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Abstract: Instead of storing the energy produced by photovoltaic panels in batteries for later use to
power electric loads, green hydrogen can also be produced and used in transportation, heating, and as
a natural gas alternative. Green hydrogen is produced in a process called electrolysis. Generally, the
electrolyser can generate hydrogen from a fluctuating power supply such as renewables. However,
due to the startup time of the electrolyser and electrolyser degradation accelerated by multiple
shutdowns, an idle mode is required. When in idle mode, the electrolyser uses 10% of the rated
electrolyser load. An energy management system (EMS) shall be applied, where a storage technology
such as a lithium-ion capacitor or lithium-ion battery is used. This paper uses a state-machine EMS of
PV microgrid for green hydrogen production and energy storage to manage the hydrogen production
during the morning from solar power and in the night using the stored energy in the energy storage,
which is sized for different scenarios using a lithium-ion capacitor and lithium-ion battery. The
mission profile and life expectancy of the lithium-ion capacitor and lithium-ion battery are evaluated
considering the system’s local irradiance and temperature conditions in the Australian climate. A
tradeoff between storage size and cutoffs of hydrogen production as variables of the cost function is
evaluated for different scenarios. The lithium-ion capacitor and lithium-ion battery are compared
for each tested scenario for an optimum lifetime. It was found that a lithium-ion battery on average
is 140% oversized compared to a lithium-ion capacitor, but a lithium-ion capacitor has a smaller
remaining capacity of 80.2% after ten years of operation due to its higher calendar aging, while LiB has
86%. It was also noticed that LiB is more affected by cycling aging while LiC is affected by calendar
aging. However, the average internal resistance after 10 years for the lithium-ion capacitor is 264% of
the initial internal resistance, while for lithium-ion battery is 346%, making lithium-ion capacitor a
better candidate for energy storage if it is used for grid regulation, as it requires maintaining a lower
internal resistance over the lifetime of the storage.

Keywords: green hydrogen; PV; supercapacitor; DC microgrids; lithium-ion batteries; sizing

1. Introduction

Energy can be stored in different forms, and one of these forms is fuel. Fuel was
used since the industrial revolution in the 18th century to run the machines and used
for thousands of years earlier in heating, lighting and cooking, which makes it a more
conventional means of energy that humans use in their life. The main challenge of using
fuel is its chemical irreversibility and burning releases compounds such as CO2, which
contributes to the greenhouse gas effect. One method to overcome the side effect of
fuel is to use fuels that do not release CO2 when consumed, such as hydrogen. The
problem with using hydrogen as a fuel is that its industrial production comes mostly from
fossil and nonrenewable sources. From that, the importance of green hydrogen becomes
clear, and researchers are working on more efficient ways of producing hydrogen from
renewable sources.

Energies 2023, 16, 2122. https://doi.org/10.3390/en16052122 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16052122
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-6652-7820
https://orcid.org/0000-0001-9050-2423
https://orcid.org/0000-0002-2938-8921
https://doi.org/10.3390/en16052122
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16052122?type=check_update&version=2


Energies 2023, 16, 2122 2 of 17

The fact that green hydrogen production only requires water and a renewable energy
source, promoted the development of microgrids for green hydrogen production. Renew-
able microgrids have been widely used for providing power to homes in rural areas where
the power grid is not available [1].

Pairing hydrogen production/storage with solar or wind microgrid batteries powers
residential areas in a zero-emission manner.

One of the challenges of using solar power for hydrogen production is its intermittent
and unpredictable power output. The hydrogen production cell is sensitive to power
fluctuations where multiple shutdowns and restarts accelerate the degradation of the cell.
Extending the life of the hydrogen cell happens by putting the cell in idle mode, where it
becomes 10% of the production load.

