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Abstract: This paper presents a comprehensive techno-economic analysis of different energy storage
systems (ESSs) in providing low-voltage ride-through (LVRT) support for power electronics-based
electrolyzer systems. A framework for analyzing the performance of a grid-integrated electrolyzer-
ESS system is developed, taking into account realistic scenarios and accurate models. The system
components consist of a 500 kW alkaline electrolyzer module integrated with a medium-voltage
grid and three different commercially available ESSs based on Li-ion battery, Li-ion capacitor, and
supercapacitor technology, respectively. The performance of these ESSs is extensively studied for three
LVRT profiles, with a primary focus on the upcoming Danish grid code. In order to perform simulation
studies, the system is implemented on the MATLAB®/Simulink®-PLECS® platform. The results
demonstrate that all three energy storage technologies are capable of supporting the electrolyzer
systems during low-voltage abnormalities in the distribution grid. The study also reveals that the
supercapacitor-based technology seems to be more appropriate, from a techno-economic perspective,
for fault ride-through (FRT) compliance.

Keywords: power-to-X; electrolyzer; green hydrogen; grid code compliance; LVRT; energy storage

1. Introduction

With the rapid enhancement of renewable energy generation and the advancement
of electrolyzer technologies, power-to-hydrogen projects are gaining significant interest
in renewable energy storage as an alternative to traditional solutions, including energy
storage technologies [1]. Electrolyzers produce hydrogen through water electrolysis using
electricity, mainly from renewable sources [2,3]. There are some other processes used
to produce hydrogen such as natural gas reforming, biomass-derived liquid reforming,
microbial biomass conversion, etc. Each of these processes have their own merits and
drawbacks. Furthermore, the hydrogen produced through several pathways is classified
into grey, brown, blue, and green hydrogen [4]. Among these, green hydrogen generation,
through water electrolysis using renewable energy, is a CO;-neutral process [5]. The
remaining hydrogen production processes involve CO; emissions of different quantities
as a byproduct and, hence, do not comply with the clean energy criteria. The generated
hydrogen is subsequently transmitted via pipeline for industrial applications and /or stored
in a storage facility for later use as a fuel [6]. One of the potential applications of hydrogen
fuel is the fuel-cell electric vehicle, where hydrogen combines with oxygen and generates

Copyright: © 2023 by the authors.
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electricity when required through reverse electrolysis [7,8].

The European Union targets a 45% GHG reduction compared to 1990 levels by 2030,
and net zero emissions by 2050 [9]. Denmark has taken a leading position in implementing
policies aimed at reducing greenhouse gas (GHG) emissions. It intends to reduce emissions
by 70% by 2030 and achieve carbon neutrality by 2050 [10]. To achieve this, it is essential to
have industrial-scale production of green hydrogen. Consequently, there is a large focus
on the planning, development, and integration of large electrolyzer units into hundreds of
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MW plants. Different technologies like alkaline water (ALK) electrolysis, proton exchange
membrane (PEM) electrolysis, solid oxide electrolysis (SOES), and high-temperature water
electrolysis can be used to produce hydrogen through electrolysis. Currently, ALK is
the most cost-effective technology for producing electrolytic-grade hydrogen at around
700-800 EUR/kW. On the other hand, PEM and SOES methods are still expensive, costing
around 1000-1500 EUR/kW and 2800-5600 EUR/kW, respectively [11]. At present, ALK
and PEM electrolyzers are the leading technologies in the global market. In 2022, the
EU installed approximately 80 MW, which is more than double the amount installed the
previous year. In July of the same year, the European Commission gave the green light
to provide funding worth EUR 5.4 billion to support Hy2Tech, the first hydrogen-related
Important Project of Common European Interest (IPCEI) [12]. This project aims to promote
hydrogen technologies, including incentives for manufacturers of electrolyzers. Denmark
is constructing two energy islands that will generate green energy, including hydrogen fuel,
by utilizing its abundant wind energy resources in the North and Baltic seas [13].

