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ARTICLE INFO ABSTRACT
Keywords: Advancements in electrolysis technologies, coupled with improvements in associated production processes and
Levelized cost of hydrogen public incentive programs, are progressively enabling the widespread deployment of megawatt-scale electro-

Electrolyzer control logic
Grid-connected systems
Renewable energy integration
Hydrogen

lyzers. While these policies are crucial in the short term to support the adoption of emerging technologies and the
transformation of industrial processes, substantial focus must be directed toward optimizing technical solutions.
This study aims to determine the cost-optimal configuration of a grid-connected system comprising a photo-
voltaic (PV) production plant and an electrolyzer. This will be accomplished using advanced simulation models
that account for the load and thermal cycles, the geographical location of production sites, and the operational
lifespan of the installations. The simulation will identify the optimal ratio between the PV array and the elec-
trolyzer to minimize the LCOH (Levelized Cost of Hydrogen). A sensitivity analysis of the PV capacity, consid-
ering site-specific irradiation, will be conducted to achieve this objective. The study further delves into the
evaluation of the LCOH depending on the utilization of the stacks and alternative management control logic. The
findings from the study suggest that the optimal PV:ELE ratio ranges from 1.5:1 to 1.8:1 based on geographical
location and highlight an LCOH reduction of about 10 % while coupling the electrolyzer with a PV monoaxial
tracking installation over a fixed setup. Ultimately, the analysis of alternative stack usage strategies demonstrates
that dynamically balancing stack utilization ensures the lowest LCOH compared to all other tested alternatives.

and extended lifetime compared to other solutions [4], especially in the
case of high market penetration of renewable energy sources [5].
Indeed, hydrogen-based energy storage can significantly mitigate en-
ergy losses associated with power curtailment, which occurs when
generation exceeds demand [6]. Consequently, this can enhance system
efficiency and economic viability by reducing the need for excessive
capacity in both energy production and electrical storage [7]. Further-
more, hydrogen’s versatility extends beyond mere energy storage,
encompassing a range of grid support services such as contingency
response and load-following [8]. These characteristics are essential to
managing the intrinsic variability of renewable energy sources (VREs)

1. Introduction

Hydrogen and its application have emerged as a prominent focus of
energy research over recent decades, driven by growing interest and
substantial scientific inquiry. The proliferation of studies within this
area is exemplified by a comprehensive analysis which identified 1,275
documents related to the hydrogen economy [1]. Moreover, research
specifically dedicated to green hydrogen has shown exponential growth
in recent years, rising sharply from approximately 10 studies per year in

2010 to nearly 70 studies annually in 2023 [2]. like solar and wind, whose intermittent nature prevents them from

Such sustained acader.mc atte.zntlon under.scores a broad cons.ensus reliably meeting energy demand without supplementary solutions
among researchers, who increasingly recognize hydrogen as a pivotal [9,10]
,101.

element of global sustainable energy strategies and an essential factor in
achieving a successful energy transition [3]. This recognition stems
largely from hydrogen’s distinctive capability to provide large-scale,
long-term energy storage, thanks to its inherently high energy density

In this context, hydrogen is central to facilitating the integration of a
growing share of VREs, aligning with national and international decar-
bonization strategies [11]. Higher penetration of VREs can enhance
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Nomenclature

h Convective heat transfer coefficient, W/m?K
Hop Operational hours

i Component

idx Index

k Thermal conductivity, W/mK
L Tank heigh, m

N Project lifetime

P Power, kW

r Radius, m

R Resistance, K/W

Rl Remaining lifespan

Sls Total stack lifespan

Sr Salvage revenue

Z Interest rate

Acronyms

AEL Alkaline

AEM Anion exchange membrane
BoP Balance of plant

CAPEX Capital cost of expenditure
DC Direct current

ELE Electrolyzer

EOL End-of-life

ETS Emissions Trading System

EU European Union
H2 Hydrogen
IPCEI Important Projects of Common European Interest

KOH Potassium hydroxide
LCOH  Levelized cost of hydrogen
LHV Low heating value

NPC Net present cost

OPEX Operational cost of expenditure
PEM Proton exchange membrane
PtG Power-to-gas

PV Photovoltaic

PVGIS  Photovoltaic geographical Information system
REP Replacement

SEC Specific energy consumption
VRE Variable renewable energy
Subscripts

aux Auxiliaries

c Conversion

cond Conduction

conv Convection

deg Degradation

ext External

int Internal

nom Nominal

tot Total

energy affordability by reducing electricity prices, which in turn lowers
the production costs of green hydrogen [12]. However, this reduction in
electricity prices could also lead to a decline in wholesale electricity
revenues, potentially affecting the economic viability of VRE plants
[13]. To mitigate such risks, a hybrid system incorporating hydrogen
offers both technical and economic advantages. It provides flexibility for
investors and operators to optimize returns, either by selling electricity
at market rates or converting surplus electricity into hydrogen when
generation costs are low, thus enhancing the overall financial sustain-
ability of renewable energy projects [14].

Continued research and development are essential to integrate these
emerging energy systems with existing infrastructure and to identify the
most profitable transition strategies for widespread adoption. Numerous
studies have been proposed in the literature, focusing on projected cost
reductions and improvements in conversion efficiency for hydrogen
production. Comprehensive technical evaluations have been conducted
on different power-to-gas (PtG) technologies, including steam methane
reforming [15,16], wind-based electrolysis [17,18], photovoltaic (PV)
systems coupled with electrolysis [19,20] and grid electrolysis [21,22].
Research has also explored the integration of battery storage [23,24]
and the combination of renewable sources with grid connections
[25,26].

Additionally, comparative studies on water technologies, both in
relation to other hydrogen production processes [27], and across
different electrolyzer types [28], provide valuable insights into their
respective advantages and limitations. While some research emphasizes
the need for further technological advancements to strengthen hydro-
gen’s role in sustainable and renewable energy systems [29], others
highlight that its widespread adoption is less constrained by technical
barriers and more by the requirement for continuous investment to
achieve the necessary scale [30]. In line with this, many studies have
addressed the economic viability of hydrogen systems. For instance,
Roach and Meeus [31], investigated the price effects of sector coupling
with PtG, with the technology expected to become more cost-effective
and efficient, as indicated by Glenk et al. [32]. Marzi et al. [33] exam-
ined the operational strategies for PtG solutions, including both

generation and price uncertainties in their model. Additionally, Blanco
and Faaij [34] explored the role of PtG technologies within the broader
global energy system. The economic sustainability of PtG is also the
subject of studies focused on the transport sector, which has been more
recently addressed for both heavy-duty [35] and light-duty applications
[36].