Overcoming the power intermittency and securing the idle mode required power from
PV is achieved by including energy storage in the microgrid. Currently, the most used
storage technology integrated with solar and wind power systems is based on Lithium-ion
(Li-ion) batteries [2]; nevertheless, due to the high cost, the need for stable temperature, and
the limited lifetime of Li-ion batteries [3], there is a need for alternative electrical energy
storage solutions to keep up with the development and integration of renewable plants.
One such technology is represented by Li-ion capacitors (LiCs). LiCs are a promising
solution for energy storage [4], which can overcome some of the disadvantages of Li-ion
batteries, which were mentioned before.

Conventional systems for green hydrogen production are based on grid-connected
facilities supplied by renewable sources and use the excess energy for hydrogen production
as a method of storing the energy. The current focus in the field of green hydrogen
production is on utilizing distributed microgrids or retrofitting existing renewable energy
plants to optimize production [5]. Energy storage (ES) based on LiC is compared with
LiB ES, with a focus on size, remaining capacity, and internal resistance, to determine the
best fit for green hydrogen production. The energy management system (EMS) is being
developed to ensure the efficient operation of the electrolyser and the ES production [5].

The ES sizing optimization problems are divided into two parts: system modeling with
input parameters and real data from the system location, and output part for evaluating
the outputs such as SoC [6]. A sizing algorithm is then used to iterate the simulation for
different input parameters and search for the optimal solution according to the system
criteria that shall be met. Searching methods can be used for sizing such systems, such
as directed search [7] or the sparrow search algorithm, if required optimization is multi-
dimensional [8].

There is increasing attention on establishing a DC microgrid to eliminate AC power
conversions and further increase efficiency [9]. The goal is to maximize the production
of green hydrogen and supply commercial needs through the main production of the
microgrid or through excess energy instead of storing it in batteries.

The sizing of the storage needs to be optimized for outdoor climatic conditions at the
grid’s location (ES has no temperature-controlled environment). The capacity of Li-ion
batteries and Li-ion capacitors is dependent on the temperature at the site location. The
degradation rate of both storage technologies is also dependent on the temperature and
number of full equivalent cycles (FEC) of the cell. Increasing the size will reduce the FEC
of the storage and will increase its lifetime but will also increase its cost. Thus, an energy
management system (EMS) shall be used to maximize the hydrogen production and the
expected life of storage cells and secure the power of the load in idle mode. This work
aims to propose and provide an analysis of two storage technologies and compare them to
suggest the best technology for green hydrogen production applications.

This paper is divided into the following sections: Section 2, Green hydrogen produc-
tion system; Section 3, Li-ion capacitor and Li-ion battery degradation behavior; Section 4,
Sizing results for the Li-ion capacitor and Li-ion battery; Section 5, Sensitivity analysis
of Li-ion capacitor and Li-ion battery; Section 6, Discussion and future work Section 7,
and Conclusion.
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2. Green Hydrogen Production System

In this paper, the main focus is to optimize the ES size that assists hydrogen production
from PV power. This section gives an insight into the components and operation of
the system.

The green hydrogen production from a PV facility consists of PV arrays, an energy
storage system, and a hydrogen generator through electrolysis (Electrolyser).

There are different water electrolysis technologies such as Alkaline Electrolysis Cells,
Proton Exchange Membrane (PEM), and Solid Oxide Electrolysis Cells. PEM electrolysis
technology is widely established as an efficient and suitable option for hydrogen produc-
tion from renewable-powered systems due to its high efficiency, and ability to produce
high-purity hydrogen [10,11]. PEM has some challenges, such as the use of expensive
catalyst materials and shorter-life membrane materials. To maintain a long lifetime of the
electrolyser, an EMS is required.