In order to maintain the stability and security of the power supply, new grid connection
requirements are addressing specifically the installation of new electrolyzers. Besides the
power quality requirements, inherent for any type of consumer connected to the electricity
grid, more flexibility from such plants will be required in order to integrate them with
renewable energy production, e.g., wind and solar. The security of the power supply will
require these new installations to withstand large voltage drops in the electrical grid, i.e.,
they must remain connected to the grid in case of short-circuit events in the upstream
electrical infrastructure. Typically, all consumers are disconnected from the power grid
in case of a short-circuit detected in their point of connection. Then, it is immediately
reconnected after the fault is cleared. Thus, a sudden disconnection of large consumer
capacities in case of a short-circuit may pose challenges to power system stability and
security of supply by triggering blackouts in large areas.

The electrolyzer systems have long start-up periods according to their operational
state before the event. A cold start-up may take several hours, depending on technology,
while a normal start-up after disconnection from the power supply may take up to one
hour. Thus, following a short-circuit occurring in the transmission grid, large electrolyzer
modules may be disconnected for several hours. In order to mitigate this, the new grid
connection requirements are demanding that electrolyzers stay connected during the fault
until it is cleared [14]. Moreover, the new criterion for the security of supply in Denmark
accounts for a loss of 1 GW of electrolyzer modules [14].

The current technologies for electrolyzer systems are typically comprised of one
rectification stage that directly supplies the electrolyzer stacks running at full hydrogen
production [15,16]. More flexibility in hydrogen production is achieved by using controlled
rectifiers with or without an additional DC-to-DC stage that enables the stacks to operate
in a wider range. More advanced power conversion stages involve an active front-end
rectification stage [17,18]. However, all these power conversion configurations will interrupt
the power supply of the electrolyzer stacks in case of a fault in the power system.

Energy storage systems (ESSs) can be a viable solution in supporting the low-voltage
ride-through (LVRT) of electrolyzer systems by providing the necessary power supply to
the stack during the event while keeping the system running and ready to be reconnected
to the grid when the fault is cleared. Li-ion batteries are the most popular energy storage
technology. Their emerging and developed chemistries have resulted in next-generation
Li-ion batteries with high energy densities, high discharge rates, enhanced cycle lives, and
improved safety [19]. The supercapacitor is another promising energy storage technology
considered as a potential candidate in this study due to its fast discharge capability. Unlike
Li-ion battery technology, a supercapacitor stores energy as a charge double-layer without
involving any chemical reactions, achieving high power density. In addition, a superca-
pacitor has the following advantages: rapid charging/discharging capacity, long cycle life
(>50 k), and a wide operating temperature range (—40 °C to 60 °C) [20]. A supercapacitor
is ideal for applications that require high currents for short periods, typically a few minutes,
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due to its rapid charge delivery capacity. Similarly, an Li-ion capacitor is a hybrid energy
storage system that combines, in a trade-off solution, electric-double layer-based super-
capacitor technology and charge intercalation-based Li-ion battery technology. Such an
energy storage system combines the advantages of both the technologies mentioned above,
including high power density, high energy density, long cycle life, and a wide operating
temperature range [21].

A number of studies have proposed in the past to utilize batteries with renewable-based
energy systems such as wind and solar PV to comply with grid codes for LVRT [22-27]. In
all cases, depending on the rating of these renewable sources, the ESS must have a high
power density to supply a large amount of power for a short duration of time, i.e,, up to a
couple of seconds. The same approach of integrating ESS into the power conversion stages
may be used to achieve the new LVRT requirements for electrolyzer systems. However,
the necessary power and energy that needs to be delivered by ESSs for these tens of MW
systems may be very different compared to renewable-based ones. Currently, there is no
study in the public domain that evaluates the necessary power and energy required by an
electrolyzer unit to comply with the upcoming LVRT requirements. Moreover, as various
ESS technologies are available on the market, guidelines and recommendations for their
usage in connection with electrolyzer units are missing. Hence, this paper aims to perform
a techno-economic analysis of three energy storage technologies, i.e., lithium-ion batteries,
greenlithium-ion capacitors, and greensupercapacitors, for their potential to enable the
upcoming LVRT requirements of large electrolyzer systems.

The main contributions of this paper are as follows: (i) a methodology for sizing the
considered ESS technologies is proposed, including the configuration of the cells to comply
with any LVRT requirements; (ii) the technical performance of the ESS embedded into
the electrolyzer unit for LVRT compliance is assessed through relevant simulation studies
considering three voltage profiles, including the upcoming Danish grid code requirements;
and (iii) a techno-economic assessment of the considered ES technologies is conducted and
guidelines for future deployment in real installations are provided.

