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Simulation platform for the assessment of PEM electrolyzer models oriented 
to implement digital Replicas 
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A B S T R A C T   

This work presents the development and implementation of a simulation platform based on MATLAB/Simulink 
devoted to analysing the behaviour of Polymer Electrolyte Membrane (PEM) electrolyzer (PEMEL) models. A 
graphical user interface (GUI) designed in App Designer is included for controlling the platform and visualising 
simulation results. Through this GUI, the user is able to study the models hosted on the platform under various 
operating conditions, compare the results obtained and even modify the characteristic parameters of the models. 
The main objective of the platform is to facilitate the study of PEMEL for the development of a digital replica of a 
physical device housed in a smart microgrid. In these systems, PEMEL are integrated with renewable energy 
sources for the generation of green hydrogen, which is used as an energy carrier to cope with variations in 
demand in the medium and long term. The proposal overcomes the limitations identified in previous literature 
such as the absence of a GUI to facilitate model handling, model modification and the comparison and simulation 
of different models in the same application. The design and implementation of the simulation platform is re-
ported along with a series of simulation cases to prove its feasibility and successful performance.   

1. Introduction 

In the last decade, hydrogen has taken a leading role in the devel-
opment of multiple sectors [1]. The versatility of this element has led to 
an evolution in the technologies and applications associated with it, e.g. 
as a substitute for fossil fuels in the automotive sector [2]. The depen-
dence on fossil fuels and the associated carbon emissions are also 
envisioned to be reduced with the utilization of hydrogen technology 
[3]. 

In the energy field, the integration of hydrogen as an energy carrier 
alongside renewable energies has encouraged the development of 
hydrogen-based systems together with smart grids and microgrids in 
recent years [4]. Hydrogen is applied to cope with the intermittency of 
renewable energies, as well as for long-term energy storage [5]. In this 
regard, the role of hydrogen is emphasised as a strategy within the 
Sustainable Development Goals of the UN. Namely, hydrogen is ex-
pected to support the achievement of the Goal 7, i.e. affordable and 
clean energy [6]. 

An electrolyzer is an electrochemical device that generates hydrogen 
by separating the elements of a compound. These devices are grouped 
according to their principle of operation, highlining alkaline, Polymer 

Electrolyte Membrane (PEM) and solid types. PEM electrolyzers 
(PEMEL) are widely used in combination with distilled water to produce 
high purity hydrogen. Moreover, this electrochemical process does not 
generate pollutant products, so by using a renewable energy source to 
power the PEMEL, the hydrogen generated is denoted as green 
hydrogen. PEMEL are integrated in renewable energy applications 
because of their high-speed response to changes in operating conditions 
[7]. 

Electrolyzer models are required to understand and study their 
electrochemical behavior as well as to evaluate their performance. In 
particular, Equivalent Circuit Models (ECM) are used in scientific liter-
ature to develop accurate models based on electrical laws and represent 
the behavior of complex equipment. In the scope of hydrogen genera-
tion, ECM are widely studied. Atlam and Kolhe [5] propose an ECM for 
PEMEL through experimental analysis on a single cell studied under 
steady-state conditions. The work in Awasthi et al. [8] depicts a 
MATLAB/Simulink-based model, separating the PEMEL into four parts: 
anode, cathode, membrane and voltage. For this purpose, the molar 
balance between cathode and anode is studied together with the Nest 
and Butler-Volmer equations. The behaviour of a PEMEL in a hybrid 
system of photovoltaic energy and hydrogen generation is studied in 

* Corresponding author. 
E-mail addresses: ffolgar@unex.es (F.J. Folgado), igonzp@unex.es (I. González), ajcalde@unex.es (A.J. Calderón).  

Contents lists available at ScienceDirect 

Energy Conversion and Management 

journal homepage: www.elsevier.com/locate/enconman 

https://doi.org/10.1016/j.enconman.2022.115917 
Received 27 April 2022; Received in revised form 6 June 2022; Accepted 19 June 2022   

mailto:ffolgar@unex.es
mailto:igonzp@unex.es
mailto:ajcalde@unex.es
www.sciencedirect.com/science/journal/01968904
https://www.elsevier.com/locate/enconman
https://doi.org/10.1016/j.enconman.2022.115917
https://doi.org/10.1016/j.enconman.2022.115917
https://doi.org/10.1016/j.enconman.2022.115917
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2022.115917&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Energy Conversion and Management 267 (2022) 115917

2

Ismail et al. [9]. In this context, the characteristic parameters of the 
electrolyzer are determined by means of an ECM and Tafel’s law. In 
Guilbert and Vitale [10] and Guilbert et al. [11] models for PEMEL are 
developed and validated through experimental testing under dynamic 
operating conditions. The work described in Jansen et al. [12] imple-
ments Simulink models of hydrogen fuel cell and electrolyzer according 
to the Faraday’s law in the context of an off-grid combination of PV 
generation, hydrogen and battery storage. In Virji et al. [13] a PEMEL 
model is implemented and simulated using MATLAB/Simulink. 

Models are also required to develop Digital Replicas (DR) of physical 
equipment. The DR is framed within the Industry 4.0 paradigm and is 
referred to a virtual simulation that aims to mimic the real-time 
behaviour of the replicated device [14]. This virtual tool provides an 
ideal environment for testing the operating conditions of the device, 
isolating it from the rest of the components. DR are commonly model- 
driven approaches, i.e. they are based on mathematical models of the 
physical asset. As asserted in Mohammadshahi et al. [15], a virtualised 
model is the first step toward the implementation of a DR of the system. 

In fact, DR are receiving a lot of attention from Academia and in-
dustry. The amount of works related to this paradigm is increasing daily 
[16,17], even in the form of patents [18]. It must be noted that most of 
publications are devoted to DR in industrial fields [19], whilst in energy- 
related systems there is a minor amount of research. Herein, recent 
works in the energy scenario are commented. DR of wind turbines are 
reported in Tao et al. [20] and González-González et al. [21]. Buildings 
are digitally mirrored in O’Dwyer et al. [22] from an energy perspective. 
A DR approach for microgrids is presented in Park et al. [23]. The work 
in Steindl et al. [24] proposes a general framework for DR in industrial 
energy systems. Applications of DR for energy services are reviewed in 
Onile et al. [25]. Digital replication of batteries under model-driven and 
data-driven approaches is studied in Wu et al. [26]. DR for electric ve-
hicles are also studied in Van Mierlo et al. [27] and Bhatti et al. [28]. The 
use of DR to support decision making processes is presented in Gran-
acher et al. [29] oriented towards energy systems design. However, 
there is not mention to hydrogen-related frameworks in the aforemen-
tioned works. 

Therefore, there are very scarce works dealing with DR of PEMEL 
and fuel cells in literature. The most relevant ones are now briefly 
commented. Wang et al. [30] present a 3D model-based DR for PEM fuel 
cells. It uses a mathematical model which couples the heat and mass 
transport processes and the electrochemical kinetics. Also for PEM fuel 

cells, in Meraghni et al. [31] a data-driven replica is reported with 
prognostics purposes. In Ogumerem and Pistikopoulos [32] a DR of a 
PEMEL is presented using a mathematical model. The goal is to design a 
Model-based Predictive Controller (MPC) to regulate the thermal 
behavior of the electrolyzer. A DR of a 750 kW electrolyzer in a power 
Hardware in the Loop (HiL) scheme is developed in Jain et al. [33]. 
Among the future works in Jansen et al. [12], the authors point out the 
development of a DR of fuel cell and electrolyzer. 

Consequently, there is a need of tools to model and simulate this type 
of complex device aiming at promoting the development and imple-
mentation of DR. 

