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Abstract

Among the various renewable-powered pathways for green hydrogen production, solar
photovoltaic (PV) technology represents a particularly promising option due to its environ-
mental sustainability, widespread availability, and declining costs. However, the inherent
intermittency of solar irradiance presents operational challenges for electrolyzers, particu-
larly in terms of stability and efficiency. This study presents a MATLAB-based dynamic
model of an off-grid, DC-coupled solar PV-Anion Exchange Membrane (AEM) electrolyzer
system, with a specific focus on realistically estimating hydrogen output. The model incor-
porates thermal energy management strategies, including electrolyte pre-heating during
startup, and accounts for performance degradation due to load cycling. The model is de-
signed for a comprehensive analysis of hydrogen production by employing a 10-year time
series of irradiance and ambient temperature profiles as inputs. The results are compared
with two simplified scenarios: one that does not consider the equipment response time
to variable supply and another that assumes a fixed start temperature to evaluate their
impact on productivity. Furthermore, to limit the effects of degradation, the algorithm
has been modified to allow the non-sequential activation of the stacks, resulting in an
improvement of the single stack efficiency over the lifetime and a slight increase in overall
hydrogen production.

Keywords: hydrogen production from PV; anion exchange membrane; electrolyzer;
operation strategy

1. Introduction
In light of the environmental and geopolitical events of recent years, it has become

clear that the energy transition is an undeniable and urgently needed process for tackling
not only climate change, the effect of which is causing noticeable disruptions in the fragile
equilibrium of our ecosystem, in terms of rising sea levels, unprecedented heat waves, and
wildfires [1], but also to mitigate the risk associated with the energy dependence on foreign
countries, which poses a considerable threat to societal wealth from the perspective of
economic growth [2]. In 2024, each national government within the European Union (EU)
committed to transitioning to the implementation phase of most of the Fit for 55 policies
that aim to achieve the ambitious climatic target of limiting the EU’s greenhouse gas
emissions by at least 55% by 2030 [3]. One of these initiatives involves the implementation
of regulatory targets and policies, as well as coordinating the deployment of infrastructure
to facilitate the widespread adoption of hydrogen technology [4].
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As of the end of 2023, the cumulated hydrogen production across the EU reached
11.2 Mt [5], accounting for approximately 6% of the global total [6]. However, the majority
of hydrogen is still produced by utilizing conventional methods, encompassing steam
methane reforming (SMR) and by-product production from hydrocarbons [7]. While the
carbon footprint of such hydrogen can be partially mitigated through carbon capture tech-
nologies, a broader transition toward cleaner and more sustainable production pathways is
increasingly anticipated.

Over the past decade, several power-to-hydrogen facilities utilizing electricity for
hydrogen production via water electrolysis have proliferated. As of September 2024, the
total hydrogen production capacity from water electrolysis reached 385 MWel involving
either demonstration or commercial application, with plans of achieving 844 projects
amounting to 8.9 Mt of hydrogen produced annually by 2030 [8]. If electricity is provided by
carbon-free power sources, such as renewables like solar or wind, the hydrogen produced
has no associated carbon dioxide, aligning with declared decarbonization targets.

The rapid expansion of installed photovoltaic (PV) capacity in recent years, combined
with favourable grid integration and high energy conversion efficiency, makes the cou-
pling of solar PV with water electrolysis a highly promising zero-emission solution for
sustainable hydrogen generation [9]. Extensive references can be found in the literature
discussing several topological possibilities for connecting solar PV to an electrolyzer. In
directly coupled hydrogen production systems, the operating point is established by the
intersection of the electrolyzer I-V curve and the solar array I-V curve [10]. A method to
effectively match the two characteristic curves is proposed by Zhou et al. [11], whereas
Khalilnejad et al. [12] presented a genetic algorithm to optimize the maximum hydrogen
generation rate, as well as determine minimum excess power and minimum energy transfer
loss. Laoun et al. [13] almost contemporarily published a study detailing a multi-objective
optimization model with the same research goal. However, although all studies agree that
the primary advantage of a directly coupled configuration is the minor cost and complexity
of the overall plant, most affirm that integrating a converter allows for an improvement in
the energy transfer rates by permitting the operation with Maximum Power Point Tracking
(MPTT), extracting the maximum power from the PV array [14–17]. Therefore, the system’s
adaptability to variable solar irradiation and ambient temperature is enhanced [18].