The rest of the paper is organized into five sections. Section 2 outlines the overall
system design. Section 3 provides details on three different energy storage technologies.
Section 4 presents simulation results and discussion. Finally, Section 5 concludes the paper.

2. Characterization of System
2.1. Electrolyzer Module
Following the approach described in [18], the system’s scope comprises of a 500 kW

electrolyzer and an ESS connected to the medium voltage distribution system, as shown in
Figure 1.

I System under scope

I | bc

ESS
1 DC

| DAB-IBDC
@D H - :
T DC
PoC p—
MV
& Transformer LCL Filter AFE e
Rectifier

DC link

S

PSFB-DC

Figure 1. Block diagram of a grid-integrated electrolyzer module with embedded energy storage
system (AFE: active front-end; DAB-IBDC: dual-active-bridge isolated bidirectional DC-DC converter;
PSFB-DC: phase-shift full-bridge DC-DC converter; EM: electrolyzer module; and ESS—energy
storage system).

A 10 kV connection, as a typical voltage level in the Danish distribution system,
is considered. A step-down transformer will provide a 2.5 kV line-to-line feed for the



Batteries 2023, 9, 527

40f13

active front-end (AFE) rectifier. An LCL filter designed to mitigate the high harmonic
content is also included. The AFE rectifier provides a 6 kV voltage for the common DC
link circuit. Both the electrolyzer and ESS are connected to this common DC-link circuit
through a phase-shift full-bridge DC-DC converter (PSFB-DC) and a dual-active-bridge
(DAB) isolated bidirectional DC-DC converter (IBDC), respectively.

A classical dq control is used for the rectifier stage as described in [18]. The d-axis
comprises an inner current control and an outer DC-link voltage control loop, respectively.
Similarly, an inner current control loop and the reactive power outer control loop are
present in the g-axis. The electrolyzer module current is controlled using a standard current
control loop, as described in [18]. The charging and discharging currents for the battery are
also controlled using the same approach as for the electrolyzer.

During normal operation, i.e., supply voltage within +0.1 p.u., the PSBF converter
supplies the current and voltage to the electrolyzer module required for producing hydro-
gen while the ESS remains in the idling mode. As a short-circuit occurs in the distribution
grid, the DC-link voltage will drop significantly according to the voltage level measured in
the point-of-connection (PoC), and the power supply in the common DC-link circuit will
be handled by the ESS.

2.2. LVRT Profiles

Three voltage profiles for the LVRT are considered for this analysis, i.e., the upcoming
Danish grid code [14], the Standard grid code [27], and the upcoming German grid code [28],
as shown in Figure 2. The upcoming Danish grid code outlines the requirements for large
Power-to-X systems connected to transmission networks. The regulation capabilities of the
Danish grid code consists of a 100% voltage dip for 150 ms during a fault, followed by a 35%
voltage recovery (i.e., a 65% voltage dip for another 550 ms). The voltage then gradually
ramps up to 90% of its normal operating condition within 800ms. Similarly, the Standard
grid code consists of a 100% voltage dip for 150 ms during a fault, followed by gradual
voltage ramps up to 90% of its normal operating condition in the next 1.5 s. The upcoming
German grid code, on the other hand, takes 3 s to ramp up to 90% of normal operating
conditions. The considered recovery times for the grid voltage are very similar to the LVRT
requirements applied to renewable generation, e.g., wind and solar PV plants [27,29].

In order to comply with LVRT requirements, the electrolyzer system must fulfill the
following conditions: (i) It must operate normally for voltage levels down to 0.9 p.u., i.e.,
Area A. (ii) It must stay connected to the grid for voltage levels above the LVRT profiles Area
B. In the current grid codes, it is not specified what the operational state of the electrolyzer
in this area shall be. However, the start-up of the electrolyzer may take up to 1 h, and
most of the technologies may ramp down to about 0.1 p.u. hydrogen production in several
seconds. Thus, an additional energy source shall provide the necessary power for keeping
the electrolyzer running until the fault is cleared. (iii) The entire electrolyzer system may
disconnect for voltage levels below the LVRT profile, i.e., Area C [30].