Moreover, when managing models of complex equipment, the 
models reported in literature are adjusted for specific system and 
simulated, without enabling customisation or edition. In this regard, 
such valuable models and simulation environments are closed in the 
sense that easy interaction with the user and customisation of the model 
parameters is not provided. This constitutes a drawback when the model 
must be adjusted to different devices, configurations or situations. 

To overcome this limitation, a step beyond modeling consists of 
building a Graphical User Interface (GUI) to establish a user-friendly and 
intuitive interaction with the operator of the energy system. Commonly, 
a GUI is used to display graphical and numerical information of the fa-
cility, even with real-time capabilities. The role of GUI for energy- 
related applications is highlighted in recent literature [4,34–36]. In 
the case of simulation approaches, the GUI facilitates the adjustment and 
customisation of parameters as well as the graphical illustration of the 
simulated results. 

This paper presents a simulation platform based on MATLAB/ 
Simulink for the study of various models of PEMEL. To achieve this 
purpose, a set of well-known PEMEL models are implemented and 
simulated in Simulink environment. Furthermore, the App Designer 
toolbox has been used to develop a GUI to visualise and customise the 
parameters of the different models and the generated results. Both en-
vironments are hosted and interconnected by MATLAB, sharing infor-
mation during their operation. 

Concerning energy-related approaches, MATLAB has been reported 
as versatile and powerful tool to deploy GUI but there are scarce works 
in literature about GUI related to PEMEL models. Particularly, MATLAB- 
based GUI for equipment devoted to generation and consumption of 
hydrogen are even scarcer. Illustrative examples of using MATLAB to 
implement GUI together with simulation capabilities are now com-
mented. MATLAB GUI is used in Smaoui and Krichen [37] to deploy a 
simulation interface for a hybrid system combining PV and wind gen-
eration with hydrogen (fuel cell and electrolyzer). The user can simulate 
different time intervals but is not able to modify the implemented 
models. In Jafari and Malekjamshidi [38] MATLAB is applied to 
implement a GUI which displays and records data of a prototype of 
microgrid (PV and fuel cell). However, simulation is not considered in 
such research. A valuable contribution in the field of hydrogen equip-
ment simulation is found in Vivas et al. [39], where MATLAB is used to 
make up a simulator for the hybridization of renewable energy sources 
with hydrogen. This simulator includes the model of an alkaline elec-
trolyzer based on Faraday’s law as well as a GUI. 

For a clearest overview of previous research about PEMEL models 
and GUI, Table 1 summarizes the main features of the aforesaid litera-
ture and of the present work. Five categories have been considered, 
namely type of model, used software, implementation of GUI, avail-
ability of customisation capabilities and multiplicity of models. 

According to the review of previous papers conducted by the authors, 
as can be checked in Table 1, to date there are no works that simulate 
and compare different models under a GUI with capabilities of easy 
interaction and fully customisation of the models. Consequently, the 
proposal constitutes a novelty in literature. 

It must be remarked that the goal of this proposal is not to develop an 
own model of PEMEL, but to present a tool and methodology to facilitate 
analyses and comparisons between different models, widely tested and 

Table 1 
Main features of previous literature.  

Work Type of 
model 

Software GUI Customisation 
capabilities 

Multiplicity 
of models 

[5] ECM No No No No 
[8] Equations 

without 
ECM 

MATLAB/ 
Simulink 

No No No 

[9] ECM/ 
Tafel’s law 

MATLAB No No No 

[10,11] ECM/ 
Dynamic 
study 

No No No No 

[13] Equations 
without 
ECM 

MATLAB/ 
Simulink 

No No No 

[12] Equations 
without 
ECM 

MATLAB/ 
Simulink 

No No No 

[37] Equations 
without 
ECM 

MATLAB Yes No No 

[38] No MATLAB Yes No No 
[39] Faraday’s 

law 
MATLAB/ 
Simulink 

Yes No No 

Present ECM MATLAB/ 
Simulink 

Yes Yes Yes  
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validated in the literature, in order to select the most suitable one to 
implement DR of experimental equipment. Indeed, the motivation arises 
from the fact that this work is framed in an on-going R&D project 
devoted to the digital replication of a hybrid microgrid which combines 
photovoltaic power and hydrogen for off-grid applications. 

The structure of the rest of the paper is as follows. The second section 
explains the principle of operation of PEMEL and describes the models 
selected for the development of the simulation platform. Section 3 

reflects the design of the simulation platform, focusing on the structure 
and operation of the GUI through App Designer. Section 4 details the 
implementation of the platform through a set of simulations on the 
described models, displaying the functionalities provided by the pro-
posed work. Finally, the most relevant conclusions of the work are 
depicted. 

2. PEM electrolyzer: Operation and models 

This section describes the working principle of the PEMEL as well as 
the models selected for the design and implementation of the simulation 
platform. 

2.1. Working principle 

The electrolysis is an electrochemical reaction that allows to split a 
compound into its fundamental components by means of electricity. 
Electrolyzers use this working principle for generating hydrogen by 
splitting various compounds. There are three main types of electro-
lyzers: PEM, solid oxide and alkaline. Focusing on the PEM type, this 
device is water-powered and uses a proton exchange membrane and a 
solid polymeric electrolyte for the electrolysis process. After that pro-
cess, the results are oxygen and hydrogen gas, as shown in Eq. (1): 

H2O(l)+Energy→H2(g)+
1
2
O2(g) (1) 

Particularly, when the PEMEL is powered by a renewable energy 
source, e.g. photovoltaic or wind energy, the resulting hydrogen is called 
green hydrogen [40]. This designation is given by the fact that the whole 
process does not generate any kind of pollutant product, either in 
obtaining the input energy from the electrolyzer, or to obtain the 
hydrogen produced. In terms of structure, all electrolyzers consist of 
basic units called cells. These cells are responsible for the electrolysis 
and can be arranged in series, forming a stack, or in parallel. Each cell 
consists of three parts, the anode, the cathode and the membrane. The 
diagram in Fig. 1 shows an example of a green hydrogen generator using 
a PEMEL consisting of 8 cells in series.Fig. 2. 

2.2. Selected PEM electrolyzer models 

This section gives a brief description of the PEMEL models available 
in the literature that have been used for the development of the simu-
lation platform. These models are based on ECM, where each electrical 
component forming the circuit refers to effects associated with the in-
ternal operation of the electrolyzer. The aim of the work is to implement 
the models selected from the literature in the simulation platform. 
Therefore, the following subsections illustrate the behaviour of each 
model through the same expressions described in the works [5,8–10]. 

The objective of these models is to determine the relationship be-
tween the input current I and the voltage measured at the electrolyzer 
terminals V. The V-I curve resulting from this relationship represents the 
characteristic curve that defines the operation of the electrolyzer. This 
curve is particularly illustrative for determining the behaviour of the 
PEMEL and is therefore used in the models and tests carried out in the 
literature as a starting point for studying this device [5,8–10]. The 

Fig. 1. Green hydrogen generation through PEM electrolyzer.  

Fig. 2. ECM described in [5]. (Source: Own design).  

Fig. 3. ECM described in [9]. (Source: Own design).  

Fig. 4. ECM described in [10]. (Source: Own design).  

Table 2 
Experimental values of the electrical components of the 
model in [10].  

Electrical component Value 

R1  0.035 Ω 
C1  37.26F 
Vint  4.38 V 
R2  0.318 Ω 
C2  37.26F 
Rint  0.088 Ω  
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remaining parameters of the electrolyzer, such as power or efficiency, 
are derived from this curve. To achieve this objective, each model de-
velops a different methodology, studying the behaviour of the complete 
electrolyzer or of an individual cell. 

2.2.1. Model for a PEM electrolyzer under steady-state conditions 
An ECM for PEMEL is developed and validated in the reference [5] 

and this model is used in the present work to study the behaviour of the 
PEMEL under steady-state conditions. The equations and derivations 
below are cited and summarized from Atlam and Kolhe [5]. 

