)
and inhibitors)

Current range:
0-230 A

Ambient condition:
—20-60 °C;
0-100% RH

Stoichiometry:
1.25-1.5 for H; at
minimum
flow = 36 NL/min

Minimum
stoichiometry:
2.0 at minimum
flow = 67 NL/min

Operating window:
AT <5°C

3. Results
3.1. Monitoring Proton Exchange Membrane Fuel Cell (PEMFC) Parameters in Steady-State Mode

The electrical performance of a fuel cell (FC) can be classified according to its operating

mode. In this regard, some authors have proposed stationary models that can be used to

analyze the operation of the fuel cell at a fixed operating point or with slow dynamics [39,40],

while other researchers have developed dynamic models oriented to the analysis of the cell

behavior in transient regime. The relevant electrical parameters were determined based
on the initial performance data of the stack, recorded under standard conditions. Thus,
the stack temperature was maintained at 62 °C, at atmospheric pressure, with a hydrogen

stoichiometry of 1.25, a minimum hydrogen flow Py, rate of 36 NL/min and a relative

humidity of 75%; for air ®,;,, the stoichiometry was 2.0, with a minimum flow rate of
67 NL/min and the same relative humidity of 75%. Under these conditions, the stack
voltage decreases as the absorbed current increases, as illustrated in the graph in Figure 3.
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Stack Power (kW)
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Stack current (Acc) Stack current (Acc)

Figure 3. Life stack performance, the variation in stack voltage and stack power depending on the
stack current.

Direct current (DC) is drawn from the fuel cell stack to power external devices and
must contain a minimum level of noise, as excessive noise can reduce the life of the stack;
for safe operation, the ripple noise must be less than 3% for common mode and less than 2%
for differential mode, relative to the DC voltage. Individual cell voltage monitoring (CVM)
is essential to ensure optimal performance, life and safety of the system. If the voltage of an
individual cell is significantly lower than the average of the other cell voltages, it is likely
that the fuel and/or air supply is deficient, with differences between cells indicating the
robustness of the operating conditions and system design. Typically, the voltage of a cell
under normal operating conditions is between 0.5 and 0.8 V, and the variation between cells
does not typically exceed 10%. If the voltage of a cell drops below 0.3 V, the current load
must be disconnected immediately to avoid irrevocable damage to the stack and possible
dangerous situations.

3.1.1. Hydrogen Consumption

The anode represents the part of the fuel cell where the fuel is consumed to generate
electrical energy. In this case, the fuel consumed is hydrogen, which must be delivered
in a pure and humidified state, of appropriate quality (according to the values in Table 1).
The amount of hydrogen consumed (Prrconsumed) by the stack is determined by the power
generated, more precisely by the electric current produced by it, according to Faraday’s
law. For the stack model considered in this paper, the general equation was approximated
by relation (1), presented below.

(DHZ consumed — 6-965'1073'1'1'1 (1)

where

n—the number of cells,
[—the current drawn [A],
Di1consumed—the amount of hydrogen [NL.min~! A=1] (at 0 °C and 101.3 kPa).

In the present case, the stack with n = 48 operating at I = 230 A consumes 76.89 L/min
(~77 NL/min) of hydrogen at 0 °C and 101.3 kPa.
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https://doi.org/10.3390/su18094165

Sustainability 2026, 18, 4165

10 of 21

3.1.2. Hydrogen Stack Inlet Flow Rate and Pressure Drop

The stack requires a minimum hydrogen flow for normal operation. The exact amount
varies with stack power rating and the number of cells (Table 1). The minimum hydrogen
flow at the stack inlet is provided by the following Equations (2) and (3):

Dppintet = 1.25-6.965-102-n-1 2
Dpginlet > 0.6 [NL min_l} ‘n (3)

where @ intet [INL min~1].

The stack typically operates at a stoichiometry of 1.25 and higher; in comparison, a
minimum flow must be maintained at a lower current. The minimum inlet flow for our
fuel cell (FC) is illustrated in Figure 4.

200

150 ~

/
. "

—

H2 inlet flow [NI/min]
e
(=]
(=]

| N B B B B B B N B B B

T T T T T
o o o oc oo
o ~N = W0 0 O
L B I I B B

T

260

280 |

300 |

T T T T T T
o o o o 9 o o
~ < W o ~ =
~o~

Stack current [Acc]

Figure 4. The variation in minimum inlet flow as a function of stack current.

As illustrated in Figure 5, the pressure drop at the anode increases directly proportional
to the stack current. This dynamics reflects the increase in the input hydrogen flow rate,
which is automatically adjusted according to the generated current (according to Faraday’s
law), demonstrating adequate gas permeability through the bipolar plate channels at
varying loads.

