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Abstract

This study presents preliminary findings from an experimental campaign conducted on
a pilot-scale green hydrogen production plant powered by a photovoltaic (PV) system.
The integrated setup, implemented at the University “Mediterranea” of Reggio Calabria,
includes renewable energy generation, hydrogen production via electrolysis, on-site storage,
and reconversion through fuel cells. The investigation assessed system performance
under different configurations (on-grid and selective stand-alone modes), focusing on key
operational phases such as inerting, purging, pressurization, hydrogen generation, and
depressurization. Results indicate a strong linear correlation between the electrolyser’s
power setpoint and the pressure rise rate, with a maximum gradient of 0.236 bar/min
observed at 75% power input. The system demonstrated robust and stable operation,
efficient control of shutdown sequences, and effective integration with PV input. These
outcomes support the technical feasibility of small-scale hydrogen systems driven by
renewables and offer valuable reference data for calibration models and future optimization
strategies.

Keywords: green hydrogen; electrolysis; photovoltaic system; energy storage; fuel cell

1. Introduction

The transition toward a sustainable energy future requires the development of efficient
technologies for the production and storage of clean energy carriers, with hydrogen playing
a pivotal role. Traditional methods for hydrogen generation, however, are typically energy-
intensive and rely on fossil fuels such as natural gas, coal, and oil. These processes are
associated with significant greenhouse gas emissions and contribute substantially to the
global carbon footprint. In contrast, the integration of renewable energy sources in the
hydrogen production pathway may offer a cleaner alternative. Specifically, green hydrogen,
produced through water electrolysis powered by renewables like photovoltaic or wind
systems, represents a promising integrated solution [1,2].

Despite its potential, the economic competitiveness of green hydrogen and its impact
on traditional energy markets still require further investigation. The successful integration
of this technology also depends on regulatory advancements and the evolution of sup-
porting infrastructure. Nevertheless, green hydrogen could mitigate the intermittency of
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renewable sources and foster new energy market opportunities [3]. Therefore, the applica-
tion and advancement of water electrolysis technology is regarded as a viable strategy for
achieving partial or full decarbonization of the energy sector [4].

Water electrolysis has long been employed for hydrogen production and is currently
available in three main technologies: solid oxide electrolyser (SOE), polymer electrolyte
membrane (PEM), and alkaline water electrolyser (AWE) [3,5,6]. Among them, the AWE
remains the most commercially adopted due to its maturity, longer lifespan, and relatively
lower costs [5].

Many studies have examined renewable-powered electrolysis systems, often focusing
on their energy performance [7-9] or addressing techno-economic aspects [10-13]. Research
has also explored the use of green hydrogen for storage [14—17] and its reconversion into
electricity through fuel cells [18,19] has been extensively investigated. Nevertheless, the
majority of these works are theoretical and based on modelling approaches that simulate
various components such as PV arrays, electrolysers, storage systems, and inverters [20-27].

In contrast, only a limited number of studies provide experimental analyses of inte-
grated systems operating under real-world, variable conditions [28,29]. This study aims to
fill that gap by presenting the experimental results from a pilot-scale hydrogen production
plant powered by photovoltaics. The system includes energy storage, gas purification, and
reconversion, and allows for multiple operational configurations. The novelty of this work
lies in its real-world implementation, the dynamic control logic managing critical process
phases, and the high-resolution monitoring of both process and environmental parameters.

Compared to previous experimental works, which demonstrated the feasibility of
continuous hydrogen production under varying solar conditions, using a very small-scale
PV-electrolysis test system [9,30,31], the proposed analysis focuses on a fully developed
prototype whose size and complexity are not common in previous studies, providing
insight into the real-time control of an integrated hydrogen system. Furthermore, unlike
techno-economic studies regarding hydrogen integration into grid-connected or renewable
energy communities [32,33], this work offers a fully experimental perspective, providing
empirical data to support simulation-based planning and optimization efforts.

Within this framework, the present study aims to analyze and experimentally eval-
uate a pilot-scale integrated plant for hydrogen production, storage, and reconversion,
located at the Energy and Environment Laboratory of the DICEAM Department, Univer-
sity “Mediterranea” of Reggio Calabria. The study focuses on technical behaviour under
different operational configurations, control logic, and the identification of performance
indicators useful for modelling and optimization. The plant is a complex, integrated sys-
tem, organized into several functional sections: the renewable energy section (including a
photovoltaic array, wind turbines, inverters, and storage batteries), the power conditioning
section, the production section (based on an electrolyser), the purification section, the
reconversion section (comprising fuel cells and associated batteries/inverters), the control
section, and the monitoring section. The main components are housed in a dedicated
container to ensure safe and efficient management.

The main objectives of the analysis conducted in this work were the following:

e to experimentally evaluate the main parameters of the process and energy flows under
real climatic conditions, with particular attention to solar radiation;

e toidentify inefficiencies affecting the plant’s overall energy performance, with a focus
on critical components such as the electrolyser, storage systems, and fuel cell;

e to provide valuable data for future optimization efforts and for the calibration of
simulation models.

To pursue these goals, an experimental measurement campaign was carried out under
different operating configurations, aimed at analyzing system performance and acquiring



Energies 2025, 18, 3949

30f33

data on both process and environmental parameters. Continuous monitoring included
variables such as hydrogen pressure, ambient temperature, as well as voltage, current, and
power delivered to the electrolyser, along with data from the photovoltaic generator and
meteorological conditions.

The analysis of the collected data enabled a detailed characterization of the system’s be-
haviour across its various operational phases (startup, inerting, standby, pre-start, purging,
pressurization, production, shutdown, depressurization), and revealed key correlations be-
tween the rate of pressure increase during the pressurization phase and the power setpoint
applied to the electrolyser.

The findings from this study are essential for the subsequent development of the
research, which aims to optimize the prototype system in response to varying climatic
conditions and load scenarios. Furthermore, the outcomes will support the development
of operational procedures and simulation models to assess the scalability of the prototype
for deployment in different operational contexts. This paper provides a comprehensive
description of the plant, the experimental methodology, and the main results, laying the
groundwork for assessing the performance and guiding the future optimization of the
integrated hydrogen-renewable energy system.