Replicating the system model of the solar hydrogen pilot plant in greater Brisbane [5],
the electrolyser power is 66% of the PV nominal power. The aim of this work is to demon-
strate the DC off-grid hydrogen production as shown in Figure 1. The figure presents
the DC Microgrid for green hydrogen production used [9,12], as DC microgrids produce
hydrogen more efficiently by eliminating unnecessary AC power conversions from the
system. In [9] as in Figure 1, the power conversion between a 380V DC bus supplied
by PV powers the electrolyser, while a 48V bus is tied to the ES, and the 380 V–48 V is
powered through a bidirectional DC-DC converter. The power electronics of the system are
not considered in this work, but the storage and EMS components of the system are the
focus. The modeled system in this work consists of a nominal 1500 W PV and 1000 W PEM
electrolyser, an ES that uses LiC or LiB cells, and an EMS that governs the operation of the
electrolyser and the power flow from/to the ES.
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In Figure 2, The PEM electrolyser has three stats of operations managed by the EMS as
follows [13]:
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• H2 Production mode: During this state, the electrolyser is producing hydrogen at its
rated production capacity powered by the PV panels generation; if the PV generation
drops during the day, the ES will substitute.

• Standby/Idle mode: During this state, the electrolyser consumes 10% of its rated
production capacity power to sustain the required temperature and pressure of the
electrolyser. The electrolyser is ready to return to the production state in a short mode
transitioning time.

• Off/Failure mode: During this state, the electrolyser is in a total shutdown, where it
losses the pressure and the temperature required by the electrolyser.
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There are data inputs that govern the electrolyser load transitions from one state to
the other such as the state of charge (SoC) of the ES, solar irradiation, and solar irradiation
forecast. The irradiation is the current solar irradiation, and the irradiation forecast is the
irradiation predicted for the next day. Transitions from each state to the other are as follows:

• The transition from idle to production mode takes place when the solar irradiation is
higher than a specific threshold (Irr_threshold). This is considered a hot start of the
electrolyser because it sustains its required startup pressure and temperature.

• The transition from production to idle mode takes place when the SoC of the ES drops
to a certain threshold where the remaining stored energy in the ES will power the
electrolyser with 10% of its rated power to avoid the total shutdown situation. The
electrolyser remains in the production mode even after crossing the ES SoC threshold
if the Irradiation forcast the next day is enough to generate energy that will sustains
the system for the next 24 h.

• A transition to the fail mode where a total shutdown and depressurization of the elec-
trolyser occurs when the ES is fully discharged and SoC is almost zero. Transitioning
from the fail mode to the idle mode is considered a cold start where the temperature
increases and pressure builds up to be in the idle state conditions, which takes more
time than the hot start.

Irradiation forecast signal selects whether the transition from production to idle mode
happens at a high SoC (SoC_threshold1) and the night production is reduced or at a low
SoC (SoC_threshold2) where the night production is increased.
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3. Li-ion Capacitor and Li-ion Battery Degradation Behavior
3.1. Li-ion Capacitor and Li-ion Battery under Consideration

Hybrid supercapacitors, also known as lithium-ion capacitors (LiC), are an emerging
technology that combines the advantages of an electric double-layer capacitor (EDLC) with
those of a lithium-ion battery. LiC has a high-power density and can withstand temperature
fluctuations, making it suitable for outdoor applications. It also has a longer cycle lifetime
and higher power density than lithium-ion batteries (LiB). LiB, on the other hand, is more
susceptible to degradation due to temperature fluctuations and has a lower power density.
Additionally, LiB is more sensitive to fluctuations in power supply and requires a higher
oversizing to prevent degradation.

In outdoor applications where ES is not placed in a temperature-controlled environ-
ment, LiC offers several advantages over LiB as an energy storage solution. Its ability to
withstand temperature fluctuations and its longer cycle lifetime make it a more reliable
option. Additionally, having an optimized size for the ES reduces the overall cost of the
system. A comparison of the degradation behavior between LiB and LiC showed that LiC
had better performance in terms of cycle life compared to LiB but the bottleneck is in the
calendar life of the LiC [14]. In Table 1 the specifications of the used LiB and LiC in this
study are presented.