As can be seen in the figure, the behaviour of the electrolyzer is 
represented by a reversible voltage erev in series with a resistance Ri. erev 
is the voltage of the electrolyzer without considering the losses. This 

potential groups the ideal electrochemical potential Vi, along with the 
activation over-potential, meanwhile Ri represents the over potential 
during the operation of the electrolyzer. 

Vi is defined as the useful volage for the electrolysis process and is 
obtained from the increase of the Gibbs free energy according to Eq. (2). 

Vi =
ΔG
2F

(2) 

Being: 

ΔG = 285, 840 − 163.2(273+T) (3) 

The study of the model is started by analysing the electrolyzer under 
nominal operating temperature and pressure conditions (T = 20 ◦C, p =
1 atm). Under these conditions, the cell voltage is determined by the 
non-linear expression in Eq. (4), where erev = 1.4676 V, Vi = 1.233 V and 
Ri = 0.3264 Ω. 

V = 1.46760 − 1.4760e− 5
0.02 I + 0.3264I (4) 

The hydrogen flow rate generated vH (ml min− 1) for the operating 
point of the electrolyzer/cell is determined from Faraday’s law 

Fig. 5. Relationship between environments involved with the simulation platform.  

Fig. 6. Environment and database interaction.  

Fig. 7. Design view tab appearance.  
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according to the Eq. (5). 

vH = vM(l)
(

103ml
l

)(
60s
min

)

⎛

⎜
⎜
⎝

I
(

C
s

)

2F(C)

⎞

⎟
⎟
⎠ = vM

(
103)(60)

I
2F

(5) 

The useful electrochemical power of hydrogen PH2 can be derived 
from Vi as indicated in the Eq. (6). 

PH2 = vH

(
ml
min

)
ΔG
(

l
mol

)

vm
(

l
mol

)(
103ml

l

)(
60s
min

) = IVi (6) 

The total power consumed P by the cell is defined in Eq. (7). 

P = VI = I2Ri + Ierev (7) 

Finally, the cell efficiency ηe is defined by Eq. (8) as the ratio of the 
electrochemical power of hydrogen PH2 to the total power consumed P. 

ηe =
PH2

P
=

ViI
VI

=
Vi

V
(8) 

After this analysis under nominal conditions, the performance of the 
cell is generalised for any operating temperature and pressure range. For 
this purpose, Ri and erev are modelled as a function of T and p. 

Ri(T, p) = Rio + kln
(

p
po

)

+ dRt(T − To) (9)  

erev(T, p) = erevo +
R(273 + T)

2F
ln
(

p
po

)

(10) 

Derived from Eq. (9) and Eq. (10), the cell voltage expression is 
defined in Eq. (11). 

V(T, p) = erev(T, p) − erev(T, p)e−
5

0.02 I + IRi(T, p) (11) 

Finally, in Atlam and Kolhe [5] an expression is given to determine 
the electrolyzer voltage as a function of the distribution of the cells in the 
electrolyzer, where ns and np are the number of cells in series or in 
parallel respectively. 

V(T, p) = I
ns

np
Ri(T, p)+ nserev(T, p) (12)  

2.2.2. Modelling by varying temperature and pressure 
In Awasthi et al. [8] the model of a PEM cell is developed based on its 

physical structure. Under this approach, the cell model is divided into 

Fig. 8. Code view tab appearance.  

Fig. 9. Synergy between the tabs of the App Designer environment.  

Fig. 10. Navigation map of the GUI.  

Fig. 11. Main menu tab appearance.  
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four components: anode, cathode, membrane and voltage. The equa-
tions and derivations below are cited and summarized from Awasthi 
et al. [8]. Based on the abovementioned structure, the model describes 
the operation of the cell considering variations in operating temperature 
T and pressure p, as well as variations in ambient temperature Tamb. In 
this case, the relationship between the input current and the cell voltage 
is determined by a set of over voltages and the open circuit voltage E. 
This open circuit voltage is calculated by the Nernst equation expressed 
in Eq. (13). 

E = E0
rev +

RT
nF

ln

(
pH2 p1/2

O2

pH2O

)

(13) 

As indicated in Eq. (13). E is a function of T and p. In this expression, 
the pressure is decomposed into the various partial pressures of the 
compounds involved in the electrolysis. In this expression, the E0

rev term 
is determined through Eq. (14), whose value is dependent on the dif-
ference between T and Tamb. 

E0
rev = 1.229 − 0.9 × 10− 3(T − Tamb) (14) 

The activation overvoltage ηact is defined in terms of current density i 
by the Butler-Volmer equation as given in Eq. (15). 

ηact =
RT

αanF
arcsinh

(
i

2io,an

)

+
RT

αcatF
arcsinh

(
i

2io,cat

)

(15) 

The ohmic overvoltages ηohm are associated with the resistive effects 
present in the electrolyzer cell and are calculated by Eq. (16). 

ηohm =
δmI
Aσm

(16)  

2.2.2.1. Model based on Tafel’s law. The model presented in Ismail et al. 
[9] results from the experimental study of a PEM type cell serving as the 
load of a photovoltaic powered system. The equations and derivations 
below are cited and summarized from Ismail et al. [9]. In this context, 

the behaviour of the cell is represented by the diagram in Fig. 3, where 
the cell voltage is expressed in Eq. (17) as a function of four terms: the 
theoretical voltage Vth, the anodic overvoltage Vanode, the cathode 
overvoltage Vcathode, and the ohmic voltage drop Vohm. 

Vcell = Vth +Vanode +Vcathode +Vohm (17) 

In this case, the relationship between the input current and the cell 
voltage is determined through Tafel’s law, from which Eq. (18) is 
obtained. 

Vcell = a+ b × log(I)+ c × I (18) 

The parameters a, b and c are defined according to the characteristics 
of the electrolyzer cell, such as geometry, materials or working tem-
perature and pressure. These parameters are determined by means of an 
experimental test carried out at an operating temperature of 80 ◦C, 
obtaining the values of a = 1.8018, b = 0.0632 and c = 0.0482. 

Derived from Eq. (18), the voltage of the electrolyzer is obtained as a 
function of the distribution of its component cells. 

Vel = s
(

a+ blog
(

Ie

p

))

(19)  

Where s and p refer to the number of cells in series and in parallel, 
respectively. 

The volume of total hydrogen generated by the electrolyzer is 
calculated according to the ideal gas law by Eq. (20). 

QH2 =
Ncell × R × If × T

Z × F × p
=

Ncell × 8.32 × If × T
2 × 96500 × 0.1013

(20)  

Where Ncell is the total number of cells making up the electrolyzer (s ×
p). 

The electrolyzer efficiency is given by the Eq. (21). 

ηel =
1.23 × s

VF
(21) 

Fig. 12. Atlam model tab appearance.  
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2.2.2.2. Dynamic emulation of a PEM electrolyzer. The model developed 
in Guilbert and Vitale [10] defines an ECM whose components are 
determined by the dynamic study of a stack consisting of three cells in 
series. This electrical model is shown in the Fig. 4. The equations and 
derivations below are cited and summarized from Guilbert and Vitale 
[10]. 

This model separates the electrolyzer into three parts: anode, cath-
ode and membrane. The electrical elements representing them are 
associated with local effects of the electrolyzer behaviour. On the one 
place, the group R1C1 represents the cathode operation. In particular, R1 
simulates the Gibbs free energy and heat losses at the cathode. The Vint 
voltage reproduces the useful power used for hydrogen production. On 
the second place, the group R2C2 represents the operation of the anode. 

In this group, R2 simulates only the heat losses at the cathode. Between 
anode and cathode, the Rint resistance is located representing the losses 
in the membrane. 

The values of these parameters are determined through a series of 
laboratory experiments where dynamic operating conditions for the 
electrolyzer are established. These values are shown in Table 2. 

