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electrolysis. A hydrogen storage system based on pressurized tanks, as well as a
proton exchange membrane fuel cell (PEMFC) to generate electricity were included
in the renewable plant. The modelling and simulation of the system were carried
out using the TRNSYS18 software, in order to evaluate the energy and economic
performance of the proposed plant and comparing it with the reference system.
After the detailed evaluation of the electricity demand of the considered agro-
industrial user, i.e., a cheese factory located at Naples (South of Italy), the proposed
plant was suitably designed, highlighting the results in terms of energy, economic,
and environmental performance. The study also includes a detailed sensitivity
analysis in order to consider the variation of the incentives on the economic
feasibility of the investigated plant. The proposed system achieves a primary energy
ratio of 64%. Moreover, it allows the electric energy withdrawn from the grid to be
reduced to only 42% of the total electric energy demand. As a result, the system
enables an annual economic saving of about 65,000 €. The results obtained provide
a clear overview of the technical and economic feasibility of integrating an
agrivoltaic-hydrogen system in the agro-industrial sector, highlighting its potential
for a concrete and sustainable energy transition.

Keywords: agrivoltaic-hydrogen system; thermoeconomic analysis; dynamic
simulation; biocircular economy

1. Introduction

The growing awareness of the environmental impact associated with the use of fossil fuels, along with
ambitious energy transition policies, is driving the development of renewable energy sources to reduce CO,
emissions and combat climate change. The European Union, in line with the goals of the 2030 Agenda, has set the
target of carbon neutrality by 2050, promoting strategies to improve energy efficiency and encourage sustainable
solutions for energy production and use. In this context, the integration of renewable and innovative energy
systems represents a crucial step for a sustainable transition and the achievement of energy independence [1]. In
this framework, Europe, one of the continents most engaged in environmental issues, needs policies to promote
and support technologies that use hydrogen as an alternative fuel that limits dependence on fossil fuels, to make
progress in the adoption of an Economy of Hydrogen [2]. The hydrogen applications contribute to decarbonize
different sectors [3,4], guaranteeing an effective process with flexibility and high efficiency [5] and serving as
long-term energy storage [6]. The use of hydrogen coupled with renewable energy sources is a potential way to
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the development of smart energy networks for electrified and hydrogen cities [7]. For longer storage applications
(months or weeks) long-term electricity storage, based on hydrogen tend become more effective than batteries
considering their efficiency decreasing and increasing capital cost proportionally with the storage capacity [8,9].
With the coupling of solar [10,11] and/or wind technologies [12,13], the renewable power excesses [13] are
exploited by electrolyser for the water conversion into hydrogen, which is then stored in metal hydrides or
pressurized cylinders, in order to be re-electrified by fuel cells, in periods of renewable energy shortage. The
efficiency of H, systems is not affected by the storage periods, and more importantly, the size of their main cost
elements (i.e., of the electrolyzer and the fuel cell) is determined by the magnitude of the power surpluses and
shortages, so their overall cost is only slightly affected by the storage capacity [14].

In this paper, this paradigm was implemented for the decarbonization of an agro-industrial user. The agro-
industrial sector plays a key role in the Italian economy, both in terms of energy consumption and environmental
impact. Italy is one of the world’s leading producers of cheese and other dairy products, with an energy-intensive
supply chain that spans from milk processing to refrigeration, packaging, and distribution. This sector is
characterized by significant and continuous thermal and electrical energy demands, often met through conventional
fossil-based systems, which contribute to greenhouse gas emissions. The integration of renewable energy and
hydrogen-based technologies into agro-industrial processes offers a promising pathway to improve sustainability,
reduce operational costs, and enhance energy self-sufficiency. In particular, the decarbonization of dairy
production aligns with broader national and European climate targets, while also supporting rural development
and energy resilience in agricultural areas. The proposed layout represents an ideal opportunity for the limitation
of fossil fuels used by a renewable and hydrogen technologies. In particular, the renewable source coupled with
the hydrogen production unit is based on an agrivoltaic solar field. In this context, the proposed arrangement allows
for the enhancement of agricultural land through the simultaneous integration of energy and agricultural
production, optimizing resource use and contributing to greater sustainability and energy self-sufficiency.
Specifically, the system integrates an agrivoltaic plant with a green hydrogen storage system, which includes the
production of the energy carrier via alkaline electrolysis. A hydrogen storage system based on pressurized tanks,
as well as a proton exchange membrane fuel cell (PEMFC) to generate electricity were included in the renewable
plant. The whole plant was simulated in TRNSY'S environment and suitable energy, economic and environmental
analyses were performed in order to assess the proposed integrated agrivoltaic-hydrogen system.