In order to facilitate widespread adoption and achieve economies of
scale for electrolysis-based hydrogen production systems, the European
Union (EU) has introduced a range of support programs [37]. These
initiatives target the entire hydrogen value chain, from electrolyzer
manufacturing to retail distribution networks. Notably, four waves of
hydrogen-related Important Projects of Common European Interest
(IPCEI) have been approved, amounting to EUR 18.9 billion [38].
Furthermore, the EU Hydrogen Bank provides additional support by
issuing tenders designed to offer a fixed premium for renewable
hydrogen production, covering both domestically produced and im-
ported supplies.

Electrolyzer deployment also benefits from support under calls for
proposals in the EU “Innovation Fund,” financed through the Emissions
Trading System (ETS). Furthermore, many European countries have
chosen to allocate portions of the NextGenerationEU and REPowerEU
funds to finance electrolytic hydrogen production initiatives, resulting
in the emergence of numerous hydrogen valleys across the continent.

In the long run, these funding programs, by improving the profit-
ability of hydrogen production, increasing the cost-effectiveness of
hydrogen adoption, and supporting the development of a dedicated
distribution network, seek to foster the creation of a new market. In
doing so, they address adoption barriers, including those associated with
technology lock-in, and ultimately help align previously latent demand
with potential supply [39].

Given these developments, the present study focuses on the techno-
economic modeling of solar-driven electrolysis systems for hydrogen
production in stand-alone configurations. A critical component of this
modeling involves determining the optimal ratio between PV capacity
and electrolyzer nominal power (PV:ELE), aiming to minimize both
capital expenditure and operational costs. Yates et al. [40] identified the
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size of the electrolyzer system as a key determinant of the levelized cost
of hydrogen (LCOH). Sayedin et al. [41] further demonstrated that cli-
matic conditions play a significant role in determining the optimal
electrolyzer size and the resulting LCOH. In addition, Marocco et al. [42]
observed an inverse relationship between the utilization factors of the
electrolyzer and the PV generator, suggesting that maximizing electro-
lyzer efficiency may not always align with optimizing PV output. Hassan
et al. [43] further confirmed that multiple cost-competitive configura-
tions exist for systems operating within renewable hydrogen markets.
Lastly, Yang et al. [44] illustrated that employing more accurate and
refined PV production models can significantly improve annual profits
by minimizing inefficiencies and enhancing energy production
forecasts.

To date, most studies have primarily focused on global analyses to
identify general optimal configurations and project potential LCOH
trajectories, as detailed by Griiger et al. [45] and Jamshidi and Askar-
zadeh [46]. However, such approaches often lead to generalized and
non-specific cost estimations, resulting in less precise evaluations of
hydrogen production. The proposed work seeks to refine LCOH esti-
mation by proposing an evaluation approach that leverages on detailed
simulations of electrolyzer operation, including thermal management of
the electrolyte, start-up procedure simulation, and ultimately, stack
usage optimization. To bridge the research gaps, this study introduces a
modified in-house MATLAB algorithm designed to evaluate various
operational strategies, with a particular effort on quantifying the impact
of stack replacement at end-of-life and the benefits of alternating stack
operation to enhance overall system efficiency through uniform utili-
zation of individual stack elements. Additionally, a comparison with
alternative control strategies for electrolyzer operation is presented.

The paper is organized in the following structure: Following the
introduction, Section 2 illustrates the equations used within the model
and provides a description of the type of system analyzed. Section 3
delves into the key findings of the model assessing the optimal PV:ELE
ratio in different locations as well as the impact of different stack
management strategies on the LCOH. The paper concludes by summa-
rising the most relevant results and reflecting on the implications for
future research.

2. Modeling framework
2.1. Model equations

To achieve the declared objectives an economic simulation has been
developed in MATLAB based on the definition of LCOH as the ratio
between the net present value of the total cost occurred during the
project lifetime (N) actualized at a constant interest rate (2), also known
as net present cost (NPC), and the actualization at the same constant
interest rate of the hydrogen produced (H2prq4,) during the same
timeframe.

i} NPC _ P
Y1 [H2proan o (1+2) "]

The NPC is defined as the sum of capital expenditure (Cqex) and the
actualized value of the yearly operational expenditure (Cy.x) for each
element of the system (i). The latter includes a fixed operational cost
component estimate as a percentage of the Cgpy, a variable component
linked to the stack replacement simulation and, during the last year of
operation, a salvage revenue derived from the residual lifetime of the
electrolyser stack.

N
Coexin
NPC =) |Copexi + > 200
e S

Optimizing production through the selection of the most suitable PV
configuration and accurately assessing near end-of-life (EOL) power
consumption are critical factors in enhancing operational performance

LCOH =

(2)
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and, consequently, reducing the LCOH. Additionally, the LCOH can
benefit from a proper assessment of salvage revenue at the end of the
project’s lifetime. However, establishing the residual value of the elec-
trolyser stack at the end of its lifecycle poses considerable challenges due
to uncertainties in stack degradation rates and operational conditions.
The proposed model addresses these challenges by providing precise
predictions of the electrolyser’s remaining lifespan Rl », defined as the
difference between the operational hours at the end of last year, Hop; 5,
and the total stack lifespan over the total stack lifespan, Sls;. This
calculation is made possible by detailed simulations of cumulative
operating hours at stack level.

Rli,ZO = HOpi,ZO — SlSl (3)

In the proposed model the salvage revenue, Sr, from the electrolyzer
stack is evaluated as the ratio of the remaining operational hours, R; 5,
and the total stack lifespan over the total stack lifespan, Sls;, multiplied
by the original stack cost, Capex stack-

Rl;i20
Sr= Z |: SlSl 4 Capexstack:| (4)

Potential electricity sales revenues were intentionally excluded as a
positive component in Eq. (2). This approach ensures that the LCOH is
not artificially underestimated due to the revenue potentially generated
by photovoltaic installations. All the economic parameters used in the
model for the determination of the LCOH for each system component,
along with the corresponding literature references, are presented in
Table 1.