Using the calculated parameters, the expressions defining the 
behaviour of the electrolyzer are determined. Firstly, the voltage of the 
electrolyzer is given by the Eq. (22). 

V = RtotI +Vint (22)  

Where Rtot is the sum of the resistances R1, R2 and Rint. 
The useful power used for the generation of hydrogen PH is calcu-

lated by Eq. (23). 

PH = IVint (23) 

The total power consumed or input power Pin is determined by Eq. 
(24). 

Pin = IVint + I2(R1 + R2 + Rint) (24) 

Finally, the efficiency of the electrolyzer is defined in Eq. (25) as the 
ratio of useful power to input power. 

η =
PH

Pin
(25)  

3. Simulation platform and GUI 

This section describes the development of the simulation platform 
used to study the different PEMEL models. At the same time, a GUI has 
been designed to facilitate the control of the platform and the visual-
isation of the results obtained in the simulations. 

3.1. Operation of the simulation platform 

The simulation platform designed in MATLAB is based on the 
interaction between three different environments: App Designer, 
Simulink, and Workspace. 

On the first place, App Designer is a specific toolbox dedicated to the 
design of applications and GUI. This plugin has been used to design the 
GUI aimed to control the simulation platform. On the second place, 
Simulink is an environment for systems modelling and simulations. The 
studied models have been replicated using block diagrams to carry out 
the simulations. Finally, the default MATLAB database, called Work-
space, has been used as a bridge to transmit data between Simulink and 
the GUI, while acting as a temporary database. 

Through the GUI, the user takes control over all aspects of the 
models: setting parameters, running the simulation, displaying results, 
saving data, and so on. All of this is done through commands that the 
interface sends to Simulink and MATLAB. The diagram in Fig. 5 depicts 
the communication between the environments and the exchange of data 
together with the execution of commands. 

The operation of Simulink and the GUI is linked to the exchange of 
data between these environments. On the one hand, Simulink requires 
user-set input data to simulate the behaviour of models. On the other 
hand, the GUI uses the simulation output data to represent the simula-
tion results. 

Each of these environments uses a different database. Applications 
and interfaces created in App Designer define their variables locally in a 
stand-alone database. In contrast to this toolbox, Simulink can read and 
store data in any defined database. Due to this discrepancy, it has been 
decided to use the MATLAB Workspace as a common database for data 
exchange. This one provides several advantages in the functioning of the 
application: Simulink uses this database by default, no pre-configuration 
of the database is necessary, and GUI can export and read variables to 
the database easily through specific commands. Fig. 6 shows the 

Fig. 13. GUI management flowchart.  
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interaction between the different environments abovementioned and 
the databases. 

3.2. App Designer structure 

The graphical appearance and functionalities provided by the GUI 
are conditioned by those used in the App Designer environment. This 
toolbox provides a series of tools for the development of a GUI through 
the simultaneous management of two different tabs: Design view and 
Code view. 

Firstly, the Design view tab allows the graphical configuration and 
customisation of the interface through the use of a component library 
that facilitates the interaction between the GUI and the operator. Its 
layout, shown in Fig. 7, consists of the component library, a central area 
where the GUI appearance is previewed, and a browser where the 
components used are sorted and their internal characteristics are 
presented. 

The other screen called Code view is intended for programming the 
actions performed by the interface during its execution, as well as 
modifying internal properties of the components, such as their display. 
Regarding its distribution, shown in Fig. 8, it consists of a column where 
the different events and callbacks used to programme the GUI operation 
are presented, a central area where the interface actions are pro-
grammed by means of codes, and finally, the component browser, 
maintaining the same qualities as in the Design view tab. 

The key to the functioning of the App Designer environment is based 
on the interaction between these two windows. To begin with, each 

programmable event in the Code view tab is linked to an element in the 
Design view tab. In this way, the actions that the GUI can perform depend 
primarily on the elements placed in the Design view screen. In turn, the 
Code view tab allows the modification of internal features not accessible 
from the component browser. The diagram in Fig. 9 indicates the 
different interactions between the Design view and Code view tabs. 

3.3. Graphical appearance of the GUI and navigation map 

In terms of the graphical aspect presented by the GUI, its operation is 
based on navigation through tabs. The use of tabs allows the information 
to be presented to the user in an ordered and grouped manner, facili-
tating its visualisation and interpretation. The diagram in Fig. 10 pre-
sents the navigation map of the developed GUI, where the relations 
between the different screens are depicted. 

The GUI starts with a main menu screen called Electrolyzer model 
selector, from which to access a set of tabs by means of buttons. The 
second level of the interface contains specific windows for each studied 
model that can be accessed via the buttons under the names of each of 
the models (Atlam, Awasthi, Ismail or Guilbert). Furthermore, the Models 
comparison button on the main screen provides access to a tab dedicated 
to the analysis and comparison of the results obtained by simulating the 
different models. As the last depth layer, within each model tab, there is 
a plot figures button, which changes the displayed screen to one dedi-
cated to the representation of the operating curves of each model. 

Fig. 14. Atlam Plot figures tab appearance.  
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3.3.1. Main menu screen 
The Electrolyzer model selector tab contains the buttons to access the 

model screens and the Models comparison tab. Due to the graphical 
similarity of the model screens, the main menu serves as a starting point 
to the interface, as well as a transit screen when switching between 
model tabs. Fig. 11 shows the appearance of this main window. 

3.3.2. Model tabs 
The model tab constitutes the main core of the GUI. Through this 

screen, the operator has control over the configuration of the digital 
model and its simulation. To explain the performance and layout of this 
tab, the Atlam model [5] has been selected as an example (Fig. 12). 

As can be observed in the figure, the elements that make up the tab 
are distributed in different areas according to their purpose. To begin 
with, there are three areas dedicated to the configuration of the simu-
lation: Input variables (blue dotted line), Model internal parameters and 
constants (black dotted line) and Stack configuration (purple dotted line). 
These areas contain numerical input fields that modify the input vari-
ables of the digital model in Simulink. Modifying these input variables 
results in a variation of its performance in the simulation. Concerning 
the control of the model, the Model control buttons (red dotted line) 
contains three sequential buttons and one selector for the execution of 

the simulation and results representations process. The GUI control 
buttons area (green dotted line) contains a series of buttons associated 
with different GUI functionalities and navigation options. In turn, a 
dynamic text window guides the actions performed by the user during 
tab operation, indicating whether a specific action is in progress or has 
been completed. Finally, a graphic space has been reserved in this tab for 
the representation of the characteristic I-V curve of the electrolyzer. This 
curve defines the operation of the electrolyzer by showing the voltage 
variation in response to input current variations. 

The flowchart in Fig. 13 shows the sequence of actions to be per-
formed by the operator to archive a successful simulation of the model 
and representation of its results. The colours used in the flowchart are 
associated with the different areas explained in Fig. 12. The loop of 
actions represented in the flowchart illustrates the ability of the GUI to 
perform consecutive simulations while operating on the model tab. 

3.3.3. Plot figures tabs 
The Plot figures tabs of the models represent the bottom level of the 

GUI navigation map. These screens are dedicated to the graphical rep-
resentation of the results obtained in the simulations through curves. 
The layout of the elements and the appearance of these tabs are identical 
for all models implemented in the GUI. Due to this fact, this window can 
only be accessed through the model tab to which it is associated, to avoid 
confusing the user during the execution of simulations. Fig. 14 shows the 
appearance of the Plot figures tab. The axes associated with each of the 
graphic spaces indicate the represented variable and its corresponding 
unit. In turn, due to the adjusted size of the graphic spaces, the axes are 
auto-scaled according to the range represented to cover the entire curve. 

Almost the entire window is occupied by four charts, intended to 
represent the characteristic curves of the electrolyzer. At the bottom, the 
Atlam model button allows navigation between the model tab and this 
one. Below is the button calls Legend ON/OFF that enables and disables 
the display of the legends in each of the graphs, facilitating the display of 
curves when running multiple simulations. 

