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Abstract- This paper discusses a MATLAB/Simulink/Simscape power system implementation of an alkaline electrolyser
directly coupled to a photovoltaic module. Meteorological average daily irradiance and temperature data for a typical summer
and winter day in Auckland, New Zealand, is used in a 15-hour simulation duration to show characteristic responses of the
system. In addition to the steady state output, boundary conditions are applied to the referenced mathematical models to
include the transient performance, governed by the photovoltaic module internal parameters. The simulation results show that
the steady state output of the proposed implementation matches the general response of similar systems reported in previous
published papers. Overall electrolyser efficiency of 68.48% for summer and 63.32% for winter is in accordance with results

from the referenced studies.
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1. Introduction

Energy storage systems are considered the key factor to
improve reliability and stability of renewable-energy-
based electricity [1]. For intermittent renewable energy
sources, such as solar and wind, energy storage not only
provides a way to match generation and load profiles but
also serves as an auxiliary source to deliver power when
renewable sources are unavailable.

Due to its sustainable production, hydrogen energy
storage can be considered as the most promising energy
storage technology [2]-[5]. Like electricity, hydrogen can
be produced from renewable or non-renewable sources,
and can have a wide range of environmental impact.
Among those classified as renewable, water electrolysis is
considered the best mechanism for hydrogen production
due to its high sustainability with low or no harmful
emissions [6]-[8].

Using DC current, a water molecule can be broken into
hydrogen and oxygen. This process occurs inside an
electrolyser which consists of two electrodes and an
electrolyte. Depending on characteristics of the electrolyte,
three different types of electrolyser exist: alkaline, proton
exchange membrane (PEM) and solid oxide (SOE) [2].

Due to its high maturity and economical costs, alkaline
electrolysis is the most commonly used technology to
produce hydrogen using water [9]. Even though the
technology is already advanced, many challenges still exist,
primarily in efficiencies, overall system design and range
of operation. Simulation is essentially important to further
analyse these issues.

In the last three decades, several mathematical models
have been proposed describing the operation of the
electrolyser [10]. Models developed empirically from
demonstration projects have received most attention due to
their accuracy to represent operation characteristics of real
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devices. Specifically, the model in [11] has been used in
many studies showing not only accuracy but high
adaptability to describe various real electrolysers.

Among existing simulation platforms, MATLAB offers
several benefits to model any type of systems with a
growing community  support [12]. W.ithin the
MATLAB/Simulink environment, Simscape allows the
exploration of mathematical models in their own physical
domain simplifying the understanding of their real
behaviour and expanding the possibilities of
interconnecting fundamental elements [13]-[15]. In the
case of alkaline electrolysers, an electrical equivalent
circuit has been proposed in [16], but the mathematical
model interaction with the MATLAB/Simulink/Simscape
circuit is not clearly defined.

This work will focus on the construction of a Simscape
power system model of an alkaline electrolyser based on
[11] and its evaluation by coupling a photovoltaic module
for an average solar irradiance profile in Auckland, New
Zealand. Initially, Simulink simscape models are
constructed considering not only mathematical equations
but also real data from several studies. Then, both
elements are characterized to assess the validity of their
response against expected outcome. Finally, a 15-hour
simulation is run, using meteorological data from NIWA
[17], to observe the electrical interaction of the elements.

2. Model Presentation and Simulink  Block
Construction
2.1. Alkaline Electrolyser

Water can only be split into hydrogen and oxygen
when a minimum electrical voltage is applied. Ideally the
cell voltage is equal to this minimum voltage, called
reversible voltage, but due to irreversibility, the cell
voltage is always higher [9].

The extra voltage present in the cell is called
overvoltage and is composed of ohmic, activation and
diffusion overvoltages. Ohmic overvoltage is the
overvoltage due to overall resistance of all components of
the electrical circuit, while the activation overvoltage is the
overvoltage related to extra energy required to start the
oxygen and hydrogen formation process in the electrodes
[18]. Diffusion overvoltage only takes precedence at high
current densities when the reaction changes from
electronic transfer to matter transfer [19].

An empirical model involving ohmic and activation
overvoltages proposed in [11] is expressed by Eq. (1). The
model has six different parameters to characterize the
logarithmic response of an electrolyser cell voltage in
terms of current and temperature.

T3 +1=T
A

V=V, + f+sfog((t1+%+;—z)";+1) (1)
where: T is the temperature of the cell, A is the area of the
electrodes, r, and r; are the ohmic overvoltage parameters,
and t;, t, t;, and s are the activation overvoltage
parameters.

V.er IS the reversible voltage of the cell and is
temperature and pressure dependant with a value of 1.229
V at standard conditions (1 bar, 25 °C). For low
temperature ranges of up to 100 °C, voltage variation is
small and can be considered constant [11].