2. Overview of the Integrated Hydrogen Production System

The system under analysis is divided into several main sections, each comprising
specific components dedicated to a particular function within the hydrogen production,
storage, and reconversion process. The core equipment is housed within a container to
ensure simplified and safe management (Figure 1).

Tube-in-tube
heat exchanger
Oxygen
collection
tank Hydrogen 2
! collection

Gas-liquid
separators  [#

Figure 1. Arrangement of the main component of the plant.
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The main sections that make up the plant are as follows:

Photovoltaic energy section

Power conditioning section

Hydrogen production and purification sections
Reconversion section

Control section

Monitoring section

All sections interact synergistically to create a complete system for hydrogen produc-
tion, storage, and utilization, designed to operate efficiently, safely, and sustainably.

In the following subsections, each part of the system is described in detail.

2.1. Photovoltaic Energy Section

This part of the system is dedicated to generating energy from renewable sources,
primarily to power the electrolyser. It includes the components reported in the following
list (see also Figure 2).

PV 2
DC
PV 1
DC
) i - 10AD
BSS oc |/~ AC '

Figure 2. Photovoltaic energy section scheme.

e  Photovoltaic Array (PV). It consists of two strings (PV1 and PV2) of monocrystalline
silicon solar panels connected in parallel. Each string includes 9 modules in series,
with a total peak power output of 6.48 kWp.

e  Hybrid Inverter (HI). It is a multifunctional device that manages the produced electri-
cal energy, functioning both as an MPPT (Maximum Power Point Tracker) regulator
and as an inverter to supply the electrolyser and/or to charge the batteries. It has a
rated power of 6 kW.

e  Battery Storage System (BSS). The bank is made of five 48 V, 50 Ah lithium batteries
connected in series to provide a total of 240 V and 12 kWh of energy storage.

2.2. Power Conditioning Section

The power conditioning section regulates the DC power supply to the electrolyser,
ensuring it is properly adjusted to meet the operational requirements of the device. As a
matter of fact, the direct current (DC) produced by the photovoltaic field is converted into
alternating current (AC) by the hybrid inverter of the photovoltaic energy section, to make
it available for the loads. However, the portion of power supplied to the electrolyser must
be converted back into direct current (DC).

Therefore, this conditioning section handles the conversion of electrical energy from
alternating current (AC) to direct current (DC), which is required for the operation of the
electrolyser. The power supply consists of the following:
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To condenser HC
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To chiller
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a power electronic converter, composed of a transformer and a diode rectifier, which
supplies direct current with a maximum voltage of 72 V at a rated current of 200 A;
a power electronic control system, responsible for stabilizing the converter’s output
current, also according to the user’s setting.

2.3. Hydrogen Production Section

This is the core of the system, where the actual production of hydrogen and oxygen

takes place through electrolysis. The following equipment is included in this section
(Figure 3):

Electrolyser (EM), which splits water into hydrogen and oxygen using a potassium
hydroxide (KOH) solution as the electrolyte. It can produce up to 2 Nm?/h of H, and
1 Nm3/h of Oy, operating between 2 and 10 kW and reaching pressures up to 20 bar.
Hydrogen and oxygen collection tanks (HV and OV), where the generated gases are
temporarily stored before being vented or sent to purification.

Heat exchangers (HE and OE), tube-in-tube type, that reduce the temperature of the
produced gases.

Bubblers (HW and OW), which remove impurities such as moisture and residual gases
from the produced hydrogen and oxygen.

Gas-liquid separators (HS and OS), which recover residual water from the gas streams
and send it back to the makeup water tank.

Demineralizer (WU), where tap water is treated to make it suitable for electrolysis.
Makeup water tank (WT), with a capacity of 15 L of demineralized water, which
ensures continuous water supply to the electrolyser.

Cooling system, consisting of a circulation pump, a 200 L buffer tank, and a 7.3 kW
chiller, which removes the heat generated during electrolysis.

From chiller

From inverter MPPT

( oV ) 0, line H, line HY > To purification section

DC

Mains water

WU

Demineralized water t

From separation filter HF
—_— e
—~
HS

WT

Figure 3. Hydrogen production section scheme.
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2.4. Purification Section
In this section, the hydrogen produced is purified to reach a concentration of 99.99%,

making it suitable for use in the fuel cell. The following equipment is included in this

section (Figure 4):

e  Buffer tank (HD), a stainless-steel vessel where hydrogen is temporarily stored before
the purification process.

e  Catalytic deoxidation reactor (HDO), which removes residual oxygen by inducing a
reaction with excess hydrogen to form water vapour.

e  Condenser (HC), which cools and condenses the vapour generated during the deoxi-

dation reaction.
e  Separation filter (HF), which removes the condensed water using a coalescing filter.
e  Drying units (DR-A and DR-B), which operate alternately to remove residual moisture

from the gas stream.
e  Storage tank (HB), which is a 0.70 m? stainless steel tank used to collect the purified

hydrogen.

To chiller From exchanger OE

From production e
section HC
i HD —

O
i
@

II\ l

To fuel cell
| HB —_—

M
O

HF

Ll i

HDO

To gas-liquid separator HS

Figure 4. Purification section scheme.

2.5. Reconversion Section

In this section, the stored hydrogen is reconverted into electrical energy.
The main components are the following (Figure 5):

A-BSS
a
DC
From hydrogen Tank :" TEST LOAD
> FC - =
DC ~| AC
V' Y

Figure 5. Reconversion section scheme.
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o fuel cell (FC), PEM type, with a nominal power output of 1.7 kW in direct current (DC);

e  multifunction inverter—it manages both the conversion from DC to AC for loads and
the charging of the auxiliary battery pack (A-BSS);

e Auxiliary battery storage system (A-BSS), with a nominal voltage of 48 V and a rated
capacity of 368 Ah.

2.6. Control Section

This section is dedicated to the monitoring and control of all system operating param-
eters. The control is managed through a Programmable Logic Controller (PLC) interface,
housed in a dedicated control cabinet that includes the following:

e  control buttons (Reset, Emergency Stop, Start);
e indicator lights for process supervision;
e alarm management and safety sequence control.