Novelty of the Work

This study presents a novel application of an integrated agrivoltaic-hydrogen energy system tailored to the
specific needs of an agro-industrial user, with a focus on the dairy sector. Unlike previous works that often address
hydrogen integration at large scale or in generic contexts, this paper introduces a site-specific energy model that
combines photovoltaic agricultural land use (agrivoltaics) with hydrogen production via alkaline electrolysis,
pressurized storage, and energy recovery through PEM fuel cells. The originality lies in the coupling of these
technologies within a real case study—an operating cheese factory in Southern Italy—using detailed dynamic
simulations performed in TRNSYS18. The proposed system is evaluated not only for its energy performance but
also through a comprehensive thermo-economic analysis, incorporating national incentive schemes and sensitivity
analysis on investment subsidies. The work contributes a replicable framework for improving energy self-
sufficiency and reducing emissions in energy-intensive agro-industrial supply chains, highlighting a pathway
toward practical, scalable, and sustainable decarbonization.

2. System Layout

Figure 1 displays the proposed layout designed for balancing the energy demand of the selected user. The
main components of the new energy system are (Figure 1): (i) Agrivoltaic system, (ii) Alkaline electrolyzer, (iii)
Intercooled compressor, (iv) Pressurized storage tank, (v) PEM fuel cell. The integrated agrivoltaic-hydrogen
system enables the agro-industrial user to maximize energy independence by harnessing solar energy for hydrogen
production and storage. Electricity is generated by an agrivoltaic plant, which combines photovoltaic power
generation with agricultural use of the underlying land. When production exceeds demand, the surplus energy is
either fed into the grid or used to power an electrolyzer that splits water into hydrogen and oxygen. The produced
hydrogen is stored in a tank and later used in a PEMFC fuel cell, which converts it back into electricity during
periods of low solar irradiation. This system optimizes the use of renewable energy, reduces dependence on the
power grid, and enhances the sustainability of the agro-industrial operation. A detail control strategy was
implemented in order to manage correctly and efficiently the energy flows of the agrivoltaic-hydrogen plant.
Specifically, the control strategy handles power surpluses and deficits to maximize self-consumption and minimize
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grid withdrawal. It coordinates the electrolyzer for hydrogen production during surplus times and activates the fuel
cell when demand exceeds photovoltaic production, ensuring efficient resource use and optimizing the energy
balance of the user. The deficit power management allows to guarantee the user demand. In particular, when the
agrivoltaic plant production does not meet the user demand, a power deficit occurs. If the fuel cell cannot be
activated, the entire deficit is covered by the grid. The activation of the fuel cell depends on the hydrogen tank
level (PlevelTK, this represents the ratio between the pressure of pressurized hydrogen storage tank with respect
to the maximum pressure of the pressurized hydrogen storage tank). For this reason, a check on the hydrogen tank
level is also implemented. If the tank level is sufficient, the fuel cell can be activated. Otherwise, the deficit power
requested by the user is withdrawn from the grid. It is important to note that the fuel cell can provide a maximum
power equal to the fuel cell rated capacity. If the power deficit is higher than the fuel cell rated capacity, the grid
covers the remaining demand (Figure 2).

