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Abstract: Using photovoltaic (PV) energy to produce hydrogen through water electrolysis is an
environmentally friendly approach that results in no contamination, making hydrogen a completely
clean energy source. Alkaline water electrolysis (AWE) is an excellent method of hydrogen production
due to its long service life, low cost, and high reliability. However, the fast fluctuations of photovoltaic
power cannot integrate well with alkaline water electrolyzers. As a solution to the issues caused by
the fluctuating power, a hydrogen production system comprising a photovoltaic array, a battery, and
an alkaline electrolyzer, along with an electrical control strategy and energy management strategy
is proposed. The energy management strategy takes into account the predicted PV power for the
upcoming hour and determines the power flow accordingly. By analyzing the characteristics of PV
panels and alkaline water electrolyzers and imposing the proposed strategy, this system offers an
effective means of producing hydrogen while minimizing energy consumption and reducing damage
to the electrolyzer. The proposed strategy has been validated under various scenarios through
simulations. In addition, the system’s robustness was demonstrated by its ability to perform well
despite inaccuracies in the predicted PV power.

Keywords: photovoltaic energy system; water electrolyzer; energy management; renewable energy

1. Introduction

Environmental protection has become a widely accepted concept, leading to an urgent
need for clean energy transfer. Hydrogen, which has a high specific energy density and
only produces water, is a promising alternative to fossil fuels [1-3]. However, to ensure
sustainability, it is essential to produce hydrogen through a clean process. One effective
method is to use renewable energy, such as solar power, for water electrolysis, which does
not produce any contamination or carbon emissions [4-7]. On the other hand, hydrogen
production through water electrolysis is a sustainable and promising approach to store
excess electricity from intermittent renewable energy sources [8]. There are three primary
methods for water electrolysis, including alkaline water electrolysis, proton exchange
membrane water electrolysis, and solid oxide water electrolysis [9,10]. The most widely
used method is alkaline water electrolysis using an alkaline electrolyzer, which has the
advantages of long service life, low cost, and high reliability [11-14]. However, due to
the slow mass transfer and electrochemical reaction, the alkaline water electrolyzer is
unable to accommodate fluctuating PV energy, which can damage the electrolyzer and
increase energy consumption [15]. Fluctuating PV energy also leads to a high number of
startup and shutdown cycles, which can cause degradation of nickel electrodes, exceed
the maximum start/stop count, and reduce the expected system lifetime. The electrolyzer
cannot operate when the hydrogen production capacity drops below 25%, because the
percentage of hydrogen transferred to the oxygen flow increases significantly, which may
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have a risk of explosion [16]. Frequent startup and shutdown also create an imbalanced
pressure between hydrogen and oxygen, which can lead to the mixing of the two and
cause gas impurities [17]. Moreover, Huang P et al. found that the gas purity in AWE can
also be affected by mixing the anodic and cathodic electrolyte cycles due to intermittent
power supply, which transports dissolved electrolysis products into opposite half-cell
compartments [18]. Additionally, with fluctuations in input power, the gas production
volume of hydrogen and oxygen on both sides of the electrolyzer fluctuates, resulting
in changes to the liquid level on both sides of the electrolyzer. This requires frequent
operation of the liquid level balance device, thereby shortening the service life of pneumatic
or solenoid valves, increasing the consumption of auxiliary machines, and reducing the
comprehensive electrolysis efficiency [19]. To address the limitations of current electrolyzers
to the fluctuating renewable power input, from theoretical analysis to engineering practice,
various approaches have been proposed, including the development of new designs and
control strategies.

