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The rise of hydrogen as an energy storage means and its associated technologies have prompted the imple-
mentation of hydrogen generation systems based on electrolyzers. Electrolyzers exhibit complex behaviour and
their implementation is not immediate, leading to the use of tools such as Digital Replicas (DR) for their study.
This paper presents a DR for a Proton Exchange Membrane Electrolyzer (PEMEL) through the development of an
Equivalent Circuit Model (ECM) that describes the static behaviour of the individual cells comprising it. This
research is focused on contributing to hydrogen generation with the main objective of using this energy vector
for energy storage applications. For this purpose, an installation consisting of a PEMEL and a set of auxiliary
equipment required for its proper operation and for measuring key electrolyzer parameters such as current,
voltage, hydrogen flow rate, temperature, etc. is implemented. Furthermore, a Data Acquisition System (DAQ) is
available to collect process information for later analysis. The PEM cell model is obtained through an experi-
mental process based on the determination of internal resistance to calculate the remaining key parameters. The
successful functioning and suitability of the DR and developed model are reported through experimental data

obtained from the PEMEL under operating conditions.

1. Introduction

The escalating energy demand and the scarcity of traditional re-
sources like fossil fuels have driven the advancement and exploration of
renewable energy technologies. Among these, solar thermal and
photovoltaic technologies are extensively investigated and deployed for
various industrial and domestic purposes. These technologies are
continuously researched to enhance their performance via energy
management approaches [1] and novel materials [2,3]. Additionally,
modern technologies and processes have been developed to harness
emerging renewable energy sources such as hydrogen. The importance
of this element has been increasing in recent years, making its presence
felt through applications in multiple sectors such as the automotive in-
dustry [4], healthcare [5], and energy [6].

Hydrogen generation is carried out through devices called electro-
lyzers. These devices allow the separation of a compound into its pri-
mary parts through the electrochemical process of electrolysis.
Electrolyzers fall into four categories: alkaline, Proton Exchange Mem-
brane (PEM), solid oxide, and Anion Exchange Membrane (AEM). The
main difference between these types is the nature of the electrolyte that
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enables electrolysis. Alkaline types employ liquid electrolyte solutions
like potassium hydrogen (KOH) or sodium hydroxide (NaOH) [7]. PEM
types incorporate solid polymer membranes as electrolytes [7,8]. Solid
oxide types utilize solid ceramic electrolytes [9]. Lastly, AEM electro-
lyzers generate hydrogen from a semi-permeable membrane that allows
the passage of hydroxide ions (OH-) [7,10]. The hydrogen produced by
such equipment is commonly denoted by colour, which varies based on
the input compound and the energy source used. Thus, hydrogen
generated from water and renewable energy sources is recognized as
green hydrogen [11]. Fuel cells, serving as counterparts to electrolyzers,
operate in reverse, producing electricity by consuming hydrogen [12].
Another application for hydrogen is energy storage. Nowadays, various
physical and chemical methods are employed, including compression,
liquefaction processes, and solid-state techniques such as metal hydrides
[13]. The application of these storage methods, tailored to specific
characteristics and diverse storage capacities, demonstrates the poten-
tial for advancing the future hydrogen-based economy [14,15].

In the energy sector, the availability of hydrogen as an alternative
energy source, achieved through the combination of electrolyzers and
fuel cells, has induced a transformation in prevailing paradigms within
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systems such as microgrids and smart microgrids. Microgrids consist of a
cluster of loads, distributed generation units and energy storage systems
operated in coordination to reliably supply electricity, connected to the
host power system at the distribution level [16,17]. The smart conno-
tation refers to the system's capacity for self-management through
dedicated elements, such as Programmable Logic Controllers (PLC) [18].
These adaptable systems facilitate the incorporation of new hydrogen-
harnessing devices, resulting in hybrid systems that blend renewable
energies with hydrogen technology [6]. In this context, PEM electro-
lyzers (PEMEL) are employed alongside water for hydrogen generation.
The use of hydrogen as an energy storage solution, supplying microgrids
during periods of generation shortfall or heightened energy demand, is
emphasized [19]. This approach mitigates energy fluctuations within
the microgrid over the medium to long term [20]. Notably, PEMEL are
favoured in renewable energy applications due to their swift response to
fluctuations in input conditions [21]. Moreover, the significance of
hydrogen and electrolyzers is highlighted as a strategic approach
aligned with the UN Sustainable Development Goals. Specifically,
hydrogen is anticipated to contribute to the fulfilment of Goal 7, pro-
moting accessible and clean energy [22].