AGRI-PV
1 (\J (a(h— = f L4 pceLy L
C-H2 B
.| REG/INV
| TK - H2
LD,
: FC PEM } »» PCFC N
=N i
GRID UTENZA
AGRI-PV = Agrivoltaic field ~  DC Power
REG/INV = Regulator/ Inverter /1 AC Power
PC ELY = Power conditioning for electrolyzer /—  Hydrogen
PC EFCLY = Power conditioning for fuel cell /1 Cooling water
ELY = Alkaline electrolyzer /—/  Oxygen
C-H2 =intercooled multistage compressor I Water
TK-H2 = Hydrogen storage tank —t  Air
FC PEM = polymer exchange membrane fuel cell /-, Exhausted

Figure 1. System Layout.

Conversely, when agrivoltaic production exceeds the user demand, an energy surplus occurs. This surplus is
entirely delivered to the grid if it is not sufficient to activate the electrolyzer. The surplus can be converted into
hydrogen, depending on the tank level. If the tank is nearly full, the surplus is delivered to the grid. For the surplus
power management, a check is performed in order to compare the surplus with the minimum operating threshold
of the electrolyzer. If the surplus is insufficient, it is delivered to the grid. Otherwise, the hydrogen tank level is
checked. If the level is lower than 0.90, the surplus can be converted into hydrogen. If the tank is nearly full, the
surplus is sent to the grid. If the surplus exceeds the nominal capacity of the electrolyzer, the electrolyzer operates
at rated condition, and the excess is delivered to the grid. Otherwise, the entire surplus is used for hydrogen
production.

The flowchart representing the operation control strategy for the power deficit and surplus are reported in
Figures 2 and 3.
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Figure 3. Surplus power control strategy.
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Note that the control strategy was designed with the aim of reducing excessive cycling, for example by
activating the electrolyzer only when the PV surplus exceeds its minimum operating threshold, and by ensuring
that the fuel cell operates primarily during well-defined periods of energy deficit, once a sufficient hydrogen level
is reached. A more detailed assessment of component durability, considering cycling-induced degradation, would
further strengthen the analysis. In fact, the potential lifetime reduction of the electrolyzer and the fuel cell due to
frequent start-up and shutdown cycles is a relevant concern when assessing the long-term reliability and economic
viability of hydrogen-based systems. In the present study the primary focus was on evaluating the energy,
economic, and environmental performance of the proposed agrivoltaics-hydrogen system. While the dynamic
simulation captures the operational behavior of the electrolyzer and fuel cell in response to fluctuating PV
production and user demand, it does not explicitly account for degradation effects caused by multiple on-off cycles.
This aspect will be investigated in the next studies.

3. System Model

The dynamic simulation model of the plant is developed in TRNSYS18 environment. TRNSY'S is a reliable
and well-known software, commonly used in commercial and academic applications [15]. Note that TRNSYS18
allows the user to adopt in-house and user-developed models [16], but includes a large library of components
experimentally validated. The following main TRNSY'S libraries are employed in this work:

Type 94 that is able to simulate the PV panel performance, adopting the so-called “four parameters” model. A
detailed description is available in Ref. [17]. In particular, this model evaluates the four parameters, characterizing
the PV performance, from the manufacture data, in order to evaluate the PV IV-curve for each time step.

Type 175 represents a Power Conditioning Unit, capable of operating both as a DC/DC converter and as an
inverter (DC/AC and AC/DC). It is based on empirically derived efficiency curves and is specifically optimized
for stand-alone electrical systems. It plays a fundamental role in accurately determining the amount of usable
energy within hybrid energy systems that integrate PV power generation with hydrogen production via electrolysis,
where precise energy management and voltage adaptation are essential for optimal performance and efficiency.

Type 167 simulates the behaviour of a multistage polytropic compressor with intercooling, by calculating the
power required for compression. The model allows for one to five compression stages. The model is based on the
law of ideal gases in a quasi-static compression process, considering thermodynamic equilibrium for where all stages.

Type 164a represents a high-pressure gas storage tank. To calculate the gas pressure inside the tank, the ideal
gas law was considered. The main control parameter is the “pressure level”, which is the ratio between the internal
pressure and the maximum permissible pressure.