60

50 =
-

.
o

Anode pressure drop
[mbar]

30 -
20 -
10
o rrrrrrrrrrrrrrrrrrrrrrrrrrrr1rrr 1rr11
OO o CcC OO C OO0 000000
N s D 0 O MN < O O N = W o O
=~ o N NN NN NNM

Stack current [Acc]
Figure 5. The anode pressure drop for the stack.

3.1.3. Hydrogen Recirculation

Since the stack is operating at a hydrogen stoichiometry above 1.25, part of the hy-
drogen leaves the stack without being utilized. This unutilized hydrogen from the stack
outlet can be returned to the stack inlet via a blower and forms a recirculation circuit. The
minimum recirculation flow for our stack is provided by Equation (4):

D recycled = 0.6 [NL minfl} n 4)

https:/ /doi.org/10.3390/su18094165
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where @ recycled = 28.8 {NL min’l} .

3.1.4. Hydrogen Respiration

Even with the utmost care, the fuel cell stack as an assembled device will always
release some small amounts of hydrogen. All stacks are assessed based on the amount of
release, and the quality check threshold is given by the following Equation (5):

D respire < 0.593-1073 [NL min_l} ‘n (5)

Our model of a fuel cell (FC) will respire less than 45 mL/min of hydrogen. Given the
fact that the stack will release some hydrogen, the system should be designed in such a
way that the small amount of hydrogen released will not cause potential danger

3.1.5. Cathode
The cathode is the part of the fuel cell in which air is supplied and water is produced.
Air should be free of contaminants and should be humidified before entering the stack.

3.2. Air Quality

Oxygen in the air is used to convert hydrogen into electricity. Air fed to the fuel
cell should be filtered from particles and harmful contaminants. Small traces of sulfur (S)
compounds can reduce stack lifetime and must be removed. The maximum allowable
concentration after filtering is detailed in Table 2.

Table 2. Air specifications.

Maximum Allowable Concentration in the Fuel Cell

Contaminants Cathode Compartment
CcO 25 ppm
Total sulfur 0.01 ppm
Nitrogen dioxide 0.3 ppm
Ammonia 0.1 ppm
Particles PM 2.5 and PM 10
Total particle concentration <1 ug/L,
at20 °C

3.3. Oxygen Consumption and Stack Inlet Airflow Rate

The amount of oxygen from air consumed by the stack is determined by the stack’s
power output and, more specifically, by the current the stack produces. The exact relation
is provided by Faraday’s law. For our stack model, the relation is approximated using
Equation (6):

Donconsumed = 34831073 [NL min—l} nl ©6)

Our stack model with n = 48 operating at I = 230 A consumes 38.45 L/min at 0 °C and
101.3 kPa. The stack requires a minimum air flow for normal operation. The exact amount
varies with stack power rating and the number of cells. The minimum air flow at the stack
inlet is provided by Equation (7):

® i injer = 33.168-1073 [NL min’l-A’l} nl @)

cIJAirinlet >1 [NL min’l} n (8)

In this paper is a stack model with n = 48 operating at I = 230 A consumes 366 L/min
air at 0 °C and 101.3 kPa. The minimum inlet airflow is detailed in Figure 6.
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Figure 6. The minimum airflow at the stack inlet as a function of stack current.

3.4. Cathode Pressure Drop

The stack pressure drop for the cathode increases linearly with the inlet gas flow
Figure 7.
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Figure 7. The pressure drop under normal operating conditions.

3.5. Process Water

The fuel cell produces water, which is released at the cathode outlet together with
the depleted air. The process water is released both as a vapor and as a liquid. The total
amount of water produced by the stack is provided by the following Equation (9). Our
model stack with n = 48 operating at I = 230 A produces 3.7 kg/h (or 1/h).

Hzoproduced = 03361073 |:kg h_l A71:| nI (9)

3.6. Stack Cooling and Temperature Control

The stack produces heat during operation, and the stack is cooled using a coolant. Two
types of coolant can be used, and the operating temperature and temperature difference
should be controlled.

3.6.1. Coolant Type and Quality

Process heat from the stack is removed using a coolant. The coolant for the stack
can either comprise demineralized water or ethylene glycol-based. In both scenarios, the
electrical conductivity of the coolant should not exceed 10 puS/cm.
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3.6.2. Coolant Circuit and Pipe Length

The coolant is in direct contact with the power-generating cells inside the stack. There-
fore, the coolant may affect the stack’s electrical insulation in a system. Leak current is a
function of the floating potential, coolant pipe diameter, pipe length from the stack to the
heat-exchanger, and the coolant conductivity. By applying a sufficient pipe length between
the stack and the heat exchanger, electric insulation is achieved.