2.7. Monitoring Section

This section is devoted to the monitoring of parameters relevant to the analysis of the
renewable energy production system’s efficiency.
The installed instrumentation includes the following:

e  Station for solar and infrared radiation measurement, equipped with 6 pyranometers
and 6 pyrgeometers, positioned to measure radiation in three orthogonal directions;

e  Station for direct and diffuse radiation measurement, including high-precision instru-
ments such as a pyrheliometer and a shaded pyranometer mounted on a solar tracker;

e  Microclimatic station, measuring temperature, humidity, atmospheric pressure, wind
speed, and wind direction;

e  Photovoltaic monitoring system, involving a cloud interface for real-time visualization
of the photovoltaic plant’s production and consumption data.

3. Operation of the Plant

The operational functioning of the plant is structured into a set of interconnected
processes, which, respectively, involve the following: energy conversion through the
photovoltaic system and the conditioning of the generated electric power to meet the
requirements of both load and electrolyser; hydrogen production; hydrogen purification;
gas cooling and hydrogen reconversion into electricity through the fuel cell.

A detailed description of the involved processes is provided in the following sections.

3.1. Operational Configurations

The integrated system is designed to generate hydrogen via water electrolysis, primar-
ily using the electrical energy produced by the photovoltaic system. However, if needed, it
can also be powered directly by the electrical grid.

The operational flexibility of the system is ensured by its capability to be configured
in different modes, in order to adapt its performance on the basis of either the availability
of renewable energy or the purposes of the analysis, such as testing, calibration, or opti-
mization of hydrogen production from photovoltaic sources. To this end, the plant can
operate according to three distinct configurations, which differ mainly in the power supply
modes for the electrolyser and auxiliary systems. They are referred to as: on-grid mode,
stand-alone mode, and selective stand-alone mode.

Specifically, in on-grid mode (Figure 6), the power grid serves as a back-up supply.
The power generated by the photovoltaic (PV) system is primarily used to feed all the
main components of the system (electrolyser, fuel cell, cooling system, and other auxiliary
systems), then to charge the battery (BSS). Any excess energy is exported to the grid, which,
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in turn, supplies power when PV production is insufficient. This configuration is mainly

used to test the plant at the electrolyser at full power.

Figure 6. System on-grid configuration.

PV 2
PV 1
GRID
BSS [= 4 — !
FC
33
p :;'_—.:;l.(‘ —
( )
Ny
], chiller Auxiliary
EM Test Load loads

In the stand-alone mode (Figure 7), the plant operates independently of the power grid:

the electrolyser, cooling system, and other auxiliary systems are powered exclusively by
the photovoltaic array, with the support of the main battery storage systems (BSS). Under
this configuration, the hydrogen produced is entirely derived from renewable sources.

Figure 7. System stand-alone configuration.

N
PV 2 — -
SW-1
PV1 —
GRID
BSS B ~ =
{1‘ )
;;_7; g
= Chiller Auxiliary
EM Test Load loads

In selective stand-alone mode (Figure 8), the electrolyser is powered by the photo-

voltaic array, while the cooling system and all the other auxiliary components are entirely

powered by the electrical grid. This mode is used when renewable energy production is

insufficient to meet the total system demand, and it is therefore allocated exclusively to the

electrolyser to optimize hydrogen generation.
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PV 2
PV 1 -
GRID
BSS = ~ O —
SW-2

I

||

| ) =
g/ \t
. Auxil
Chiller \xiary

Test Load loads

Figure 8. System selective stand-alone configuration.

A comparative summary of the three operational configurations, including key char-
acteristics and performance considerations, is provided in Table 1 for clarity.

Table 1. System operational configurations.

Power .
Mode Supply PV System Battery Grid
1. feeds all the a. delivers power .
. when PV production
components of the a. supplies power
. + battery power
. . system when PV production C .
On grid PV + Battery + Grid . . supply is insufficient
2. charges the battery is insufficient
. b. absorbs any surplus
3. exports any excess b. is charged by the PV
energy to the grid energy generated by
the PV system
1.  feedsall the a. supplies power
Stand-alone PV + Battery components of the le}en PY PrOduCtlon not connected
system is insufficient
2. charges the battery b. is charged by the PV
a. supplies power to
Selective PV — Electrolyser feeds the electrolyser the electrolyser . delivers power to all the
. R only when PV production L .
stand-alone Grid — Auxiliaries . L auxiliary devices
2. charges the battery is insufficient

b. is charged by the PV

3.2. Operational Phases

Hydrogen production, purification, and storage are carried out through a series of
sequential operational phases, each characterized by a specific duration depending on the
power supplied to the system. The sequence of phases that constitute a full operational
cycle, from system start-up to shut-down, is outlined below:

e  Start-up
e Initial inerting
e  Standby
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Pre-start

Purging
Pressurization
Production
Depressurization
Final inerting
Shut-down

During the preliminary phase, the water supply line and hydrogen storage cylinder
are opened. Subsequently, the cooling system is activated, and power switches are set
according to the selected operating configuration (on-grid, stand-alone or selective stand-
alone). At this point, the start-up phase can be triggered by pressing the corresponding
button on the touchscreen of the Control Section panel.

The system then proceeds to the initial inerting phase, during which residual oxygen
within the process line is purged by injecting nitrogen, supplied from a dedicated gas
cylinder. Actually, this inerting phase plays a crucial role, as ambient air may infiltrate the
process components while the system is not operating. Such infiltration could result in
an accumulation of oxygen within the hydrogen processing section, creating hazardous
conditions and increasing the risk of explosion.

The inerting phase consists of two successive stages. In fact, upon completion of the
nitrogen pressurization step (Stage 1), the exhaust valves are automatically opened, and
the system undergoes depressurization (Stage 2).

Once inerting is complete, the system enters standby mode, awaiting user input to
initiate hydrogen production. By pressing a dedicated control button, the pre-start phase is
activated, initiating electrolyte circulation within the electrolyser.

Following pre-start, the system automatically enters the purging phase, aimed at
removing residual nitrogen from the system. During this phase, hydrogen and oxygen are
generated and directed to their respective gas-liquid separators, then safely vented. Owing
to nitrogen contamination, these gas streams cannot be utilized and are discarded.