Type 160 is a high-pressure alkaline water electrolyser, based on principles of fundamental thermodynamics,
heat transfer theory and empirical electrochemical relationships. It integrates a dynamic thermal model for the
simulation of the behaviour of the electrolyser. The electrochemical approach of the model is based on: (i) an
empirical, temperature-dependent (current-voltage) curve specific to a given pressure. (ii) A Faraday efficiency
correlation, independent of temperature and pressure.

Type 170 simulates a generic proton exchange membrane (PEM) fuel cell. The overvoltage that contributes
to the determination of the polarization curve have been derived empirically.

Note that the considered simulation models consider the part-load behavior and efficiency variations and are
able to represent accurately the system’s real performance under varying operating conditions. For example,
alkaline electrolyzer and PEM fuel cell (Type 160 and Type 170) do not assume constant efficiency; rather, they
simulate performance based on empirical and thermodynamic relationships that vary with load conditions.
Specifically, the electrolyzer model includes a temperature-dependent voltage-current curve and a Faraday
efficiency correlation, while the fuel cell model accounts for load-dependent overvoltages affecting the
polarization curve. As a result, both devices exhibit efficiency values that naturally decrease when operating far
from their nominal conditions.

Thermo-Economic Model

In order to evaluate the energy and economic performance of the proposed renewable plant specific economic
and energy performance indices were calculated. The reference energy system is based on a 90 kW photovoltaic
plant designed to meet the user electricity demand, considering the grid electric energy integration during hours
when solar production is insufficient. The proposed system involves expanding the existing photovoltaic system
as an agrivoltaic system coupled with a hydrogen production and utilization system, consisting of an alkaline
electrolyzer, a compressor, a pressurized hydrogen storage tank, and a PEM fuel cell. Both systems were compared
from the energy point of view by the primary energy saving (PES) index. For the economic analysis, incentives
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provided by the Italian regulation for agrivoltaic systems, along with a feed-in tariff for net electricity delivered to
the grid were considered. The incentive on agrivoltaic systems offering a capital contribution of up to 40% of
capital cost, while the feed-in tariff for net electricity delivered to the grid is equal to 0.085 €/kWh. The operating
costs of the plant Cpg are evaluated according to the following equation:

Cps = EEfromGrid Cugg — EEtogria Pselling,EE + Cy

where Cugg is the unit cost for the electric energy withdrawn from the grid, equal to 0.23 €/kWh, according to
the user data and Psejing pe is the unit selling price for the electric energy delivered to the grid. A maintenance
cost Cp; equal to 1.5% of the total capital cost was considered. The total capital cost considers the sum of capital
costs of the included components, according to the equations reported in Table 1. Here, the specific capital costs
adopted for each component are reported.

Ips = lagri-py + gty +Ipc + Itk + Icomp

Both systems were compared from the economic point of view by simple payback period (SPB), net present
value (NPV) and profit index (PI), according to the well-known formulas [18]. The economic analysis is performed
considering an annuity factor of 12.46 years and a time horizon of the technologies of 20 years.

Table 1. Capital costs for economic analysis.

Parameter Description Value

Io,pv PV unit capital cost per kWpeak 1000 [19]

Lo, Agri-pv Agrivoltaic unit capital cost Iopy — 0.4 1ypy, = 600 €/kW
Io, eLy Electrolyzer unit capital cost 1500 €/kW
Io, rc Fuel cell PEM unit capital cost 2000 €/kW

To, Tank Hydrogen storage tank unit capital cost 500 €/kg

Iy, comp Compressor unit capita cost 5840 (Pnom,comp[kW1)*#2 €

4. Case Study

The analyzed system is a dairy farm located in Campania (South Italy). The core business of the system is the
production of dairy products; it uses different equipment both for the production itself and the tools sterilization. The
user consumes thermal and electric energy but in this work the energy measures considered regard only the
optimization and decreasing of the electric energy demand. In the reference configuration the user electricity demand
is supplied by the grid and a 90 kW PV solar field. The electric hourly demand of the user for a typical day is reported
in the following figure (Figure 4). The power load is assessed by means of measured data provided by the energy
distributor. The power load is mainly due to the farm activities and to activate the cooling plant.
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Figure 4. Hourly electric load for a typical day.