Veoclp-u.]
1.0
Area A
0.9 f—
7

o [ pieteiaieiaiatainteieil 1
3 ! !
2 | Upcoming Danish grid code 1
2 | 1
= 1
g : = = = Standard grid code 1
| 1
Area C : — . — Upcoming German grid code :
035 e e e e e - !

0.0

00 0.15 0.70 15 225 3.0 3.75 [Not to scale]

Time [s]

Figure 2. LVRT profiles in point-of-connection (PoC).
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2.3. Methodology for ESS Sizing

This section proposes a methodology for sizing the ESSs” power and energy as well
as the series and parallel configurations of the cells to ensure a continuous operation of
the electrolyzer stack during LVRT. Assuming that there are no losses in the subsystems
between the ESS and electrolyzer stack (as shown in Figure 1), the power and voltage
rating of the ESS must comply with the electrolyzer and ESS-connected DC-DC converter
ratings, respectively. A sizing procedure for the ESS according to the required power and
the duration of the fault is given in the following paragraphs.

Step 1: For a given time duration (T;) and the rated power (F,), the total energy required
by the electrolyzer stack can be calculated as:

BTy
wh — 3600 (1)

where Eyyy, is the energy in watt-hours, and T is the time duration in seconds during
which the ESS needs to supply power to the electrolyzer.

Step 2: The required number of series-connected cells (Ns) of the ESS is:

v,
N, = @)
? Vcell

where V; is the rated voltage of the electrolyzer, and V,,; is the nominal voltage of a
unit cell of the ESS.

Step 3: The number of parallel strings (N},) can be calculated as:

Ewh
ViCan

Np = (3)

where C 4y, is the unit cell capacity in ampere-hour. Essentially, the number of parallel
strings defines the discharge current rate of the cells. Thus, if the obtained parallel
strings value does not satisfy the cell’s maximum discharge current limit, the value
of N, must be re-calculated following the subsequent steps. This will result in an
over-sized ESS with plenty of energy remaining in the storage system even after
fulfilling the power demand for the time duration Tj.

Step 4: The load current of the electrolyzer system is given by:

— Pr

r

(4)

Step 5: For a given maximum continuous discharge current (I,;;,,c) of the cell, the number
of parallel strings of the ESS can be calculated as:
Ul

N =
P ImaxC

©)

The flow chart of the ESS sizing methodology is displayed in Figure 3. The results
of the ESS sizing for the three considered energy storage technologies using the proposed
methodology are presented in Section 4.
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Figure 3. Flow chart for sizing ESSs to pinkenable LVRT of electrolyzer.

3. ESS Technologies

This section presents the mathematical models for the considered ESS technologies in
this analysis.

3.1. Lithium-Ion Batteries

This study considers a 180 Ah commercial Li-ion battery made of a lithium iron
phosphate (LFP) cathode and a graphite anode. The detailed specifications of the considered
Li-ion battery cell are listed in Table 1. The Thevenin equivalent circuit model (ECM) used
for dynamic studies and corresponding mathematical equations are listed in Table 2. The
ECM consists of a DC voltage source capturing the OCV as a function of SOC, an equivalent
series resistance (Ro) capturing the Ohmic voltage drop across the cell and a parallel RC
branch (R;Cq) characterizing the cell’s internal charge transfer and diffusion resistances.

Table 1. Technical specifications of selected ESS cells.

Parameter Li-Ion Battery Li-Ion Capacitor Supercapacitor
Nominal voltage [V] 3.2 3 2
Voltage range [V] 2.5-3.65 2.2-3.8 1.35-2.7
Capacity [Ah] 180 0.93 1.125
Max. continuous current [A] 720 100 210
Specific power [W/kg] 205 4 %108 5.9 x 103
Specific energy [Wh/kg] 102 24 6
Mass [kg] 5.6 0.11 0.51

Volume [m?] 36 x 104 111 x 1074 395 x 1074
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Table 2. Electrical equivalent circuit models.