Upon completion of purging, the system undergoes the pressurization phase, during
which the control system gradually increases the current to the electrolyser until the user-
defined setpoint is reached. Electrolysis generates hydrogen and oxygen, leading to a
progressive pressure rise in the respective storage vessels.

Once a predetermined pressure threshold (currently about 12 bar) is reached, the
system enters the production phase. From there, gas is sent to purification, the pressure
continues to rise until it exceeds the delivery threshold of about 17.5 bar, at which point the
back-pressure valve opens, allowing hydrogen to flow into the storage tank. The system
pressure then slightly decreases and stabilizes under steady-state operating conditions.

Hydrogen production continues until either the standby or the stop command is
activated via the PLC interface. The standby mode halts production and sets the system
to an idle state. The stop command initiates the shutdown procedure, during which the
power supply to the electrolyser is interrupted and the system enters the depressurization
phase, so that gas lines are vented, and internal pressure is reduced to ambient pressure.

Following depressurization, the system executes the final inerting phase. As in the
initial inerting, nitrogen is injected to displace residual hydrogen and oxygen, ensuring a
safe and inert internal environment.

Once final inerting is complete, the system reverts to standby. At this point, full system
shutdown can be performed by actuating the selector switch on the control cabinet. The
shutdown sequence concludes with the closure of the nitrogen gas cylinder, the hydrogen
storage cylinder, and the water supply valve.
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The sequence of the operational phases can also be inferred from Figure 9, which

depicts the flow diagram of the system’s functioning scheme.

PHASE

MARUAL
OPERATION

MAIN MAIN
WITCH OFF SWITCH ON

STAND-BY

INERTING

7 minutes

final
inerting?

LA

DECISION

YN

PRODUCTION

STAND-BY
BUTTON

Y
STOP
START WAITING BUTTON
BUTTON

h
@—b{ DEPRESSURIZATION

Figure 9. Process flow diagram.

4. Experimental Analysis

The experimental analysis was conducted to collect data suitable for evaluating the

operational performance of the pilot system, with a view to supporting the future develop-

ment of the research. The main objectives of this experimental phase were the following:

To experimentally assess the main parameters of the process and energy flows.

To analyze the relationship between these flows and the site’s climatic conditions, with
particular attention to solar radiation.

To gather data useful for the future optimization of the system’s operation.

To obtain data for the subsequent calibration of system simulation models.
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e  Experimental activities were carried out by continuously monitoring the most signifi-
cant parameters during the various operational phases of the hydrogen production
system.

The system was tested under the two different operating configurations:

e  On-grid configuration;
e selective stand-alone configuration.

Four experimental tests were conducted during different periods. The test conditions
are specified in Table 2.

Table 2. Test Conditions.

Test  System Configuration Objective/Focus

1 On-grid To verify sygt‘em performance under high input
power conditions.

3 Selective stand-alone To apalyze the effect of the increase in power level
feeding the electrolyser

4 Selective stand-alone To evaluate the system’s maximum continuous
operating power when powered by the PV field
To gather information on the duration of the initial

5 Selective stand-alone  and final inerting phases, purging, and

depressurization

During these tests, several parameters were monitored. As far as the hydrogen produc-
tion process is concerned, the registered parameters are the following: hydrogen pressure,
oxygen concentration in the hydrogen stream, ambient temperature inside the container, as
well as the voltage, current, and power delivered by the electrolyser (power set).

For the photovoltaic generator, PV production, output power from the inverter, and
power to and from the battery were monitored. In addition, the following meteorological
data were collected: air temperature and relative humidity, global horizontal irradiance
(GHI), and its direct normal irradiance (DNI), and diffuse horizontal irradiance. The results
of the measurements are detailed in the following sections.

5. Results

The section focuses on the key findings and outcomes of the study, highlighting the
main observations and data trends obtained during the experimental phase. To pursue this
goal and analyze system behaviour, some of the monitored parameters are reported and
discussed in the following sub-sections.

5.1. Test 1

During Test 1 the system was set in on-grid mode. The objective of this test was to
verify the system'’s performance under elevated electrolyser operating regimes.

Figures 10 and 11 show the time trend of air temperature, relative humidity, and solar
irradiance during the test, whereas PV production is reported in Figure 12.
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Figure 10. Air temperature and Relative humidity—Test 1.
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Figure 11. Solar radiation—Test 1.
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Figure 12. PV production—Test 1.

The operational conditions of the test are detailed in Table 3, which also highlights the
power set.
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Table 3. Test 1 Operational phases.
Phase Start End Power Set (%)

INERTIZATION Stage 1 9:53 9:57
Stage 2 9:57 10:04
STANDBY 10:04 10:06

PRE-START 10:06 10:07 20

PURGING 10:07 10:14 20

PRESSURIZATION 10:14 10:22 20

10:22 10:32 50

10:32 11:14 75

PRODUCTION 11:14 11:45 75
DEPRESSURIZATION 11:45 11:59
INERTIZATION Stage 1 11:59 12:03
Stage 2 12:03 12:08

7000

5000

3000

1000

(w)

Power

—3000

—5000

—7000

The power demand during the test (9:53-12:08) can be inferred from the trends shown
in Figure 13, which illustrates the electric power flows from the photovoltaic system, the
grid, and the battery. Negative values of the grid and battery power flows indicate that
energy is supplied to the system (i.e., battery discharge or power drawn from the grid),
while positive values imply that energy is absorbed by these components (i.e., battery
charging or surplus PV power being stored).

------- Total battery power (W) ------- Grid power (W)

Total AC power from PV (W)

I . O

—100@9:00 09:10 09:20 09:30 09:40 09:50 10:00 10:10 10:20\ 10:3;Q 10:40 10:50 11:00 11:10 11:20 11:30 11:40;”/’11:50 12:00 12:10°+12:20

' LY I A =
RRSCL T WA \

_______

Figure 13. Electric power flows: PV AC output, grid exchange, and battery operation—Test 1.