A significant seasonal trend is detected for the electric load (Figure 5). During the summer months, the
electric load increases due to the switching on of the cooling plant.
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Figure 5. Hourly electric load and related cumulated for the whole year.

The yearly electric energy demand is about 775.848 MWh/year. The reference system is supplied by the

electricity grid and a 90 kW solar field, producing 148.824 kWh/year that could reduce the energy consumption
and costs.

The preliminary sizing of these components was carried out based on:
e  The user electricity demand during periods without solar availability;
The comparison between the user electricity consumption and the photovoltaic plant production.
The proposed system includes the installation of an additional 468 kW agrivoltaic plant, a 300 kW alkaline
electrolyzer, a 2 m* hydrogen storage tank operating at 250 bar, and a 60 kW PEM fuel cell.
The main data of the components of the proposed and reference systems are reported in Table 2.

Table 2. Main components data and features.

Component Parameter Description Value Unit
PV (reference npv Module efficiency 0.18 -
system) Prated pv PV panel rated power 90 kV;/
Aot PV field area 488 m
Agri-PV Nev Module efficiency 0.18 -
(proposed Prated pv Agri-PV panels rated power 558 kW
system) Aot PV field area 3460 m?
Prom, ELY Electrolyzer rated power 300 kW
Prin, LY Minimum partial load power 60 kW
TELY Efficiency 0.65 -
N, ELy Number of cells in series 32 -
Electrolyzer Nitack, ELY Number of stacks in parallel 5 -
TeLy Nominal operating temperature 80 °C
PELY Operating pressure 7 bar
A Electrode area 0.25 m?
Jimax Maximum cell current density 600 mA/cm?
Vmin Minimum cell voltage 1.229 \
Vr1k Volume 2 m?
Prx Pressure 250 bar
Mk Maximum hydrogen mass 41 kg
H: Storage Ttk Temperature 25 °C
S0Chmin, Tk Minimum tank discharge level 4 %
S0Cmax, Tk Maximum tank fill level 90 %
Compressor Peompr Power 28 kW
Nstage Number of stages 4 -
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Component Parameter Description Value Unit
Prom, FC Fuel cell capacity 60 kW
Puin, Fc Minimum partial load power 15 kW
NEC Efficiency 0.42 -
Ns, Fe Number of cells in series 45 -
Fuel cell Nitack, FC Number of stacks in parallel 20 -
Trc Nominal operating temperature 50 °C
AElectrode, FC Electrode area 232 cm?
Jimax, FC Max cell current density 700 mA/cm?
V in, FC Minimum cell voltage 0.7 \Y
5. Results

In this section, the results of the dynamic simulations are presented. In particular, Figures 6 and 7 report the
main powers for typical days during winter and summer operation. Tables 3 and 4 report the results of the yearly
analysis from the energy, economic and environmental point of view. The analysis of the system daily dynamic
performance on a typical winter and summer day allows for a detailed characterization of system. In particular,
the following power values are considered:

e  Ppy [kKW]—Power generated by the agrivoltaic system, with an installed capacity of 558 kW.

e  User Load [kW]—Power demanded by the agro-industrial user.

e Ppyiouser [KW]—Part of the photovoltaic power supplied to the user to meet instantaneous demand.

o  Purry [kW]—Surplus photovoltaic power converted by the electrolysis process.

e  Pgxomrc [kKW]—Power produced by the fuel cell to meet user demand when the PV production is lower than
demand.

e Prviogria [KW]—Excess photovoltaic power delivered to the grid.

®  Promara [KW]—Power withdrawn from the grid to meet the remaining user demand when the combined
photovoltaic and fuel cell power is lower than the user demand.

PPV User Load
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PToGrid PFromFC
600 PFromGrid == == PlevelTK 1.00
550 0.90
500 0.80
450
400 - . 0.70 -
E 350 / S 0.60 g
= 300 / \ 0.50 &
2250 / \ 0.40 3
200 4 A 030
150 N / \ '
100 N / N\ 0.20
50 N yZ \)[\J‘ 0.10
0 - A A N T = = 00
01 23 45 6 7 8 910111213 14 15 16 17 18 19 20 21 22 23 24
Time (h)

Figure 6. Winter day. Main powers.