3.3.4. Models comparison tab 
The last window of the interface is the Models comparison tab. This 

Fig. 15. Models comparison tab appearance.  

Table 3 
GUI buttons and actions.  

Category Button Action 

Navigation Model Shows the model tab 
Plot figures Displays the plot figures tab of the model 
Models 
comparison 

Shows the models comparison tab 

Data 
management 

Load values Saves simulation input data in Workspace 
Save data Export simulation data to Excel file 

Simulation 
control 

Run simulation Execute the simulation of the model in 
Simulink 

Visualisation Plot Plots the curves of the model 
Clear Erase represented curves 
Legend ON/OFF Enable/disable legend visibility  
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screen is accessible via the main screen. Its purpose is to provide the user 
with a graphical space to compare the curves resulting from the various 
simulations of the digital models. This helps the operator to carry out the 
study of the electrolyzer and its models. 

Regarding the elements that make it up, the window is almost 
entirely occupied by a single graphic. In contrast to the Plot figures tabs, 
this screen seeks to analyse a single curve from different models, thus 
focusing attention on the differences between the curves represented. 
The compared models are selected by means of the check boxes in the 
Model selector area. In turn, the curve represented in the graphic space is 
selected by means of a drop-down selector in the area Curve selector. The 
remaining elements of the tab perform similar functions to their coun-
terparts in the other tabs seen above. Fig. 15 shows the appearance of the 
Models comparison tab and its elements. 

3.4. Features and functionalities of the GUI 

As seen in the GUI design section, the tabs that constitute the 
interface are made up of elements with distinct functions. LED indicators 

or numeric fields, serve as visual indicators or data input fields for the 
user, respectively. In contrast, buttons are complex components that 
allow the execution of actions previously programmed in the interface 
code. Each button is identified by its name, which makes it possible to 
differentiate it from the rest and to indicate its function to the user. 
Depending on their specific function, each button can be categorised 
into Navigation buttons, Data management buttons, Simulation control 
buttons or Visualisation buttons. Table 3 summarizes the buttons 
abovementioned according to a classification by category and action 
performed. 

4. Results and discussion 

This section illustrates the operation of the simulation platform 
designed. For this purpose, a representative simulation case is run on 
one of the models presented previously and the results obtained are 
represented on the GUI. 

4.1. Simulation case 

For the simulation case, the Atlam model [5] is selected as an 
example of electrolyzer performance. As indicated above, the behaviour 
of these models is replicated by means of block diagrams in the Simulink 
environment. Fig. 16 depicts a part of the block diagram of the Atlam 
model, where the different parameters used in it can be observed. 

During this study, the values associated with the internal parameters 
of the model have been kept constant in order not to alter the model 
described. On the other hand, the stack configuration, input variables, 
temperature and working pressure conditions have been modified in 
order to test the model operation. The set of parameters and values used 
in this simulation are shown in Table 4. 

As shown in Table 4, the simulated electrolyzer consists of a stack of 
3 cells in series. Through this configuration, it is possible to compare the 
performance between the stack and a single cell. 

4.2. Simulation results 

After determining the conditions of the simulation case, the GUI is 

Fig. 16. Part of the Simulink block diagram of the Atlam model.  

Table 4 
Parameters and values used in the simulation case.  

Parameter Value 

Internal parameters of the model 
Resistance coefficient of temperature dRt (Ω/◦C) − 3.812e-03 
Curve fitting parameter k (V/A) 0.0395 
Reference pressure p_o (atm) 1 
Reference temperature T_o (◦C) 20 
Internal reference resistance Ri_o (Ω) 0.326  

Stack configuration 
Number of cells in series ns 3 
Number of cells in parallel np 1  

Input variables 
Input current I (A) [0–1] 
Working pressure (atm) 1 
Working temperature (◦C) 60  

F.J. Folgado et al.                                                                                                                                                                                                                               



Energy Conversion and Management 267 (2022) 115917

11

applied. Within the tab of the selected model, the steps explained in 
section 3 are executed to perform a successful simulation of the model. 
The simulation process uses the input values specified in the GUI and 
executes the block diagram of the model, obtaining the output values 
through the expressions specified in subsection 2.2.1. After running the 
simulation, the GUI plots the output values of the model through the 
specific charts: the I-V characteristic curve in the model tab, and the rest 
of the curves in the plot figures tab. 

Fig. 17 shows the model tab together with two different coloured I-V 
curves. For this particular curve, blue represents the nominal conditions 
used in Atlam and Kolhe [5] and red indicates the simulated conditions 
in this case. 

The I-V curve has a non-linear shape with two distinct zones. This 
form is homologous to those described in the literature models [8–10]. 
At low current ranges (from 0 to 0.05 A), the curve resembles a step 
ramp, which represents the threshold voltage that the cell must over-
come to start electrolysis. In later current ranges (higher than 0.05 A), 
the curve takes the form of a straight line whose slope is modified by 
variations in temperature and working pressure. In the case of the curves 
shown in the figure, for a current of 0.5 A, vcell(20 ◦C) = 1.639 V while 
vcell(60 ◦C) = 1.563 V, where a downward trend of the slope is observed 
with increasing temperature. 

Fig. 18 shows the appearance of the Plot figures tab after the simu-
lation, where the rest of the curves are displayed. In this window, a 
comparison is made between the behaviour of the electrolyzer and that 
of a single cell. In this way, the effects of modifying the parameters of the 
stack configuration on the operation of the PEMEL can be observed. For 
this purpose, the cell curves are graphed in blue and the electrolyzer 
curves in red, all of them under the conditions of the simulation case. 

The I-vH curve shows an increase in hydrogen generation due to an 
increment in the number of cells that compound the stack. For the case 
of I = 0.6 A, vH_cell = 5 ml/min while vH_el = 15 ml/min, tripling 
hydrogen production due to the number of cells in the stack. Comparison 
of the I-Vel and I-Vcell curves reflects a higher total electrolyzer voltage as 

a result of the increased number of cells in series, as defined by the 
model in Eq. (12). Taking as an example the value of I = 0.6 A, the value 
of Vcell = 1.563 V while Vel = 4.689 V, thus affirming the relationship 
between electrolyzer voltage and cell number. This voltage increase 
translates into an increase in the total power consumed, as seen in the P- 
vH and P- η curves. 

Section 3 highlights the ability of the GUI to perform successive 
simulations on the same model, being able to represent all the results 
obtained in the graphs. To demonstrate this feature, an additional 
simulation case has been run on the model by modifying the tempera-
ture and pressure conditions to T = 20 ◦C and p = 4 atm. The results 
obtained from this simulation are presented together with the previous 
simulation in Fig. 19 and Fig. 20. 

The I-Vcell curve resulting from this new simulation allows to deter-
mine an upward trend of the cell voltage with increasing working 
pressure, as can be seen from the voltage values for I = 1 A: Vcell(20 ◦C, 1 
atm) = 1.802 V, Vcell(60 ◦C, 1 atm) = 1.649 V and Vcell(20 ◦C, 4 atm) =
1.857 V. Fig. 20 shows the rest of the electrolyzer and cell curves for 
each of the simulations, together with a common legend for each 
graphical chart. The effects associated with the increase in working 
pressure are visualised in these graphs, where the I-vH and P-vH curves 
describe a reduction in hydrogen generation and an increase in power 
consumption respectively. Due to this, the P-η curve shows a worsening 
of the efficiency of the electrolyzer, according to the values given for the 
cell efficiency at I = 1 A: ηcell(20 ◦C, 1 atm) = 0.685, ηcell(60 ◦C, 1 atm) =
0.727 and ηcell(20 ◦C, 4 atm) = 0.664. 