Table 1. Datasheet parameters of LiB and LiC.

Property LiC LiB

Nominal capacity 4 Ah 13 Ah
Nominal voltage 3.2 V 2.26 V

Maximum voltage 4 V 2.9 V
Minimum voltage 2.5 V 1.5 V

Max. charge/discharge current 30 A 130 A
Calendar life 5 years 25 years

Internal resistance 6 mΩ 1.5 mΩ
Specific energy 48.8 Wh/kg 74 Wh/kg
Energy density 77.7 Wh/l 146 Wh/l

Operation and storage temperature −25 ◦C to 65 ◦C −40 ◦C to 50 ◦C

ES is needed for PV systems that are used for hydrogen production because of the
intermittent and fluctuating nature of solar power and the need to keep the electrolyser
in production or idle mode and avoid a total shutdown. In Australia, PV systems are
exposed to various weather conditions, including extreme heat in the summer and cool
temperatures in winter, which affects the performance of the PV panels and the efficiency
of the hydrogen production process.

The use of ES in this system allows for the storage of excess solar energy that can be
used during times of low solar irradiance or high demand for hydrogen. This helps to
ensure a consistent and reliable supply of hydrogen, which is essential for industrial and
transportation applications [15].

3.2. Li-ion Capacitor and Li-ion Battery Degradation

Laboratory testing on LiC cells was performed to study their degradation behavior
in different operating and environmental conditions. The aging tests were conducted by
continuously charging and discharging the LiCs with a 100% cycle depth, and various
C-rates and temperatures, as presented in [12]. The results of the tests were used to develop
an aging model for the LiC cells, which was then used to predict the capacity fade of the
LiC storage over a period of time and in variable temperature and load conditions [16].
From [16] the cycling aging was measured, where the capacity fade of the LiC (C fCycling LiC)
was approximated using Equations (2) and (3). In (2) A is the degradation factor of the LiC
as a function of current (I) and temperature (T). C fCycling LiC is a function of the cycle count
during simulation (nc), I and T. nc as a function of time is counted during the simulation
using (1), where Qpresent is the cell storage capacity. In Figure 3, the expected number of
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full equivalent cycles (FECs) of the LiC before reaching the 20% capacity fade at various
temperatures and currents is presented.

nc(t) =

∫
I

2 ·Qpresent
dt (1)

A(I, T) = 0.0027− 0.00036 · I + 7.79 · 10−6 · I2 + 4.3 · 10−7 · I · T + 8.85 · 10−7 · T (2)

C fCycling LiC(t, I, T) = 100− A(I, T) · nc + A(I, T) · nc0.95 (3)
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The data for the LiB degradation behavior analysis was obtained from the literature [17–19],
and the cycling capacity fade is estimated using the model formulated in (4) and (5).
End_o f _li f e_FECLiB is the expected number of FECs that the LiB can withstand at various
temperatures and currents before reaching the 20% capacity fade, which is presented in
Figure 4.

End_o f _li f e_FECLiB(I, T) = 2.4 · 104 + 573.1 · I − 904 · T − 9.6 · I · T + 9.1 · T2 (4)

C fCycling LiB(t, I, T) =
20% · nc

End_o f _li f e_FECLiB
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Overall, the laboratory testing and degradation behavior analysis demonstrated the
superiority of LiC over LiB as an energy storage solution in applications that makes high
FEC and are placed outdoors; however, by considering the calendar aging of LiC and LiB
it is found that the calendar aging effect on the LiB is very small (0.8% capacity loss per
year) [18] compared to the calendar aging of the LiC cells which is dependent on the idle
time conditions of the LiC, such as SoC and the temperature, as shown in Figure 5. The
capacity fade caused by calendar aging of the LiC C fcalendar_LiC as a function of SoC and T
is formulated in (6) and derived from the calendar aging test performed in [20] and aligned
with the shelf life from the LiC datasheet (5 years shelf life at room temperature and 0%
SoC). C fcalendar_LiC is the percentage of the faded capacity over the time (t) before the end
of life (EOL) which is a 20% loss of the starting capacity.