Energy Storage Technology Equivalent Circuit Model Mathematical Representation

Li-ion battery

SOC = —1(3600C 4;,) !
Vi=—(RiCy) " +1G 7
Vi = OCV(SOC) + V| + IRy

Supercapacitor

Vh = IC;fl
Vi=—(RiCy) " +1G 7
Vo = —(RyGp) t +1C, !
Vi=V,+ Vi + W+ 1R

Li-ion capacitor

SOC = —1(3600C 4;,) "
Vi=—(RiCy)  +1G !
Vo = —(RoGo) ' +1C, 1
Vi = OCV(SOC) + Vi + V5 + IRy

3.2. Supercapacitors

A commercially available 3000F supercapacitor (Maxwell BCAP3000) was considered
to study the effectiveness of this technology in supporting the electrolyzer unit. To simulate
the electrical dynamics of the supercapacitor, a 3rd-order ECM of the system has been
adopted from [31]. The model consists of a capacitor (Cj), a resistor (Resy), and two
parallel RC branches (R1Cq, RpCy). Table 2 contains the ECM of the supercapacitor and the
corresponding mathematical equations. The voltage across the capacitor C;, denoted by
Vi, V1 denotes voltage across the R;C; branch, V, denotes voltage across the RyC; branch,
Vi denotes voltage across the output terminal of the supercapacitor, and I denotes current
flow through the supercapacitor.

3.3. Lithium-Ion Capacitors

In this paper, a commercially available 2100F (Musashi CLE2100S1B) Li-ion capacitor
was considered for further studies. A 2nd-order ECM of the cell was adopted from [32]
to simulate the electrical dynamic response of the Li-ion capacitor. The model consists
of a DC voltage source capturing the OCV as a function of SOC, an equivalent series
resistance (R,sr), and two parallel RC branches (R;Cq, RoCy). The Li-ion capacitor ECM
and the corresponding mathematical equations can be seen in Table 2, where C4;, denotes
capacity in ampere-hours (Ah), V; denotes voltage drop across the Ry C; branch, V, denotes
voltage drop across the R,C; branch, V; denotes output terminal voltage, and I denotes
input current (‘+/—"ve: discharge/charge) of the cell.

4. Results and Discussion

A model-based design approach was used to implement the electrolyzer system,
including the ESS technologies, as described in Figure 1. Thus, all power converters,
including semiconductor devices, were implemented in PLECS®green (Blockset 4.7.5)
while the electrolyzer stack, the ESS technologies in scope, and all the controls were
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implemented as MATLAB®/Simulink®green (R2023a) models outside PLECS®. All system
design parameters and tuning procedures for the AFE, the DC/DC converter for supplying
the electrolyzer, and the electrolyzer model were according to [18], while the three ESS
models, including controls, were implemented additionally as part of this study. The
technical performance of the considered ESS technologies is evaluated for the LVRT profiles
in point-of-connection (PoC), as shown in Figure 1. Thus, the study consists of case studies.
However, for the sake of simplicity, only the ESS performance under the upcoming Danish
grid code is discussed in detail, with brief conclusions drawn for the remaining cases.

By using the sizing methodology described in Section 2.3, the ESS technologies were
designed for an LVRT event of 1.5 s, as illustrated in Figure 2. According to the system
design parameters outlined in [18], the electrolyzer stack has a rated power of 500 kW, and
the DC-link voltage is 6 kV. So, the electrolyzer must be supplied by an ESS with a capacity
of (500 kW x 1.5 s) + 3600) = 208.34 Wh. Considering the voltage conversion ratio of the
DC-DC boost converter is 6.66, the rated voltage of the ESS was calculated to be 900 V.
Thus, all three ESS technologies were designed to meet both the power and energy criteria
of the electrolyzer.

Table 3 shows the results of the sizing procedure in terms of the minimum number of
cells required in series and in parallel, as well as the corresponding energy of the entire
energy storage module. Unlike the LVRT events of 1.5 s, the electrolyzer must be supplied
by an ESS with a capacity of 416.7 Wh for the case of extended grid code where the LVRT
event lasts for 3 s. However, it is worth noting that all ESS sizes identified (in Table 3) can
support all the considered LVRT events under the Danish grid code, Standard grid code,
and German grid code.

Table 3. Sizing of energy storage system.

Technology Ns Ny Energy Capacity [kWh]
Li-ion battery 288 1 162.4
Li-ion capacitor 300 6 5.022
Supercapacitor 450 3 3.037

4.1. AFE Response during LVRT

This subsection presents the dynamic response of several variables in the system dur-
ing LVRT, the voltage and current responses on the grid side, along with the corresponding
6 kV common DC-link voltage response.