Concerning their operation, the intricate nature of electrolyzers
poses challenges to their direct integration into a process or system.
Thus, a thorough analysis of the device is essential to comprehend its
behaviour and interaction with other system components. Digital Rep-
licas (DR) play a crucial role in this study. A DR can be described as a
virtual version of the physical device, replicating its real-time operation.
Nonetheless, there is currently no single generally accepted definition
for the concept of DR. Therefore, in the framework of this research, the
definition given in [23] has been considered, which defines DR as the
interaction between two parts: the model of the physical system and the
connection/communication for data exchange between model and real
system. This model can take different forms, such as those based on
equations or physical laws [24] or black-box models, like neural net-
works [25]. For PEMEL, the most commonly used models are Equivalent
Circuit Models (ECM), whose electrical components are related to the
physical effects of the device's operation [26]. This digital tool stream-
lines device study without requiring physical disposal, isolating it from
other components. DR facilitates testing various conditions, including
those beyond real system limits due to technical or economic factors
[27].

To undertake this research, a brief literature review has been con-
ducted, focusing on works related to: diverse models of PEMEL, appli-
cations of these devices in the energy sector, and papers detailing the
equipment and methodology employed. In Atlam and Kolhe [20], the
behaviour of a PEM cell is described using an ECM model. In this work,
the various key parameters of the cell as well as the effect of working
temperature and pressure on these parameters are studied. In addition,
an expression is introduced for the voltage of a PEMEL as a function of
the number and distribution of the cells that compose it. Awasthi et al.
[24] develop a model for a PEM cell under elevated temperature and
pressure operating conditions using MATLAB-Simulink. This model is
used to determine the cell voltage and perform a graphical comparison
of the results. In Ismail et al. [28], a photovoltaic system for hydrogen
production is modelled and simulated, where the PEMEL model is
developed using experimental data to obtain the voltage-current rela-
tionship and determine the optimal operating point of the system.
Analogously, Albarghot et al. [29] describe a model for a solar panel -
PEMEL system at laboratory scale, where the hydrogen flow rate pro-
duced is studied employing a MATLAB-Simulink simulation of the
model. In Guilbert and Vitale [30], the modelling of a PEMEL using a
dynamic behaviour analysis is reported. In this analysis, the key pa-
rameters of the PEMEL are studied and the experimental process fol-
lowed for their determination is explained. In Espinosa-Lopez et al. [31],
the modelling and validation of a 46 kW PEMEL operating at high
pressure are carried out, where the effect of the working temperature on
the behaviour of the electrolyzer is studied. The model is designed in
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MATLAB-Simulink and the results obtained are validated graphically
and employing statistical metrics. The model described in Hernéndez-
Gomez et al. [32] studies the static-dynamic behaviour of the cell
voltage for a PEMEL under adaptive parameters.

The literature reviewed reinforces the presence of a wide variety of
models, describing the behaviour of the PEMEL under a multitude of
operating conditions for applications in the energy sector. Nonetheless,
scarce details have been found regarding the description of the physical
equipment used for the development of the model, as well as the
experimental process executed for its determination. Additionally, there
is a noticeable trend to validate models based on voltage-current com-
parisons, sometimes overlooking important PEMEL parameters such as
power consumption and hydrogen flow rate. Graphical comparative
curves are frequently used to present these results, occasionally with
statistical analysis.

The work presented in this paper is motivated by the research gaps
identified in the reviewed literature. As a result, this study covers the
three key topics sought in the literature, with a special focus on detailing
the equipment employed and outlining the experimental process
conducted.

This paper describes the design and validation of the DR of a PEMEL
employing an ECM-based model. This model focuses on reproducing the
static operation of the individual cells that compose the PEMEL. For this
purpose, an installation has been set up with equipment dedicated to the
correct operation of the PEMEL and its study for the determination of the
model. Furthermore, the experimental process performed to develop the
cell model is described, which aims to determine the cell voltage using
the calculation of the internal resistance. The DR generated from the
PEMEL is studied under nominal operating conditions, analysing the
results obtained at the individual cell level and as a stack.

The aforementioned PEMEL and its ancillary equipment comprise
the hydrogen generation subsystem, whose operation is framed within a
photovoltaic-powered smart microgrid hybridized with green hydrogen.
This generation subsystem aims to produce green hydrogen for energy
storage purposes, intended for subsequent application through a fuel
cell. Previous works describe the set of equipment that constitutes the
smart microgrid, as well as its operation [33,34].

The structure of the rest of the manuscript is as follows. Section 2
describes the principle of operation of the electrolyzer, as well as the
implemented setup and equipment associated with the operation of the
PEMEL. Section 3 details the design of the model and the experimental
process conducted to obtain it. Section 4 illustrates the results obtained
from the deployment of the DR and a discussion thereof. Finally, the
most relevant conclusions of the study are presented.