C fcalendar_LiC(SoC, T) =
20% ·

(
101.7 + 1.018 · SoC− 0.57 · T + 0.0053 · SoC · T − 0.01 · T2)

t
(6)
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3.3. Li-ion Capacitor and Li-ion Battery Internal Resistance Development

The internal resistance (IR) development during the lifetime of the ES is an important
parameter that governs the response behavior of the ES in regulating the grid. IR increase
due to the aging of LiC and LiB is studied and modeled.

The [20] IR increase due to calendar aging is modeled in Figure 6 which presents the
required time in months to have a 200% increase in the LiC IR. The LiC IR increase due to
calendar aging was modeled as a function of temperature and SoC.

In [16] the LiC IR increase due to cycling aging (IRCYCLING_LiC) was approximated
using Equations (7) and (8). In (7), B is the IR increasing factor of the LiC as a function of
current (I) and temperature (T) and ESRCYCLING_LiC is a function of the cycle count during
simulation (nc), I and T.

B(I, T) = −0.0076− 0.0013 · I + 3.3 · e−5 · I2− 3.7 · e−6 · I · T + 0.0008 · T− 1.8 · e−7 ·T2 (7)

IRCYCLING_LiC(t, C− rate, T) = 100− BC−rate,T · nc + BC−rate,T · nc0.95 (8)
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From [18], the IRCYCLING_LiB is approximated to increase by 10% for each 3000 FEC.
The time required for the IR of the LiB to increase by 200% was modeled as a function of
idling SOC and temperature and the results are presented in Figure 7.
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calendar aging.

It can be noticed that for the case of the IR, idling at lower SoCs for the LiBs has the
opposite effect than for LiCs and elongates the calendar lifetime.

4. Storage System Sizing for the Australian Climate

In Figure 8, the simulation model for the considered system is presented showing
the PV source, electrolyser load, EMS and ES. The system model is used for iterative
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simulations for 10 years period (2012 to 2022) to be used for optimizing the system size.
The components of the system are described as follows:

• PV source is a 1500 W nominal capacity. PV capacity size is fixed for all test cases.
• Electrolyser for hydrogen generation is 1000 W in generation mode and 100 W in idle

mode (Two electrolyser units are used).
• EMS as described in Figure 2. The state machine governs the load operation and the

states where the power from the PV is delivered to the load or the energy storage.
• Energy storage unit (ES) represents the LiC or the LiB models including the aging

models of each energy storage technology.
• System model inputs are the temperature and irradiation for 10 years at Brisban,

Australia. Output signals such as the SoC and ES capacity fade over 10 years [21].
Irradiation forecast is also considered as an input to the EMS state machine.
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Figure 8. Green hydrogen production from the PV system model for simulation.

After setting the system model the sizing process starts.
In the literature, several optimization algorithms are used depending on the complexity

and the number of optimized parameters. While the sparrow search algorithm can be
used for a multi-dimensional problem such as day-ahead active power scheduling [8], hill
climbing sizing problems only need a directed search algorithm that changes one parameter,
simulate, evaluate and iterate [7]. The goal of the algorithm, which is presented in Figure 9,
is to find the optimal ES size with a similar method to perturb and observe what increases
or decreases the size in such a manner to speed up the sizing process.

