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Abstract—Electrolysis holds tremendous potential in reducing
the carbon footprint and providing energy dense fuels such as
methane. Such systems can be integrated with renewable energy
systems with the aid of power electronics interfaces. However,
this integration is not straight-forward and imposes various
converter design challenges. This paper presents the current
state-of-the-art electrolyzer systems, and a simple model of an
alkaline regenerative stack with four degrees of freedom. To
gain insights with regards to limitations/trade-offs, a sensitivity
analysis is conducted on this model. Based on these insights, the
challenges associated with power electronics converter design for
this application have been discussed along with the trade-offs
associated with the electrolyser system. Furthermore, the concept
of adaptive modularity for efficiency and reliability improvement
has been discussed.

Index Terms—Power electronics, electrolysis, modelling, sensi-
tivity analysis, modularity and reconfigurability in power elec-
tronic systems, isolated converter topologies, green hydrogen.

I. INTRODUCTION

The emissions of greenhouse gases especially CO2 have
increased drastically over a few years. As a result, there has
been a collective effort to reduce these emissions with the
emphasis on diminishing their detrimental impacts on the
climate including the increase in average global temperature.

In the Netherlands, the Klimaatakkoord aims at the reduction
of CO2 emissions by 49% in 2030 and 95% in 2050 relative
to the 1990 levels [1]. This is well aligned with the targets
set by the European Union (EU) with regards to the climate
and therefore, is within the framework of other international
agreements, like the Paris Agreement [2], [3].

One does not fulfill such targets with ease and therefore,
several transformations are inevitable in industries around the
world. The intensive research in renewable energy systems
indicates the potential of renewable electricity for the efficient
and carbon-free operation of such industries. Moreover, modes
of transportation such as road and rail have been able to
integrate with renewable energy systems such as wind and
solar [4], [5]. However, this has not been the case for water
and air transportation as they rely heavily on carbon based
fuels. Therefore, carbon recycling can prove to be a potential
solution in reducing CO2 emissions.

Medium
Voltage DC

Grid

DC

DC

DC

DC

Electrolyzer
PV System

MPPT

Converter Under
Design

Fig. 1: Structure of the system.

The reduction in CO2 can be achieved in two ways: thermo-
chemical conversion into carbon based products and fuels and,
CO2 electrolysis. Power electronics based electrolysis systems
has tremendous potential if energy dense fuels are produced
with renewable electricity. Solutions up to the MW range
in industries have been developed [6]. In [7], the challenges
and future trends of low temperature electrolysis have been
discussed. Here, study of various system architectures along
with review of converter topologies for high power electrolysis
has been carried out. According to their study, direct three-
phase AC inverter is preferred for a grid-connected system,
current-doubler secondary for parallel cell connection and,
multi-port converter for independent connection architecture.
The aim of this study is to introduce the concept of adaptive
modularity in power electronics converter utilized for such
applications. Electrolysis requires low voltage and very high
current. If a single converter is utilized for this purpose, the
converter efficiency will be very low. The focus therefore,
should be to redistribute this current among several modules
derived from a parent topology. Moreover, due to prolonged
operation of the converter, the lifetime of the components,
especially the semi-conductor switches starts to deteriorate. As
a result, converter reliability starts to decrease. Therefore, the
converter must intelligently be able to identify the operating
point, and control the required modules such that the converter
reliability is maintained and the efficiency is enhanced.
Fig. 1 provides the system structure for this study. The system

specifications considered for future prototype development are
shown in Table I. A Photovoltaic (PV) system is integrated
with the medium voltage direct-current (MVDC) grid with
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TABLE I: System specifications considered for future proto-
type development

Parameter Value

Input Voltage 1.4 kV
Rated Power 100 kW
Expected Stack Voltage 70 V

the help of a DC-DC converter operating on the principle
of Maximum Power Point Tracking (MPPT). An additional
DC-DC converter acts as a power electronics interface (PEI)
between the MVDC grid and the electrolyzer. There are mainly
3 types of electrolyzers: Alkaline water, proton exchange
membrane (PEM) and Solid Oxide Electrolyzers (SOEC).
Alkaline electrolyzer technology is the most widely used and
mature technology [8]–[10]. General Electric developed the
first PEM electrolyzer based on the solid porous electrode
concept in the 1960s [11]. This was based on the concept intro-
duced by Thomas Grubb, where a solid sulfonated polystyrene
membrane was used as an electrolyte [12], [13]. As the name
suggests, the PEM electrolysis cell allows the transportation
of protons from the anode to the cathode.
The process of solid oxide electrolysis was reported by Dönitz
and Erdle as part of the HotElly project at Dornier System
GmbH in the 1980s [14]. The RELHY project [15] targeted
the development of novel or improved, low-cost materials (and
the related manufacturing process) for SOECs. This research
indicated that the materials developed could be operated at
high temperature and could be used for the electrolysis of CO2

to CO, and also the co-electrolysis of H2O/CO2 to H2/CO
(syngas).