Many researchers analyzing this phenomenon theoretically. Shen et al. created a
mathematical model for an alkaline water electrolyzer, revealing that electrolytic voltage
and current is in relation to electrolyte temperature and system pressure [20]. Zhu et al.
investigated the interaction between mass transfer, electrochemical reaction, and bubble
effect, aiming to develop electrolyzers that are compatible with fluctuating renewable
power sources; they found that the bubble-driven convection was more predominated. [21].
Balabel et al. demonstrated that the efficiency of hydrogen production by AWE is influenced
by different operating and geometrical parameters, as well as hydrogen bubble generation.
They identified optimal conditions for electrolysis, which can be achieved through specific
input voltage, electrode gap distance, and solution concentration, and found that an
empirical correlation can be used to predict the optimum operating conditions from the
performance curves of the alkaline water electrolyzer [22]. Despite the mechanism analysis
of the electrolyzer, others focused on the control strategy of the electrolyzer. Bergen et al.
analyzed the response of the electrolyzer to renewable sources, and observed a reduction of
hydrogen production during the transient process, finding that maintain a minimal current
of 10 A after the sudden shutdown will greatly reduce the performance loss caused by the
dynamic event, which introduces another constraint on the common operating strategy for
renewable energy systems [23]. Ursua A et al. proposed two strategies for enhancing the
AWE operating under renewable energy, namely allowing the electrolyzer to function for
10 min under the lower operating limit and integrating a battery bank, which can reduce
the number of stops by up to 62.1% [24]. However, this does not take the effect of current
efficiency into consideration, make it cost more when the electrolyzer operates under the
lower operating limit.

The integration of alkaline water electrolyzers with fluctuating photovoltaic power has
been a persistent problem in the field of absorbing renewable energy by water electrolysis.
In order to address this issue, this study has been undertaken with the aim of proposing
an easy-to-apply method that can effectively eliminate power fluctuations and optimize
the usage of photovoltaic energy. This study provides a resolution by utilizing an alkaline
electrolyzer, a PV array, a battery pack, and corresponding controllers. To begin with, the
system was carefully engineered to ensure compatibility between the battery capacity, PV
panel peak value, and the electrolyzer. Subsequently, the electrical control of the system was
carefully devised to ensure optimal performance under different disturbances, providing
a stable base for power flow control. The models of each component, particularly the
electrolyzer, were constructed using actual measured data. Lastly, taking into account
the characteristics of PV power and the electrolyzer, an energy management strategy
was suggested that relies on PV power prediction, and this approach was demonstrated
to be efficacious under diverse conditions. This study provides an easy and applicable
resolution to stable hydrogen production under fast fluctuating PV energy considering
the actual circumstances. By developing a reliable and efficient method for reducing
power fluctuations for the electrolyzer, this study is able to promote the wider adoption of
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renewable energy technologies and to support the transition towards a more sustainable
and environmentally friendly energy future.

2. System Design and Modeling
2.1. System Components

The system diagram is presented in Figure 1, showcasing the main components, which
include a 6.7 kWp PV array, a 6 kW battery pack, and an alkaline electrolyzer with an
operating range of 2 kW to 5.8 kW. The battery can solely support one-hour operation of the
electrolyzer, which could greatly enhance the robustness of the system. The peak power of
the photovoltaic array is near the maximum operating power of the electrolyzer, which will
not cause a waste of energy. The PV power output is greatly affected by varying radiation
and temperatures; hence, to maximize the utilization of solar energy, the maximum power
point tracking (MPPT) algorithm is employed [25-27]. The duty cycle of the PV converter
is controlled by the MPPT algorithm to achieve the maximum available power at any given
time. In order to regulate the voltage of the DC bus, the dual closed-loop control strategy is
implemented to control the bidirectional DC/DC converter. The control system compares
the current bus voltage with the reference value, calculates the voltage difference, and
then controls the converter to either charge or discharge the battery based on the voltage
difference to maintain the bus voltage within the desired range. The AWE is connected to
the microgrid through a buck converter, and the duty cycle of this converter is adjusted
according to the modified input power of the electrolyzer.

MPPT [ - Power Conversion
- DC bus

- Control

AWE

| @
L )
*

Photovoltaic Panel

Hydrogen
Storage

Battery

—}Power Flow 3 Mass Flow

Figure 1. Schematic representation of the system.