2.2. System configuration

As clearly evident in Eq. (1), computing the LCOH calculations
fundamentally depends upon establishing hydrogen production
throughout the plant’s operational period. More specifically, the corre-
spondence of the LCOH quantification with respect to the actual costs
that can be incurred in implementing green hydrogen production sys-
tems is intrinsically associated with the accuracy with which the
hydrogen quantity from the integrated PV-electrolyzer system is
modeled. To address the growing market need for realistically reflecting

Table 1
Economic assumptions utilized as an input in the presented model for the
calculation of the LCOH.

Component/ Data/Value Ref

Parameter

Solar photovoltaic

CAPEXfixed 650 €/kW 2024 market analysis*

CAPEX racker 700 €/kW 2024 market analysis*

OPEX 2 % (% of CAPEX) [46]

Decay 1 % first year; 0.3 % each Based on manufacturer
year data

Lifetime 20 years [45]

DC/DC converter

CAPEX 70 €/kW [47]

Lifetime 20 years [45]

Electrolyzer

CAPEX 1,144 €/kW 2024 market analysis*

OPEX 2 % (% of CAPEX) [48]

REPLEX 45 % (% of CAPEX) [49]

Decay 0.4 % over 1000 h of Based on manufacturer
operation data

Lifetime 20 years [45]

Economic assumptions

Fixed discount rate 6 % [14]

" The market analysis was conducted through individual interviews.
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the actual operational conditions of these innovative yet increasingly
spreading systems, the authors previously developed an advanced 1 MW
electrolyzer model. This is designed to simulate the operation of a
commercially available AEM (anion exchange membrane) electrolyzer
and was developed using publicly available data provided by the
manufacturer, while thoroughly analyzing and modelling its operational
behaviour. The integration of solar energy production and hydrogen
generation is conducted on an hourly basis over the entire lifetime of the
plant, which has been assumed to be 20 years based on the studies and
simulations conducted on AEM electrolyzers by Kim et al. [49].

Given the intrinsic intermittency of solar irradiation, it requires a
production model capable of coping with fluctuations in operational
states, such as transitions from inactive to active phases, and adjust-
ments in operating parameters such as temperature and pressure. This
study makes use of these parameters to determine the electrolyzer’s
operating conditions and, consequently, to assess hydrogen production
through the application of efficiency curves associated with the various
system components.

Within this model, the hydrogen output is derived starting from the
incident solar irradiance on photovoltaic panels, converting the corre-
sponding energy into electricity while accounting for annual panel
degradation (Eq. (5)) and incorporating efficiency losses due to the
power conversion systems (Eq. (6)):

Ppy deg = Ppy @ (1 — 0.01 — (0.003 e years)) 5)

Ppy 2 = Ppy geg (idx) @ 17, (6)

The panel degradation is implemented according to the current most
advanced, yet commercial, technology (i.e. silicon heterojunction solar
cells) indications, which consider a 1 % reduction in nominal power
output during the first year of operation followed by a linear a linear
degradation rate of 0.3 % annually. After comprising for the load-
dependent conversion efficiency, 7., the power available for hydrogen
production is represented by Ppy .. The model considers crystalline
silicon solar panels since it is the predominant technology of global PV
production [50] and two different mounting configurations:

e Conventional, fixed installation with optimized inclination and
footprint based on installation location.

e Horizontal monoaxial sun tracker systems, with dynamically vari-
able azimuthal angle and optimized surface footprint on installation
location.

Furthermore, the electrolyzer’s operation has been modelled to
enable an accurate simulation of the start-up procedure, including both
the energy and the time required to bring the system to the optimal
temperature and pressure operational conditions.

AEM electrolyzer technology has been employed for hydrogen gen-
eration in this model due to its favourable compatibility with VRE
sources and its capacity to operate under flexible conditions. Compared
to other widely adopted technologies like PEM (proton exchange
membrane) electrolyzers, AEM allows to overcome the problem of de-
pendency on rare materials, while maintaining a compact footprint and
mitigating corrosion issues commonly present in AEL (alkaline electro-
lyzers) units [51].

The modeled AEM accounts for 42 stacks, each with a nominal power
of 22.91 kW divided into two equal sets. Each set, which can operate
independently, absorbs about 500 kW at the beginning of life including
the auxiliaries and features an electrolyte tank containing 1,000 L of an
aqueous solution with a 1 % w/v potassium hydroxide (KOH)
concentration.

The MATLAB simulation is able to evaluate the operational hours of
each stack, determining the expected degradation level and associated
electrical consumption. Based on this assessment, the least degraded
stacks are sequentially selected to maximize the efficiency of hydrogen
generation. Combined with information about string operational hours,
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replacement intervals, and the available lifespan at the project’s end-of-
life, it represents key elements in the precise evaluation of LCOH.
Table 2 presents the technical specifications of each component used as
an input parameter in the model.

2.3. Simulation algorithm

Fig. 1 shows the functional logic scheme describing the algorithm
developed in this paper aiming to define the LCOH, expressed in €/kg,
for different combinations of PV:ELE power ratio (q) identifying the
cost-optimal configuration over a 20-year investment period (i). The
algorithm simulates, hour-by-hour, the interchange between PV pro-
duction, and electrolyzer operation, including thermal management and
stack-level effects, and economic parameters. If the following condition
is verified:

e Ppy > 0 (daytime)
The algorithm accomplishes the subsequent three main actions:

e Step 1: identification of the PV power output at each stack level
taking into consideration the solar hourly meteorological data,
including the effects of PV system degradation. Within each hour, the
algorithm evaluates whether the available PV power is sufficient to
supply the auxiliary loads necessary for the electrolyzer transition to
operational state — defined as the condition where the electrolyte
temperature reaches the threshold of 35 °C — and, subsequently,
whether the remaining power can be allocated to hydrogen pro-
duction. The model explicitly represents intermediate conditions
such as the hot standby condition, in which the electrolyzer is
maintained at an intermediate temperature below its maximum
operating temperature, and the cold standby condition, during which
prolonged inactivity necessitates a full pre-heating sequence before
starting the production. The simulation considers the two electro-
lyzer sets, whose activation is dynamically managed based on real-
time PV power availability and electrolyte thermal conditions. The
operational logic of the system is highly responsive to the variability
of solar energy input, enabling a non-sequential and adaptive control
strategy that ensures optimal use of available energy.