Between 10:30 and 11:45, the power setpoint of the electrolyser was held at 75%
(Table 3), corresponding to a significant increase in power demand. This demand was met
through a combined contribution from the PV system, the battery, and the grid. Specifically,
during this interval

e the PV system operated near its peak output, delivering power to the load;

e the battery supplied additional power, as indicated by the negative values of the
dashed blue curve, representing battery discharge;

e the grid also provided power, as demonstrated by the negative portion of the orange
curve, particularly during the initial phase.

This simultaneous contribution from all three sources highlights the coordinated
operation of the hybrid system to meet the high consumption required by the 75% power
setpoint of the electrolyser.
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The energy demand of the system is also inferable from Figure 14: the electrolyser
(power set 75%) and all the needed equipment account for about 14 kW.
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Figure 14. Time trend of the total load—Test 1.
Figure 15 shows the time evolution of hydrogen pressure and electrolyser power
setpoint across the various operational phases of the test.
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Figure 15. Temporal evolution of hydrogen pressure and power set—Test 1.

Following system startup and the initial inerting phase, the power set was gradually
increased, causing a corresponding rise in the hydrogen pressure time gradient. Around
11:30, a plateau in pressure was observed, indicating the start of hydrogen delivery to the
storage tank. Shortly after, the system was stopped, so that it entered the depressurization
phase, during which the pressure rapidly decreased, followed by final inerting and transi-
tion to standby. The vertical black lines indicate key phase changes, providing reference
points for interpreting system behaviour over time.

The key values of selected parameters (initial and final pressure, duration and pressure
gradient) corresponding to the different phases of the process are detailed in Table 4.
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Table 4. Test 1 Operational parameters.

Initial Final Duration Dp/Dt
Phase Pressure Pressure (min) (bar/min)
(bar) (bar)
INERTIZATION Stage 1 0.3 14 4 1.1
Stage 2 1.4 0.3 7 -1.1
STANDBY 0.3 0.3 2 0.0
PRE-START 0.3 0.3 1 0.0
PURGING 0.3 0.1 7 —-0.2
PRESSURIZATION 0.3 0.6 8 0.3
0.6 2.5 10 1.9
2.5 12.4 42 9.9
PRODUCTION 12.4 16.7 31 43
DEPRESSURIZATION 16.7 0.3 14 —16.4
INERTIZATION Stage 1 0.3 14 4 1.1
Stage 2 1.4 0.3 5 -1.1

5.2. Test 2

Test 2 represents a preliminary evaluation of the selective stand-alone configuration.
During the test, the power supplied to the electrolyser was gradually increased up to 35%
of the maximum power setpoint.

After a brief production period at this last power level, the system unexpectedly
shut down: the depressurization sequence was automatically triggered, followed by the
inerting phase and a complete stop of the process. This behaviour might be associated
with transient instability in the AC power supply delivered by the inverter in selective
stand-alone mode. Such instability, potentially due to voltage sag caused by rapid and
strong load variations, may have exceeded the inverter’s response capabilities at a power
demand of the electrolyser (3.5 kW) quite close to the maximum power of the inverter.

These conditions could have been interpreted by the control system as a potential
safety risk, triggering the internal protection logic and initiating a fail-safe shutdown
procedure. Although further investigation is required, particularly through a detailed
analysis of voltage profiles, this hypothesis is supported by the activation of the system’s
safety relay, as recorded in the PLC log.

On the other hand, in the literature [34-37], this specific issue has been already re-
vealed, especially in weak microgrids operated in the stand-alone mode. In fact, in such
a case, grid instability phenomena often occur, especially when no rotating generators
(synchronous generator) are used to support conventional current-source inverters or when
the number of the latter on the grid increase significantly. For this reason, currently, last
generation inverters and control methods are being designed, developed, and tested and
they seem to have the capability to cope with the grid instability issue, thanks to their
abilities to control the rms value and the frequency of their output voltage in a way similar
to that implemented in the presence of synchronous generators. In practice, this seems
possible thanks to their ability of emulating the inertia of synchronous generators, by
supplying high-speed transient controlled currents. That said, it will be very interesting to
investigate in more depth the aforementioned phenomenon in future, by taking advantage,
for our pilot plant, of a last generation control method on an inverter with higher rated
power. Despite this unexpected interruption, Test 2 provided in any case valuable insights
into the pressurization and depressurization processes, as well as the associated pressure
gradients.
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temperature (°C)

Solar Irradiance (W/m?)

The operational conditions of the test are detailed in Table 5, which also highlights the
power set.

Table 5. Test 2 Operational phases.

Phase Start End Power Set (%)
INERTIZATION Stage 1 11:27 11:29
Stage 2 11:36 11:38
STANDBY 11:36 11:38
PRE-START 11:38 11:39 20
PURGING 11:39 11:46 20
PRESSURIZATION 11:46 11:51 20
11:51 12:22 30
12:22 12:35 35
DEPRESSURIZATION 12:35 12:43
INERTIZATION Stage 1 12:43 12:47
Stage 2 12:47 12:52

Figures 16 and 17 show the time trend of air temperature, relative humidity, and solar
irradiance recorded during the test, whereas Figure 18 illustrates the PV production.
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Figure 16. Air temperature and Relative humidity—Test 2.
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Figure 17. Solar radiation—Test 2.
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Figure 18. PV production—Test 2.

It is worth noting that, in this case, PV production was limited by the load demand, as
in selective stand-alone mode the inverter operates off-grid and therefore cannot transfer
any surplus energy to the electrical grid.

This behaviour is also inferable from the analysis of the electric power flows shown
in Figure 19, where the black line, referred to as inverter power, represents the apparent
power delivered by the inverter in selective stand-alone mode, which reflects the load
demand. In this configuration, the demand is generated only by the electrolyser, whereas
all the auxiliary devices are fed by the grid.

------- Total battery power (W) ------- Total PV Power (W) Inverter Power (VA)
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Figure 19. Electric power flows: PV production, inverter output, and battery operation—Test 2.

Figure 20 shows the time evolution of hydrogen pressure and the electrolyser power
setpoint across the various operational phases of the test.
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Figure 20. Temporal evolution of hydrogen pressure and power set—Test 2.