In the last couple of decades, several water splitting technologies have been developed;
nevertheless, only low-temperature hydrogen production through alkaline electrolysis
(AEL), proton exchange membrane electrolysis (PEMEL), and Anion Exchange Membrane
electrolysis (AEM) have reached a satisfactory level of market readiness. On the contrary,
high-temperature electrolysis is still undergoing advancements, showing promising po-
tential, but is recommended primarily in scenarios where heat is supplied from another
process [19]. Among these, AEL stands out as the most technologically mature, charac-
terized by a Technology Readiness Level (TRL) exceeding 9 [20], achieving efficiency at
a stack level between 50 and 68% based on the lower heating value (LHV) of hydrogen,
corresponding to an electricity consumption of 47 kWh and 66 kWh per kg of hydrogen
produced, respectively [21]. In AEL, the electrodes, generally made of nickel, are separated
by a porous material and surrounded by an aqueous potassium hydroxide solution (KOH)
with a typical concentration of 25–30% wt [22], while the membrane is conductive for OH−

ions. The main advantage of AEL is its cost effectiveness, which is attributed to employing
relatively inexpensive materials for the electrodes and the transport layer. In addition, AEL
possesses a high durability and tolerance to impurities, guaranteeing an extended lifetime
and, consequently, a reduced impact on operating costs [23]. However, due to the high
lower limit of minimum load (20–40% of the maximum capacity), AEL proves to be not
flexible with intermittent sources like renewables. Furthermore, it requires a thick mem-
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brane to prevent gas mixing and operates only at a low current density, resulting in a bulky
stack design [24]. To overcome these drawbacks towards more efficient systems, ongoing
research is focusing on developing next-generation separators capable of accommodating
high currents with minimal losses while effectively mitigating gas crossover [25].

Differently from AEL, PEMEL utilizes a solid electrolyte consisting of a thin polymer
membrane, generally made of Nafion material, that allows the conduction of H+ ions. It
achieves a slightly higher efficiency at a partial load, ranging from 60–68%LHV (49 kWh/kg
and 56 kWh/kg) [26]. The small membrane thickness reduces gas crossover, thereby
increasing the purity of the hydrogen produced and enabling PEMEL to deliver a fast
and flexible response across a wide range of power inputs (5–10% minimum load of
the design capacity) [27]. In addition, it can operate at higher temperatures and current
densities, in contrast to AEL, resulting in a more compact design and improved gas pressure
delivery [28]. One of the major barriers hindering the widespread adoption of PEMEL
is the requirement of scarce and expensive materials, such as platinum, ruthenium, and
iridium, to mitigate the corrosive effect of the acid environment on the electrodes and
catalyst layers [29].

AEM technology features similarities with PEMEL design as it includes a semiper-
meable membrane inserted between two electrodes, but unlike the latter, the separator
facilitates the transport of negatively charged OH- ions. Thanks to this design, the potential
for electrolyte and gas leakages is reduced. Furthermore, the AEM facility uses an alkaline
solution with a lower concentration than AEL (1–10% wt). Thus, the catalysts and elec-
trodes are subjected to less corrosion, allowing for the use of inexpensive core materials [30].
Recent advancements in the market have demonstrated an increase in stack efficiency by up
to 68%LHV (or 49 kWh/kg) [31]. Despite its promising potential, AEM technology still lacks
large-scale production capabilities (TRL of 4–6) and some improvements are necessary, as
tests have revealed poor chemical stability, such as extreme sensitivity to carbon dioxide
intrusion, leading to a decline in system performance and, inevitably, lifetime [32].

A critical challenge to be faced in this type of electrolyzer is the oxygen evolution
reaction (OER), which is thermodynamically and kinetically more demanding than the
two electron hydrogen evolution reaction (HER) [33]. This drawback is intensified by the
comparatively low OH− activity and the additional ionic transport resistance of the polymer
membrane that further slows the anodic kinetics compared with a classic liquid alkaline
cell [34]. Consequently, even when ohmic losses are minimized, the anode overpotential
accounts for approximately half of the total cell voltage in AEM stacks [35].