e Step 2: evaluation of the cumulative operational hours of each indi-
vidual stack and therefore of the relative consumption and degra-
dation. To achieve a uniform distribution of the stacks’ utilization
and maximize their efficiency, a non-sequential activation logic is
simulated. At the end of each operational cycle, the stacks are ranked

Table 2
Main technical features of the system components.
Component/Parameter Data/Value
Solar photovoltaic-Risen Energy™
vy 22.5%
PI’V,module 700 W
Decay 1 % first year; 0.3 % each year
DC/DC converter-Epic Power
Ne1 85 % (input power 0 %-20 %)
Nea 90 % (input power 20 %-40 %)
Ne3 98 % (input power 40 %-100 %)
Electrolyzer-AEM multicore*
Peet,nom 1008 kW
Pgingle,stack 22.91 kW
Nstack 42
Paux 45.78 kW
SEC; 4.5 kWh/Nm® (stack efficiency load 3 %-30 %)
SEC, 4.6 kWh/Nm? (stack efficiency load 3 %-30 %)
SEC3 4.4 kWh/Nm? (stack efficiency load 3 %-30 %)

* Note: based on 2024 data.
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Fig. 1. Flow chart of the developed model, illustrating the operational logic
that leads to the evaluation of the hydrogen production costs.

and reordered, ensuring power is preferentially allocated to the least
degraded. In this step it is also derived the hydrogen produced ac-
cording to the relation myy = (PELE — Psmck‘loss) ® Netack/LHV 2.

Step 3: calculation of the actualized CAPEX, OPEX and salvage rev-
enues as indicated in Egs. (2) and (3). Finally, the algorithm com-
putes the LCOH for each tested PV:ELE ratio. Hence, it obtains a
matrix of LCOH values and identifies the optimal system configura-
tion that minimizes the hydrogen production cost.

In the case the following condition is met:

Energy Conversion and Management: X 27 (2025) 101136
e Ppy = 0 (nighttime)

The proposed algorithm simulates the thermal losses that occur
overnight due to the temperature differential between the electrolyte
solution and the ambient environment. This temperature gradient drives
conductive heat transfer through the tank walls and convective heat
exchange with the surrounding air. By quantifying these mechanisms,
the model determines the electrolyte’s temperature at the start of each
subsequent day. For a cylindrical vessel, the overall thermal resistance
(in K/W) governing these heat transfer processes is given by:

I (Text /Tine) 1

Rioe = Reona + Reom = 2reLek 27 er,,eLehy

)

where r.,; and ri, the external and internal tank radius, respectively; L is
the tank height; k is the thermal conductivity of the insulating layer
(0.035 W/mK); hg; is the heat transfer for still air (25 W/m? K).

2.4. Management strategies for stacks replacement

The developed model, focusing on the operational performance of
individual stacks as a key element of the simulation, raises significant
questions about optimal strategies for the management of their avail-
ability. Specifically, the above-defined strategy, which involves replac-
ing stacks upon reaching the end of their useful life and alternating their
operation to maximize overall system efficiency at any given time, im-
plies a homogeneous utilization of individual elements. However,
alternative usage strategies can be envisioned, and their impacts are
analysed in this study.

In particular, the algorithm described above has been modified in
step 2 in the following three ways:

1) Alternative 1 — No optimization in stack usage: the stacks were
operated sequentially based on their numerical order, utilizing the
power available from the PV system, and were replaced at the end of
their useful life.

2) Alternative 2 — Stack replacement at year 10 (half of the plant life-
time): Stacks were operated ranked by their degradation levels,
prioritizing the least degraded ones. However, the stacks were
replaced after reaching half of the assumed plant lifetime.

3) Alternative 3 — Stack segregation to reduce replacements: Stacks
were operated based on their degradation levels, with a variable
number of stacks segregated and operated as a distinct set whenever
the power saturation of the main set was reached. Replacements
occurred at the end of the stacks’ useful life.

These four defined strategies were integrated into step 3 to evaluate
their impact on the LCOH.

2.5. Simulation conditions

Ashighlighted by Yates et al. [40], the ratio between PV capacity and
electrolyser rating exerts a decisive influence on the resulting LCOH
under varying irradiance conditions. Their Monte Carlo-based simula-
tion indicates that cost-effective solutions tend to cluster around a 1.5:1
PV:ELE ratio. Consequently, the developed simulation model has been
iteratively run with a variable ratio between PV and electrolyser nom-
inal power ranging from 1:1 to 2:1 with steps of 0.1, with six different
sets of PV irradiance derived from Photovoltaic Geographical Informa-
tion System software (PVGIS).

The sites were selected based on their potential interest in hydrogen
production, namely the Hamburg district in northern Germany, the
Civitavecchia district in central Italy, and Zuara in northern Libya. The
first two locations are characterized by significant port infrastructure
with extensive interconnections to both the national electricity grids and
gas networks [52,53]. Additionally, both districts could benefit from
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hydrogen availability as part of efforts to decarbonize human activities
related to maritime transportation [54]. The third location, Zuara, was
chosen due to its proximity to the Greenstream pipeline, which links
Libya to Italy [55].

For each location a set of two different twenty-year long total irra-
diation datasets have been extracted from PVGIS, the first has been
acquired by selecting a fixed mounting configuration optimized in its tilt
and the second has been acquired by choosing a monoaxial tracking
mounting configuration. These data allowed us to simulate the entire life
horizon of the system with an hourly definition.

3. Results and discussion

The simulation algorithm described in Section 2.3, with its three
fundamental steps, was applied under the simulation conditions out-
lined in Section 2.5. The following sections present the results of the
analyses conducted (Section 3.1) and discuss the variables that condi-
tionate the PV:ELE optimal ratio (Section 3.2). Additionally, an evalu-
ation of the stacks’ utilization as well as the impacts of the alternative
stack usage strategies defined in Section 2.4 will be provided (Section
3.3).

3.1. LCOH result simulation analysis

Table 3 presents the simulation results for the LCOH, including the
essential parameters and variables utilized in its calculation as detailed
in the equations presented in Section 2.1. The table also identifies the
optimal PV:ELE ratios corresponding to the lowest LCOH values across
the six simulated scenarios described in Section 2.5. In assessing the
optimal sizing for PV systems, the simulation results underscore that
both oversizing and undersizing negatively impact the LCOH, though
the impact varies. Specifically, an oversizing of 0.3 MW for installations
in Civitavecchia increases the LCOH by 1.4 % for fixed systems and 1.6
% for trackers, whereas the same oversizing in Zuara leads to greater
increases of 2.1 % and 2.9 %, respectively. Conversely, undersizing by
0.3 MW in Civitavecchia results in even higher LCOH increments,
reaching 2.1 % for fixed systems and 3.9 % for tracker systems. In
contrast, Zuara, experiences relatively lower impacts from undersizing,
with LCOH increments of 1.4 % for fixed and only 0.5 % for trackers.
Finally, in the Hamburg region, undersizing by 0.2 MW increases the
LCOH by 1.2 % for fixed configurations and marginally by 0.2 % for
trackers, while equivalent oversizing results in modest LCOH increases
of 0.3 % and 1 %.