2. Materials and methods
2.1. Fundamentals of electrolysis in PEMEL

As mentioned above, the electrolyzer is a device that generates
hydrogen from a compound through the process of electrolysis. These
devices are composed of a set of cells that are responsible for carrying
out electrolysis. These cells can be arranged in series, referred to as a
stack, or in parallel. In the case of a water-fed PEMEL, the cell structure
is illustrated in Fig. 1.

Within the cell, electrolysis is performed as a result of two processes:
areduction at the cathode and an oxidation at the anode. Both processes
are defined in Eq. (1) and Eq. (2) respectively.

2H' +2¢ —>H, @
+ 1 -
H,0—2H +502+2e 2)

The electrolysis process resulting from both half-reactions is indi-
cated in Eq. (3):
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Fig. 1. Structure and operation of a PEM cell.
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2.2. PEM Electrolyzer and ancillary equipment

For this research, a 6-cell stack PEMEL has been employed. The ge-
ometry and number of cells of the stack are depicted in Fig. 2a. In
Fig. 2b, the installed stack is displayed, where several components are
coupled to it: a PT-100 temperature sensor [35] is located on the lateral
part to monitor the operating temperature of the stack. A fan [36] is
installed on the frontal part to control the working temperature within
the nominal operating range of the PEMEL. Finally, a connector has been
included on the bottom of the stack to collect the voltages of each cell,
which is a crucial aspect for the development of the model that is further
explained below.

Table 1 lists the main technical specifications for the operation of the
electrolyzer.

(a)

Table 1
Technical specifications of the electrolyzer.

Number of cells 6 cells in series

Input current (A) 0to8 A
Stack voltage (V) 12to 15V
Working pressure (bar) 0.1 to 6 bar
Working temperature (°C) 25t0 50 °C

Flow rate generated (ml/min)
Hydrogen purity
Dimensions (mm)

250 ml/min; 15 Nl/h
>99.9999 %
267 x 382 x 470 mm

The electrolysis process described in Section 2.1 results in wet
hydrogen, i.e. hydrogen with water content. This is due to the non-
ideality of the electrolyzer, which results in the need to employ addi-
tional equipment for the removal of this unwanted moisture to obtain
high-purity dry hydrogen. To this end, a series of auxiliary equipment
complementary to the electrolyzer has been installed to achieve dry

(b)

Fig. 2. PEM Electrolyzer. (a) Stack appearance and number of cells. (b) Stack installed alongside coupled elements.
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hydrogen. The installation and each of the components are detailed
below.

First, the electrical current is supplied to the hydrogen generation
subsystem via a low voltage DC bus, materialised by a Lithium-Ion
battery (referred to as ‘Microgrid power supply’ in Fig. 3). This DC
bus ensures a reference voltage level as well as a smooth and stable
power flow to the PEMEL. This flow from the DC bus is directed to the
input of the PEMEL through a programmable DC/DC converter [37].
The programmable feature of the converter enables to adjust its output
in order to suit the desired working point of the PEM stack.

The water flow is supplied by gravity from a tank above the stack.
After the electrolysis process, the resulting oxygen is returned to the
water tank, while the wet hydrogen is transferred to a phase separator.
Within the phase separator, the water particles descend by gravity and
accumulate at the bottom part, where they are redirected to the water
tank for re-utilisation. Meanwhile, the hydrogen flows through a series
of silica filters that remove the remaining humidity from the hydrogen to
produce a dry, high-purity product. Finally, the dry hydrogen flow rate
is measured utilising a flow meter [38] and stored in a metal hydride
bottle. Moreover, the pressure of the hydrogen circuit is obtained using a
pressure sensor [39]. Fig. 3 depicts the described installation employing
a diagram based on synoptics, detailing the location of each device and
the flow of products and sub-products resulting from its operation. In
addition, Fig. 4 shows the appearance of the installation, where the
components involved can be observed. In addition, the PLC employed
for data acquisition is displayed in the bottom right-hand margin.

2.3. Data acquisition system

To develop the model discussed in this research, a data acquisition
system (DAQ) was employed to capture essential electrolyzer perfor-
mance parameters during experimentation.

Sensors and actuators controlling the PEMEL process were connected
to a Siemens S7-1500 PLC [40]. This facilitated real-time data collection
of key PEMEL variables. For process visualisation and data storage, a
user-friendly Graphical User Interface (GUI) has been developed in
LABVIEW [41]. LABVIEW software is oriented to the design and
implementation of a diversity of systems, highlighting GUIs and SCADA
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systems, through a graphical programming language and a wide variety
of tools and synoptics [33].

Regarding the operation of the DAQ, the data acquired by the PLC is
read by the GUI through a client-server structure based on the Open
Platform Communications (OPC) protocol. OPC is a widely used stand-
ardised data exchange technology to deal with heterogeneity and
interoperability in automation systems. [42].