As a result, intensive research efforts are currently focused on the development of
highly active, stable, and cost-efficient OER catalysts that can operate under alkaline
conditions reaching promising results. Techno-economic modelling of 1 MW AEM systems
shows that each additional 100 mV of OER overpotential increases the hydrogen production
cost by about 5–7 % [36]. Thus, anode activity and lifetime directly influence CAPEX
(via catalyst loading, active area, and replacement intervals) and OPEX (via electricity
demand). Encouragingly, a new generation of Earth-abundant catalysts has already pushed
the practical benchmark below ≈ 250 mV at 10 mA/cm2 while demonstrating multi-
day operational stability. For example, Cr-doped amorphous CoCrO has been shown
to deliver an overpotential of 268 mV at 10 mA/cm2 in 1 M KOH and drive an AEM
single cell to 1.5 A/cm2 at 2.1 V for 120 h with <5 mV/h degradation, indicating long
service intervals and a low replacement cost [37]. Likewise, a self-supporting NiFe LDH
“nanoflower” electrode proved an overpotential of 208 mV at 10 mA/cm2 without any
precious metals [38]. Additionally, an industrially scalable, defect-rich NiFe-LDH anode
that sustains 1 A cm−2 at only 1.69 V and 70 ◦C has been reported, demonstrating large-
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current, noble metal-free operation [39]. A comprehensive review of the structure–activity
trends of transition metal hydroxyl oxides can be found in Zhang et al. [40].

Together, these results show that state-of-the-art, non-noble metal anodes satisfy the
performance thresholds needed to keep both stack capital cost and electricity demand
competitive in large-scale AEM electrolyzers.

Driven by significant investments in the transition to green energy, the industrial
and research communities have shown a growing interest in modelling electrolyzers.
Consequently, in recent years, the literature has seen an increased number of studies
focusing on small-scale AEL and PEMEL systems [41]. Various approaches, characterized
by rising levels of accuracy, have been employed for this purpose. A mathematical model
describing the relationship between the cell voltage and current for a 1 kW PEM stack with
varying operating parameters, without considering the temperature distribution within the
stack, has been proposed by Brezak et al. [42]. Almost simultaneously, Möller et al. [43]
developed a Simulink model for a single 5 kW stack integrated into a decentralized energy
system designed for residential applications with a very narrow simulation resolution,
therefore neglecting the changes in the condition of the components. The model precision
can be improved by developing semi-empirical and empirical models that better define the
thermodynamics involved in the generation process [44–46].

More recently, large-scale electrolyzer research has received growing attention pri-
marily due to its potential to support power system frequency [47]. Tuinema et al. [48]
have presented a detailed electrical model outlining the operation of a MW-scale elec-
trolyzer. Similarly, Xu et al. [49] developed a 2 MW PEMEL system model, assuming a
fixed efficiency, within a broader system incorporating a hydrogen refuelling station and
various power generation sources. Additionally, a grid-scale plant has been proposed by
Huang et al. [50] with the aim of enhancing frequency response within a wind-dominated
electricity generation system.

However, despite the numerous respected publications in this field, there remains
a scarcity of studies that explicitly incorporate the concept of electrolyzer startup time
management [51] and thoroughly substantiate its potential impacts [52]. In addition, there
is a notable absence of research focusing on the effects of electrolyte heating requirements
and degradation due to load cycling. Indeed, most existing work primarily concentrates on
delineating and mitigating fundamental degradation mechanisms [53] or on evaluating the
electrochemical durability and activity of cells [54,55]. On the contrary, long-term modelling
that integrates these operational parameters into hydrogen production simulations is
conspicuously absent from the current literature.

This work addresses these gaps by presenting an hourly resolution model of an off-
grid DC-linked solar PV plant coupled with a 1 MW AEM electrolyzer over a 10-year
operational period. The model has been developed and simulated using MATLAB R2022b
(version 9.13) [56]. The aim is to provide a realistic estimation of hydrogen production by
dynamically simulating the thermal energy management of the electrolyte for adequate
operation startup. Additionally, the model accounts for the decrease in renewable power
generation and the increase in electrolysis power demand caused by degradation. The
results are then compared with two simplified scenarios: one that neglects the equipment
response time to variable supply and another that assumes a fixed start temperature of
the electrolyte solution. Furthermore, an improvement scenario is investigated, wherein
an algorithm for the non-sequential activation of the stacks’ power on is introduced to
mitigate degradation effects.
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2. Materials and Methods
In this work, four case studies involving the operation of an AEM electrolyzer powered