2.2. Model of the PV Panel and Its Control Design

The output electrical characteristics of the PV array at 25 °C are shown in Figure 2. As
the curves indicate, the output power of the PV array changes with the level of radiation.
For a specific radiation and temperature, the output power only depends on the voltage,
and the curve follows a single-peak shape. Therefore, the voltage of the PV array can
be adjusted to track the maximum power point (MPP). However, due to the intermittent
nature of radiation, the MPP varies with time and can cause significant power losses if not
tracked promptly. To address this, an adaptive maximum power point tracking algorithm
using perturb and observation is employed to maximize PV power. The algorithm detects
whether the operating point voltage exceeds the MPP voltage by analyzing changes in
power and voltage and adjusts the voltage accordingly towards the MPP. It can be obtained
from the power versus voltage curve; if the voltage is smaller than that of MPP, the output
power will increase as the voltage rises, and if the voltage exceeds the voltage of MPP, the
output power will decrease as the voltage rises. The procedure of this adaptive MPPT
algorithm using this characteristic is shown in Figure 3. The D, which is the duty cycle of the
boost converter controller, is used to control the output voltage. Since dP/dU becomes more
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Figure 2. Electrical characteristics of PV array at 25 °C. (a) Current versus voltage curve under
different radiation; (b) power versus voltage curve under different radiation.
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Figure 3. Procedure of adaptive MPPT algorithm.

By analyzing the power versus voltage curve, it can be observed that when the voltage
is below the MPP, the output power increases as the voltage rises, but when the voltage
exceeds the MPP, the output power decreases as the voltage increases. Thus, the adaptive
MPPT algorithm presented in Figure 3 utilizes this characteristic. The duty cycle of the
boost converter controller, denoted as D, is used to regulate the output voltage. As the
operating point approaches the MPP, dP/dU becomes more significant, and hence, the
modification of AD is determined by the exponential term of dP/dU, ensuring that the
voltage does not oscillate around the MPP.

2.3. Mathematical Model of Alkaline Electrolyzer

The alkaline electrolyzer comprised multiple cells connected in series and filled with
electrolytes, with hydrogen and oxygen being generated from the electrodes on either side.
Aqueous potassium hydroxide (KOH) has been commonly used as the electrolyte in con-
ventional alkaline electrolyzers, with solutions of 20~30 wt% due to their high conductivity
in this concentration range. Typically, these electrolyzers operate at temperatures between
80 and 90 degrees Celsius and pressures of 8-16 bar.

Several models have been proposed to capture the U-I characteristic of an alkaline wa-
ter electrolyzer under varying conditions [28,29]. These models primarily focus on the three
factors that contribute to cell voltage—reversible cell voltage, ohmic losses, and activation



Energies 2023, 16, 3308

50f13

overvoltage—which are dependent on various parameters such as electrolyte concentration,
operating temperature, current density, and pressure. Therefore, the proposed models aim
to accurately represent these factors under different conditions.

Formula (1) considers the operation temperature T and the current density j. While
the parameters r; reflects ohmic losses, s and t; stand for the activation overvoltage of the
oxygen and hydrogen evolution reactions; U, is the average cell value. All parameters can
be derived from measured data [30-33].

. t t .
Ueet = Urep + (11 + 12+ T) ~]+S-10g‘[(t1 + % + T732) jA1] 1)
where: R(27315+T
A5+
urev = urevO + ()In(p> (2)
zF Po

Urevp =1.229 V is the reversible voltage at standard conditions, thus pg (101 kPa) is
the ambient pressure. z = 2 is the number of exchanged electrons, R is the universal gas
constant, and F(96,485 C-mol~!) is the Faraday constant. p is the current operating pressure,
which is constant at 13 bar in this study. Equation (1) is empirical and therefore differs in
different systems.

To develop a model for an alkaline water electrolyzer, an experiment was performed
using an industrial electrolyzer comprising 12 cells in series. The electrolyzer has a nominal
voltage of 24 V and a rated current of 220 A, with a crossover section area of 0.062 m?2,
and an operating power range of 2 kW to 5.8 kW. The U-I curve of the electrolyzer was
measured independently at different electrolyte temperatures ranging from 60 to 85 °C
to derive the temperature-independent parameter s; the operating pressure is set to be
constant at 1.3 MPa during the system operating. Furthermore, curve fitting was employed
to obtain the temperature-dependent parameters r and ¢, and their respective values
are listed in Table 1. The model of the electrolyzer is based on the assumption that the
operating pressure remains constant throughout its operation, and that the cooling device
can promptly respond to maintain the temperature within a narrow range.