Fig. 2 provides a detailed color-map visualization of the simulated
LCOH values corresponding to various PV:ELE ratios, clearly illustrating
the relationship between system configuration, location, and hydrogen
production economics. The optimal lowest LCOH value of 4.47 €/kg is
achieved in Zuara using the tracking configuration, representing the
most cost- effective scenario analyzed. Conversely, the highest LCOH,
reaching 7.50 €/kg, occurs in Hamburg with a fixed PV configuration. It
is noteworthy that the optimal LCOH values for fixed PV installations in
Zuara and Civitavecchia are closely comparable. The analysis of cost
distribution across the various locations highlights the electrolyser
CAPEX as the predominant factor influencing the LCOH (see Fig. 3).
Additionally, it is noted that when the stack replacement occurs near the
conclusion of its projected lifespan, it has accumulated relatively few
operational hours, thus retaining substantial residual market value.

Fig. 4 provides a detailed representation of the monthly average
hydrogen production values obtained from the 20-year simulation
period, comparing the three selected locations and the two photovoltaic
mounting configurations, each evaluated at their optimal PV:ELE ratio
as identified in Table 3. Despite utilizing a photovoltaic system with a
nominal capacity twice that of the electrolyzer, the expected production
from an installation in the Hamburg district in northern Germany (Lat.
53°34' N) is over 35 % lower than that of an identical configuration
installed in Zuara, northern Libya (Lat. 32°56" N) while examining the
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tracking system. Consequently, a 1 MW monoaxial tracking system in
Zuara produces an amount of hydrogen equivalent to a 2 MW system
installed in Hamburg. Similarly, when comparing installations, the
production in the Civitavecchia district in central Italy (Lat. 42°06' N) is
16 % lower than in Zuara. Table 4 summarizes these insights, illustrating
the annual average hydrogen production data. It highlights the perfor-
mance advantages offered by the tracking solution. By continuously
optimizing the incidence angle of solar irradiation throughout the day,
the tracking system achieves a higher overall yield compared to fixed
installations. This advantage is especially evident in Zuara, where the
tracking configuration results in a 17 % increase in hydrogen output
compared to fixed mounting. This advantage is particularly pronounced
in Zuara, where the tracker configuration increases hydrogen output by
approximately 17 % compared to fixed installations.

Fig. 5 and Table 5 further underscore this performance differential
by presenting the energy output of a 1 MWp PV installation across
different locations throughout the analyzed period. Although the main
differentiating factor among the selected locations undoubtedly lies in
the average solar irradiation —directly affecting overall energy yield—it
is important to note that ambient temperature, if not properly accounted
for, can also impact the site’s productivity.

As previously stated, hydrogen production commences only once the
electrolyte temperature reaches 35 °C, the minimum operating
threshold. The AEM electrolyzer considered in this work runs at 55 °C,
which is not far from the maximum allowable temperature beyond
which the system must be halted. Consequently, installations located in
extreme climates require specific adaptations to the BoP that, rather
than altering the production potential, can result in comparatively
higher installation costs.

3.2. PV to electrolyser optimal ratio

The results, discussed in Section 3.1 highlight that the optimal ratio
between PV:ELE nominal power able to minimize the LCOH is depen-
dent on the geographical location of the installation and the related solar
irradiance as well as on the system configuration selected.

e Geographical Variations:

e Hamburg - Northern Germany: This northern location charac-
terized by relatively low solar irradiance and a reduced number of
equivalent hours, requires a higher-capacity PV installation to
meet the energy demand of a 1 MW electrolyzer. Consequently, the
optimal PV:ELE capacity ratio is determined to be 1.8:1. The
combined effect of reduced hydrogen production and elevated
CAPEX results in a higher LCOH compared to the optimal config-
urations observed at other locations. Beyond this optimal
threshold, the marginal increase in hydrogen production fails to
offset the additional CAPEX, making further investment less cost-
effective.

Civitavecchia — Central Italy: Central Italy benefits from a higher
solar irradiance and a more balanced seasonal profile than
Hamburg. The milder seasonal variations translate to better year-
round utilization of the PV-ELE system, allowing a lower sizing
ratio, that is between 1.5:1 and 1.6:1, depending on the specific
installation type. These findings are consistent with literature
recommendations for regions with moderate solar resources,
confirming their suitability for such configurations.

Zuara - Northern Libya: Although Libya’s high solar irradiance
might suggest a lower optimal ratio, the analysis indicates that an
optimal ratio of 1.6:1, similar to that in Italy, is most effective.
Nevertheless, the significantly high capacity factor for both PV and
electrolyzer, substantially lowers the LCOH, primarily due to the
increased hydrogen production enabled by the abundant solar
resources. This enhanced output offsets capital and operational
costs, making installations in this region more economically
favourable.



D. Vizza et al.

Table 3
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Simulation results in the 3 selected sites considering different PV mounting solutions and PV:ELE ratios, in which it is also evidenced the optimal ratio for each
configuration that achieves the lowest LCOH.