by electricity from an on-site photovoltaic plant are analyzed and compared: (1) Case
zero—the electrolyzer starts its operation and hydrogen production as soon as power is
available. This scenario does not consider the equipment response time or performance
variation during the operation. (2) Base case—a startup time is implemented to warm
up the electrolyte solution from 15 ◦C to the setpoint temperature of 55 ◦C, allowing for
nominal hydrogen flow. It is assumed that the startup temperature is consistently 15 ◦C for
each repetitive cycle of operation. (3) Advanced case—each power on of the electrolyzer
is driven by the electrolyte heat exchange, enabling a warm startup, benefiting from the
energy stored by the fluid. Furthermore, this scenario considers the effect of load cycles
on the degradation of membrane electrode assembly (MEA). (4) Improved case—the heat
exchange process is improved by using an insulated electrolyte tank. The operational
performance is enhanced by improving the power on sequence of the stacks based on the
maximum efficiency of the single stack.

Green hydrogen production is achieved in all scenarios by utilizing a 1 MW electrolyzer
system coupled with 1.6 MW of a nominal solar PV power plant. The latter is composed
of an optimal number of strings, each of them coupled to its own DC/DC converter with
MPPT. These converters feed a common DC bus while allowing every string to operate
at its individual optimum voltage and current, thereby maximizing overall PV yield.
Downstream of the common DC bus, as implemented in the commercial AEM system used
as reference, each electrolyser stack is fed by its own dedicated DC/DC converter. Figure 1
illustrates a simplified schematic diagram of the coupled PV–electrolyzer system, including
the closed electrolyte circuit representing the balance of plant (BoP) under investigation in
this study.

Figure 1. Schematic diagram of the coupled PV–electrolyzer system through a power conversion
system and relative auxiliaries. The black line indicates the electrical connection; the blue and red
lines represent the cold and hot electrolyte flows, respectively; the green line denotes the hydrogen
output stream.

2.1. Input Data
2.1.1. PV System

The PV production PPV (W) has been estimated by means of Equation (1), in which gti
(W/m2) represents the hourly solar irradiance in the area of Rome that actually occurred in
the decades 2010–2020, extrapolated using the PVGIS database [57]. The data refers to a
fixed-tilt PV configuration whose slope, determined via PVGIS optimization to maximize
annual energy yield, is set to 36◦ for this simulation. ηPV (%) is the module efficiency
for a 700 W heterojunction PV bifacial panel [58]; APV is the total surface area of the PV
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plant (m2). In line with peer-reviewed techno-economic analyses, the facility is specified
with a solar-to-electrolyzer nominal capacity ratio of 1.6:1, a configuration demonstrably
minimizing the levelized cost of hydrogen for stand-alone solar-powered systems [59–61].
Based on these data, the resulting number of solar panels included in the simulation is 2571.
The model also accounts for panel degradation, incorporating a 1% reduction in nominal
production during the first year of operation and a linear performance degradation of 0.3%
annually, as specified by the manufacturer as follows:

PPV = gti·ηPV ·APV (1)

At each timestep of the simulation, the capacity factor (CF, in %) of the plant was
computed and defined as the ratio between the actual energy produced by the PV at each t
over the maximum possible energy generation in the same period according to Equation (2).
An illustrative profile for the final year of analysis (2020), along with the mean annual
capacity factor of 21.8%, is shown in Figure 2.

CF = PPV ·∆t/(PPV,nom·∆t) (2)

Figure 2. Time series of the PV capacity factor for the year 2020. The straight black line represents the
annual average CF, equal to 21.8%.

2.1.2. The DC/DC Converter

Due to the variability in the PV source, energy conversion devices such as DC/DC
converters are needed to increase the stability of the dynamic system and reduce power
losses [15]. Commercial converters are characterized by an efficiency that varies depending
on the load, with peak efficiency typically occurring at the nominal rating. At this point, the
efficiencies can reach 98% or higher, surpassing those achieved at lower loads. The ranges
and efficiencies were determined by re-elaborating on the datasheet provided in [62].