Table 1. Parameters of the electrolyzer model.

Parameter Value
2 9.7 x 107
7o —2.7 x 1077
s 0.086
H 0.0032
ty —25
t3 2600
A 0.062 m?

Figure 4a displays the measured data and corresponding fitted curve at 85 °C. Due
to the variation in temperature during operation and the time it takes for the reaction to
establish chemical equilibrium, the voltametric characteristic may not be entirely accurate.
However, the actual circumstance aligned with the results at all available operating points,
which validates the findings.

Despite the voltametric characteristic of the electrolyzer, the hydrogen production
characteristic needs to be identified. In addition, to precisely calculate the real amount of hy-
drogen production, the effect of current efficiency must be taken into account. Equation (3)
is an empirical expression that depicts the current efficiency for a given temperature, which
shows that the current efficiency is only current dependent under certain situations [29].
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Figure 4. Electrical and current efficiency characteristics of the electrolyzer. (a) Voltametric curve of
the electrolyzer at 85 °C; (b) current efficiency of the electrolyzer under different current at 85 °C.

To obtain the actual current efficiency under various current densities, the temperature
is set to be 85 °C and varies only a little which can be ignored. The electrolyzer operates
at constant-current mode from 70 A to 230 A in a step of 5 A, and it operates for half an
hour at each current level; thus, the current efficiency is obtained from the actual amount of
hydrogen produced and the theoretical value. In order to avoid the fluctuation of hydrogen
production caused by current adjustment from affecting the accuracy of current efficiency,
it takes 5 min each time before starting to record the hydrogen production.

Figure 4b shows the current efficiency of the electrolyzer at 85 °C, the crossed dots are
measured current efficiency and the red curve is the fitted value of the current efficiency.
The parameters f1 and f5 in Equation (3) are 0.9622 and 379,200, respectively. The hydrogen
production can be calculated using Formula (4):

Hp = 4.18 x 10~ ypnlet (4)
where Hp is the hydrogen production in Nm?; 7 is the current efficiency; n is the number
of electrolyzer cells; I is the operating current in amperes; and ¢ is the operating time
in hours. Due to the nonlinearity of the current efficiency and voltametric characteristics
of the electrolyzer, the electrolyzer has a certain operating region that can achieve the
best energy consumption performance. The result obtained from Equations (1) and (3) is
plotted in Figure 5a. The convex shape of the energy consumption curve indicates that
the electrolyzer’s best performance was achieved when it operates at a medium power
level. Therefore, the energy management strategy should aim to maintain the electrolyzer’s
operation in this range as frequently as possible. While in the rated current (220 A), the
energy consumption of 5.26 kWh-Nm 3 was not the most efficient performance, but it is
still acceptable to prioritize a higher hydrogen production rate even if it comes at the cost
of increased energy consumption.

— PV Power on Day 1
— PV Power on Day 2
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Figure 5. (a) Energy consumption under different current density; (b) different PV power on differ-
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3. Energy Management Design

The energy management strategy developed for the system takes into consideration
not only the characteristics of the electrolyzer but also those of the PV power. The PV power
exhibits significant variation as the time changes, as is shown in Figure 5b. Such large
fluctuations make it difficult to implement a conventional control strategy. However, there
is a general tendency for the output power to increase from morning to noon and decrease
from afternoon to night. Based on this observation, an energy management strategy is
proposed. The capacity of the electrolyzer, battery, and peak value of the PV array are
carefully designed to suit the system.