RESULTS CENTER-ITA

Ratio PV:ELE 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
LCOH (€/kg) — fixed axes 6.56€ 6.20€ 5.95€ 5.80€ 5.73€ 5.71€ 5.69€ 5.71€ 5.73€ 5.76€ 5.83€
Total H2 production (kg) 20 years 601,688 665,271 729,007 782,147 826,162 862,804 895,467 924,279 949,421 971,374 991,622
H2 prod actualized (kg) 348,493 384,952 420,151 449,674 474,335 495,049 513,588 529,975 544,268 556,832 568,416
Stack replacement time (year) 0 19 18 17 16 15 15 14 14 14 13
CAPEX (€) 1’832'15 1,945,152€ 2,017,152€ 2,089,152€ 2,161,152€ 2,233,152€ 2,305,152€ 2,377,152€ 2,449,152€ 2,521,152€ 2,593,152€
OPEX + REP actualized (6) HI0 - s;omie eimoose 642329 668277€  6oassTe | 709798 | TITALIE 7520026 766932€  794.989€
Salvage actualized (€) -€ 148,839.17€  134,172.46€  122,007.05€  112,016.48€  103,588.72€ 96,114.78€ 89,544.13€ 83,828.65€ 78,795.69€ 74,106.74€
LCOH (€/kg) - tracker 1-x 5.69€ 5.43€ 5.21€ 5.09¢ 5.04€ 5.02€ 5.04€ 5.06€ 5.10€ 5.17€ 5.27€
Total H2 production (kg) 20 years 726,378 805,997 882,071 945,665 995,220 1,036,697 1,070,611 1,101,090 1,127,771 1,150,948 1,171,719
H2 prod actualized (kg) 419,268 464,034 507,058 542,964 571,155 594,752 614,182 631,554 646,788 660,060 671,931
Stack replacement time (year) 18 16 15 14 13 13 12 12 12 11 11
CAPEX (€) 1’922’15 2,000,152€ 2,077,152€ 2,154,152¢€ 2,231,152€ 2,308,152€ 2,385,152€ 2,462,152€ 2,539,152€ 2,616,152€ 2,693,152€
OPEX + REP actualized (€) 598é653 636,161€ 663,919€ 692,378€ 721,582€ 737,639€ 767,632€ 783,690€ 799,747€ 830,576€ 846,634€
Salvage actualized (€) 134é460 115,837€ 98,232€ 83,850€ 72,670€ 63,237€ 55,549€ 48,588€ 42,542€ 37,241€ €
RESULTS NORTH-GER
LCOH (€/kg) — fixed axes 9.17€ 8.66€ 8.38€ 8.07€ 7.85€ 7.70€ 7.59€ 7.55€ 7.50€ 7.51€ 7.53€
Total H2 production (kg) 20 years 423,207 467,356 509,396 547,402 581,776 613,071 641,515 669,756 696,094 720,138 742,385
H2 prod actualized (kg) 243,865 269,510 293,769 315,623 335,410 353,390 369,735 385,488 400,158 413,650 426,185
Stack replacement time (year) 19 19 18 17
CAPEX (€) 1’8;2’15 1,945,152€ 2,017,152€ 2,089,152€ 2,161,152€ 2,233,152€ 2,305,152€ 2,377,152€ 2,449,152€ 2,521,152€ 2,593,152€
OPEX + REP actualized (€) 413é640 428,551€ 443,462€ 458,373€ 473,284€ 488,195€ 503,106€ 681,736€ 696,647€ 721,381€ 746,705€
Salvage actualized (€) ShItY a080s.43€ € € € € € 148,556.74€ | 142,481.18€ | 136,894.51€  131,781.07€
LCOH (€/kg) - tracker 1-x 8.26€ 7.78€ 7.39€ 7.10€ 6.93€ 6.84€ 6.80€ 6.80€ 6.79€ 6.83€ 6.86€
Total H2 production (kg) 20 years 493,102 543,790 593,906 641,192 687,064 725,833 758,976 788,846 815,504 839,352 860,732
H2 prod actualized (kg) 284,416 313,949 343,122 370,317 395,384 416,887 435,522 452,314 467,364 480,926 493,164
Stack replacement time (year) 19 18 17 16 16 15 15
CAPEX (€) 1’922’1 3 2,000,152€ 2,077,152€ 2,154,152€ 2,231,152€ 2,308,152€ 2,385,152€ 2,462,152€ 2,539,152€ 2,616,152€ 2,693,152€
OPEX + REP actualized (€) 425é1 10 441,168€ 457,226€ 473,284€ 653,062€ 678,943€ 705,413€ 732,508€ 748,566€ 776,324€ 792,382€
Salvage actualized (€) -€ -€ -€ -€ 144,230€ 135,373€ 127,791€ 120,942€ 114,842€ 109,373€ 104,473€
RESULTS NORTH-LIB
LCOH (€/kg) — fixed axes 5.77€ 5.49€ 5.28€ 5.16€ 5.10€ 5.09€ 5.08€ 5.12€ 5.15€ 5.19€ 5.24€
Total H2 production (kg) 20 years 690,631 766,977 836,997 896,216 944,829 984,718 1,018,486 1,048,017 1,073,747 1,096,298 1,116,340
H2 prod actualized (kg) 400,104 442,862 482,242 515,546 542,978 565,577 584,797 601,614 616,280 629,153 640,631
Stack replacement time (year) 19 17 16 15 14 13 13 12 12 12 12
CAPEX (€) 1’822’15 1,945,152€ 2,017,152€ 2,089,152€ 2,161,152€ 2,233,152€ 2,305,152€ 2,377,152€ 2,449,152€ 2,521,152€ 2,593,152€
OPEX + REP actualized (€) 577é360 612,507€ 638,455€ 665,066€ 692,378€ 720,435€ 735,345€ 764,191€ 779,102€ 794,013€ 808,923€
Salvage actualized (€) 142é841 125,018€ 108,892€ 95,444€ 84,381€ 75,330€ 67,631€ 60,912€ 55,083€ 49,945€ 45,337€
LCOH (€/kg) - tracker 1-x 4.99€ 4.75€ 4.59€ 4.49€ 4.46€ 4.48¢€ 4.47€ 4.51€ 4.55€ 4.60€ 4.67€
Total H2 production (kg) 20 years 850,903 940,268 1,022,768 1,092,350 1,149,179 1,195,431 1,233,053 1,263,772 1,289,315 1,310,729 1,329,167
H2 prod actualized (kg) 490,772 541,785 588,791 628,324 660,681 686,966 708,367 725,812 740,278 752,390 762,635
Stack replacement time (year) 15 14 13 12 11 11 11 10 10 10 10,20
CAPEX (€) 1’9§2'1 3 2,000,152€ 2,077,152€ 2,154,152€ 2,231,152€ 2,308,152€ 2,385,152€ 2,462,152€ 2,539,152€ 2,616,152€ 2,693,152€
OPEX + REP actualized (€) 03 1é803 660,262€ 689,466€ 719,458€ 750,286€ 766,344€ 782,402€ 814,117€ 830,175€ 846,232€ 1,016,743€
Salvage actualized (€) 105é317 84,453€ 65,485€ 49,660€ 36,826€ € € € € € 150,849€
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LCOH comparison production, as illustrated in Fig. 5, tracking systems significantly