Figures 6 and 7 show the 24-h dynamic power profiles for winter and summer days. In both cases, a
significant increase in photovoltaic production is observed compared to the user demand, resulting in a substantial
power surplus that can be used to power the electrolyzer. Specifically, Figure 6 illustrates the power profiles for a
typical winter day. It highlights that, despite photovoltaic production being clearly higher than the production in
the reference system (only a 90 kW solar field is considered), it still remains below the nominal capacity of the
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plant, reaching a peak of 382 kW at 12:30 PM. It is observed that when the photovoltaic power generated by the
agrivoltaic field (PPV) exceeds the user demand (User Load), i.e., between 9:00 AM and 3:00 PM, the energy
surplus is primarily used to power the electrolyzer (PtoELY), up to a maximum of 300 kW. Any additional surplus
not absorbed by the electrolyzer is fed into the electricity grid (PtoGrid). In this scenario, the power delivered to
the grid is limited, while an important amount of the energy is withdrawn from the grid, especially during hours
with no photovoltaic production. However, by means the hydrogen storage system, the energy demand met by the
grid significantly decreases compared to the reference system. Notably, the fuel cell plays a significant role in
meeting user energy demand during the following hours: (i) from 12:00 AM to 4:00 AM, until the hydrogen stored
the previous day is depleted, to cover the early morning demand; (ii) from 3:30 PM to 9:30 PM, using the hydrogen
produced during the day to cover the evening hours demand. In both cases, the use of the Fuel Cell reduces the
use of energy drawn from the grid, improving the energy system self-sufficiency.

PPV User Load
PPVToUser PToEly
PToGrid PFromFC
PFromGrid == == PlevelTK
600 1.00
550 - = = 0.90
500 / N
/ \ 0.80
450 \
_ 400 y / \ 0.70 _
= \ 0.60 —
= 350 Y N 2
= 300 / 0.50 &
: \ 2
s 250 /7 \ 0.40 =
- A
200 / N 030
150 / '
0.20

100 N /
50 AN \I } _ / /"\ 0.10
0 0.00

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (h)

Figure 7. Summer day. Main powers.

Table 3. Yearly energy results.

Parameter Description Value Unit
EEser Electric energy demand of the user 775.8
EEyser + EEcompr Total electric energy demand (user+compress.) 784.2
EEagi-pv PV electric energy production 924.8
EEpvioUtenza PV electric energy consumed by the user 331.6
EEsurpiuspv PV surplus electric energy 140.6 MWh/year
EEcomp Electric energy consumed by the compressor 8.4
EEpvioELy Electricity supplied to the electrolyzer 494.7
EE fromFc Electricity produced by the fuel cell 126.8
H2pr0deLy Hydrogen production 8.7 t/year
H2onsrc Hydrogen consumption 8.7 t/year
EEpvioGrid PV elfectric energy delivered to the grifi 98.4 MWh/year
EE fromGrid Electric energy withdrawn from the grid 325.8

Share of user energy demand covered by PV

Rselfconsumed energy (PV + fuel cell) and fuel cell production >8.0
Rselfconsumed energy (PV) Share of user energy demand covered by PV production  42.0 o
EEfromGrid/ EE user Share of user energy demand covered by the grid 41.5 °

EEoGrid/ EE Agri-pv Electric energy delivered to the grid 11.0

EEeLy/EEAgi-pv Electric energy supplied to the electrolyzer 53.0
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Table 4. Energy, economic and environmental analysis of reference system (RS) and proposed system (PS).