The key values of selected parameters (initial and final pressure, duration and pressure
gradient) corresponding to the different phases of the process are detailed in Table 6.

Table 6. Test 2 Operational parameters.

Initial Final Duration Dp/Dt
Phase Pressure Pressure (min) (bar/min)
(bar) (bar)

INERTIZATION Stage 1 0.7 14 2 0.7
Stage 2 14 0.3 2 —-1.1
STANDBY 0.3 0.3 2 0.0
PRE-START 0.3 0.3 1 0.0
PURGING 0.3 0.1 7 —-0.2
PRESSURIZATION 0.1 0.5 5 0.4
0.5 3.3 31 2.8
3.3 47 13 14
DEPRESSURIZATION 4.6 0.6 8 —4.0
INERTIZATION Stage 1 0.6 1.4 4 0.8
Stage 2 1.4 0.3 5 —-1.1

5.3. Test 3

Test 3 pertains to the measurements conducted under the selective stand-alone con-
figuration. The objective of the test was to assess the maximum power level at which
the system could operate continuously, relying exclusively on the photovoltaic field for
power supply.

Following system start-up, the power setpoint (Power Set) was gradually increased
up to 35%. Under these conditions, however, as occurred during Test 2, the system did not
reach the production phase: after approximately one hour of pressurization, the internal
protection logic was triggered, leading to system depressurization and a transition to
standby mode. Subsequently, the system was promptly restarted with the power setpoint
reduced to 30%. In this configuration, stable operation was achieved, and the system
successfully entered the production phase.

The operational conditions of the test are detailed in Table 7, which also highlights the
power set.
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Table 7. Test 3 Operational phases.

Phase Start End Power Set (%)
INERTIZATION Stage 1 8:38 8:40
Stage 2 8:40 8:43
STANDBY 8:43 8:45
PRE-START 8:45 8:46 20
PURGING 8:46 8:53 20
PRESSURIZATION 8:53 8:56 20
8:56 8:58 25
8:58 9:00 30
9:00 10:03 35
DEPRESSURIZATION 10:03 10:19
INERTIZATION Stage 1 10:19 10:22
Stage 2 10:22 10:27
STANDBY 10:27 10:28
PRE-START 10:28 10:29
PURGING 10:29 10:36
PRESSURIZATION 10:36 10:37 20
10:37 13:03 30
PRODUCTION 13:03 13:10 30
DEPRESSURIZATION 13:10 13:25
INERTIZATION Stage 1 13:25 13:29
Stage 2 13:29 13:33

Figures 21 and 22 show the time trend of air temperature, relative humidity and solar
irradiance recorded during the test, whereas Figure 23 illustrates the PV production.
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Figure 21. Air temperature and Relative humidity—Test 3.
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Figure 22. Solar radiation—Test 3.
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Figure 23. PV production—Test 3.
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Similarly to the analysis performed for Test 2, Figure 24 shows the electric power
flows, while Figure 25 depicts the time evolution of hydrogen pressure and the electrolyser
power setpoint across the various operational phases of the test.

The key values of selected parameters (initial and final pressure, duration and pressure
gradient) corresponding to the different phases of the process are detailed in Table 8.
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Figure 24. Electric power flows: PV production, inverter output, and battery operation—Test 3.
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Figure 25. Temporal evolution of hydrogen pressure and power set—Test 3.

Table 8. Test 3 Operational parameters.

Initial Final Duration Dp/Dt
Phase Pressure Pressure (min) (bar/min)
(bar) (bar)
INERTIZATION Stage 1 0.3 0.6 2 0.3
Stage 2 0.6 0.3 3 -0.3
STANDBY 0.3 0.3 2 0.0
PRE-START 0.3 0.3 1 0.0
PURGING 0.3 0.1 6 —0.2
PRESSURIZATION 0.1 0.2 3 0.1
0.2 0.4 2 0.2
0.4 0.6 2 0.2
DEPRESSURIZATION 0.6 7.2 63 6.6
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temperature (°C)

Table 8. Cont.

Initial Final Duration Dp/Dt
Phase Pressure Pressure (min) (bar/min)
(bar) (bar)
INERTIZATION Stage 1 7.2 0.3 16 —6.9
Stage 2 0.3 14 3 1.1
STANDBY 1.4 0.3 5 —-1.1
PRE-START 0.3 0.3 1 0.0
PURGING 0.3 0.3 1 0.0
PRESSURIZATION 0.3 0.1 7 —-0.2
0.1 0.1 1 0.0
PRODUCTION 0.1 12.6 146 12.5
DEPRESSURIZATION 12.6 13.1 7 0.5
INERTIZATION Stage 1 13.1 0.3 15 —12.8
Stage 2 0.3 1.4 4 1.1

5.4. Test 4

Test 4 refers to the data collected in the selective stand-alone configuration. The
objective of this measurement was to obtain additional information on the durations of the
initial and final inerting phases, purging, and depressurization.

Figures 26 and 27 show the time trend of air temperature, relative humidity, and
solar irradiance recorded during the test, whereas Figure 28 illustrates the PV production.
The operational conditions of the test are detailed in Table 9, which also highlights the
power set.

Similarly to the analysis performed for the other tests, Figure 29 shows the electric
power flows, while Figure 30 depicts the time evolution of hydrogen pressure and electrol-
yser power setpoint across the various operational phases of the test.
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Figure 26. Air temperature and Relative humidity—Test 4.
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Figure 27. Solar radiation—Test 4.
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Figure 28. PV production—Test 4.

Table 9. Test 4 operational phases.

Phase Start End Power Set (%)
INERTIZATION Stage 1 10:53 10:55
Stage 2 10:57 11:02
STANDBY 11:02 11:06
PRE-START 11:06 11:07
PURGING 11:07 11:13 20
PRESSURIZATION 11:13 11:24 20
11:24 11:33 30
DEPRESSURIZATION 11:33 11:36
INERTIZATION Stage 1 11:36 11:39

Stage 2 11:39 11:43
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Figure 29. Electric power flows: PV production, inverter output, and battery operation—Test 4.
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Figure 30. Temporal evolution of hydrogen pressure and power set—Test 4.