The GUI developed acts as the OPC client, simultaneously perform-
ing the functions of visualisation and data storage. The visualisation of
the process information is achieved using graphs and numerical in-
dicators that display the real-time status of the key variables of the
PEMEL. On the other hand, data storage is accomplished by exporting
the read data to an Excel spreadsheet. This storage is crucial for the
disposal the acquired data in a more manageable format to facilitate
subsequent processing. Fig. 5 depicts the DAQ elements, information
flow, and communication among them.

3. Model development
3.1. Cell Equivalent Circuit Model

The ECM is a tool that allows representing the operation of a device
through an electrical schematic composed of simple components such as
power sources, resistances, capacitors, coils, etc. Particularly for PEMEL,
and as indicated in Section 1, there is a wide variety of models in the
literature reviewed. These models are mainly distinguished by their
application context and complexity. Simplified models describe the
behaviour of the PEMEL using an electrical diagram with few compo-
nents, addressing the study of its operation in a more general manner. In
contrast, more complex models are highlighted by more detailed elec-
trical diagrams, where a more thorough study is conducted, and specific
phenomena/effects are related to certain electrical components.

For this research, a simplified model of the PEMEL cell is proposed to
describe its static behaviour, employing two components: a power
supply and a resistance. These elements are used in other well-known
models such as those of Atlam and Kolhe [20] and Guilbert and Vitale
[30] to describe the electrolysis process and the energy losses incurred,
respectively. Moreover, these components rely on parameters like

Pure/Dry H,
Wet B, A A H, flow meter
- Phase
Distilled H,O S Pressure
Wet O, Y sensor
Moisture
filter
Distilled
water tank
Hydride
Cathode Anode sk
Microgrid chamber chamber
power supply -
() =T M ]
J_ A = electrolyzer —
= DC/DC Buck
converter

Fig. 3. PEMEL and complementary equipment for high-purity dry hydrogen generation and storage.

EN
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Fig. 4. Installation appearance and equipment employed.
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Fig. 5. DAQ for visualisation and storage of process data.
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temperature, pressure, and input current. This allows for studying the
effects of fluctuation on cell operation. Fig. 6 depicts the ECM utilised in
the PEM cell.

Where I (A) refers to the current consumed, Ri (Q) is the internal
resistance that simulates the power dissipation due to cell operation, and
Vine (V) is the ideal (electrochemical) voltage or potential required for
the electrolysis process. Thus, the cell voltage V¢ (V) is defined in Eq.
(4) as:

Fig. 6. ECM of the PEM cell.

Ve = IRins + Vit ()]

Vine is calculated in Eq. (5) based on the Gibbs free energy AG (J
mol™ 1) and Faraday's constant (96,487 C mol™ 1) [43]:

AG
Vin = s 5
= 5F ®)

For liquid water, AG is obtained by Eq. (6) for a given temperature T
(°C) [43]:

AG = 285840 — 163.2(273+1T) (6)

The power consumed in the electrolysis process Pe c.j (W) is obtained
from the ideal voltage employing Eq. (7):

Pe,cell = IVint (7)

Using Eq. (5) and Eq. (6), Eq. (4) can be rearranged as follows, giving
the expression Eq. (8) for Ve

285840 — 163.2(273 + T)
2F

Vee = IRins + (€)]

The total power consumed by the cell P,y (W) is expressed in Eq.
9):
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Preen = IVeen ©

The hydrogen flow rate vy (ml/min) is stated in Eq. (10) as a
function of the consumed current I and the molar volume vy, (1) [43]:

snea =m0 (") (22) i(s)

1 min) | 2F (C.)

= vy (10%)(60) (%) (10)

where vy, is obtained from Eq. (11) as a function of the working tem-
perature T, the working pressure p (atm) and the ideal gas constant R
(0.082 1 atm K~ ! mol™1):

R273+T)

vu(l) = »

an
Finally, the cell efficiency 7.y is given by Eq. (12) and is defined as
the parameter that relates P, .. and P .. Since both variables depend
on I, the expression is reduced to the ratio between Vi, and Ve
P ecell I Vinl Vim

oy = o = i T 12)
e =p eelt IVeen  Veen

3.2. Experimental process for the determination of the internal cell
resistance

Among the equations presented in Section 3.1, Ry is the only cell
parameter that cannot be measured or calculated directly. This param-
eter is crucial to determine the value of V., so Eq. (8) has been rear-
ranged to determine Ry, resulting in Eq. (13):

285840 — 163.2(273 + T)) } /1

2F (13)

Rin(T, 1) = {un(TJ) - (

Eq. (13) expresses R as a function of T, I and V.. Thus, to obtain
the values of the internal resistance over the complete range of T and I, it
is required to know beforehand the value of V. at each operating point.
To this end, an experimental process has been conducted to obtain an
expression that defines the value of R;;; within the operating range of the
cell (T (°C) = {25,50} and I (A) = {0,8}).