The paper is organized as follows: Section II explains the
modelling process for an alkaline electrolysis cell followed by
it’s modification to behave as a regenerative stack. Section III
describes the converter design challenges, trade-offs and oper-
ational challenges. Section IV provides a review of the studied
converter topologies in the literature. Section V explains the
concept of adaptive modularity and how it can be applied for
the considered configurations. Section VI provides conclusions
and future work.

II. ELECTROLYSIS CELL/STACK MODELLING

To get a preliminary insight a pre-defined alkaline elec-
trolyzer system will be utilized.
Several modelling approaches have been shown in literature
[10], [16]–[18]. Despite some differences, every approach
divides the cell modelling mainly into four steps. The approach
followed in [17] will be applied for this study.
The voltage across an electrolysis cell is developed as a result
of the contributions made by the following four potentials:

A. Reversible Potential

The reversible potential of alkaline electrolysis cell exhibits
thermodynamic effect. The reversible potential is given by the

Nernst Equation:

Vrev = V 0
rev,Tk

+
RTk

zF
ln

(
(P − PKOH) ·

√
P − PKOH

aH2O,KOH

)
(1)

where, Vrev is defined as the reversible cell voltage, V. V 0
rev,Tk

is defined as the temperature dependent reversible voltage, V.
R is known as the universal gas constant, JK−1mol−1. Tk is
the cell temperature, K. P is the absolute pressure, bar. z is
defined as the number of moles of electrons transferred for 1
mol of product. F is the Faraday constant, C mol−1. PKOH is
the vapour pressure of KOH, bar. aH2O,KOH is known as the
water activity of KOH solution.

B. Activation Potential

Activation potential refers to the interaction of electrolyte
(chemical species) and electrodes via electrical charges. It
refers to the double layer effect which is formed at the
cathode of the cell [19]. In continuous DC operation, the
activation phenomena is represented in the form of a non-
linear voltage [20], [21]. However, the approach followed in
[17] represents this as a parallel combination of a capacitor
(electrode capacitance) and current-controlled voltage source
for each electrodes.
The activation potential of both the electrodes can be repre-
sented by the modified Tafel Equations:

Vact(ano) = s ln

(
iact(ano)

t
+ 1

)
(2)

Vact(cat) = v ln

(
iact(cat)

w
+ 1

)
(3)

where, s, t, v, w are temperature dependent constants. iact(ano)
and iact(cat) are activation currents for anode and cathode
respectively. The temperature dependent constants are deter-
mined with the help of curve-fitting and experimental data in
contrast to the traditional exchange current density parameter
due to the significant variation in the numerical values used
in the literature [22]. Electrode’s capacitance can be obtained
by electro-chemical impedance spectroscopy (EIS), which is
done by injecting a small-signal current perturbation at a wide
range of frequencies and measuring the voltage [17].

C. Ohmic Potential

Ohmic potential refers to the internal resistance offered by
the electrolyte across the electrodes. This is represented by a
temperature dependent resistance.

Vohm = icell ·Rohm = icell
r

Aelect
(4)

where, r is the area-specific resistance of one of the elec-
trolysis cells, (Ωm2) and therefore, can be obtained from
the experimental static current-voltage (I-V) characteristics at
different temperatures of the electrolyzer with the help of
curve-fitting techniques. icell is the cell current, A. Aelect is
the electrode surface area, m2. Rohm is the internal resistance
of the electrolyzer cell, Ω.
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Fig. 2: Detailed equivalent circuit of the electrolysis cell.

Fig. 3: Simplified equivalent circuit of the electrolysis cell.

D. Diffusion Potential

Diaphragm or membranes utilized in electrolyzers are used
to ensure that the products (gases/water molecules) obtained
on both sides do not diffuse into each other. However, these
components are not perfect, and therefore, when the process
is carried out at high current and pressure, these products tend
to diffuse into each other. This develops an over-potential
that occurs due to the concentration difference between the
two electrodes, and initiates diffusion. For instance, water
molecules diffuse from anode to cathode through the polymer
membrane in PEM electrolyzer [23], [24]. This diffusion
leads to an inefficient operation. The electrolyzer which is
to be modelled is an alkaline electrolyzer and hence, this
contribution has not been considered.