4.3. Comparison of models 

Through the Models comparison tab, the user is able to perform a 
combined representation of the last cases simulated in each model in 
order to compare the curves obtained. To show the applicability of this 
window, an identical simulation case is carried out for all the models 
described, configuring a stack formed by 3 cells in series working under 

Fig. 17. Model tab with simulation case.  
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operating conditions of T = 80 ◦C and p = 1 atm. The I-V, P-I and P- η 
curves for a single cell and for the stack are shown in Fig. 21, Fig. 22 and 
Fig. 23, respectively. 

Fig. 21 depicts the I-V curves of a single cell and the stack of each of 
the models. From this information it is determined that the behaviour of 
the Atlam, Awasthi and Guilbert models are similar, with minor differ-
ences in voltage. On the contrary, the Ismail model presents a higher 
voltage value than the rest. To put this statement into context, the cell 
voltage values of the models at I = 1 A are presented: Vcell_Atlam = 1.573 
V, Vcell_Awasthi = 1.544 V, Vcell_Guilbert = 1.607 V and Vcell_Ismail = 1.85 V. 

The Atlam and Awasthi model curves have an identical step-like 
shape, with the voltage difference increasing as cells are added in se-
ries to the stack. This discrepancy between the models is due to the fact 
that Awasthi considers the ambient temperature as well as the anode 
and cathode partial pressures in determining the electrolyzer voltage. In 
contrast, the Guilbert model gives a curve with a linear shape, due to Eq. 
(22). This approach is indicated in Atlam and Kolhe [5] as a viable so-
lution for the study of electrolyzer operation. The curve obtained from 
the Guilbert model gives similar values to the Atlam and Awasthi model 
without taking into account the factors of temperature or working 
pressure. 

Fig. 22 shows the model P-vH curves comparing the single cell and 
stack values. This figure shows the effects of the voltages observed in 
Fig. 21 and the differences between the models. Thus, the Ismail model 
stands out in power consumption due to the high voltage value deter-
mined by Eq. (19). The rest of the models present similar curves with 
very approximate values. In turn, the figure highlights the relationship 

between hydrogen production and the number of cells in the electro-
lyzer, where a significant increase in the generated flow rate is observed 
before due to the increase in the cells in series of the stack. This 
behaviour is identical in all the models, with discrepancies in the power 
consumed in each of them due to the differences in the calculated 
voltages. 

Fig. 23 shows a comparison of the efficiency of the electrolyzer 
versus its power consumption. To determine the efficiency, the models 
relate the values of the ideal voltage used for electrolysis and the elec-
trolyzer voltage. For the Guilbert case, the value of Vint is considered as a 
constant unrelated to variations in temperature or pressure. Comparing 
the cell efficiency values for the models at I = 1 A, it can be seen that the 
Guilbert model has the highest value: ηcell_Atlam = 0.752, ηcell_Awasthi =

0.766, ηcell_Guilbert = 0.909 and ηcell_Ismail = 0.665. 
The Atlam and Awasthi models present close efficiency values 

through they both study the effects associated with the ideal voltage due 
to variations in the working temperature and pressure. In particular, 
Awasthi includes the ambient temperature parameter in its model, 
which affects the ideal voltage and differentiates it from the Atlam 
model. 

The simulated values in Ismail’s model are the smallest of all those 
represented in the graph. Ismail’s model takes a constant ideal voltage 
value (Vi_Ismail = 1.23 V), as in the Guilbert model, but its cell voltage 
value is much higher than in the other models (Vcell_Ismail = 1.85 V), as 
shown in Fig. 21. 

Fig. 18. Plot figures tab with simulation case.  
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4.4. Discussion 

The previous section highlights the potential of the platform to un-
dertake the analysis of PEMEL models, either locally through the specific 
tabs for each model, or through a comparison of different simulation 

cases. In the latter case, it is illustrated a common behaviour of the 
PEMEL, differing numerically between them due to the expressions 
taken into consideration to define the model parameters. These differ-
ences are key to determine which model is closer to the behaviour of an 
experimental PEMEL. For this purpose, the platform facilitates the 

Fig. 19. Model tab with additional simulation.  

Fig. 20. Plot figures tab with additional simulation.  
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export of data to Excel in order to manage the results of the simulations 
carried out and compare them with experimental data collected from the 
electrolyzer. 

The simulation platform designed is an innovative tool for the 
simulation and analysis of multiple PEMEL models, facilitating the study 
of these devices through an intuitive and user-friendly GUI. This inter-
face gives the user full access to each model to modify and experiment 
with it, allowing the user to visualise the effects associated with these 
changes. This customisation implies a novelty compared to the litera-
ture, which present pre-set and closed models and the user is only 
allowed to enter input variables, thus limiting the ability to analyse and 
understand the results represented. At the same time, the functions 

presented in the GUI can be easily modified or extended thanks to the 
App Designer toolbox, whose programming nature allows further 
modifications to the GUI. Furthermore, the interconnected 
environment-based structure of the simulation platform allows the 
catalogue of models available for the interface to be extended, and may 
include not only PEM, but also alkaline and solid models, acquiring a 
more generalist character. To do so, it is only necessary to include the 
new model in Simulink and create a new tab in the GUI according to the 
new model. In this way, the application acquires the capacity to evolve 
and improve according to the user’s needs. 

In a similar sense, an interesting aspect to consider is the interaction 
between water transport and PEMEL operation. In this context, some 

Fig. 21. Models comparison tab with I-V curves.  

Fig. 22. Models comparison tab with P-vH curves.  
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models study internal water flow as a key factor in the PEMEL perfor-
mance, resulting in effects associated with degradation mechanisms and 
influence in internal model parameters, such as ohmic losses. The 
implementation of this type of models in the presented simulation 
platform is possible thanks to its versatility and ease of use, enriching the 
catalogue of available models and the results of the obtained 
comparisons. 

As indicated in the introduction, the described platform has been 
conceived with the aim of studying the behaviour of PEMEL in order to 
develop a DR of a physical device. Beyond this, the characteristics of the 
described platform highlight its versatility. As a result, this tool can be 
used for various purposes such as the study and analysis of the behaviour 
of PEMEL in the field of research, with the aim of characterising physical 
devices. In the academic field, the application provides a virtual envi-
ronment to teach about the operation of PEMEL in a visual and inter-
active way. 

5. Conclusions 

This work has presented the design, operation and implementation of 
a simulation platform based on MATLAB/Simulink for the study of 
PEMEL models. The application is intended to facilitate the study and 
analysis the behaviour of this device with the aim of developing a DR of 
an experimental PEMEL framed in a smart microgrid. The information 
provided by the simulation platform allows the identification of the most 
suitable model for the behaviour of the experimental electrolyzer. 

A GUI has been developed using the App Designer toolbox for the 
control of the platform, as well as for the representation of the curves 
resulting from the simulations and the comparison between the models. 
The interaction of these three environments constitutes the working 
principle of the simulation platform. The proposal allows fully custom-
isation of the model parameters and working conditions through the 
GUI, which constitutes a novelty in literature. 

Regarding the GUI, the handling of App Designer has been described, 
as well as the structure and performance of the interface, highlighting 
the functionalities of each of the elements that compose it. 

The models implemented in the platform have been described and 

compared by means of a series of simulations executed through the GUI, 
where the differences between the models can be appreciated due to the 
expressions used in each one of them. 

Future work will use the data collected from the simulations per-
formed through the platform to develop a DR of an experimental PEMEL. 
To this end, the models hosted on the platform will be used as a starting 
point to develop the replica model that matches the operation of the 
physical device. Another future guideline will deal with the study of 
models focussed on the water transport influence in PEMEL operation, 
and their implementation in the simulation platform. 
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paralysis—A digital twin for decision making in energy system design. Appl Energy 
2022;306:117954. https://doi.org/10.1016/j.apenergy.2021.117954. 