The objective of the sizing is to have the optimal storage size that sustains the operation
of the system during the night. The used constraint for sizing was fail mode avoidance
where fail mode happens if the ES could not meet the demand of the electrolyser. The
sizing process has two parts: the simulating modeled system in Figure 8 and the evaluation
of the outputs through the algorithm in Figure 9.
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The process starts by setting the initial size of the simulation and the iteration number
and then running the simulation. If the output load signal does not show a fail state
(Load = 0) and the simulation has reached the end time (t = t_end), the size of the simulation
is reduced by 25% and the iteration number is incremented. The process then runs the
simulation again from t = 0 with the new size. If the mode of the system is “Fail” and
the simulation has not reached the end time (t 6= t_end), the size of the simulation is
increased by 50% and the iteration number is incremented and the simulation starts over.
The sizing process ends when the system is not in the fail mode and the time reached t_end
in the simulation.

In the next section, the system is sized for different cases and the results are analyzed.

5. Sizing Results for the Li-ion Capacitor and Li-ion Battery

In Table 2, six different sizing cases for both the LiC and LiB as ES for the green
hydrogen system are presented. Each case has a different EMS state machine setting named
idle,1, 2, and 3. Each EMS state machine number represents a different SoC threshold
for the transition from production mode to idle mode as shown in Figure 2 to match the
production time during the night with the ES size. Depending on the Irradiation forecast
SoC threshold is selected, and whether the transition from production to idle mode happens
at a high SoC (SoC_threshold1= 60 to 30%) and the night production is reduced or at low
SoC (SoC_threshold2 = 25% in all cases) where the night production is increased. While the
idle state machine secures the required power for the electrolyser to remain in idle mode
during the night. The size is presented as the number of cells and Ah size. The size of the
LiC is considered 100% for comparison purposes between LiC and LiB and illustrates the
oversizing. The capacity fade is measured at the end of 10 years of operation where the
fade is due to both cycling and calendar aging. For each case, the energy delivered to the
electrolyser is represented in the parameter electrolyser load per year.
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Table 2. Comparison between LiC and LiB ES for the green hydrogen production from PV (*refers to
the remaining capacity after 10 years of operation).

LiC LiB

Cases

LiC
Size

[C
ells]

Size
[A

h]

LiC
Size

[%
]

R
em

aining
C

apacity
*

[%
]

LiC
IR

[%
]

LiB
Size

[cells]

Size
[A

h]

LiB
Size

[%
]

R
em

aining
C

apacity
*

[%
]

LiB
IR

[%
]

State
Machine for ES

(SoC_threshold1)

Electrolyser
Load per

Year [MWh]

1 1610 6440 100 80.8 260 620 8680 135 89.4 342 3
(SoC ≤ 30%)

5.23
2 910 3640 100 80.60 262.6 368 5152 142 87.87 344.7 4.83

3 710 2840 100 80.3 263.6 287 4018 141 87 346 2
(SoC ≤ 40%) 4.58

4 610 2440 100 80.2 264 247 3458 142 86.45 346.7 1
(SoC ≤ 50%)

4.39
5 528 2112 100 79.8 265.6 214 2996 142 85.8 348 4.24

6 280 1120 100 80.3 270 117 1638 146 83.3 353 Idle
(SoC ≤ 60%) 3.2

As it can be seen from Table 2 and Figure 10, increasing the size of the ES is reflected
in the delivered energy to the electrolyser which means higher production of hydrogen.
However, the relation is exponential as shown in (9) and (10).

Electrolyser_load_per_yearLiC= 4.8 · e(1.326·10−5 · size) −3.4 · e(−0.00072 · size) (9)

Electrolyser_load_per_yearLib= 4.67 · e(1.347·10−5 · size)−3.6 · e(−0.00057 · size) (10)
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Figure 10. Sizing of LiC and LiB ES and the energy delivered to the electrolyser per year.