PDC(CF < 0.2) = PPV(idx1)·0.85 (3)

PDC(0.2 < CF < 0.4) = PPV(idx2)·0.9 (4)

PDC(CF > 0.4) = PPV(idx3)·0.98 (5)

2.1.3. AEM Electrolyzer

A 1 MW modular AEM electrolyzer consisting of two equal sets of 21 stacks, each ab-
sorbing about 500 kW at the beginning of life, is selected for the modelling. The system uses
an aqueous electrolyte containing 1% w/v potassium hydroxide (KOH). Electrolyte circulation
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between the tank and the stack modules is maintained by a centrifugal pump [63,64]. The unit
produces hydrogen with a purity of ≥99.9 vol%, which can be upgraded to ≥99.999 vol% via a
downstream dryer.

Hydrogen production starts when the electrolyte temperature reaches 35 ◦C, with
maximum production achieved at 55 ◦C. While higher operating temperatures generally
enhance reaction rates and reduce the electrical resistance in the cell, thus improving
overall electrochemical performance [65], several studies have demonstrated that it is
advisable to operate the AEMEL below 60 ◦C. This restriction is due to the membrane’s
glass transition temperature, which can adversely affect its integrity and consequently
diminish the electrolyzer’s performance [66,67].

Under nominal conditions, the system efficiency is 62.5%LHV, which allows the pro-
duction of 210 Nm3/h of hydrogen. At partial loads, with the possibility of going down to
3% of the nominal production rate, the efficiency decreases as the system can only reduce
the BoP capacity to a limited extent.

According to the manufacturer, the dynamic operation of the electrolyzer implies a
degradation rate (DR) of 0.4% of cell voltage over 1000 h. Therefore, a correction was
applied, shifting the power absorbed hourly by a linear relationship Psingle,stack·(1 + DR)
depending on the operating hours at the single stack level [68]. Although this value origi-
nates from manufacturer specifications, it aligns well with degradation rates reported in the
literature. For example, an experimental study on large-scale AEM electrolyzers subjected
to extended operation found a baseline degradation rate of approximately 5.23 µV/h [69].
This corresponds to a voltage loss of about 0.29% over 1000 h, closely matching the one
assumed in this work. In addition, start–stop cycling has been shown to contribute fur-
ther to performance decay, with one study reporting voltage degradation in the range of
10–26 µV per cold start [70]. When integrated over an annual operation schedule involving
frequent shutdowns, this transient degradation may contribute up to 0.2%/year of addi-
tional voltage loss. Taken together, these independent findings support the assumption
adopted in this study and confirm that the modelled performance degradation reflects
realistic operational trends.

2.2. Dynamic Operation Under Variable Conditions

The intrinsic intermittency of solar irradiation necessitates management systems
to cope with fluctuations in operational states, such as transitioning from inactive to
active phases and adjusting operating parameters, such as temperature and pressure.
Although some studies have observed that dynamic operation under variable conditions
can positively affect MEA degradation and shows no relevant additional performance
decay when combining thermal cycles and load cycles [63,64], it still causes efficiency
variations, mainly due to the impact of the BoP. Therefore, rapid and effective response
times, along with maintaining a high ramping rate to adapt to changes in the power supply,
are fundamental for fully exploiting the potential of solar resources.

In general, the initiation of operations for an electrolyzer can occur under a condition
known as cold startup, in which the entire system needs to be heated to reach the regime
and start the actual production. Alternatively, a warm startup verifies when the system is
kept on standby or shut down for a short period of time without losing the benefit from the
energy stored in the electrolyzer. This state is also known as hot standby.

The temperature change in the KOH solution depends on the amount of heat absorbed
during system activation or released due to the heat exchange. The heat transfer occurs
through conduction between the liquid and the tank walls and convection with the ambient
surroundings. In such scenarios, it is common to apply an analogy with electrical systems
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by defining an overall heat transfer coefficient, U, related to the total thermal resistance,
Rtot. For a radial cylindrical system, Rtot is expressed as shown in Equation (8) [71,72].

Q ≡ U·A·∆T (6)

U/A = 1/Rtot (7)

Rtot = Rcond + Rconv =
ln (r ext/ rint)

2π·L·k +
1

2π·rext·L·hair
(8)

where rext and rint the external and internal tank radius, respectively; L is the tank height;
k is the thermal conductivity of steel or the insulating layer (33.6 W/mK or 0.035 W/mK),
[72,73]; and hair is the heat transfer for still air (25 W/m2K) [73].