The key values of selected parameters (initial and final pressure, duration, and pressure
gradient) corresponding to the different phases of the process are detailed in Table 10.

Table 10. Test 4 operational parameters.

Initial Final Duration Dp/Dt
Phase Pressure Pressure (min) (bar/min)
(bar) (bar)
INERTIZATION Stage 1 0.4 1.4 4 1.0
Stage 2 1.4 0.3 5 -1.1
STANDBY 0.3 0.3 4 0.0
PRE-START 0.3 0.3 1 0.0
PURGING 0.3 0.1 6 —-0.2
PRESSURIZATION 0.1 0.6 11 0.5
0.6 1.5 11 09
DEPRESSURIZATION 1.5 0.5 3 —1.0
INERTIZATION Stage 1 0.5 14 3 0.9
Stage 2 14 0.3 4 —-1.1
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6. Discussion

The analysis of the experimental results enabled a detailed examination of the system’s
behaviour across the various operational phases, allowing the identification of possible in-
efficiencies or faults. More importantly, it provided a valuable dataset for the development
and calibration of system simulation models. In fact, the availability of simulation models
is essential for evaluating the system’s performance under different climatic conditions or
load configurations, thus underpinning scalability analysis.

Below are summarized data describing the system’s behaviour during the various
process phases. For each phase, the average duration and the pressure increase trend over
time within the system are reported.

6.1. Initial Inerting Phase

The initial inertization phase had an average total duration of about 7 min, with an
initial pressurization stage lasting approximately 3 min and a depressurization stage lasting
4 min. During the first stage the pressure increases, while in the second stage it decreases
with the rate reported in Table 11.

Table 11. Initial inerting phase.

Initial Pressure Final Pressure

Test Duration p p AplAt
. i £ .
(min) (bar) (bar) (bar/min)
Stage 1
1 4 0.3 14 0.275
2 2 0.3 14 0.550
3a 2 0.3 1.4 0.550
3b 3 0.3 14 0.300
4 4 0.3 14 0.275
average 3.0 0.413
Stage 2
1 7 1.4 0.3 —0.157
2 2 1.4 0.3 —0.550
3a 3 14 0.3 —0.367
3b 5 14 0.3 —0.220
4 5 14 0.3 —0.220
average 4.3 —0.324

6.2. Pre-Start Phase

The duration of the pre-start phase was consistent across all measurements, remaining
constant at 1 min. During this phase, no pressure increase was recorded within the system.

6.3. Purging Phase

The average duration of the purging phase was 6.5 min. The initial and final pressures
were found to be the same across all measurements (Table 12).
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Table 12. Purging phase.

Initial Pressure Final Pressure

Test Duration p p AplAt
. i f .
(min) (bar) (bar) (bar/min)

1 7 0.3 0.1 —0.029

2 7 0.3 0.1 —0.029

3a 7 0.3 0.1 —0.029
3b 7 0.3 0.1 —0.029

4 6 0.3 0.1 —0.033
average 6.5 —0.031

6.4. Pressurization Phase

With regard to the pressurization phase, the data obtained are categorized based on
the power set (Table 13). In this context, it is worth highlighting the pivotal role played by
the pressure increase rate within the system over time in relation to the selected power set,
as this parameter allows for the estimation of the time required for complete pressurization.

Table 13. Pressurization phase.

Initial Pressure Final Pressure

Duration AplAt
Test (min) Pi Pt (bar/min)
(bar) (bar)

Power set 20%

1 8 0.3 0.6 0.038

2 5 0.3 0.5 0.040

3a 3 0.1 0.2 0.033

3b 1 0.1 0.1 0.000

4 11 0.1 0.6 0.045

Average 5.6 0.031
Power set 30%

2 31 0.5 3.3 0.090

3a 2 04 0.6 0.100

3b 146 0.1 12.6 0.086

4 11 0.6 1.5 0.082

Average 475 0.089
Power set 35%

2 13 3.3 4.7 0.108

3a 63 0.6 7.2 0.105

Average 41.2 0.101
Power set 50%

1 10 0.6 2.5 0.190
Power set 75%

1 42 2.5 12.4 0.236

6.5. Depressurization Phase

Similar considerations to those made for the pressurization phase can be applied to
the depressurization phase. In this case as well, the phase duration depends on when the
user decides to initiate the system shutdown. However, important insights can be gained
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from the pressure reduction rate, which is useful for simulating the total shutdown time of
the plant (Table 14).

Table 14. Depressurization phase.

Initial Pressure Final Pressure

Duration AplAt
Test (min) Pi pe (bar/min)
(bar) (bar)
1 14 16.7 0.3 —-1.171
2 8 4.6 0.6 —0.500
3a 16 7.2 0.3 —0.431
3b 15 13.1 0.3 —0.853
4 3 1.5 0.5 —0.333
average 11.2 —0.658

Furthermore, the analysis of the depressurization process is crucial to verify the system
performance from the safety point of view.

In particular, the rapid depressurization observed in Test 1 (up to 16.4 bar/min)
demonstrates the system’s capability to handle shutdown procedures safely and return to
ambient conditions within a short timeframe.

These results confirm that the system remains operationally stable and reliably
executes emergency protocols, even under simulated scenarios of abrupt production
interruption.

6.6. Final Inerting Phase

Finally, regarding the final inerting phase, its average total duration was approximately
8 min, with an initial pressurization stage lasting 3.6 min and a depressurization stage
lasting 4.6 min. During the first stage the pressure increases, while in the second stage it
decreases with the rate reported in Table 15.

Table 15. Final inerting phase.

Initial Pressure Final Pressure

Test Duration p p Ap/At
. i f .
(min) (bar) (bar) (bar/min)
Stage 1
1 4 0.3 1.4 0.275
2 4 0.3 1.4 0.275
3a 3 0.3 14 0.367
3b 4 0.3 14 0.275
4 3 0.5 1.4 0.300
average 3.6 0.298
Stage 2
1 5 14 0.3 —-0.220
2 5 1.4 0.3 —0.220
3a 5 14 0.3
3b 4 1.4 0.3 —0.275
4 4 14 0.3 —0.275

average 4.6 —0.248
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6.7. Correlations Between Data

Since the internal pressure of the system is one of the key parameters for assessing
hydrogen production, a regression analysis was carried out to identify a relationship
regarding the pressure trend over time. The analysis focused on the pressure gradient as a
function of the power set.