Initially, the PEMEL has been subjected to various tests of constant
current operation with temperature variation. In this way, the value of
Veeu(T,D) has been obtained for the whole temperature range in each of
the operating currents. The data obtained during the test are gathered
using the DAQ, visualised by the LABVIEW GUI and stored in an inde-
pendent Excel spreadsheet for each of the tests. Subsequently, the data
has been filtered and processed to calculate R;,(T,I). As an example,
Fig. 7a and b display the graphs Vi q(T,]) and Ry {(T,D) respectively, ob-
tained as a result of the test carried out at a current of 6 A for each of the
cells.

To determine the expression of Rj,(T,I) from the experimental data
obtained, the MATLAB Curve Fitting Toolbox [44] has been employed.

26
2,55 |
25 ‘
24
2,35
23 &
vl

2526272829303132333435363738394041424344454647 48495\0’3 it
7

Cell voltage (V)
N
&

Electrolyzer temperature (2C)

(a)
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This tool facilitates the fitting of curves and surfaces to the data provided
by employing regression, interpolation and smoothing techniques.
Concerning its operation, the toolbox requires input data to perform the
fitting process. For this purpose, it is necessary that said data are pre-
viously loaded in the MATLAB Workspace. Therefore, as an initial step,
for each cell, the experimental values of T,I and R (T,]) are read from
the Excel file in matrix format. Then, in the toolbox, the values of T, I and
Rin(T,) are associated with the variables X,Y, and Z of the fitting
expression, respectively. Finally, the desired type of fit is selected,
optionally including a weight matrix that modifies the fitting configu-
ration. As a result, the toolbox displays the surface generated from the
fitting process, as well as the resulting mathematical expression, the
values of the coefficients and a set of indices associated with the good-
ness of the fit (SEE, R-square, Adjusted R-square and RMSE). Fig. 8 de-
picts the interface of the Curve Fitting Toolbox for the case of the surface
obtained from Rj,{T,I) of cell C1. This figure highlights the different
areas that comprise the toolbox.

For this particular application, the “Custom Equation” fitting option
has been employed, enabling the incorporation of a customisable
expression. The expression integrated into the toolbox was achieved
during the preliminary data filtration and initial analysis process within
Excel, facilitated by the employment of the ThreeDify XLGrapher add-on
[45]. This supplementary tool streamlines the three-dimensional rep-
resentation of surfaces within Excel, utilising input data. Additionally, it
facilitates a straightforward fitting process through a wide variety of
equations. However, this add-on only represents the fitted surface ac-
cording to the general equation selected, without indicating the math-
ematical expression that defines the surface or the values of its
coefficients. Therefore, ThreeDify XLGrapher has been employed to
determine the general equation used in the fitting process, while the
MATLAB Curve Fitting toolbox has been used to obtain the complete
particularised expression of Rj,(T,I) for each cell.

Fig. 9 expands the information displayed in the results window of the

" 8080

Input
data
matrix

Fitting selector gt

Input data and surface graph

Results display
window

Fig. 8. MATLAB Curve Fitting Toolbox. Resulting surface for R, (T,I) of cell C1.

0,23
0,22
0,21
0,2
0,19
M’\

2526 27 28 29 30 31 32 33 34 35 36 37 38 30 40 41 42 43 44 45 46 47 48 49 5@\\\&
>

Cell resistance

Electrolyzer Temperature (2C)

(b)

Fig. 7. Results obtained for each cell in the test at 6 A. (a) Values for V,(T,I). (b) Values for R, (T,D).
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General model:
f(x,y) = a*y*(b+(c/x))
Coefficients (with 95% confidence bounds):
a= 0.9528 (0.9502, 0.9554)
b -0.9185 (-0.9248, -0.9123)
c= 1.844 (1.662, 2.025)

Fig. 9. Generated surface equation and coefficients of R;,(T,I) for cell C1.

Curve Fitting toolbox, showing the expression used for the fit, called the
“general model”, as well as the values of the coefficients a, b and c.

For the remaining PEMEL cells, the process to determine R (T,I) is
homologous. This process is illustrated in Fig. 10, where a flowchart
summarises the steps from obtaining experimental data through tests to
determining the parameterised expression of internal resistance by
means of the toolbox.

Once the process described in Fig. 10 has been completed, an
equation is obtained for R;(T,I) of the cell expressed in Eq. (14). Table 2
lists the values of the coefficients particularised for each of the 6 cells
that integrate the PEMEL.

Ri(T,1) = al () 14)

Combining Eq. (14) and Eq. (8) results in an expression for V.
dependent solely on T and I, as presented in Eq. (15). Based on this
expression, the remaining parameters presented in Section 3.1 can be
determined.