E. Cell Voltage

In case of the detailed model illustrated in Fig. 2, the cell
voltage is given by,

Vcell = Vrev + Vohm + Vact + Vdiff (5)

To simplify the modelling process, the activation potentials
and the diffusion potentials have been neglected. As a result,
the resulting equivalent circuit can be redrawn as shown in
Fig. 3. The cell voltage can then be computed as follows:

Vcell = Vrev + Vohm (6)

This approach is extended for making a regenerative stack
consisting of Ns series-connected cells.

III. DESIGN CHALLENGES AND TRADE-OFFS

Characteristics shown in Fig. 4 do not give complete
information about the behaviour of the regenerative stack.
Therefore, it is important to study the effects of varying

certain parameters of the regenerative stack on it’s electri-
cal characteristics. For this study, parameters considered are
stack temperature, electrode surface area, number of series
connected cells and molar concentration of the electrolyte.
Table II summarises the potential converter design challenges
and trade-offs for high power electrolysis based on the results
of the sensitivity analysis of the alkaline regenerative stack.

A. Operational Challenges

In Fig. 4 (B), the power rating of the stack during the fuel
cell mode of operation is much smaller than the power rating
during the electrolysis cell mode of operation resulting in an
asymmetrical characteristics of the stack. This is because of
the voltage drop across the internal resistance and current
direction [28]. More importantly, the area that is bounded
by these curves for a given temperature defines the operating
region of the converter under design. The converter must be
highly efficient over this wide operating region.

In addition to these challenges, the converter must be able
to provide galvanic isolation in accordance to ISO2274:2020
standard for hydrogen generators using water electrolysis
and ISO19880-1:2020 standard for gaseous hydrogen fueling
stations makes it obligatory for the frames and enclosures to be
grounded that become energized under first fault conditions.
The transformer under design would have a large turns ratio
and therefore, leakage inductance will be dominant. The
switch selection must be carried out appropriately based on the
maximum thermal handling capability which indirectly defines
the current handling capability as conduction losses will be
dominant on the stack side.

IV. CONVERTER TOPOLOGY

DC-DC converters can be mainly classified on the basis of
the ability to provide galvanic isolation [29]. It is necessary for
this study to have an isolated DC-DC converter in accordance
to standards discussed in the previous section. Therefore,
review of isolated DC-DC converters will be carried out.

In [30] a DC-DC converter topology consisting of a full-
bridge converter and a rectifier was proposed. The fuel cell
is connected to the full-bridge converter which is interfaced
with the rectification unit via a multi-winding transformer.
The leakage inductance introduced in the circuit due to the
inclusion of this transformer is utilized for incorporating Zero-
Voltage-Switching (ZVS) in the full-bridge. The secondary
side consists of multiple electro-mechanical relays that control
the transformation ratio. The relay operation is stack voltage
dependent. A 3 kW prototype was developed and an efficiency
of 96.5 %. The transformer losses accounted for 50 % of the
total losses at 1 kW and the losses in Metal Oxide Semi-
Conductor Field Effect Transistors (MOSFET) accounting for
20 %. However, it should be noted that the rectification unit
consists of diodes and therefore, power flow is unidirectional.
Seoul National University of Technology proposed a design

for integrating fuel cells with residential loads [31]. The design
had 3 stages namely, front-end DC-DC converter, DC-AC
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Fig. 4: Simplified Electrical Characteristics of the Regenerative Alkaline Stack, (A): Current-Voltage Characteristics; (B):
Current-Power Characteristics.
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TABLE II: Converter Design Challenges, Preferences and Trade-Offs for High Power Electrolysis

Parameter Effect on electrical
characteristics

Preference from converter
design perspective Challenges/Trade-offs

Stack temperature

Higher stack temperature
increases ion mobility
thereby, increasing the
stack current.

Temperature of 15◦C would be
preferred to have a higher stack
voltage for achieving a lower operating
current for the given rated operating
power to reduce the conduction losses
in the converter

Thr hydrogen production rate
reduces with decrease in stack
temperature [25].

Electrode
Surface area

Influences the stack current
in accordance to Cottrell’s
Equation [26]. Internal
resistance is inversely
proportional to the surface
area and directly proportional
to the distance between the
two electrodes in accordance
to Ohm’s law.