After building the system, the energy management strategy is presented in Figure 6,
where the electrolyzer power is determined based on the current SOC of the battery, as
well as the average predicted power of the next half hour (P;309) and next hour (P,49). The
decision to not consider further prediction of PV power is due to the reduced accuracy of
such predictions as the prediction horizons expand. The electrolyzer power is adjusted
every 5 min, providing sufficient time for it to reach a steady state. The goal of this strategy
is to utilize the battery’s capacity to mitigate the fluctuation of the power supplied to the
electrolyzer and ensure it operates in a high-efficiency power interval. To achieve this, the
tendency of PV power change is taken into consideration, and the corresponding power

management approach is adopted.
Electrolyzer
operating?

Start
Power > Pjmi, OF
h 4 Punin > Petmin ?
Petmins Petmax
\ 4
Start electrolyzer || Power=0 ’—
_7/ SOC, Psso, Prso Power=0
Stop electrolyzer
P =maX (Poin,Petmin) Petmax<Prin OF Power=P,
Power>P . clmax

Punax=min (P, Petmax)
Power=P,3+a(Prso-Pr30)

i
System Operate [«

Figure 6. Energy management strategy of the hydrogen production system.

Firstly, set the minimal and maximum electrolyzer power Pgjmin and Pejmax, respec-
tively. Then, during the operating process, obtain the current status of the system, including
current battery SOC and use the predicted power P,3y to get the maximum and minimal
available power Prmax and Ppin, for the next half an hour. This aims to avoid the battery
overcharge or over discharge, and reduce sudden power increase or drop considering the
battery SOC; this time interval considers both the prediction accuracy and the performance
of control strategy.

Pmax = Prag + Z(SOC — O.Z)Wb (5)
Prin = Pr3o + 2(0.9 — SOC)W},

where the Wy, denotes the maximum energy capacity of the battery. The Py, and Pmax
considers the maximum charge and discharge capacity of the battery and thus provide
a rather large range of operating power for the electrolyzer. To simplify the control, the
dynamic behavior of the battery is not taken into consideration.

Secondly, make sure the Pp,ijn and Pmax are in normal range and get the power of
the electrolyzer. Because the curve of the energy consumption versus current is convex,
the tendency of the PV power change is considered in the calculation to ensure that the
electrolyzer power remains within the optimal range. Specifically, the electrolyzer power is
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increased earlier when the predicted PV power is expected to decrease, and vice versa. This
approach helps to prevent the electrolyzer power from being too high or too low, which can
lead to inefficiencies and decreased performance. Thus, the electrolyzer power is set to be

Power = Pyzo + a(Prso — Pr30) ©)

The parameter « is a function of the SOC and is used to maintain steady-state operation
of the electrolyzer. When the SOC is high, « is set to a higher value, releasing the energy it
stores to ensure that the electrolyzer operates at a steady-state power level later. Conversely,
when the SOC is low, « is set to a lower value to reduce the electrolyzer’s power and
prevent the battery from being depleted due to lack of power. To avoid frequent startups
and shutdowns of the electrolyzer, a hysteresis characteristic is implemented to control
the electrolyzer’s on/off status switch. The electrolyzer is started when the system has
sufficient power and stopped when the system lacks energy.

Finally, the limitation of the electrolyzer power must be also taken into consideration.
If the maximum power (Pmayx) of the system is lower than the minimum power (Pejmin)
required by the electrolyzer, the electrolyzer power is set to zero to prevent the system
from operating below its minimum required power level. Conversely, if the minimum
power (Ppn) of the system is higher than the maximum power (Pgmax) required by the
electrolyzer, excess energy is discarded as the electrolyzer cannot consume it. This helps to
ensure that the system operates within safe and optimal power levels, while also minimizing
energy waste.

4. Results and Discussion

To validate the effectiveness of the proposed system topology and control strategy, a
simulation of the system was conducted. Initially, the bus voltage and PV power wave-
forms were simulated under various disturbances to ensure the system’s ability to operate
consistently. Subsequently, the energy management strategy based on PV power predic-
tion was executed to obtain the system’s power flow and verify the proposed strategy’s
efficiency. The simulation results show that the proposed system topology and control
strategy can operate effectively and achieve the expected performance under various
operating conditions.