3.6.3. Stack Cooling Requirement

The amount of heat generated by the stack depends on the stack size and the stack
current and voltage. The minimum amount of heat that must be processed by the cooling
circuit is provided by the following Equation (10). Our model stack with n = 48 operating
at I =230 A with Vg, =40.8 V generates at least 4.19 kW of heat.

\Y
Pheat = I (1.23 - S;ad() n (10)

3.7. Stack Operating Temperature

The PEM fuel cell stack provides the best performance when operating at 65 °C. This
temperature should be maintained through adequate temperature control. In addition, the
temperature difference between the coolant inlet and outlet should be kept within 5 °C
during steady-state operation, and the stack temperature should not exceed 70 °C during
transients.

Stack Temperature Control

One way in which to keep the stack within the preferred operating window is to
control the amount of cooling by maintaining the stack coolant water inlet temperature at
60 °C and simultaneously controlling the coolant flow through the stack by monitoring
the coolant outlet temperature. The difference between the inlet and outlet temperature is
then maintained at around 5 °C, under typical operating conditions, enabling a maximum
control overshoot of 10 °C. The required coolant flow is provided by the following Equation
(11). For our model stack that generates 4.19 kW of process heat, cooled with water
(cp =4.183 kJ /kg °C), with a temperature difference of 5 °C, 0.20 kg/s of water flow
is required.

. Pheat
coolant Cp'(Tout — Tin) ( )

3.8. Monitoring Proton Exchange Membrane Fuel Cell (PEMFC) Parameters in Dynamic State Mode

Safe fuel cell (FC) operational conditions are illustrated in Table 3.

Table 3. Safe operational conditions.

Parameter/Symbol/Unit Safe Value
Cell voltage [V] 0.5..0.8
Current [I]/[A] 30...230

Stack/coolant temperature [°C] 55...70
Pressure (gas) [bar g] 0.1..0.3
Stoichiometry [-] 2.3
AP anode-cathode [bar g] 0.05...0.2
Pressure (coolant) [bar g] <0.45
Coolant conductivity [uS/cm] 5...10
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In a proton exchange membrane fuel cell (PEMFC), an electrochemical reaction occurs
in which hydrogen and oxygen are combined to produce water. By applying the thermody-
namic laws to this reaction, and based on the Nernst equation, the reversible voltage of a
cell can be determined (Vrey).

Viey = 1.229 — 8.45-10*:[(T + 273.15) — 298.15] + 4.31-10°-(T + 273.15)-In(pyyo/Poz ) (12)

where:

T is the cell operating temperature [°C];
pH2 and pop are the hydrogen and oxygen pressures [bar].

Considering the fact that the PEMFC stack comprises n series-connected cells, the
PEMFC reversible voltage (Vyev,s) was determined using the following Equation (13):

Vrev,s = 1’LVreV,s (13)

To estimate the response time of the cell to a sudden power request, a coiled resistance
of 1500 W was instantly connected to the output of the fuel cell. The voltage at the terminals
was approx. 46.8 V direct current (DC) and a 32 A direct current (DC). The measurements
were taken at a rate of 20,000 measurements/s. The time in which the power of 1500 W
was requested (load coupling time) was 1.57 s. The stack current variation (Figure 8a) and
the stack voltage variation were imported into MS Excel. In total, 48,586 measurements
were taken, with a total time of 2.42925 s, and the graphic representation is presented in the
figure below (Figure 8b).
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Figure 8. (a) The stack current variation; (b) The stack voltage variation.

The 1500 W load was connected at +0.5547 s and a stack current variation graph was
produced for 23 intervals of 50 ps (1.15 ms) (Figure 9a). The stack voltage variation graph
in the same interval is shown below (Figure 9b).
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Figure 9. (a) The stack current variation at the charging point; (b) The stack voltage variation at the
charging point.

Following our analysis, we found that the recovery time for the current was 0.2 ms
(Figure 9a). The stack voltage stabilization point, the time t = 0.79465 s, is identical to
the point at which the stabilization of the stack current variation is completed. A sudden
voltage drop is observed when the load is connected, with the voltage stabilization time
being 0.3 ms.