To demonstrate the system’s performance, an LVRT profile is introduced in the grid
voltage at t = 0.1 s. Figure 4a depicts the 100% voltage dip at the grid side, while Figure 4b,c
illustrate the corresponding grid current and DC-link voltage variations.

Notably, the DC link voltage deviation is less than 2% of its normal voltage during
the 100% grid voltage dip. When the grid voltage drops below 90%, the ESS switches
from idling mode to discharging mode and begins to supply the electrolyzer via the
common DC-link. Once the voltage is restored to 90% of its normal value, the ESS switches
back to idling mode from discharging mode and stops supplying power to the DC link,
as depicted in Figure 4. It is evident that the ESSs effectively maintained the DC-link
voltage during abnormal grid voltages. The AFE response was identical for all considered
ESSs technologies.
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Figure 4. Grid (a) voltage, (b) current, and (c) DC-link voltage responses.

4.2. Electrolyzer Response during LVRT

This section focuses on the response of the electrolyzer module under the operating
conditions shown in Figure 4. It is assumed that the electrolyzer will not change its
operational state during the LVRT, and hence it will continue to operate at its nominal
hydrogen production rate. The electrolyzer input current, voltage, and power are shown in
Figure 5a—c. Even with a 100% grid voltage dip, the electrolyzer input current only drops
by 0.005 p.u. of its normal operating value.

A £0.025 p.u. ripple in voltage is due to the switchings in the DC/DC converter,
as expected. Consequently, due to the filters in the converter, a smaller ripple (less than
£0.001 p.u.) can be observed in the supplied current to the electrolyzer. Regardless of ESS
technology used, the power supply of the electrolyzer is maintained within a deviation of
less than 0.02 p.u. in all test cases.

1.01 1.01

1% 1.14_,_’—-\——

1

0.9
Voltage

Current [p.u.]
o
©
[{e)

Voltage [p.u.]
Power [p.u.]
o
o
©
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0.8 1
0.97 .
0.95 0.998

15 15005  1.501 0.97 15 15005  1.501
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0 1 2 3 0 1 2 3 0 1 2 3
Time [s] (a) Time [s] (b) Time [s] (c)

Figure 5. Electrolyzer (a) voltage, (b) current, and (c) power responses during the grid code compli-
ance by the energy storage systems.

4.3. ESS Response during LVRT

This section compares the LVRT performance of the three considered energy storage
technologies. The ECM of the three ESSs discussed in Section 3 have been implemented.
Three grid—electrolyzer-ESS system models were implemented for the three selected energy
storage technologies, using the sizes listed in Table 3. Figure 6 illustrates the dynamic
response of three ESSs during an LVRT event as per the upcoming Danish Grid Code.

At the beginning of the LVRT event, all three ESSs experience the maximum discharge
current, causing a sudden drop in their terminal voltage due to the presence of Ohmic
resistance in the storage devices. The varying starting voltages of the ESSs in Figure 6a
are a result of their different maximum voltage levels as listed in Table 4 at 100% SOC. As
the grid voltage recovers, the current demand to supply the electrolyzer decreases. Thus,
the discharge current value decreases to zero when the grid voltage is restored at 90% of
normal operating voltage. Figure 6¢c shows that the SOC of the ESSs reduces steadily as
the electrolyzer consumes power from them. When the grid power is restored to 90% of its
normal operating condition after 1.5 s, the ESSs stop providing power and are disconnected
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from the electrolyzer; hence, the SOC remains constant until the end of the simulation
period. The supercapacitor-based ESS experiences the highest SOC drop (>6%), and the Li-
ion battery-based ESS shows the lowest one (<1%) due to the high energy/capacity of this
technology. Based on the energy required to comply with the grid code, the supercapacitor-
based ESS is the least oversized in terms of energy capacity (as listed in Table 3), and the
Li-ion battery-based ESS is the largest.

O v 100
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s 0 < o ¥ 95

& 1100 & -400} || %)

8 g o

£ = 9

2 (&)
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Figure 6. Energy storage systems (a) voltage, (b) current, and (c) SOC response.
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Table 4. Comparative analysis of different energy storage technologies.