The electrical control strategy of the proposed system is illustrated in Figure 7a,
which consists of three controllers. The MPPT controller regulates the boost converter
to achieve maximum PV power utilization. The battery controller maintains the bus
voltage at 400 volts by either charging or discharging the battery. Finally, the electrolyzer
controller ensures that the electrolyzer power remains at the desired level. Each controller
has been designed to work cohesively, contributing to the system’s overall performance
and efficiency.

Figure 7b illustrates the response of the system controllers in Figure 7a. When the
radiance dropped from 1000 W-m~2 to 700 W-m~2, the controller was able to instantly
adjust and attain the maximum power within just 0.01 s. Moreover, the transition process
was even faster when the radiance dropped from 700 W-m~2 to 600 W-m~2, highlighting
the efficacy of the MPPT controller. While the battery had a slower response time compared
to the PV power, causing the bus voltage to drop by 6.25% from 400 Volts to 375 Volts,
it was still within a tolerable time duration of 0.03 s. Since the system can operate nor-
mally and achieve maximum PV power input despite radiance disturbances, the employed
energy management strategy could be used to minimize the damage caused by fluctua-
tions during electrolysis. The results demonstrate the capability of the proposed system
topology and control strategy to handle disturbances effectively and maintain the system’s
overall performance.

With the effectiveness of the electrical control strategy now validated, we can shift
our focus to the system control strategy for energy management. Figure 8 depicts the
operational status on two separate days using this energy management strategy. The two
days exhibited different irradiance levels, showcasing the applicability of the proposed
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approach under various operating conditions. On day 1, the PV power was initially low,
and the whole PV energy of the day was only 7.5 kWh. However, the battery gradually
accumulated enough energy to sustain the electrolyzer. Despite the low PV power, the
electrolyzer continued to operate at a low power level without any interruptions. The
total energy absorbed by the electrolyzer was 8.68 kWh, resulting in the production of
1.68 Nm? hydrogen, with an average energy consumption of 5.167 kWh-Nm 3. In addi-
tion, the electrolyzer operated at a rather stable mode, the electrolyzer power remained
constant. However, as the battery power is the primary power source for the electrolyzer, it
underwent a higher battery cycle, with its SOC ranging from 0.9 to 0.32.

©
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Figure 7. System electrical control strategy and its result. (a) The electrical control strategy for each
component; (b) the system response under radiation disturbances.
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Figure 8. System operation status including actual PV power, electrolyzer power in (1), and SOC
of the day using proposed energy management strategy in (2). (a) Operation status on day 1 with
insufficient PV power; (b) operation status on day 2 with sufficient PV power.

The situation was quite different on day 2, the irradiance was adequate and still
fluctuated significantly, resulting in a fluctuating PV power. At around 12:30, the PV
power dropped from 5.03 kW to 2.59 kW rapidly; before the PV power started to drop,
the electrolyzer power slowly dropped from 4.75 kW to 2.8 kW, which ensured the stable
operation of the electrolyzer. In general, the electrolyzer power followed the fluctuating
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power pattern but became smoother, resulting in a relatively consistent operating state
for the system. While the electrolyzer was in operation, the PV power variation was 1.66,
whereas the electrolyzer power variation was only 0.72, indicating the successful reduction
of power fluctuations. Towards the end of the day, the energy stored in the battery was
utilized to sustain the system’s continuous operation. It took 30.26 kWh energy for the
electrolyzer to produce hydrogen. In total, 5.997 Nm? of hydrogen was produced, with an
energy consumption rate of 5.046 kWh-Nm~2, which is near optimal. Furthermore, when
compared to day 1, the battery SOC was within a narrower range from 0.3 to 0.6 which is
beneficial for extending the lifespan of the battery.