Production rate of hydrogen can be related to the input
current using Faraday law. An empirical expression for the
hydrogen production efficiency is called Faraday
efficiency [11]. This relationship is summarized in Eq. (2).

2
nH, = (ﬁ{ﬂifi’}flﬁ fz)i (2)
where: f, and f, are parameters related to Faraday
efficiency, z is the number of electrons transferred in the
reaction (2 electrons for water electrolysis), F is Faraday
constant and 7 is the molar flow rate per second.

f1 and f,are usually considered constant for the overall
model. However, they vary with temperature [11]. The
assumption of linear relation with temperature in [11]
depends on the temperature range of operation. In this
research, a linear expression only applies for f; whereas for
f, a limit value must be set to guarantee a range value
between 0 and 1. Using the experimental data shown in
Table 1, a linear empirical expression is obtained for f; as
shown in Eq. (3) and a quadratic for f, as shown in Eq. (4).
Note that an extra point was added to f, at 0 °C to
guarantee a limit value of 1.

f,=2.5T+50 ©)
£, =1—6.25x1075T ()

A unit conversion is needed for the flow rate in Eq.
(2) to obtain a rate in kilograms rather than moles. This
will facilitate comparisons in the result section. Using the
volume of an ideal gas at standard conditions v;,, the
volumetric flow rate and the mass flow rate is given by Eq.

©.

V=nvg; -M=Vc (5)
where: vg,= 0:0224136 m*/mol and ¢ = 0.08988 kg/m?.

Table 1. Electrolyser experimental data [11]

Temperature [°C] f1 f2
0 1.00
40 150 0.99
80 250 0.96
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2.2. Boundary Conditions for the Alkaline Electrolyser

Due to the presence of a logarithmic function in Eq. (1),
a careful consideration is needed to avoid negative values
that can produce unrealistic results. This is obvious at low
levels of current where the model parameters cannot
follow the electrolyser response properly.

Similarly, when input current is zero in Eqg. (1), the

electrolyser cell is equal to the reversible voltage and can
potentially act as a voltage source feeding current to other
elements of the electrical circuit. To avoid this situation,
the mathematical element is disconnected from the circuit
to block any current flow and to force the voltage to follow
the external circuit.

Finally, production rate given by Eq. (2) only depends
on the input current regardless of the voltage input. This is
not accurate since water can only be divided into hydrogen
and oxygen when the cell voltage is enough to provide the
required activation energy. A special consideration is

Ty 41T ta | ta)\ 1 ty  tg
Vyew + 25 I-I—Slog((tl-l—F-l-T—J;-l— 1). 1>-A(t+2+3)
V =
1’;«91; ¥ Ty +1.T
Voutsige, L =0
(1/4)2 i
nH, = (f1+(ffﬂ)2f2);' V> Ve
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Fig. 1. Electrolyser block diagram.

L I1<-A (tl+%+;—i)_l

added to the model to produce hydrogen only if the cell
voltage is greater than V,.,. The final set of boundary
conditions can be expressed in equations (6) and (7).

Using Matlab/Simulink math blocks, equations (1)—(7)
are constructed for each input and output. The electrolyser
components in detail are shown in Figs. 1 and 2.

Simscape electrical interaction is added by utilizing
voltage/current controlled sources blocks, voltage/current
measurement blocks, and electrical connection ports from
the power systems specialized technology toolbox.

For the electrolyser diagram shown in Fig. 3, the
boundary condition of zero current was implemented with
a diode between the mathematical block subsystem and the
power systems blocks. Finally, a memory block was added
to the electrolyser model to break the algebraic loop and to
facilitate the convergence of the solution when other
elements are connected.
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Fig. 2. Hydrogen production block diagram.
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Fig. 3. Electrolyser simscape power systems integration.
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2.3. PV Module

The semiconductor operation of a photovoltaic cell can
be represented with the equivalent circuit shown in Fig. 4.
The PV parameters are defined as follows: I; is photo-
generated current, I is diode current, I,, is current through
parallel resistor, V,; is diode voltage, R is series resistance,
and R, is parallel resistance.

Based on Kirchhoff’s current law (KCL), the output
current is represented by Eqg. (8).

I=I,—I,—1, (8)

qV g vy
where: I; = I (enNskT - 1) and I, = %,
D

or
v
rsz—rﬂ(erfﬁ—ﬁT—l)—:—d 9)
o
where: I, is the reverse saturation current of the diode, T is
the cell temperature, n is an ideality factor representing the
type of technology, N; is the number of cells connected in

series, k is Boltzmann constant and q is the electron charge.

/

= gt o

Lt A7 I, Vs v
R,

Fig. 4. PV module equivalent circuit.