& 2 40 — 163.2(2 T
Vcen(TJ):Ial(M(T))Jr iaciad @B3+1T) (15)

3.3. PEMEL parameters

After obtaining the key parameters of the PEMEL cells by calculating

Experimental Cell-level
tests

Test results

Excel analysis
ThreeDify XLGrapher
add-on

‘General model’
fitting equation

Ko Workspace database

Import data

Curve Fitting Toolbox

1 Fitting process
General model:

/ \ 3D Surface graph
flxy) = "y (b= (c/x)) 2
Coefficients (with 95% confidence bounds):

- =\

Parametrised
expression

a= 09528 (0.9502, 0.9554)
b= -0.9185 (-0.9248, -0.9123)
c=  1.844 (1.662, 2.025)

Fig. 10. Ry (T,I) determination process for each cell.
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Table 2
Rin(T,I) coefficient values for each cell.

Cell Coefficient a Coefficient b Coefficient ¢
C1 0.9528 —0.9185 1.844
c2 1.048 —0.9693 1.922
C3 1.09 —0.9756 1.384
C4 1.105 —0.9847 1.596
C5 1.103 —0.9981 2.035
Cc6 1.105 —0.9922 1.826

Rine and V¢, the expressions that describe the behaviour of the PEMEL
as a unit can be determined, under several considerations:

e The PEMEL stack presents a series structure, which implies that the
current consumed I by the electrolyzer is the same as the current
flowing through each of the cells.

e Due to the technical limitations of the developed installation, the
temperature and pressure of the cells are considered to match those
measured for the PEMEL as a unit.

Thus, the electrolyzer voltage V,; (V) expressed in Eq. (16) is ob-
tained, where the index i refers to the cell number of the PEMEL.

v 26: VD) — 26: (lal(b,-+ (—) ) | 285840 - 12;2(273 +7) )

i=1 i=1

(16

The effective power used by the PEMEL for the electrolysis process
P, 1 (W) is calculated by Eq. (17), where ny refers to the total number of
cells that comprise the PEMEL:

Peor = IneeyVin a7n
The total power consumed by the PEMEL P; ,; (W) is determined by

Eq. (18):

Pray =1V (18)

The total generated hydrogen flow rate vy ¢ (ml/min) is obtained
using Eq. (19):
/()

10°ml\ /60 s I
Vet = ReenVa (1) ) Gin) | 27 ®

= neav (10°) (60) <ﬁ)

19

Finally, the overall efficiency of the PEMEL 7, is expressed in Eq.
(20) as the ratio between the useful voltage employed in the electrolysis
and the total voltage of the electrolyzer:

Pe.el _ Incellvim _ ncellvint (20)

TP Vg Vi

Ny

4. Results and discussion

After describing the expressions defining the individual cell and the
PEMEL models, the suitability of DR is assessed by employing experi-
mental data gathered from the PEMEL under its nominal operation.

First, the behaviour of the parametrised cell model for each PEMEL
cell is tested. For this purpose, a comparison is made between the
experimental (exp) and theoretical (teo) values of the variables V. and
Rin(T,D. The experimental values of V.. reflect the directly measured
voltage of each cell. The theoretical values of V.. are determined from
the model using Eq. (15) parametrised for each cell. Regarding Rin(T,D),
the experimental values are determined using Eq. (13), leveraging the
experimental V. values. Meanwhile, the theoretical values are calcu-
lated from Eq. (14) obtained employing the MATLAB toolbox Curve
Fitting and parameterised for each cell.
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Fig. 11 presents a graphical comparison of these variables, depicting
the set of Rj,-T and V.-T curves for each individual cell.

As shown in the graphs presented in Fig. 11, the experimental and
theoretical values of Ri, and V. are similar, coinciding and overlapping
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in some cases, as in cells 5 and 6. Furthermore, the behaviour of both
parameters is homologous with regard to temperature variations, pre-
senting a downward trend with increases in the working temperature.
This trend is reflected in a lower voltage for the same current consumed,
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Fig. 11. Ry-T and V- T curves obtained for each cell with a constant current of 6 A. (a) Cell 1. (b) Cell 2. (c) Cell 3. (d) Cell 4. (e) Cell 5. (f) Cell 6.
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Fig. 11. (continued).

which results in a reduction of the total power consumed (Eq. 9) as well
as an increase in the efficiency of the cell (Eq. 12).

To corroborate these results, a series of statistical metrics have been
applied to the V. of each of the cells. Specifically, the Root Mean
Square Error (RMSE), the Mean Absolute Error (MAE) and the Coeffi-
cient of Determination (R?) have been applied.

The RMSE indicates the standard deviation of the residual values,
which are a measure of the distance between the data points and the
regression line. This metric allows quantifying the level of dispersion of
the residual values and calculating the level of concentration of the data
on the regression line. This metric is calculated by Eq. (21), where Yy,
and y, refer to the values obtained experimentally and theoretically,
respectively. Moreover, the parameter n indicates the sample size.