[30] Wang B, Zhang G, Wang H, Xuan J, Jiao K. Multi-physics-resolved digital twin of 
proton exchange membrane fuel cells with a data-driven surrogate model. Energy 
and AI 2020;1:100004. https://doi.org/10.1016/j.egyai.2020.100004. 

[31] Meraghni S, Terrissa LS, Yue M, Ma J, Jemei S, Zerhouni N. A data-driven digital- 
twin prognostics method for proton exchange membrane fuel cell remaining useful 
life prediction. Int J Hydrogen Energy 2021;46:2555–64. https://doi.org/10.1016/ 
j.ijhydene.2020.10.108. 

[32] Ogumerem GS, Pistikopoulos EN. Parametric optimization and control for a smart 
Proton Exchange Membrane Water Electrolysis (PEMWE) system. J Process Control 
2020;91:37–49. https://doi.org/10.1016/j.jprocont.2020.05.002. 

[33] Jain R, Nagasawa K, Veda S. Power-to-gas systems for active load management at 
EV charging sites with high der penetration. IEEE Transp Electrification Conf Expo, 
ITEC 2021;2021(2021):601–6. https://doi.org/10.1109/ 
ITEC51675.2021.9490110. 

[34] Vale Z, Morais H, Faria P, Ramos C. Distribution system operation supported by 
contextual energy resource management based on intelligent SCADA. Renewable 
Energy 2013;52:143–53. https://doi.org/10.1016/j.renene.2012.10.019. 
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A B S T R A C T   

Hydrogen is an energy carrier with increasing relevance in the current energy scenario since it 
contributes to reduce fossil fuels dependence and carbon emissions for a sustainable development. 
For its generation, Polymer Electrolyte Membrane (PEM) technology uses water and electricity to 
produce hydrogen and oxygen, avoiding pollutants. In this paper, a novel data acquisition and 
monitoring system for PEM hydrogen generators is presented. The main magnitudes of the PEM 
electrolyzer (PEMEL) such as current, voltage, pressure, hydrogen flow, etc., are sensed and ac-
quired by an industrial controller. A middleware layer gathers the measurements through a 
communication network and stores them in a database. The user accesses online to this infor-
mation in real time through a web-based interface. All components and functions are orchestrated 
according to an Industrial Internet of Things (IIoT) architecture, integrating industrial equipment, 
IoT software and sensing devices, which constitutes a novelty in literature. Experimental data of a 
PEMEL under real operating conditions are reported to prove the feasibility and successful per-
formance of the developed system.   

1. Introduction 

The utilization of hydrogen as an energy carrier, which is devoid of any environmental pollutants, has emerged as an indispensable 
alternative for the prospective developments of power systems in all countries worldwide [1]. The adoption of hydrogen technology is 
anticipated to mitigate the reliance on fossil fuels and its related carbon emissions [2]. Furthermore, the deployment of hydrogen 
technologies is encouraged to attain the United Nations’ Sustainable Development Goals, particularly in the context of goal 7, which 
pertains to affordable and clean energy [3]. The hydrogen applications are strategically aligned with the advancement of the afore-
mentioned goal. 

The technologies related to hydrogen production are categorized based on their fundamental operating principle, namely Polymer 
Electrolyte Membrane (PEM), alkaline, and solid types. In particular, membrane-based electrolysis has attracted increasing research 
attention over the past decade [4]. This method offers certain advantages, such as the absence of net carbon emission into the at-
mosphere during operation (with only hydrogen, oxygen, and water generated) and the ability to replicate and combine multiple 
single-unit membrane electrodes into a stack [4]. Moreover, the integration of PEM electrolyzers with renewable energies is fostered 
due to their high-speed response to changes in operating conditions [5]. According to Kumar and Himabindu [6], PEM water elec-
trolysis is one of the favorable methods for conversion of renewable energy into high pure hydrogen. As asserted in [4], the application 
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of membrane-based electrolysis allowing the use of hydrogen in transportation and industrial activities will be of significant interest 
over the next 5 to 10 years. 

Concerning the architecture of a PEM electrolyzer (PEMEL), it comprises of cells arranged in series, forming a stack, to perform the 
electrolysis process. The electrochemical process for water involves the separation of water molecules into hydrogen and oxygen, as 
represented by Equation 1:  

2H2O (l) + E=2H2 (g) + O2 (g)                                                                                                                                                  (1) 

where E denotes the amount of electrical energy needed to drive the electrolysis reaction. 
Due to the critical role of hydrogen production in the energy scenario, numerous research papers investigate various aspects of 

electrolysis processes [6], materials for enhancing performance [7], modeling approaches [8–10] and techno-economic considerations 
[11]. Nevertheless, there are very few works on data acquisition (DAQ) and monitoring tasks concerning hydrogen generators ac-
cording to the conducted literature review as expounded in the second section. 

In this regard, automated DAQ, logging and visualization are required for the continuous monitoring and surveillance of processes 
[12]. In particular, for energy-related facilities, the relevance of DAQ and monitoring is highlighted in recent literature [13]. Moni-
toring systems are deemed crucial infrastructure for the transition towards a decentralized generation energy framework [14]. In the 
context of intelligent power grids, such as smart grids and microgrids, monitoring is of utmost importance [15,16]. For microgrids that 
incorporate hydrogen generation, the DAQ and monitoring system is a critical component of the energy management system [17], 
which is essential for the efficient operation of the microgrid. 

Concerning hydrogen generators, it is crucial to provide the user with continuous updates on the status and progress of hydrogen 
production, along with the associated metrics. Therefore, efficient supervision systems are required to aid users in identifying any 
malfunctioning or healthy condition of the generator [18]. The monitoring system contributes to detect sensor/actuator faults and 
scheduling maintenance tasks to prevent system failure [18]. As asserted in [1], further research is necessary to monitor the operation 
and aging process of hydrogen-based systems to fulfill industrial demands and enhance the durability and reliability of hydrogen 
systems. 

However, despite this importance of these systems, they are scarcely studied in previous literature. In fact, some works mention a 
system for DAQ and/or monitoring, but there is a lack of details regarding the configuration, architecture, or communication protocols 
employed. This issue is highlighted in the second section of the manuscript where the literature background is given. 

Consequently, there is a research gap to address the development of DAQ and monitoring systems for the real deployment of 
hydrogen generation and to foster the green hydrogen paradigm. The term green hydrogen denotes the output obtained from elec-
trolysis without producing any pollutants and utilizing renewable energy, such as photovoltaic energy. 

Aiming at overcoming such a research gap, this paper proposes a DAQ and monitoring system based on Industrial Internet of Things 
(IIoT) for a hydrogen generator of PEM type. The main parameters of the PEMEL are sensed and acquired by an industrial controller. A 
middleware layer gathers the measurements through a communication network and stores them in a database. Online remote access to 
real time information of these magnitudes is provided by means of a web-based interface programmed with IoT software. According to 
the conducted literature review, this proposal constitutes a novel contribution to the existing literature on the topic. 

The motivation of the present work arises in a R&D project about green hydrogen generation in a photovoltaic (PV)-powered 
microgrid. In such a scenario, sensing, DAQ and monitoring of a PEMEL was required and it was decided to develop a system based on 
IIoT technologies. The main contributions of the work are listed:  

- Hydrogen generation is monitored through real-time visualization of parameters such as current, voltage, pressure, hydrogen flow, 
etc.  

- Configuration and customization features are provided, including details about hardware and software components.  
- Online remote access is achieved through web-based interface.  
- IIoT technologies are successfully orchestrated and applied.  
- Experimental results validate the developed system. 

The structure of the rest of the paper is as follows. The second section provides a brief literature review to contextualize the 
presented research. Section 3 provides a detailed description of the developed DAQ and monitoring system, including information on 
the hardware and software components, data exchange mechanisms, and IIoT architecture configurations. Experimental results are 
reported and discussed in Section 4. Finally, the main conclusions of the work are expounded. 