Parameter Description Value Unit
Cgrs Operating cost RS 146,589
Cpg Operating cost PS 80,986 Elyear
E Pgg Primary Energy RS 1363
EPps Primary Energy PS 494.4 MWh/year
Mcozrs CO; equivalent emissions RS 303.7 tvear
Mcoz.ps CO; equivalent emissions PS 109.2 Y
Ips Capital cost PS 961,035 €
PES Primary Energy Saving 868.6 MWh/year
PER Primary Energy Ratio 64 %
AC Economic saving 65,603 €/year
SPB Simple Pay Back 14.6
DPB Discounted Pay Back 27.0 year
NPV Net Present Value —143,480 €
PI Profit index —0.15 -

Figure 7 presents the dynamic power profile observed during a typical summer day. In contrast to the winter
day previously analyzed, the photovoltaic (PV) generation is considerably higher due to the increased solar
irradiance typical of the summer season. Notably, PV power reaches a peak value of 496 kW around 1:00 PM.
This generation capacity is sufficient to fully meet the user daytime energy demand, which—as discussed in Case
study section—is higher during the summer months. Furthermore, the available power during daylight hours
allows the electrolyzer to operate at its nominal capacity between 10:00 AM and 2:30 PM. Within this same
interval, a portion of the PV output is delivered to the grid, as the surplus energy—after satisfying the user load—
exceeds the electrolyzer rated power. As evidenced in Figure 8, the share of PV power exported to the grid is
greater than the the power exported in the winter case, primarily due to two factors:

(1) the increase in PV production resulting from higher summer solar irradiance;

(ii) the saturation of the hydrogen storage tank, which further constrains the system ability to store excess
energy. Specifically, around 3:00 PM, although sufficient PV power remains available to continue electrolyzer
operation, hydrogen production is stopped as the storage tank reaches its saturation threshold—defined as 90% of
its maximum capacity. Consequently, the electrolyzer is deactivated, and the entire energy surplus is delivered to
the grid. As for the operation of the fuel cell, its behavior resembles that observed during winter. However, due to
the high summer energy demand, the system operates for longer durations at nominal power, thereby necessitating
more frequent integration of energy from the grid. In particular, during the summer period, fuel cell operation
occurs within the following intervals: from 12:00 AM to 2:30 AM, until the hydrogen stored on the previous day
is depleted; from 6:30 PM to 12:00 AM, continuing into the subsequent day until 2:30 AM.

Tables 3 and 4 summarizes the yearly results of the proposed system. A significant improvement in key
performance indicators—including operating cost, primary energy consumption, and CO, equivalent emissions—
can be observed following the implementation of the proposed system. The proposed system is able to reduce the
CO; equivalent emissions from 303.7 t/year to 109.2 t/year. This is mainly due to the reduction of the electric
energy withdrawn from the grid. While the energy results appear promising, the economic indicators reveal values
that are notably misaligned with the thresholds typically associated with economically viable investments. At
present, hydrogen storage technologies suffer from limited economic competitiveness. Consequently, despite the
case study system can benefit from dedicated agrivoltaic incentives, such support proves insufficient to offset the
limited financial sustainability of currently available hydrogen storage solutions.

To explore pathways for improving the economic viability of the investment, a sensitivity analysis was
conducted focusing on capital grants allocated to the hydrogen storage subsystem. The objective is to identify the
incentive value required to enhance the overall economic feasibility of the proposed system. Nonetheless, it is
important to contextualize these findings within the current policy framework. Incentives provided under the
National Recovery and Resilience Plan (PNRR), predominantly target large-scale industrial plants located in
brownfield sites, typically ranging from 1 MW to 10 MW in capacity. This effectively excludes small to medium-
scale installations from eligibility. Furthermore, the non-cumulability of incentives imposes an additional
constraint: accessing funds for hydrogen production precludes the simultaneous receipt of agrivoltaic incentives,
thereby further limiting the financial support available to agro-industrial enterprises. Figure 8 illustrates the
behavior of key economic indicators under the scenario in which the agrivoltaic incentive is excluded, and the
capital grant for the hydrogen production, storage, and utilization system is varied. The analysis reveals that
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increasing the capital support leads to a progressive reduction in both the Simple Payback Period (SPB) and the
Discounted Payback Period (DPB), indicating an increasingly shorter investment recovery timeframe. This trend
underscores the role of financial incentives in accelerating capital return. Moreover, the Profit Index (PI) exhibits
a more-than-linear increase with rising incentives, suggesting that capital grants not only shorten the payback
periods but also substantially enhance investment profitability. Notably, the PI only reaches positive values when
the capital grant exceeds 55%. At a 60% incentive level, the system records an SPB of 12 years, a DPB of 18
years, and a PI of 5%.