Curve corresponding to Aelec

= 100 cm2 would be preferred
as it provides the highest possible
stack voltage at a lower operating
current for the same rated operating
power. This implies lower losses in
converter and stack as well as
component derating in current
magnitude.

A smaller electrode surface area
strongly influences the internal
resistance thereby, leading to higher
losses in the electrolyzer. For Aelec=
100 cm2, a boundary breach was
detected where the internal resistance
of the electrolyzer increased drastically.
This is due to it’s dependence on
the distance between the electrodes
as well as their surface
area.

Number of series
connected cells

Influences the reversible stack
voltage as well as the internal
resistance.

Higher number of series connected
cells is preferred to achieve a higher
stack voltage so that a lower operating
current is achieved for the given rated
operating power as this can lower
converter current rating and lower losses.

Limitations are imposed on
this parameter due to issues
associated with equalizing
fuel/gas pressure within the
cells [27].

Molar concentration
of electrolyte

Influences the stack voltage
and therefore, the internal
resistance of the electrolyzer.

An electrolyte with higher molar
concentration would be preferred
to achieve a higher stack voltage so
that a lower operating current is
achieved for the given rated
operating power.

Periodic purging of electrolyte is
essential in an alkaline electrolyzer.
This ensures that the molar concentration
is maintained. The amount of electrolyte
that can be injected into the system is
defined by the reservoir capacity.
This is desirable only at an industrial
scale.
In residential applications, water
can be used as a substitute for an
alkaline electrolyte and a cyclic process
is achieved wherein hydrogen is
generated, stored and utilized to produce
electricity and water.
However, in the case of water,
the curves shown in Case C will
be at a much lower stack voltage
which is not desirable from the
perspective of converter design.
Moreover, increasing the molar
concentration increases the viscosity
of an electrolyte. This may result in
higher electrical losses in circulating
pumps as they have to do more work
for the circulating this electrolyte.

converter and an auxiliary power supply operated by a bi-
directional DC-DC converter. Phase-shifted ZVS was utilized
for this topology to minimize switching losses and the series
connection of DC outputs allowed the reduction of transformer
turns ratio. The reported efficiency was found to be 90 %.
However, MOSFETs in high voltage (HV) bridge are required
to carry the full load current and therefore, they need to have
higher thermal handling capability. The transformers on the
primary side are branched after the full-bridge and therefore,
control over the branch currents is lost. As a result, this
topology requires appropriate control such that power is evenly
distributed among the transformers. More importantly, ZVS no

longer is applicable at lighter loads and therefore, leads to high
switching losses in the MOSFETs.

Virginia Tech [32] proposed a topology that consisted of
3 full-bridges on the primary side and 3 phase uncontrolled
rectifier on the secondary side. A 3 phase transformer has
been utilized for this design. Reported efficiency was 96 %.
This topology does not suffer from the issue of operating at
lighter loads in comparison to the topology discussed in [31].
Nevertheless, it has a similar problem of current distribution
as discussed in [32] due to the series-parallel connection on
the secondary side.

In [33], the proposed topology addresses the issues dis-
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Fig. 6: Dual Active Bridge Converter.

cussed in [31], [32]. The transformers were center tapped, each
accommodated with their own rectification unit and connected
in series thereafter. The center tapping lead to reduction in
turns ratio irrespective of the mode of operation. The series
connection forced the current to be the same which in turn
forces the primary side current to be the same. The even
distribution of the current on the primary side allows the
converter to operate at a higher efficiency despite being at light
loads. This makes the converter behave as if it is operating
at full load and ensure ZVS operation over the entire range.
The reported efficiency was found to be 96.4 % at full load.
[34] proposed a multi-port bidirectional system. The system
consisted of CLLC resonant converter and an interleaved buck
converter. The power flow in each parallel connected stack is
controlled independently with the help of the interleaved buck
converters. Each stack therefore, was decoupled. [35] proposed
a Partial Parallel Dual Active Bridge Converter (P2DAB)
for high power renewable energy system integration. This
topology offered 2 degrees of freedom to control either voltage
or power. A similar connection as discussed in [33] has been
utilized to force the current components on the low voltage
(LV) side to remain essentially the same. Experimental results
indicated that by regulating the phase angles, the converter
efficiency can be improved at light loads. Based on this review,
two parent topologies were identified, Dual Active Bridge
(DAB) and resonant converter. For this study, the dual active
bridge converter has been chosen due to it’s ability to provide
galvanic isolation, operate at a very high efficiency (greater
than 99 %) and the ability to incorporate soft-switching
without introducing additional passive components in contrast
to the resonant topology.