M:

(yex]).i - yteu‘i)z

RMSE = (21

n

The MAE is a measure of the average magnitude of the absolute er-
rors between experimental and theoretical measurements. This value is
determined utilising Eq. (22).

Z |y€xp.i - ymo,i|
MAE=2 (22)

R? illustrates the level of coincidence between the experimental data
and those obtained in the theoretical model. Thus, R? presents a measure
of the overall accuracy of the model. Such measure is evaluated by Eq.
(23), where e refers to the difference between the experimental and
theoretical values and Y., indicates the average of the experimental
values.

2
RI=1- (Zez) 23)
> (Ve — Fewp)

Table 3 reports the values obtained for these metrics for each cell
voltage.

The values presented in Table 3 reflect a successful and accurate
performance of the model at cell level. Regarding the RMSE, the
calculated values are reduced and close to zero, indicating a high con-
centration between the experimental and theoretical values concerning
the regression line. Furthermore, the MAE values reflect a narrow ab-
solute error for each cell, which corroborates the correct static behav-
iour of the model. Finally, the R? obtained displays values close to the
unit, which confirms the accuracy of the model.

After obtaining these results at cell level, the performance of the model
was tested to determine the parameters of the PEMEL as a unit. For this
purpose, the PEMEL is arranged under rated operating conditions in such
a way that it covers the entire input current range in an upward direction.
By obtaining the experimental data, the cell-level parameters have been
calculated using the proposed model. Hereafter, the key parameters of the
PEMEL have been determined theoretically. Once the experimental and
theoretical PEMEL data have been obtained, the characteristic curves of
the electrolyzer can be plotted and compared.

Table 3
Statistical metrics for each cell voltage derived from 6 A operation.
RMSE MAE R?

C1 0.01185519 0.00980082 0.75988013
C2 0.00945017 0.00666523 0.93704076
C3 0.01042611 0.00632603 0.89706081
C4 0.0128881 0.0064928 0.88255837
C5 0.01620467 0.00566716 0.86372224
(€9 0.01105357 0.00426088 0.91337222




F.J. Folgado et al.

First, the VI curve depicted in Fig. 12 illustrates the relationship
between the input voltage and current of the PEMEL, representing the
main curve that defines the behaviour of the electrolyzer. The values of
VeLexp have been obtained by direct measurement of the electrolyzer
voltage, while V, , has been calculated by means of Eq. (16).

This curve describes the operation of the PEMEL by means of two
differentiated zones: a first zone located in the low current range (from
0 Ato 0.5 A) and another one in the nominal current range (from 0.5 A to
8 A). In the first zone, an abrupt and sudden behaviour of the voltage is
observed, represented by a variation from 0 V to 12-13 V. This phe-
nomenon is due to the PEMEL requirement of a minimum operating
current. When this condition is satisfied, the voltage varies spontane-
ously increasing to a first start voltage. As the input current is increased,
the electrolyzer behaviour is described by the second zone. In the last
region, the voltage traces a linear curve around 14-15 V, where the
nominal value of the operating voltage is reached. The slope of this
curve is dependent on the temperature and working pressure of the
PEMEL, decreasing with increasing temperature and ascending with
increasing pressure.

The Py -I presented in Fig. 13 represents the relationship between
the total power consumed and the input current. As indicated in Eq.
(18), this relationship is linear, with a maximum value around 120 W for
8 A. Py exp and Py 1o have been determined using Eq. (18), employing
in the said equation, for each case, the values of Ve exp and Vi e,
respectively.

Fig. 14 depicts the vy ¢-I curve, which relates the total hydrogen flow
rate generated and the current consumed. Similar to the P, ¢-I curve, it
presents a linear geometry, reaching the nominal hydrogen production
value (250 ml/min) for 7 A and a maximum value of around 300 ml/min
at 8 A. The values of vy exp are obtained by measuring the hydrogen
flow rate through the installed H, flow meter. Vg e 1o is calculated by
means of Eq. (19).

As a last characteristic curve, Fig. 15 shows the 7¢I curve, which
illustrates the relationship between the overall efficiency of the PEMEL
and the current consumed. This curve has an inverse geometry to the V-
I curve, with the efficiency being higher in the low current range and
decreasing as the current increases. This value stabilises for the nominal
current range at around 0.5, which represents an overall efficiency of 50
% under nominal operating conditions. ¢ exp and 71 o have both been
calculated by means of Eq. (20), employing the values of V., and
Vel teo» TeSpectively.