10 9 alter the production profile, as detailed in Fig. 6. Unlike fixed
mounting systems, tracking systems extend the hours of substan-
it 85 tial power output by capturing more energy during the early

morning and late afternoon periods.
Table 6 presents the average number of equivalent hours for
both the photovoltaic system and the electrolyzer. Analyzing the

"% 4 , g percentage changes shows that, in regions located farther north,

EJ 15 ey the increase in the electrolyzer’s equivalent hours exceeds the
S e 65 8 corresponding gain in photovoltaic equivalent hours.

o a However, this comes at the cost of a slight reduction in midday

1.7 ¢ peak production, as the system prioritizes a more balanced energy

18 s capture throughout the day rather than maximizing peak output.

o This reconfiguration of the production curve better aligns with the

5 operational characteristics of the electrolyzer, enhancing its utili-

20 s zation ratio and ultimately driving the observed reductions in

e e : o v & &0 & LCOH,‘ despite the minor trade-off in peak performance.. .

»\"‘N\ \\a?\l'\ o° o . NN e Curtailment power and replacement costs: An excessively high

PV:ELE ratio can lead to substantial overproduction of electricity

Fig. 2. Map chart of the LCOH in the 3 selected sites considering different PV during mid-day hours, resulting in increased curtailment of power.

setup and PV:ELE ratio, evidencing the minimum LCOH for each configuration. Moreover, the enhanced energy availability during winter months

may lead to higher overall electrolyzer utilization. While this
might seem like a positive outcome, it is important to consider
that, under certain circumstances, this can result in the need for an
additional stack replacement toward the end of the system’s life-

tiveness. In Libya, tracking systems lead to a significant LCOH time. This, in turn, may introduce costs that are not fully offset by
reduction of 12 %, while in Italy and Germany, the reduction is the extra hydrogen production. This issue is particularly signifi-
11.3 % and 10.2 %, respectively. cant in regions with high solar irradiation levels.

This analysis underscores that the additional CAPEX of 50 €/kW
for tracking systems is well justified across all scenarios, particu-
larly in regions with higher solar resource availability, where the
relative advantages are more significant. The installation of mon-
oaxial trackers leads to a reduction in the LCOH for the optimal
configuration of 12 % in Zuara, 11.8 % in Civitavecchia, and 9.5 %
in Hamburg. This reduction is primarily driven by location-specific approaches:
irradiance patterns, which enhance the performance and efficiency
of tracking systems. In addition to increasing total energy

e System-Level Trade-offs:
e PV configuration impact: Tracking systems prove beneficial
across all analyzed regions, albeit with varying degrees of effec-

3.3. Utilization of the stacks and alternative management control logic

Section 2.4 introduced the conceptual framework for evaluating
various management strategies for stack replacement. In this section, we
present an analysis of the operational outcomes associated with these

1.200.000,00 €
1.000.000,00 €
800.000,00€
600.000,00€
400.000,00€
200.000,00€
-€
Ita PV- flxed Ita PV- tracker Ger PV- flxed Ger PV- tracke Lib PV- flxed Lib PV-tracker
-200.000,00€

m CAPEX_PV(€) u CAPEX_EL (€) m CAPEX_CONV(€) mOPEX+REPactualized (€) m salvage actualized (€)

Fig. 3. Breakdown of the LCOH for each configuration analysed for their optimal PV:ELE ratio.
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Fig. 4. Average monthly hydrogen production over the 20-year lifespan for the three sites and two PV mounting configurations for their optimal PV:ELE ratio.
Table 4

Average yearly hydrogen production over the 20-year lifespan of each site/
configuration for their optimal PV:ELE ratio.

Average yearly H, production (ton) Table 5
Tracker Fixed A% Average yearly energy production over the 20-year lifespan of each site/
configuration for their optimal PV:ELE ratio.

Civitavecchia — Central Italy 51.83 44.77 15.7 % X

Hamburg — Northern Germany 40.77 34.80 17.1 % Average yearly energy production (MWh)

Zuara — Northern Libya 61.65 50.92 21.0 % Tracker Fixed A%
Civitavecchia — Central Italy 2125 1784 19.1 %
Hamburg — Northern Germany 1465 1264 15.9 %
Zuara — Northern Libya 2461 2029 21.3 %
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Fig. 5. Average monthly energy production over the 20-year lifespan for the three sites and two PV mounting configurations for their optimal PV:ELE ratio.
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Fig. 6. Hourly power production and relative distribution between auxiliary, electrolyzer, curtailment and conversion loss on the pick production of year 2020 for
Civitavecchia location fixed and tracker 1.6 MWp PV plant.

Table 6

Stack efficiency optimal ratio PV-fixed

Comparison between the PV and electrolyzer equivalent hours for each optimal 40 0.65
ratio configuration.
0.64
Average PV equivalent hours Average ELE equivalent 35
hours
L 30 0.63 3
Tracker  Fixed A% Tracker  Fixed A% 8 c
(3]
Civitavecchia - 2124 1783  19.13% 2748 2287 20,16 E® 082 -3
Central Italy % = E‘q:)
Hamburg — 1464 1264 15.82% 2162 1845 17,15 x® 081 o
Northern % o] O
15 06 8
Germany 2} ! ("b‘
Zuara — Northern 2461 2029 21.29% 3269 2700 21,07
Libya % 10 0.59
5 058
1) The base strategy, which emphasizes efficiency maximization
through degradation-based prioritization of stack usage, achieves a NI R NN NN NN DN

consistent degradation profile across all stacks. As a result, replace-
ment events are synchronized at the end of their useful life. This
robust operational approach is illustrated in Fig. 7a.

Stack efficiency optimal ratio PV-fixed

46 0.65
35 0.64
30 o83 >
o} [3)
< 5]
£ 25 062 -5
2 E
~ 20 061 ©
X
S S
&5 06 8
10 0.59
5 058

\ '\(" \6" '\

Project lifetime

QNYD XD oA SN

Fig. 7a. Example of stack efficiency map, base strategy, Civitavecchia —
Tracking, ratio 1.5.

10

Project lifetime

Fig. 7b. Example of stack efficiency map, non-optimized, Civitavecchia —
Tracking, ratio 1.5.