The photo-generated current and the reverse saturation
current are related to the physical parameters of a real PV
module in [20] as expressed in equations (10)—(12).

I, = (Isc +1usc(T - Tref))af_ef

( 1 _1)‘3_5& r\3
Iy = Iy—rer (3 Tref T M)(—) (11)

Tre f

(10)

Ve
Iﬂ—re}’ = I (enNskT - 1) (12)

where: I, is short circuit current, V,. is open circuit
voltage, G is irradiance input, G, is irradiance at STC =
1000 W/m?, T, is temperature at STC = 25 °C, and £gis
the material band gap energy, 1.12 eV for Si.

2.4. Boundary Condition for the PV Module

The output current of the equivalent circuit represented
by Eqg. (8) can generate negative values of current even if
the photo generated current I, is zero. However, this leads
to an inaccurate result where the diode current I is still

present even with no input energy. To avoid this situation
a boundary condition is applied to the diode current in
terms of the photo generated current as shown in Eq. (13).

avg
Lo = [I" (7587 =1). 1> 0 (13

0,1,<0
The equivalent circuit represented by equations (8) or
9) can be easily implemented in

MATLAB/Simulink/Simscape with the power system
specialized technology toolbox as shown in Figs. 5 and 6;
The boundary condition for diode current is implemented
with a simple Simulink switch. Simulink block details for
equations (10)—(12) are not presented here since they have
been presented in [20].
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Fig. 5. PV diode current simscape power systems
integration.

,L@ o
AN S

PV Diode ]

]

Photocurrent

[
A

O
A
G T

Fig. 6. PV module simscape power systems diagram.

3. Characterization of the Elements

To observe the response of each model to several
temperatures, a variable input was introduced as a current
source for the electrolyser and a variable resistor for the
PV module. Ambient temperature values were selected
according to average mean monthly minimum and
maximums for Auckland: January/February average max.
is 27 °C and July/August average min is 5 °C [21].

The parameters describing each model shown in Table
2 were tuned for the following equipment in the mentioned
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studies: ELECTROCELL Micro Flow Cell [9] for the
electrolyser and PWX 500 49W [20] for the PV module.

The 1-V curves for the electrolyser and PV module are
shown in Figs. 7 and 8 respectively. For both models the

graphs match their mathematical representation. The
impact of increasing the temperature in terms of voltage is
positive for the electrolyser due to less cell overvoltage
and negative for the PV module due to less power
delivered.

Table 2. List of parameters for both models

Electrolyser Value Units PV Module Value Units
A 0.01 m? lse 3.11 A
r 3.538550x10™ Qm? Voc 218 \Y
r -3.02150x10° Qm?°C N, 36 None
s 0.22396 \Y n 1.3 None
4 5.13093 m2/A Ro 310.0248 Q
t -2.40447 x10? °C mY/A Rs 0.45 Q
ts 3.410251 x10° °C2 m¥A
10 T
of | * : OOCC . 4. System Simulation
st| * 16° 1
21% To evaluate how the two electrical models interact with
A | each other, the electrical ports of the two blocks were
< o il directly  connected  without implementing  any
g 5 . voltage/current control or maximum power tracking, as
3 Al i shown in Fig. 9. Voltage and current are directly measured
from the circuit while hydrogen production is obtained by
°f ] adding an integrator to the hydrogen mass flow rate output
2r 7 of the electrolyser. The daily fluctuation of irradiance and
1+ . temperature data are inputted from external csv files.
e 1_4//1_6 18 5 9o 24 26 o8 The months with maximum and minimum daily
Voltage (V) irradiation are evaluated in conjunction with average data

Fig. 7. Electrolyser 1-V curve.

4 T T T T T
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—~ 37 + 5% — —
< 0,
hut © 11%
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3 <4 21%
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<3 800 W/m?
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Fig. 8. PV module I-V curves.

for an entire year. Based on Auckland irradiance data from
NIWA’s SolarView [17], the irradiation values are 5.13
kWh/m? in January and 2.55 kWh/m? in June. The
simulation is only performed during daylight hours
considering January as the reference. The start time was
selected to be close to dawn at 5 am and the end time was
selected just after sunset at 8 pm, for a total of 15 hours of
simulation time. The step size was arbitrary selected to be
60 seconds resulting in 901 data points.

Hourly average irradiance is given per hour for a total
of only 15 points. To obtain the missing points
representing 60 second intervals within each hour, an
algorithm was created to generate a base sinusoidal curve
of irradiance and then fit it to the given hourly average
data. Working by hour intervals, the algorithm first
calculates the average value of the base model, compares it
to the average data and depending on the result, values are
reduced or increased until the difference is below 0.01. A
visualisation of the January data analysis is shown in Fig.
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10. The error between the total cumulative values of the
initial data and the fitted curve was only 0.04%,

Irradiance-lnput-Jun.csv

guarantying a correct input for the simulation.