The curves represented in Figs. 12 to 15 confirm a satisfactory per-
formance of the described model, presenting values that are close and
accurate to those measured experimentally for all the key parameters of
the PEMEL. As in the case of the individual cells, this graphical com-
parison is supported by statistical metrics in order to numerically
corroborate the suitability of the model presented in this research.
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Table 4
Statistical metrics for each key parameter of the PEMEL performance.
RMSE MAE R?
Vo 0.405435273 0.250501812 0.88535682
Pia 0.955620569 0.748756913 0.99927021
el 0.020408517 0.009754147 0.8363784
Vit 0.977475729 0.768943431 0.99915947
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Table 4 reports the values of the RMSE, MAE and R? metrics for the key
parameters of the PEMEL.

Similar to the values shown in Table 3 for the case of individual cells,
the metrics displayed for the PEMEL corroborate an optimal and accu-
rate performance of the DR compared to the experimental data gathered.
Regarding the RMSE, values lower than the unit are observed, denoting
a high clustering between experimental and theoretical data, confirming
a minimum dispersion.

Concerning MAE, the results obtained for the key variables denote a
significantly reduced mean absolute error for the entire operating range
of the PEMEL, which translates as an optimal and well-fitted operation
of the DR. For instance, the MAE of Py is 0.75 W for an operating range
with a maximum of 120 W. Within the nominal operating range (0.5 to
8 A), the total power consumed by the PEMEL remains considerably
higher than the MAE of the DR, representing a negligible and acceptable
deviation under the presented test conditions.

The R? metric exhibits a range of values between 0.83 and 0.99, close
to the unit. These values corroborate the accuracy and suitability of the
model applied in the DR for all the key variables of the PEMEL.

5. Conclusions

This paper has presented the design and validation of the DR of a
PEMEL framed in a smart microgrid devoted to the generation of green
hydrogen from water and photovoltaic energy for subsequent energy
storage.

Regarding the equipment employed, the operating principle of the
PEM cell and the main technical specification of the 6-cell PEMEL stack
are described. Furthermore, the remaining ancillary equipment used in
the installation for the proper operation of the PEMEL is outlined. A DAQ
system has been implemented in order to gather, visualise and store
experimental data by means of a PLC and a GUI designed in LabVIEW
and communicated via OPC protocol.

For the design of the DR, an ECM-type model has been employed to
describe the static behaviour of the individual cells that comprise the
PEMEL. Moreover, this model facilitates the study of key variables such
as voltage, total power consumed, hydrogen flow rate, and efficiency.
This model is based on the determination of the internal resistance of the
cell, which is a novelty in the literature, describing in detail all the stages
required to obtain the designed model, and with it, the proposed DR.

The process conducted to obtain the model required several experi-
mental tests and the utilisation of the MATLAB toolbox Curve Fitting to
determine the expression of the particular internal resistance for each
cell. A model for the PEMEL stack has been defined by obtaining the
expressions of the key variables from the cell model.

The operation of the proposed DR has been tested for the cases of
individual cells and the complete PEMEL, by means of a graphical and
numerical comparison of the experimental and theoretical data. The
results obtained verify the suitability and accuracy of the DR, corrobo-
rating the validity of the process described in the research.

From a practical standpoint, the experimental setup described in this
work is comprised of commercial equipment, such as the PLC and
various sensors utilised for measuring key variables. The nature of these
devices streamlines the implementation and maintenance of the setup,
without requiring equipment specifically manufactured for this appli-
cation. Consequently, this approach achieves an adaptable and robust
system that is easily reproducible and scalable.

In terms of technical requirements, the methodology employed for
the development of the model relies mainly on two software environ-
ments: Excel and MATLAB. Both environments are widely known and
used in the field of scientific research for their mathematical calculation
capabilities, coinciding in their proprietary software nature. From a
computational point of view, the data collected by the DAQ and the
results obtained from the tests performed generate a moderate density of
information. The magnitude of this dataset does not represent a pro-
cessing problem (computational time, computational effort, etc.) for
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equipment such as current computers with modest technical specifica-
tions. Once the parameters have been determined using MATLAB curve
fitting, the expressions to be coded for the calculations of the PEMEL
variables are simple, facilitating their programming in automation and
supervision equipment.

In relation to the context of the paper, the work presented is framed
within the smart microgrids and renewable energies due to the equip-
ment employed. Nevertheless, the results presented in this research are
not limited to a single application within this framework. These results
can be used in various contexts and applications thanks to the detailed
description of the methodology developed.

Future work in relation to this line of research consists of comparing
the proposed DR with other models in the literature, as well as applying
the DR to the management of hydrogen generation systems by means of
predictive strategies. In addition, the methodology employed in this
paper could be applied to develop a DR of another PEMEL with different
characteristics, such as number of cells, voltage and input current range,
or flow rate of hydrogen generated. Finally, another line of future work
involves the study of the dynamic behaviour of PEM cells and the
experimental PEMEL.
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