From Figure 10, it was found that LiB is oversized in all cases compared to LiC. In
Figure 11, the green hydrogen production from the PV system was simulated for 14 days
for cases 1, 3 and 6. Case 6 (blue) represents the smallest ES size where the storage only
secures the power to the electrolyser to remain in the idle mode and avoid total shutdown,
while Case 1 (red) represents the biggest ES size which powers the electrolyser load during
the night to produce hydrogen. Case 1 also shows that the ES is not charged to 100% SoC
during the day because it takes a longer time to be fully charged (PV capacity is fixed for
all cases while the ES size increases) and this causes a higher effect of calendar aging in the
case of LiC ES. The LOAD (H2 Electrolyser) shows that the electrolyser works with full
capacity during the day in Case 6 because the ES is small in this case to deliver 10% of the
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load power during the night while in Case 1 the ES is large enough to keep the electroryser
during the night. The results in Figure 11 are from LiB ES simulation but it applies for both
LiC and LiB in terms of the delivered power to the load as they are sized in each case to
provide the same power.
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Figure 11. Simulation of 14 days of the system showing the temperature, irradiation, electrolyser
load and SoC for cases 1,3 and 6. These results are from LiB ES simulation.

In Figure 12, the histogram plots show that the ES spends more time in low SoC in big
ES such as Case 1 and spends more time in higher SoC in small ES such as Case 6, and from
Figure 5, it is known that lower SoC for longer time shortens the calendar life of the ES;
however, smaller ES sizes have a higher cycling aging compared to the bigger ES scenarios.
Figure 13 represents the relation between the electrolyser energy in MWh and the capacity
fading percentage. Increasing the energy storage size leads to increased electrolyzer load
energy, and decreased aging due to cycling, but it also increases the aging due to staying
in a low state of charge (SoC) for longer periods. This impact is more visible in the LiC
energy storage system. LiB has longer retention of capacity but comes with an increased IR
to around 350% after 10 years of operation, while LiC has a less IR increase to around 265%
in the same period as shown in Figure 14.
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Figure 12. 3D histogram of the simulated 6 cases showing the time ES spent on each temperature
and SoC state.
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Figure 14. IR of the LiC and LiB ES after 10 years of operation as a function of the energy delivered
to the electrolyser load.

Maintaining low IR is important when using ES not only for energy storage but also
for grid regulation, where the ES is used to provide a rapid response by either absorbing
or injecting power into the grid. High IR is also a sign of lower efficiency of the ES and
increasing power losses [14].

In Table 2, while each case was sized using the algorithm in Figure 9 to achieve the
same Energy Delivered to Electrolyser for LiC and LiB, it was found that LiB is oversized
in all cases compared to LiC. However, LiC has a smaller remaining capacity compared
to LiB after 10 years of operation which makes the LiB a better ES for the application,
but considering the IR and the need to use the ES for grid regulation, LiC is the better
option because lower IR means better response to the grid which suffers from the power
fluctuations from PV. From Figure 12 it is found that case 4 has an even distribution of high
and low SoC stay time, where the effect of calendar aging and cycling aging is minor in
the case of LiC. LiB performs better in cases 5 and 6 because LiB is not affected much by
the calendar capacity fade, and upsizing the ES in the case of LiB means a higher energy
production for green hydrogen and a lower capacity fade by 6%. LiC has a high potential
in the green hydrogen production from PV if the low IR is required in the grid design for
better response and lower power losses due to ES degradation.

6. Discussion and Future Work

The motivation behind this work was driven by the increasing trend of green transi-
tioning initiatives undertaken by governments worldwide. One such project is the Redlands
Research Facility located east of Brisbane, Australia, which aims to establish a green hydro-
gen plant using locally produced solar energy. The green hydrogen pilot plant consists of
a microgrid that uses concentrated-PV (CPV) and PV arrays, backed with commercially
available batteries, to enhance its energy efficiency and a 40 kW PEM electrolyser [5] sup-
plied with 5.5 L per hour of water. The project aimed to provide experimental validation
and an integrated modeling of a hybrid renewable energy process that utilizes solar power,
energy storage, and non-potable water to produce, store, and use hydrogen.