Parameter Li-Ion Battery Li-Ion Capacitor Supercapacitor
Price ($/kWh) 300 37,167 2500
Installation cost ($) 48,720 186,650 7600
Mass (kg) 1612.8 198 688.5
Volume (m?) 1.03 0.2 0.54
Max. backup duration (s) 1160.8 36.15 21.86
Cycle life (cycles) ~2000 ~300,000 ~1000,000

Since the minimum number of series and parallel cells required for riding the low
voltage fault is the same, as listed in Table 3, similar results have been obtained for the
other two LVRT profiles, i.e., the Standard grid code and the upcoming German grid code.
Figure 7 presents the SOC drop values for each ESS and the considered LVRT profiles.
For all three energy storage systems, the largest drop in state of charge occurred for the
German grid code scenario, which has the longest fault duration of 3 s. In addition, the
supercapacitor-based energy storage technology exhibits the highest SOC drop for all the
cases, which is consistent with the energy capacity of the storage module.
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Figure 7. SOC drop experienced by the energy storage technologies for the three different grid codes
(GC-1: Upcoming Danish grid code; GC-2: Standard grid code; GC-3: Upcoming German grid code).
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4.4. Techno-Economic Analysis

From a techno-economic perspective, a comprehensive analysis of the considered
ESSs is conducted to determine the best storage technology for supporting the electrolyzer
module. Four key performance parameters, namely installation cost, weight, backup time,
and lifetime, are considered in the assessment. The installation cost of the ESSs is calculated
using the unit price of the Li-ion battery, Li-ion capacitor, and supercapacitor, which are
300 USD/kWh, 37167 USD/kWh, and 2500 USD/kWh, respectively [33,34]. The backup
time metric defines the duration for which a fully charged ESS can meet the power demand
of the electrolyzer module. The analysis is performed for the ESS size derived in Table 3,
and the results are presented in Table 4. The analysis shows that the supercapacitor is
both technically and economically feasible for LVRT support of the electrolyzer module.
Clearly, the Supercapacitor-based technology outperforms both the Li-ion battery and
Li-ion capacitor technologies in installation cost and cycle life. Based on the remaining
performance parameters in Table 4, it is evident that the supercapacitor is a good trade-off
among the three selected storage technologies for LVRT support. Consideration of the
impact of the high discharge current on the ESSs’ state of health in techno-economic analysis
can be a direction of future studies.

5. Conclusions

In this work, we thoroughly examine the effectiveness of various energy storage tech-
nologies in complying with grid code standards for LVRT in electrolyzer-based pinksystems.
A grid-integrated alkaline electrolyzer module-ESS framework was designed to conduct
simulation studies using the MATLAB®/Simulink®-PLECS® platform. The framework in-
cludes an MV grid of 10 kV, an alkaline electrolyzer of 500 kW, and energy storage systems.
The study focuses on commercially available energy storage technologies such as Li-ion
batteries, Li-ion capacitors, and supercapacitors under three different grid codes, primarily
focusing on the upcoming Danish grid code. Firstly, we have proposed a methodology for
sizing the ESSs, in terms of power and energy to satisfy the system’s current and voltage
constraints. The simulation results indicate that (1) all energy storage systems are capable of
supporting the electrolyzer module in withstanding voltage dips at the grid side; (2) during
LVRT support, the ESSs can maintain the DC link voltage at its normal operating voltage
with a deviation of less than 0.02 p.u.; (3) the operating power deviation for the electrolyzer
modules is limited to within 0.005 p.u. of its normal operating power; and (4) from the
techno-economic perspective, it is evident that supercapacitor-based energy storage technol-
ogy is the most optimal solution among the three energy storage technologies. Furthermore,
it has to be highlighted that even for the most energy-demanding LVRT scenario, there is
between 87% and 99% available energy (depending on the ESS technology) at the end of
the grid event. Thus, the use of the ESS for additional services (besides LVRT compliance)
should be investigated to speed up the return on the investment. The present study can
further extend in the following directions: (i) consideration of the impact of high C-rate on
the state of health of the ESS technologies while assessing the techno-economic performance
and (ii) analysis of the system dynamic response during asymmetrical grid faults.
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