V. CONCEPT OF ADAPTIVE MODULARITY

With reference to specifications provided in Table I, the
stack current is expected to be,

Istack =
Prated

Vstack
= 1.42 kA

This is extremely high current on the low voltage side of the
converter. If a single converter was designed to deliver this
current, the overall losses especially, the conduction losses will
be dominant and converter efficiency would deteriorate. More

H
ig

h 
Vo

lta
ge

 D
C

 B
us

Low Voltage DC Bus

Fig. 7: Configuration A: Series connected H-HV and parallel
connected L-LV bridges for a common electrolyzer stack.

importantly, due to prolonged operation, the switches on the
low voltage side will have a smaller life-time and therefore,
reliability takes a bigger hit. This is evident from the converter
topology review discussed in the previous section.

Adopting a modular architecture for the converter utilized
in such an application may prove to be potential solution to
achieve this objective. [36] provides an overview of isolated
dual active bridge converter for high frequency link power
conversion systems. The authors have emphasized on the
typical applications of DAB for high power link AC-AC Solid
State Transformer (SST), DC-DC SST and Back to Back
(BTB) configurations. In this paper, multiple DAB modules
are used as power electronic interfaces between the DC grid
and the electrolyzer stacks to handle the high operating current
rating, each consisting of two H-bridges as shown in Fig. 6.
Herein, H-HV and H-LV are the HV- and LV- side H-bridges
respectively. Three different configurations are considered to
redistribute the current on the LV side and ensure that there
is minimal stress on the switches, and therefore improve
efficiency of the system.

1) Configuration A (Fig. 7): Each DAB module is con-
nected in series on the HV side and in parallel on the
LV side. This may be beneficial as the voltage and current
rating of individual switches for H-HV and H-LV bridges can
be reduced by 1

N , respectively. This is similar to topology
proposed in [37] that describes DAB systems for MVDC
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High Voltage DC Bus Low Voltage DC Bus

Fig. 8: Configuration B: Parallel connected H-HV and parallel
connected H-LV bridges for a common electrolyzer stack.

High Voltage DC Bus Low Voltage DC Bus

Fig. 9: Configuration C: Parallel connected H-HV and parallel
connected H-LV bridges for a dedicated electrolyzer stack for
each DAB module.

distribution grids.

2) Configuration B (Fig. 8): Each DAB module is con-
nected in parallel to the DC bus on both the HV- and LV- side
of the system. While the current rating of individual switches
of the H-LV bridges reduces by 1

N , the voltage rating of all
H-HV bridge switches must be rated according the dc grid
voltage. However, unlike configuration A, each DAB module
can be activated or deactivated during operation to route the
power efficiently between the electrolyzer and the grid.

3) Configuration C (Fig. 9): Each DAB module is con-
nected to a dedicated electrolyzer stack such that there are
N independent systems, each with power rating

(
1
N

)th
of

the rated system power. Depending on the adaptive opera-
tion of DAB modules in accordance to the power flow, the
IV-characteristics of the active stack can be modified, thus
influencing the system efficiency.

VI. CONCLUSIONS AND FUTURE WORK

The presence of low voltage and high current at the stack
side is not straight-forward to solve from the converter design
perspective. This necessitates to develop power electronics
solutions with the objective of redistributing this current such
that the losses are minimized. In this paper, a simplified model
of an alkaline regenerative stack is developed and the effect
of varying certain parameters on it’s electrical characteristics
is discussed. Furthermore, the insights obtained from the
same is co-related with the power electronics converter design
challenges, operational challenges and their associated trade-
offs with regards to the electrolyzer system. A converter topol-
ogy review has been conducted followed by introducing the
concept of adaptive modularity for power electronics converter
employed for green hydrogen production. Three potential
configurations based on the DAB converter are introduced
and the advantages of applying adaptive modularity on these
configurations have been discussed.

As part of the future work, real time simulations of the
configurations discussed in this paper will be studied. A small-
scale prototype of a DAB converter will be developed followed
by it’s integration with a real-time simulation system offered
by OPAL-RT Technologies. The goal is to have one converter
module physically connected to the simulation model consist-
ing of the remaining modules with the help of power hardware
in loop. This provides flexibility in scaling up the system when
needed and also to evaluate it’s performance. Furthermore, due
to large number of components in the final system, a reliability
assessment will be conducted for (N-1) contingencies.
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