2) In contrast, the non-optimized strategy (Alternative 1), leads to a
heterogeneous degradation pattern due to its sequential utilization of
stacks. This results in staggered replacements and potentially com-
plicates long-term maintenance schedules, as illustrated in Fig. 7b.

3) The mid-lifetime replacement strategy (Alternative 2) introduces

an early renewal cycle, replacing all stacks at year 10. When com-

bined with a degradation-based prioritization usage strategy, it can
lead to earlier replacements, ranging from 9 years.

(Northern Germany - fixed systems) to 1 year (Northern Libya —

tracker systems) earlier than the baseline strategy. This approach
significantly enhances the efficiency of the hydrogen system during
its second decade of operation, as illustrated in Fig. 7c.
Finally, stack segregation (Alternative 3) strategy operated based
on stack degradation levels, with a variable number of stacks
segregated and operated as a distinct set whenever the power satu-
ration of the main set was reached. This approach aims to reduce the
frequency of stack replacements by shifting the operational burden
to fewer stacks, albeit at the expense of a slight reduction in overall
system efficiency. An example of with is illustrated in Fig. 7d.

4

—
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Fig. 7c. Example of stack efficiency map, mid-lifetime replacement strategy,

Civitavecchia — Tracking, ratio 1.5.
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Fig. 7d. Example of stack efficiency map, stack segregation strategy, Civ-
itavecchia — Tracking, ratio 1.5, 10 stack segregated.

Evaluating the LCOH associated with the four strategies analyzed, as
well as the relative quantity of hydrogen produced, reveals minimal
variations, generally within the range of 1-2 %. Regarding the mass of
hydrogen produced under different strategies, when the ratio of
photovoltaic nominal power to electrolyzer capacity is optimized as
indicated in Table 3, the advantage of early stack replacement proposed
in Alternative 2 diminishes by approximately 1 %, depending on the
location and type of plant.

In the baseline scenario, the proposed algorithm for proper system
sizing accounts for both the efficiency loss of the system and the
behavior of irradiance curves, incorporating these factors into the
determination of the optimal LCOH. As a result, while the increase in
electrolyzer efficiency achieved through early stack replacement comes
at the cost of earlier replacement expenses and reduced salvage revenue,
it does not appear to provide significant benefits. Regarding Alternative
Strategy 1, despite its already modest productivity advantages, the high
frequency of stack replacement interventions required by this approach
renders it impractical. At the same time, Alternative Strategy 3, while
potentially reducing the number of stack replacements at the cost of a
modest efficiency decrease, does not appear to offer significant advan-
tages in reducing the LCOH. Moreover, it introduces an increased
operational risk due to the prolonged 20-year use of a substantial
portion of the stacks.
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In conclusion, the optimal strategy for managing electrolyzer stacks
coupled with photovoltaic production is the one proposed and modeled
in Section 2.3. As a second best, the early stack replacement strategy,
though slightly more expensive, can offer the potential advantage of
balancing costs with operational efficiency by shortening the opera-
tional lifespan of the stacks and doing so potentially reducing the risk of
near EOL failure.

When evaluating the operational risks associated with potential
component failures, it is important to note that the modelled electro-
lyzer consists of 42 stacks, each further subdivided into 10 sub-units. As
a result, maintenance interventions requiring the replacement of one or
more sub-units are comparatively straightforward. Moreover, if one sub-
unit within a stack malfunctions, only the affected stack is isolated for
maintenance, allowing the rest of the facility to remain in operation.
Although this approach decreases the total available power, it does not
necessitate a complete shutdown. Consequently, the optimal strategy for
stack management can evolve over time, taking into account any
extraordinary maintenance activities or sub-unit replacements that may
arise.

4. Conclusions

This work presents a techno-economic model that couples site-
specific PV production with a stack-level electrolyser model incorpo-
rating thermal transients, start-up energy, degradation-driven efficiency
decay and salvage value estimation. The aim is to identify the cost-
optimal configurations by simulating, on an hourly basis over a 20-
year period, the interchange between different PV production and
electrolyzer operation to define the site-specific optimal PV:ELE ratio.
By explicitly tracking the cumulative operating hours of each of the 42
AEM stacks and dynamically prioritising the least-degraded units, the
model narrows the uncertainty of the LCOH estimations. Alternative
operational strategies for stack utilization control are explored, and their
techno-economic impacts are assessed in this study, additionally the
cost-optimal configuration is investigated for two different mounting
configurations, i.e., fixed and horizontal monoaxial sun tracker
installation.

Applying the model to three climatically diverse sites shows that a
horizontal mono-axial tracking array consistently outperforms a fixed-
tilt installation, lowering the LCOH by about 10 % in Hamburg and
12 % in Zuara through a 15-21 % gain in annual hydrogen output. The
cost-optimal PV:ELE nominal-power ratio is 1.6:1 in Zuara (northern
Libya) and Civitavecchia (central Italy) and 1.8:1 in Hamburg (northern
Germany). Departures of £0.3 MW from these optima increase the
LCOH by up to 4 %, with oversizing being more penalising at high-
irradiance locations and undersizing at high latitudes. Under the best
configuration the minimum LCOH reaches 4.47 €/kg in Zuara, whereas
the highest value, 7.50 €/kg, is obtained for a fixed array in Hamburg.
Ultimately, the analysis of alternative stack usage strategies highlights
that balancing stack usage to maximise system efficiency at any given
time is a reasonable approach that ensures LCOH is lower than any other
tested alternatives.

Albeit this study offers more detailed modeling of both PV produc-
tion and electrolyzer operation, accurately quantifying the residual
value of electrolyzer stacks at the end of their service life remains
challenging.

4.1. Future works

Several factors still limit the generalisability of these findings. First,
stack ageing is assumed to be linear; long-term field data are required to
calibrate more realistic degradation laws. Second, component prices,
permitting charges and grid-connection fees are treated as location-
independent, whereas regional cost heterogeneity could shift the opti-
mum sizing. Third, the analysis is confined to a co-located of a MW scale
plant; installations beyond the MW scale may benefit from economies of



D. Vizza et al.

scale but also face more complex integration constraints and exposure to
transmission tariffs. Finally, market volatility for replacement parts and
prospective technology improvements were not parameterised. Future
work should therefore embed stochastic cost trajectories, include grid
charges for non-co-located layouts and extend the model to larger sys-
tems to fully appraise the most cost-effective degree of production
centralisation
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