2.3. Simulation

Hydrogen production has been simulated following a time-based approach and the
design interdependence of the singular components. The simulation begins with evaluating
the electrolyte temperature in combination with power availability and the system’s general
condition. If there is PV production, the algorithm will check the temperature condition of
the electrolyte tank connected to the first 500 kW set.

If the tank temperature is below 35 ◦C, an electrical resistance is activated to increase the
electrolyte temperature; if the PV production overcomes the maximum power absorption of the
first set, including auxiliary loads, the same activities are performed on the second electrolyte
tank. The equations that evaluate the electrolyte temperature also consider the thermal energy as
a secondary output of the electrolysis process (PEL·

(
1− ηsys

)
) and the general thermal exchange

of the electrolyte to the tank walls and with the surrounding environment.
The available power is then allocated at an individual stack level (m = number of

stacks). The allocation logic that handles this process varies in the different simulation
scenarios. In the first three cases, it envisages hydrogen production following a prede-
termined sequence of strings, commencing with the first stack and proceeding with the
subsequent ones until the available energy source is completely exhausted. For each stack,
the algorithm also evaluates the total running time and the degradation level, computing
the exact total power required to compensate for its decay, the power level at which it is
operated and, in combination with the related efficiency, the resulting hydrogen production.
The electrolyte tanks’ thermal exchange, previously introduced, helps to correctly evaluate
the heat dissipated during the night and, thereby, the starting condition of the following
day. The flow chart of the simulation is represented in Figure 3.

Figure 3. Flow chart of simulation model.
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In the improved simulation scenario, the electrolyte tanks benefit from an insulating
layer that drastically improves the conduction coefficient; additionally, the power allocation
at the stack level is performed by preferring the more efficient or less degraded stacks. This
results in a reduction in the energy dedicated to increasing the electrolyte temperature to
the starting condition, as well as the more homogeneous degradation of the stacks. Figure 4
shows the algorithm for the stack logic operation in the improved scenario.

 

Figure 4. Flow chart of the stack logic operation in the improved scenario.

3. Results
In order to conduct a precise and comprehensive analysis of the performance of the

electrolyzers and evaluate the impact of long-term degradation, simulations were carried
out over a 10-year period referring to the actual meteorological conditions in the area of
Rome from 2010–2020.

3.1. Electrical Power Distribution

Figure 5 illustrates the average hourly PV production profile, PPV(m,h), computed for
each hour h of the day and for each month m of a representative year, considering all days
Nm of the respective month. The calculation accounts for module degradation as described
in Section 2.1.1. The formula used to obtain the values shown in Figure 5 is as follows:

PPV(m,h) =
1

Nm

Nm

∑
k=1

PPV(m,h) (9)

 
Figure 5. Hourly average PV production over a representative year, illustrating the typical daily
profile for each month.
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Each curve represents, on average, the characteristic PV production trend throughout
the day: ramping up after sunrise, peaking around midday, and declining toward the
evening. Higher overall yields are observed in the summer months, with production
reaching nominal capacity, excluding system losses, around 1 p.m., while winter months
exhibit significantly lower yields.

The total electrical power distribution among the various elements included in the
simulation for the improved case is depicted in Figure 6. For clarity, the days with the
highest and lowest registered daily irradiance for the year 2010, according to PVGIS data,
are considered. The day with the highest irradiance is characterized by high capacity
factors, capable of exceeding the nominal power of the PV plant between 11 am and 1 pm.
The power consumed by the DC/DC converter is approximately 7.3% of the available
power. The electrolyzer operates at the rated input of 1059 kW for seven hours and at
partial load down to about 3% of its nominal power in the morning and between 5 pm and
6 pm before shutting off. On the day with the lowest irradiance, the power losses due to the
power conversion system are negligible as a consequence of insufficient power production.
Despite the low irradiance, the electrolyzer still maximizes hydrogen production, owing to
the high modularity of its cell stack design. In addition, on both high- and low-irradiance
days, the thermal insulation of the electrolyte tank maintains the temperature above 35 ◦C,
enabling a warm startup under all circumstances. Consequently, the resistance is not
activated, and the “Power for heating” profile is absent from both distributions in Figure 6.
Lastly, auxiliary system loads require approximately 44 kW when operating at full capacity.