* G +

Sheet:Irradiance-Input-Jun

G-Input T -
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Temperature-Input-Jun.csv oaule
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T-Input
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Fig. 9. System interconnection.
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Fig. 10. Input irradiance data — January.

Temperature data from NIWA in [21] gives hourly
average values for a total of 15 points. To obtain the
missing points representing 60 second intervals within
each hour, the algorithm generates a series of steps equal
to the average temperature of the specific hour. A
visualisation of the data analysis for January is shown Fig.
11. For average hourly temperature in a year, the mean
value is calculated between the available data, which are
summer maximum and winter minimum.

To assess the validity of the
MATLAB/Simulink/simscape power systems model, four
previous studies with similar simulation architecture were
selected. Study A [22] ran a simulation using irradiance
data for Miami USA, study B [23] used real devices for
irradiance in Cairo Egypt, study C [24] used a real
experimental setup in Algeria and study D [25] ran a
simulation using irradiance data for Pamplona Spain.
Unfortunately, due to the size difference of each system,
the comparison mostly just involves the general trend of
the output, following the shape of the curves for each
variable analysed.
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LRSS N \,\S\%Q LTS

Fig. 11. Input Temperature data — January.

5. Results and Discussion

Since the voltage variation of the electrolyser cell for
all given temperatures is much lower than the knee of the
I-V curve of the PV module (Vrev + 1.5 V << Voc), the
module acts as a current source proportional to the
irradiance. This proportional relationship is shown in Fig.
12 with both irradiance and current curves superimposed
for all evaluated cases. The compared studies also show
the same responses where current follows the irradiance
patterns.

The voltage curve in Fig. 13 shows a different pattern
where two zones can be clearly identified. Steady state
zone A is where the electrolyser is fully active and
transient zone B is a startup/shutdown region where
voltage fluctuation is predominant.

The shape of the output curves agrees with all four
compared studies for the steady state zone A. However,
the zone B characteristics cannot be compared since all
referenced papers ignored the transient response.
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Fig. 12. Input Irradiance and output current.
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Fig. 13. Voltage curves.
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Fig. 14. Zone B region: voltage and current (left), voltage and irradiance (right).

To further assess the response of the transient zone B, a
closer examination is performed by analysing the specific
times of occurrence and the level of variation. By visual
inspection, for January data, zone B finishes around 6:30
am and starts again at 6:30 pm. For June data, zone B
finishes at 8 am and starts again at 5 pm. After a careful
inspection of the data, with voltage superimposed with
both irradiance and current shown in Fig. 14, the variation
in voltage occurs in the PV module due to a low-level
input of irradiance that is not high enough to generate
current to the external circuit, dissipating through the PV
module parallel resistance. The resulting voltage is then
directly proportional to the irradiance and the internal
parallel resistance of the PV module.

The amount of electrical energy inputted to the system
can be found by calculating the area under the power curve.
For the summer day, the total input energy was 26.1625

Wh and for the winter day 19.668 Wh. Based on Eq. (5),
the amount of hydrogen produced by the single
electrolyser cell was found to be 0.5856 grams in summer
and 0.29 grams in winter which represents 19.3248 Wh
and 9.57 Wh, respectively. The electrolyser efficiency is
then calculated to be 68.48% and 63.32% for summer and
winter, respectively. These values fall in the range of
reported efficiency values in [2] and [18]. The energy and
volume were calculated based on the hydrogen energy
content of 120 MJ/kg or 33 kWh/kg and the volumetric
density of 0.089 kg/m?[26], [27].

To allow a further comparison with the reference
studies, instantaneous efficiency and flow rate was plotted
in Fig. 15 for January, June and year average irradiance
values. As expected from Eq. (2), the flow rate follows
current. This general outcome matches the curves in the
four reference studies.
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Fig. 15. Flow rate (left) and instantaneous efficiency (right).

6. Conclusions

A direct coupling of an alkaline electrolyser cell and a
PV module was implemented in
MATLAB/Simulink/Simscape power systems.
Meteorological irradiance data from Auckland was used to
simulate and verify the model. Boundary conditions were
added to the referenced mathematical models to obtain an
accurate transient response of the system. Voltage, flow
rate and current steady state outputs matched previous
studies while the transient response showed a direct
relation to the PV internal parallel resistance. Overall
electrolyser efficiency of 68.48% for summer and 63.32%
for winter agrees with results provided in the referred
published articles.

Further work is needed to add the thermal response of
the model, storage alternatives and include other elements
of the Simulink/Simscape family to allow a multi physical
domain simulation.
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