The results are presented in Figure 31, which shows the values obtained from the four
experimental tests along with the corresponding regression curve.
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Figure 31. Pressure gradient—regression analysis.

The analysis of the figure reveals an approximately linear trend; the data were therefore
interpreted using the following regression line:

~ = 0.0038 PS — 0.0293 )

where

e v =Ap/At (bar/min) is the pressure variation over time;
o PS (%) is the power set.

The correlation coefficient was found to be R? = 0.9561 and the p-value was calculated
as 1.19 x 107, indicating a result of high statistical significance.

This correlation is crucial for developing calibrated simulation models, which will be
used to optimize and adapt the system to different contexts.

However, beyond the ascertained mathematical correlation, the observed behaviour
also provides crucial insights into the system’s operational performances, safety margins
and process efficiency.

As a matter of fact, the pressure gradient (Ap/At) can be considered as an indicator of
the hydrogen production rate. As expected, hydrogen generation increases with the power
set, resulting in a faster pressure rise within the system. For instance, with a power set of
75%, the average pressure gradient reaches the value of 0.236 bar/min, which means that,
under this condition, hydrogen is delivered to the tank for storage after about 75 min (after
exceeding 17.5 bar). Considering that the process does not involve compression devices,
this circumstance can be deemed as a satisfactory performance of the system.

In addition, the duration of this operation might be potentially reduced by lowering
the pressure threshold which triggers the gas flow towards the tank.

However, such an adjustment would require a dynamic control strategy to ensure
that the tank inlet pressure always exceeds the pressure of the stored hydrogen in order to
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allow the gas flow toward the tank. This, in turn, implies the continuous monitoring of
both storage pressure and hydrogen consumption. This aspect will be further investigated
in the next phases of the research.

From a safety perspective, the pressurization phase is particularly critical. The thresh-
old of 12 bar triggers the production phase, while the back-pressure valve opens at 17.5 bar,
stabilizing the system pressure. The observed gradients, however, confirm a controlled and
progressive increase within the system’s design margins.

The rapid depressurization (up to 16.4 bar/min in Test 1) also highlights the system’s
ability to safely manage shutdowns and quickly return to ambient conditions. These
findings suggest that, even under experimental conditions simulating a sudden produc-
tion shutdown, the system maintains good operational stability and effectively executes
emergency protocols.

Regarding efficiency, the pressure gradient can also be viewed as a qualitative measure
of volumetric efficiency in the electrolysis process. Across tests, gradient variations are
consistent with the supplied electrical power, suggesting that the input energy is effectively
used for gas generation, with stable performance and no significant inefficiencies observed.

7. Conclusions

This study presented the design, operation, and experimental evaluation of a pilot-
scale integrated system for green hydrogen production, purification, storage, and recon-
version into electricity. The plant, powered primarily by a photovoltaic array, was tested
under different operational configurations (on-grid and selective stand-alone) to evaluate
its behaviour in real environmental conditions.

The experimental campaign provided a detailed insight into the system’s dynamic
performance across all process phases, from inerting to pressurization, production, and
shutdown. The monitoring of key parameters, such as hydrogen pressure, oxygen concen-
tration, electrolyser power input, and environmental variables, allowed the identification
of critical performance trends and operational constraints.

A key outcome of the analysis is the identification of a strong linear correlation between
the pressure gradient during the pressurization phase and the electrolyser power setpoint
(R? =0.9561). This relationship represents a valuable input for the calibration of simulation
models, which will support predictive assessments and optimization strategies.

The collected data also pointed out some technical aspects, concerning the system’s sen-
sitivity to power fluctuations under selective stand-alone configuration and the challenges
in maintaining stable operation at higher power levels when fully relying on renewable
sources. Although further investigation is needed on this topic, and in this direction the
development of the analysis has already been planned, these findings suggest the need
for improved energy management and control strategies, especially when operating in
stand-alone or selective stand-alone.

Overall, the experimental results demonstrate the feasibility of integrating renewable
energy with hydrogen production systems at a small scale, while also revealing the key
aspects that must be addressed to ensure stable, safe, and efficient operation. The insights
gained from this work will inform future developments, including system scaling, energy
optimization, and the implementation of advanced control algorithms.

In this context, a modular MATLAB-based simulation framework is already under
development, built on the basis of the collected experimental data, to support predictive
analysis and the design of improved operational strategies. MATLAB R2024a—version 24.1
(April 2024) is used. The model includes photovoltaic generation, battery dynamics, elec-
trolyser operation, hydrogen storage, and fuel cell reconversion. It integrates the following;:
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e aphase-by-phase logic complying with the real system operation (e.g., purging, pres-
surization, depressurization);

e  empirical correlations derived from experimental measurements;

e calibration and validation through dedicated test campaigns under different opera-
tional modes (on-grid and stand-alone).

This modelling approach will serve as the foundation for future work on control
optimization and scenario simulation.
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Abbreviations

The following abbreviations are used in this manuscript:

A-BSS Auxiliary battery storage system
AWE Alkaline water electrolyser

BSS Battery storage system

DR Drying unit

EM Electrolyser

FC Fuel cell

HB Hydrogen storage tank

HC Condenser

HD Hydrogen buffer tank

HDO Catalytic deoxidation reactor
HE Hydrogen heat exchanger

HF Separation filter

HI Hybrid inverter

HO Oxygen collection tank

HS Hydrogen gas-liquid separator
HV Hydrogen collection tank

HW Hydrogen bubbler

MPPT Maximum Power Point Tracker
OE Oxygen heat exchanger

(OF Oxygen gas-liquid separator
ow Oxygen bubbler

PEM Polymer electrolyte membrane
PLC Programmable logic controller
PV Photovoltaic array

PV1;PV2  String 1 and 2 of the photovoltaic array
RES Renewable energy sources

SOE Solid oxide electrolyser

WT Makeup water tank

WU Demineralizer
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