Another approach that arised within the project was to develop a fully DC microgrid
that eliminates the unnecessary AC conversion components from the hydrogen production
microgrid [12]. This led to the development of a downscaled fully DC hydrogen generation
microgrid and a 500 W electrolyser and energy storage were required [9].
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Using LiC was proposed for this application as an alternative energy storage to LiB, be-
cause of LiC’s promising characteristics and the advantages provided by the hybridization
of supercapacitors and Li-ion batteries [4].

Commercially available LiC cells were tested for characterization under different
conditions and went through an extensive aging test, where each cell went under different
aging conditions to model its performance and aging behavior and predict its performance
in different climates using system simulation [16].

The aging models for both LiC and LiB were derived from lab tests and the literature.
An EMS was modeled to imitate the operation of the green hydrogen microgrid, and
the system was modeled and used to make a size optimization and estimation of the
degradation happening to the energy storage after an operation of 10 years. The results
show that LiC has a lower optimal size in terms of Ah compared to LiB because of its
temperature tolerance and it degrades much slower in terms of FEC; however, LiC loses
much of its capacity due to calendar aging which is not very effective on the LiB. Though,
calendar aging increases the internal resistance of the LiB more than the LiC.

Future work will consider the usage of LiC for grid regulation and power smoothing
as well as using it for storage. Also, it will consider the power generation data from the
CPV and PV at the Redlands facility and make a comparison between the performance
of the LiC regulating the grid at the beginning and after years of operation where the
performance is dependent on the remaining capacity and the internal resistance.

7. Conclusions

The study provides an analysis of Li-ion capacitors and Li-ion batteries as energy
storage systems for green hydrogen production from PV in the Australian climate. The
study compares the performance of LiC and LiB in six different cases using four modes of
EMS state machines and a sizing algorithm that optimize the energy storage to secure a
safe operation of the electrolyser and increase its productivity. The EMS state machine has
an idle mode where the size is minimum and the ES is required only to deliver 10% of the
electrolyzer load power to avoid a total shutdown. The other EMS modes are operating the
system for different sizes. The EMS uses inputs such as irradiation and irradiation forecast
and temperature from the plant location. The system model is used for iterative simulations
for 10 years period to be used for optimizing the system size. A directed search algorithm
was used to reduce the number of search iterations in the sizing process. The results show
that LiB is oversized in all cases compared to LiC, but LiC has a smaller remaining capacity
after 10 years of operation due to the higher calendar aging. However, considering the IR
and the need to use energy storage for grid regulation, LiC can be a better option because a
lower IR means a better response to the grid. Additionally, IR after 10 years of operation for
LiC is 264% of its initial IR, while for LiB it is 346%. Furthermore, the average remaining
capacity after 10 years of operation for LiC is 80.2%, while for LiB it is 86%. These results
indicate that while LiB may have a higher remaining capacity, it also has a higher IR. The
study shows that Li-ion battery performs better in cases not affected much by the calendar
capacity fade and upsizing the energy storage in the case of Li-ion battery means a higher
energy production for green hydrogen and a lower capacity fade by 6%. Overall, LiC has a
high potential in green hydrogen production from PV if the low IR is required in the grid
design for better response and lower power losses due to energy storage degradation.
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Nomenclature
Notation Definition Unit
LiC Li-ion Capacitor -
LiB Li-ion Battery -
Cf Capacity Fade -
nc(t) Cycle count during simulation -
IR Internal Resistance Ω
SoC State of Charge %
ES Energy Storage -
PV Photovoltaic -
CPV Concentrated Photovoltaic
EMS Energy Management System -
MWh Megawatt-hours -
EOL End of Life -
T Temperature ◦C
I Current A
t Time s
t_end End time of simulation -
Q_present Cell storage capacity Ah
SoC_threshold1 State of Charge threshold for transition from Production to Idle mode %
SoC_threshold2 State of Charge threshold to remain in production mode %
fail Fail state of the electrolyser (total shut down) -
idle idle state of the electrolyser (10% of the rated power) -
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