The effectiveness of the control strategy has been verified, but in fact, there were errors
in the prediction of photovoltaic power generation, and thus it is important to consider the
accuracy of the predicted PV power. We used the hybrid neural network for PV power
prediction, which takes the wind speed, temperature, relative humidity, global horizontal
diffusion, and global titled radiation as inputs; the relative error of 90% prediction results
was less than 7%. To account for this, a random noise was added to the predicted PV power
to simulate its impact, and the noise followed a normal distribution with an average of
20% of current power. This is larger than the actual prediction error, so as to illustrate the
performance of the control strategy. Although the real PV power was the same as that
of day 2, there was a noticeable difference between the predicted and real PV power, as
seen in Figure 9a. The larger fluctuations in the predicted PV power indicate a significant
prediction error. The control strategy determines the power output of the electrolyzer, while
the battery compensates for any surplus or deficit of solar energy. Despite this prediction
error, the electrolyzer power remained stable and only experienced a slight change, as
shown in Figure 9c. Compared with the result with no prediction error, the total hydrogen
production from the electrolyzer was 5.990 Nm?, which is quite similar to the amount
when there was no prediction error. From the comparation between Figures 8b and 9d, the
main disadvantage caused by the prediction error is that the battery must undergo a larger
discharge cycle due to the lower predicted PV power. This results in the battery storing
surplus energy to prepare for potential shortages in PV power.
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Figure 9. System status using proposed energy management strategy on day 2 with prediction error.
(a) The predicted PV power; (b) the actual PV power on day 2; (c) the electrolyzer power during the
day; (d) daily change of the battery SOC.

The proposed control strategy was confirmed to be effective based on the preceding
discussion. By implementing this strategy, the power supplied to the electrolyzer expe-
rienced minimal fluctuations and only varied every 5 min. This duration is sufficient for
the electrolyzer to attain a steady state and reduce any potential harm to the electrolyzer.
Furthermore, the battery operated within a normal range, which could potentially extend
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its lifespan. Additionally, its robustness was demonstrated by its successful operation in
diverse scenarios and despite significant prediction errors.

5. Conclusions

Producing hydrogen through water electrolysis using PV power is considered a de-
sirable way to generate green energy for the future. However, the integration of alkaline
water electrolyzers with fast-fluctuating PV power has posed a challenge. To address
this issue, a system comprising a PV panel, battery, and an alkaline water electrolyzer
was developed. Moreover, the electrical characteristics of the newly developed system
were meticulously taken into account, with particular emphasis on the alkaline water
electrolyzer. Sufficient data was collected from a commercially available electrolyzer to
construct a comprehensive mathematical model that includes its voltametric characteristics,
power supply limitations, and energy consumption under various operating conditions.
This model serves as a valuable tool for optimizing the performance of the system, ensuring
its efficiency and sustainability.

Building upon the previous work, this paper implemented an electrical control and
energy management strategy for the system. To maximize the PV power, the MPPT control
algorithm was applied to the boost converter of the PV panel, allowing the system to
respond instantaneously. Furthermore, an energy management strategy based on PV
power prediction was proposed and proven to be effective. This strategy ensures that the
system operates in a steady state by adjusting the power supplied to the electrolyzer every
5 min, providing sufficient time for the electrolyzer to reach chemical balance. Additionally,
the PV power prediction enables power modifications in advance, allowing the electrolyzer
to operate in a high-efficiency power range. Through simulations conducted on days with
varying PV power and significant prediction errors, the effectiveness and robustness of the
strategy were verified.

However, one major limitation of the proposed methods is that it requires the fore-
casting result of photovoltaic power, which can be challenging to obtain. Typically, this
necessitates a lengthy and comprehensive record of photovoltaic power and meteorological
parameters, rendering this approach unsuitable for some recently constructed systems.
Furthermore, this method involves the use of batteries to mitigate fluctuations, which can
increase the overall cost of the system. Future studies may consider the distribution of
prediction errors and other electrical loads to enhance the performance of the system and
reduce the capacity of the battery, to further increase its potential applications.
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Nomenclature

1Y% Photovoltaic

AWE  Alkaline water electrolysis

MPP Maximum power point

MPPT Maximum power point tracking

S0C State of charge

Wy Maximum energy capacity of the battery

P Predicted average photovoltaic power of the next 30 min
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Pre0 Predicted average photovoltaic power of the next 60 min
Peimin  Minimal electrolyzer power

Peimax ~Maximum electrolyzer power

Prin Minimal available power for the electrolyzer

Prmax Maximum available power for the electrolyzer
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