 

Figure 6. Total electrical power distribution in the optimized scenario: comparison between maximum
and minimum irradiance days in 2010.

3.2. Hydrogen Production

Figure 7 illustrates the average hourly hydrogen production profile, mH2(m,h), com-
puted for each hour h of the day and for each month m of a representative year, considering
all days Nm of the respective month. The formula is as follows:

mH2(m,h) =
1

Nm

Nm

∑
k=1

mH2(m,h) (10)

This figure clearly demonstrates the robustness of the proposed model, which makes it
possible to identify and quantify the hydrogen production even in non-nominal conditions,
such as early in the day or near sunset, and thereby enhancing integration with the photo-
voltaic system. During the winter months, peak production averages around 14–16 kg/h,
whereas in the summer it approaches the nominal value of just over 18 kg/h.

The model’s dynamic and flexible behaviour is even more evident in Figure 8, which
highlights daily production for both the day with the highest solar irradiance and the day
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with the lowest irradiance in 2010. This day-by-day analysis accounts for transient phases
associated with system warmup, starting from the available electrical energy and including
any losses.

 
Figure 7. Hourly average hydrogen production over a representative year, illustrating the typical
daily profile for each month.

 

Figure 8. Hydrogen production in the optimized scenario: comparison between maximum and
minimum irradiance days in 2010.

Finally, a comparison of the scenarios investigated, showing the results for the last pe-
riod of operation, is illustrated in Figure 9. It evidences no significant variation, around 1%,
in the hydrogen production between case 1 and case 2. The latter differs by incorporating
the heating operation of the electrolyte to the set point temperature required for initiating
hydrogen production. This implies that, due to the allocation logic, the first stacks in case 2
operate for fewer hours since they cannot produce during transitional hours, though this
impact is marginal. Differently, in cases 3 and 4, the effects of the annual degradation on
the PV cells and MEA are introduced in addition to the thermal cycling of the electrolyte.
This combination leads to a reduction in the available power over the years and jointly an
increase in the electrical consumption of the electrolyzer.

Consequently, there is an overestimation of the amount of hydrogen produced in the
first cases by approximately 11% and a reduction in the operating hours from an average of
2744 to 2499 in cases 1 and 4, respectively. Furthermore, the mitigation of the degradation
effect in case 4, achieved through the improvement of stack utilization, results in a slight
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performance increase of about 0.5%. This improvement is more evident when simulating
the set inversion, allowing a more distributed utilization of all 42 stacks.

Figure 9. Comparison of hydrogen production and operating hours across different scenarios for the
final year of operation (2020).

Indeed, it was observed that the first five stacks of the initial 500 kW set exceed the
expected lifetime of 35,000 h, whereas the latter stacks are activated for only one-third of
the operating hours.

3.3. Stack Efficiency Comparison

Even if a better logic for using the stacks, as simulated in case 4, does not produce
a significant variation in the total hydrogen production over a decade of electrolyzer
operation, it nonetheless exerts a more pronounced effect on stack efficiency (here referred
to LHV). Specifically, after the 10th year, stack 1 in case 3 reaches the end of its operational
lifespan, with its efficiency declining to 55%, down from nearly 65% initially.

Conversely, in case 4, the non-sequential activation strategy allows for a recovery of
efficiency on the same stack of 3%. Consequently, both stacks 1 and 42 exhibit similar
trends, with the efficiency disparity in the final year of operation being halved compared
with case 3. The comparison of the efficiency variation in the stacks for the two cases from
the start to the end of the simulation is represented in Figure 10.

Figure 10. Comparison of the stack efficiency over time for case 3 and case 4.
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3.4. Electrolyzer Operation

As anticipated in the Section 2, electrolyzers typically function in three distinct states:
production, where optimal pressure and temperature conditions are established to activate
the stack and generate hydrogen; hot standby, a transient state in which the electrolyzer
is maintained at an intermediate temperature below its optimal operating temperature
without performing electrolysis; and cold standby, occurring when the electrolyzer has
been inactive long enough to necessitate pre-heating before actual production starts. The
results, as illustrated in Figure 11, indicate that in case 2, this condition prevails during
months with low solar irradiation, reaching a minimum of 37.5% of total operations in
June. In case 3, the prevalence of this condition is significantly reduced, and in scenario
4, it is eliminated altogether. This improvement is attributed to the better matching of
the available electrical power from solar energy and the reduced impact of degradation,
thereby increasing the proportion of time during which production occurs, particularly
during months with higher levels of solar energy production, such as June, where a notable
increase of 5% in renewable energy output is observed.