3.9. Comparison with the Response Time of an Internal Combustion Engine Generator

To highlight the dynamic superiority of proton exchange membrane fuel cells (PEMFC)
in wind-hydrogen hybrid systems, their performance was compared to that of a classic
internal combustion engine generator based on the Carnot cycle. Traditional internal
combustion generators require a start-up and stabilization time of the order of seconds,
due to the thermal and mechanical inertia involved in reaching the optimal operating
regime. In contrast, PEMFCs powered by green hydrogen produced from wind energy
demonstrate response times of the order of milliseconds, providing an instantaneous
load-following capability essential for quickly compensating for fluctuations inherent in
wind production. This experimental comparison highlights the critical role of PEMFC
as a resilient backup system in sustainable energy architectures, where fast response
requirements are imperative to maintain grid stability. To compare the response time of the
fuel cell (FC) with a traditional energy source, identical measurements were performed on
a thermal generator equipped with a Honda GX160 (Honda Motor Co., Ltd., Tokyo, Japan)
four-stroke single-cylinder gasoline engine, characterized by: displacement of 163 cm?, net
power of 2.5 kW at 3000 rpm and step load capacity of 835 W (33.4% of the rated power).
The current variation was determined by measuring the voltage drop across a 50 mV /100
A shunt, and the voltage variation was corrected with a diode bridge and a resistive divider.
The calibration of the instruments was performed using a Fluke 287 multimeter for voltage
and a Fluke 393 FC clamp meter for current. The dual-channel oscilloscope generated a .csv
file that was subsequently processed to determine the response time. The test profile lasted
approximately 13 s: 2 s at no load, 5 s at 835 W load, followed by 6 s at no load. Voltage
variation is presented in (Figure 10). The time for voltage stabilization ranged from 2.7 s to
2.9 s, roughly around 0.2 s (Figure 11).
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The current variation is presented in (Figure 12). Current stabilization ranged
from t =1.55s to t = 2.2 5; the stabilization time was thus 0.7 s (Figure 13).
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Figure 12. Current variation during the test time.

The current increase was observed prior to voltage decrease with a 1 s delay, possibly
due to flywheel inertia (voltage is driven by rotation). Environmental factors (temperature
and humidity) do not affect response time. Because the test was performed at approx. 20%
of the power of the fuel cell (FC) and in a relatively short time, no temperature increases
were observed to favor mass transport mechanisms. The present work aims to determine
the response time of a proton exchange membrane fuel cell (PEMFC) powered by green
hydrogen, when applying a gradual load, in order to evaluate its ability to function as a fast
backup system in hybrid energy architectures based on wind energy. The results of mea-
surements performed with a digital oscilloscope, interpreted by analyzing voltage-current
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data, demonstrate an extremely low response time (of the order of milliseconds), which
qualifies the PEMFC as an ideal solution for instantaneous compensation of fluctuations
inherent in wind production. Finally, using the same equipment and calculation methods,
the dynamic behavior of an internal combustion engine generator was characterized, find-
ing that its response time is approximately 2333 times higher, highlighting the superiority
of the PEMFC for fast regulation applications in sustainable and resilient energy systems.
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Figure 13. Current variation in the stabilization time.

4. Discussion and Conclusions

The transition to sustainable and resilient energy systems, especially those based on re-
newable sources such as wind energy, requires technological solutions capable of efficiently
managing intermittency and sudden power variations. In this context, the precise dynamic
characterization of proton exchange membrane fuel cells (PEMFC) fueled with green hydro-
gen becomes a pivotal element for their validation as storage and fast conversion systems
in wind-hydrogen hybrid architectures. The present work experimentally demonstrated
the exceptional response capacity of PEMFC technology, providing quantifiable and com-
parative data supporting its integration into modern energy grids. The obtained results not
only confirm the dynamic superiority of PEMFCs over conventional alternatives, but also
establish solid foundations for the optimization of future system configurations.

The presence of CO, decreases the partial pressure of hydrogen at the active sites
of the anode, which, according to the Nernst equation, causes a slight decrease in the
reversible voltage of the cell. On the platinum catalyst and in the presence of hydrogen,
a small portion of CO; can be reduced to CO. The resulting carbon monoxide strongly
poisons the platinum sites, blocking the access of hydrogen and drastically degrading the
electrochemical performance.

For sensitive electronic equipment or in microgrids, a voltage and current stabilization
delay of 0.7 s (specific to the mechanical inertia of the rated motor) causes frequency drops
that can automatically trigger protective relays, disconnecting consumers. The 0.3 ms time
of the PEMFC completely eliminates this risk. Even though an internal combustion engine
burns hydrogen, the high combustion temperatures in the presence of atmospheric air
generate emissions of NOy, a problem that does not exist in the case of cold electrochemical
conversion in PEMFC. Unlike the Carnot cycle of internal combustion engine, fuel cells
offer much higher operational and thermodynamic efficiency at part loads.