These results confirm that while capital grants for hydrogen storage systems represent a critical lever for
improving the economic sustainability of such investments, they are not sufficient, in isolation, to ensure overall
profitability. Additional measures or complementary support mechanisms may therefore be necessary to make
small- to medium-scale hydrogen-based energy systems financially viable in the current market context.

In parallel, a parametric analysis was conducted on 96 possible configurations, considering 16 different sizes
for the agrivoltaic system and 6 for the electrolyzer. From these analyses, the most economically advantageous
configurations involve the installation of electrolyzers with a power of 60 kW.

—5PR DPB — P
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40 0.0
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ncentive [%4]
Figure 8. Analysis of Economic Indicators as a Function of Incentive Variation for the Hydrogen Plant.

6. Conclusions

This paper aimed at developing a dynamic simulation and an economic and environmental analysis of an
integrated agrivoltaic-hydrogen energy system. The simulations were carried out using the TRNSYS software,
enabling first the dynamic analysis of the reference energy system and subsequently the definition of a solution
aimed at maximizing the energy independence of the agro-industrial user. The reference energy system is based
on a 90 kW photovoltaic plant designed to meet the user electricity demand, considering the grid electric energy
integration during hours when solar production is insufficient. Following a detailed analysis of the load profile and
the existing plant production, the adoption of a hydrogen storage system was evaluated. The proposed solution
involves expanding the existing photovoltaic system as an agrivoltaic system, by utilizing currently uncultivated
land for the cultivation of plant species, functional to the dairy supply chain. This strategy optimizes land use
through complementary agricultural production, promotes further gains for the user, and enables access to
incentives provided by the Italian regulation for agrivoltaic systems, which offers a capital contribution up to 40%
of capital cost, along with a feed-in tariff for net electricity delivered to the grid. The photovoltaic system
expansion resulted in increased available power, making it possible to install a hydrogen production and utilization
system, consisting of an alkaline electrolyzer, a compressor, a pressurized hydrogen storage tank, and a PEM fuel
cell. The following main results can be highlighted:

e  Primary energy savings reach 64%, with a corresponding reduction in CO, emissions;
e  The system can meet the user’s electricity demand with a self-consumption rate of 58%;

https://doi.org/10.53941/matsus.2026.100005 11 of 13



Vicidomini Mater. Sustain. 2026, 2(2), 5

e  The economic analysis indicates a simple payback period (SPB) of 14.6 years, with negative values for the
Net Present Value (NPV) and the Profitability Index (PI), assuming a plant lifetime of 20 years.

To improve the economic sustainability of the project, the minimum level of incentive required for the
hydrogen system to make the investment financially viable was determined. The analysis showed that, excluding
the agrivoltaic incentives (which are not cumulative), the minimum required incentive to ensure non-negative
economic results is 60%, highlighting the low competitiveness of the technology. In parallel, a parametric analysis
was conducted on 96 possible configurations, considering 16 different sizes for the agrivoltaic system and 6 for
the electrolyzer. The results led to a study of how economic indicators vary as a function of the size of the
photovoltaic system and the electrolyzer. It emerged that:

e  The simple payback period (SPB) is inversely proportional to the agrivoltaic system’s power and directly
proportional to the electrolyzer power;

e  The Net Present Value (NPV) and the Profitability Index (PI) increase with the size of the agrivoltaic plant
and decrease as the electrolyzer power increases.

From these analyses, the most economically advantageous configurations involve the installation of
electrolyzers with a power of 60 kW. The choice of the agrivoltaic plant size can be more or less constrained by
customer requirements (e.g., space availability) or can be optimized based on energy parameters, thus finding a
balance between self-consumption and energy fed into the grid.

Note that even if the presented dynamic simulation model captures the operational behavior of the
electrolyzer and fuel cell in response to fluctuating PV production and user demand, it does not explicitly account
for degradation effects caused by multiple on-off cycles. This aspect will be investigated in the next studies.
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