 

Figure 11. Quantitative representation of the electrolyzer’s operational state for the last year of
simulation.

4. Conclusions
In this paper, off-grid DC-linked solar PV-Anion Exchange Membrane (AEM) elec-

trolyzer systems are modelled in MATLAB with the aim of providing a more realistic
estimation of hydrogen production. This is achieved by dynamically simulating the thermal
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energy management of the electrolyte to ensure adequate startup operations. It incorpo-
rates an increased power demand due to load cycle degradation effects and a decrease in
renewable energy power due to PV module decay. The simulations are conducted over a
10-year-long time horizon with an hourly resolution, considering solar irradiation in the
area of Rome, Italy. The results are compared with two simplified scenarios: one that does
not account for the equipment’s response time to variable supply and another that assumes
a fixed startup temperature of 15 ◦C. Additionally, an improved scenario is also considered,
including a non-sequential activation logic for the stacks to mitigate degradation effects
primarily affecting the first order of stacks.

The results show that neglecting annual degradation effects and, to a lesser extent, the
thermal cycling of the electrolyte leads to an overestimation of the amount of hydrogen
produced by approximately 11% and a reduction in operating hours by about 9%. An
improvement in the utilization level of the stacks results in a slight performance increase
of about 0.5% to 1.2% when simulating the set inversion, with a more pronounced effect
on stack efficiency. Indeed, a non-sequential power on of the stacks enables for the more
distributed utilization of all 42 stacks, recovery of efficiency and, ultimately, improved
lifetime. Finally, in the improved scenario, the inactive periods are reduced thanks to
the better matching of the available electrical power from solar energy, increasing the
proportion of production periods relative to cold and hot standby conditions.

Although this study proposes a more in-depth methodology for assessing the produc-
tivity of a coupled PV–electrolysis system, significant insights should come from integrating
economic analysis with technical performance data. Therefore, future works should in-
clude a comprehensive assessment of the costs associated with these systems. This would
involve evaluating the capital and operational expenditures and accurately estimating
replacement costs when stack degradation necessitates it. Moreover, the proposed model
would benefit from experimental validation using data from the real-world operation of a
megawatt-scale setup. Lastly, although the modelling of thermal dynamics was primarily
aimed at ensuring the accurate estimation of system availability and hydrogen production,
particularly by accounting for the time needed to reach minimum operating temperature
during startup, the current analysis does not provide a detailed evaluation of transient
thermal gradients within the electrolyte or the potential impacts of extreme environmental
conditions. These aspects merit further investigation and represent promising directions
for future model enhancements.
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Abbreviations

η Efficiency, %
A Area, m2

gti Global tilted irradiance, W/m2

H Heat transfer coefficient, W/m2K
idx Index
K Conductivity, W/mK
L Tank height, m
P Power, kW
Q Heat transfer, W
R Thermal Resistance, Km2/W
T Time, h
T Temperature, K
U Overall heat transfer coefficient, W/m2K
wt Weight percent
Acronyms
AEL Alkaline Electrolysis
AEM Anion Exchange Membrane Electrolysis
BoP Balance of Plant
CF Capacity Factor
DC Direct Current
DF Degradation Rate
EL Electrolyzer
EU European Union
GTI Global Tilted Irradiance
H+ Hydrogen Ions
HER Hydrogen Evolution Reaction
HRS Hydrogen Refuelling Station
I-V Current-Voltage
KOH Potassium Hydroxide
LHV Lower Heating Value
MEA Membrane Electrode Assembly
MPTT Maximum Power Point Tracking
OER Oxygen Evolution Reaction
OH− Hydroxide Ion
PEMEL Proton Exchange Membrane Electrolysis
PV Photovoltaic
SMR Steam Methane Reforming
TRL Technology Readiness Level
Subscripts
cond Conduction
conv Convection
el Electrical
ext External
int Internal
nom Nominal
sys System
tot Total
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