The experimental results obtained in this study revealed an exceptional response time
of the proton exchange membrane fuel cell (PEMFC) to the sudden transition from zero
power (open circuit) to a 1500 W load, utilizing 0.3 ms. This millisecond performance places
the PEMEC in the category of power sources with instantaneous load-following capability,
extremely valuable for hybrid energy architectures based on intermittent wind sources. The
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ability to compensate in real time for sudden variations in energy production qualifies the
PEMEC as an optimal uninterruptible power supply (UPS) system for offshore or isolated
microgrids, where voltage stability is critical for the operation of sensitive equipment.
However, the analysis must be nuanced by considering specific operational limitations.
In scenarios involving the opening of the stored hydrogen feed valve, the response time
would increase significantly due to hydraulic delays and flow stabilization, an aspect not
included in the current experiment, but essential to investigate in future experimental
campaigns for full system optimization. Although wind power fluctuations can indeed
be progressive, fault events (short circuits, sudden voltage drops, severe gusts leading to
protective shutdown of turbines) require an extremely fast response. In microgrids or in
applications where PEMFC functions as a UPS (Uninterruptible Power Supply) for sensitive
equipment, industry standards require switching times of less than 20 ms. A delay greater
than 0.15 s would lead to frequency drops that can automatically trip protective relays,
disconnecting consumers. The time we obtained (0.3 ms) demonstrates that PEMFC can
support power quality without requiring additional supercapacitors.

A critical operational parameter highlighted by the study is compliance with the
manufacturer’s specifications regarding the use of the stack at full power only after reaching
the operating temperature of 65 °C. This constraint imposes either an initial preheating
cycle or a continuous coolant recirculation strategy to maintain optimal thermal conditions,
significantly influencing the design and autonomy of the system in portable or autonomous
applications.

The experimental comparison with a thermal generator equipped with an internal
combustion engine (Honda GX160) revealed an order of magnitude difference in dynamic
performance: the stabilization time of the thermal generator reaches 0.7 s, determined by
the thermal inertia of the engine, the mechanical resistance of the rotating components
and the dynamics of the speed controller. The dynamic performance ratio calculated
as 0.7 s/0.3 ms = 2333 demonstrates the clear superiority of the PEMFC for applications
requiring instantaneous response to load variations, consolidating its position as a reference
technology in fast regulation systems for wind power networks.

The current study was limited to the analysis of the response at a single load step,
not including the evaluation of the behavior at multiple successive steps or at repeated
load-disengagement cycles. These investigations, essential for the complete characteri-
zation of the dynamic durability, constitute priority objectives of future research. Also,
determining the variation in the 2333 performance ratio as a function of the load level
(from 0% to 100% of the nominal power) will allow the optimization of wind-hydrogen
hybrid architectures for specific applications, strengthening the technological feasibility
of PEMFC in the context of the sustainable energy transition. Although the results of this
study validate the millisecond-level responsiveness of the PEMFC interface, it is important
to consider that wind generation systems and green hydrogen production processes operate
on much longer time scales (on the order of minutes or hours). Given that grid stability
requires instantaneous energy compensation, assessing the interconnection between these
different time constants is a fundamental step. Therefore, future research will focus on
integrating PEMFC intrinsic dynamic models within the wind-hydrogen macro-system
architecture. This step will be important to understand the behavior and stability limits
of the entire energy chain under extreme operational scenarios, thus strengthening the
feasibility of these backup systems in modern power grids.
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Nomenclature

Abbreviation

FC Fuel Cell

PEM Proton Exchange Membrane
PEMFC Proton Exchange Membrane Fuel Cell
RH Relative Humidity

uPs Uninterruptible Power Supply

CO Carbon monoxide

S Sulfur

ppm Parts per million

ppb Parts per billion

ocv Open-Circuit Voltage

CVM Cell Voltage Monitoring

Symbols

D Minimum hydrogen flow [NL/min]
Pair Minimum air flow [NL/min]

n Number of cells [-]

P Stack power [kW]

\% Stack voltage [V]

Viev Reversible voltage [V]

1 Stack current [A]

T Cell operating/stack temperature [°C]
PH2 Hydrogen pressure [bar]

po2 Oxygen pressure [bar]

m Mass flow [kg/h] or [L/s]

DC Direct current [A]

ADC Alternating current [A]

Y Watt, unit of power
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