2. Literature background 

There is an abundance of literature about PEMEL that use software simulation [19], emulators [20] and hardware in the loop [21]. 
However, research papers that report experimental measurements, data handling (acquisition, storage and transmission) and oper-
ation under real conditions over time are scarce. In this regard, experimental tests and demonstrative projects are essential means to 
develop new methods and tools to address the challenges of the future energy grid [22]. Concerning hydrogen facilities, further 
experimental work is still required [19]. Although simulation-based approaches are valuable, they cannot fully replicate real-world 
conditions and therefore cannot replace experimental research, which is essential to study and evaluate the operation of 
hydrogen-related equipment. 
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Table 1 
Main features of related publications.  

Work DAQ device Data storage (Database) Middleware Communication protocols Visualization software IoT H2 device 

[23] PLC NA NA NA NA No Yes (PEMEL) 
[24] NA NA NA RS232 LabVIEW No Yes (Alkaline EL) 
[25] NA NA NA CAN bus + OPC iFIX No Yes (PEMEL) 
[26] PLC, power meter NA Python Modbus Python No Yes (Alkaline EL) 
[21] PLC NA NA NA LabVIEW No Yes (PEMEL) 
[12] PLC Yes (localfile) LabVIEW OPC+TCP/IP Easy Java Simulations No Yes (FC, PEMEL) 
[27] NA NA NA NA LabVIEW No Yes (PEMEL) 
[30] PLC Yes (SQL) NA NA NA No Yes (EL) 
[31] PLC NA NA NA NA No Yes (PEMEL) 
[29] PLC NA NA NA NA No Yes (PEMEL) 
[32,33] DAQ unit NA LabVIEW NA LabVIEW No Yes (PEMEL) 
[28] PLC NA NA NA TIA Portal (WinCC) No Yes (PEMEL) 
[34] PLC NA NA Modbus TCP/IP Matlab No Yes (PEMEL) 
[35] PLC NA NA NA LabVIEW No Yes (PEMEL) 
[38] Arduino Yes (MySQL) Python Radio HTML5 Yes No 
[39] Smart meter, inverters Yes (MySQL) LabVIEW OPC+Modbus TCP/IP LabVIEW/Grafana Yes No 
[40] PLC Yes (MySQL) Node-RED OPC UA Grafana Yes No 
[16] Arduino Yes (mariaDB) Python 1-wire+TCP/IP Grafana Yes No 
[41] PLC,BMU Yes (mariaDB) Python Modbus TCP/IP, CAN, PROFINET Grafana Yes No 
[13] Battery management unit/BMU Yes (mariaDB) Python Modbus TCP/IP Grafana Yes No 
Present PLC Yes (mariaDB) Node-RED Modbus TCP/IP Grafana Yes Yes (PEMEL)  
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Regarding to electrolyzers, relevant previous works are now commented. In [18] the importance of monitoring systems for PEMEL 
is emphasized and a model of the PEMEL is proposed to facilitate the detection of faults. In [23], a theoretical model and experimental 
analysis of a high pressure PEMEL is presented. Regarding DAQ, it is indicated that a Programmable Logic Controller (PLC) collects 
data from sensors and control the actuators; there is no mention to monitoring or visualization of the hydrogen generator operation. In 
[24] a DAQ system based on LabVIEW and RS232 connection is applied for monitoring an alkaline electrolyzer. The automation and 
monitoring system for a solar-hydrogen production unit is described in [25]. Data from a PEMEL is managed by a supervisory system, 
developed with iFIX of General Electric, enabling visualization of data transmitted over the Controller Area Network (CAN) protocol. 
Some screens of the Human-Machine Interface (HMI) are provided, but only instant values of the whole system are displayed. The work 
in [26] analyzes the operation of a grid-connected hydrogen buffer which includes an alkaline EL. A power meter and a PLC are 
responsible of DAQ and Python-based software displays the information transmitted over the protocol Modbus. A remote monitoring 
platform is developed in [12] to track the operation of a microgrid including renewable energies and hydrogen. Easy Java Simulations 
is the software used to carry out the visualization task whereas a PLC acquires data from sensors. Simulation based on a HIL scheme is 
reported in [21], where LabVIEW and a PLC are used to gather sensors measurements. In a similar sense, [27] develops a model for 
PEMEL cells including experimental analysis. Information about DAQ and monitoring is not reported, only LabVIEW running on a 
computer can be seen in a figure. The research in [28] develops an optimized balance of plant for a mid-size PEMEL including a PLC 
and a supervisory system programmed with the software TIA Portal of Siemens. In this case, a number of screens of the Supervisory 
Control and Data Acquisition (SCADA) system are reported. Sood et al. [29] propose dynamical model for PEMEL under intermittent 
sources like wind and solar. A laboratory-scale electrolyzer is described where a PLC is used to acquire sensor signals. An HMI can be 
observed in a photograph of the experimental setup, but the monitoring interface is not shown. The study of an electrolyzer in a fueling 
station is reported in [30], using a PLC and a SCADA system together with a Search Query Language (SQL) database to monitor its 
operation. The utilization of hydrogen generation as grid management tool for islands is studied in [31]. The control and monitoring of 
a PEMEL is performed with a PLC and a HMI. In [32] and [33] a DAQ unit NI PXI together with LabVIEW software is used to collect data 
from a set of microscopic sensors applied to a PEMEL. A remote HIL measurement system is proposed in [34], using a PLC for DAQ and 
Matlab linked through Modbus Transmission Control Protocol/Internet Protocol (TCP/IP). A model and real-time controller for PEMEL 
are designed by Flamm et al. [35]. The control approach includes a PLC for DAQ and LabVIEW. 

The majority of the abovementioned literature does not provide detailed information on DAQ and monitoring concerning 
communication, data storage and graphical interfaces. Notably, monitoring interfaces are not reported in [18,21,23,24,26,30–35], 
whereas information about data communication and storage are not addressed in [18,21,23,26–33,35]. It must be remarked that these 
publications are not focused on monitoring tasks but contribute to advancements in aspects like modeling, simulation or operation 
issues. Therefore, according to the conducted literature review, there are no publications dealing with monitoring systems for 
hydrogen generators despite the importance of such systems. 

At present, the utilization of IoT hardware and software constitutes a prevalent scientific and technological trend in the design of 
monitoring systems [13]. In fact, recent literature concerning open-source applications of IoT evinces a wide range of benefits, such as 
versatility, applicability, usability, affordability, and the availability of support, among others [36]. Alternatively, the IIoT is regarded 
as a sub-domain of IoT that encompasses the application of industrial and machine-to-machine (M2M) communication technologies 
employed in smart factories or within automation fields [37]. In this sense, a distinct cluster of publications that address monitoring 
systems featuring IoT or IIoT technologies, but without specific reference to hydrogen generation or consumption, are presently being 
expounded. The supervision of microgrid magnitudes is solved through Hyper Text Markup Language version 5 (HTML5) and a remote 
database in [38]. In [39] a real-time monitoring platform for distributed energy resources in microgrids is deployed using MySQL 
databases and software such as LabVIEW and Grafana. In the context of industrial digital twins, a framework to integrate physical 
assets and software twins is presented in [40]. The framework uses Node-RED to interface PLC and MySQL database, while Grafana is 
employed for data visualization. Grafana, SQL databases and Python as middleware are applied for monitoring purposes of PV gen-
eration and Lithium-ion battery in [16,41] and [13]. 

In order to reflect the reviewed literature in the scope of DAQ and monitoring systems for electrolyzers, Table 1 summarizes the 
main features of such literature considering seven categories. It must be noted that with the term Middleware we refer to the software 
entity dedicated to read data from the DAQ device and write to database, enabling data abstraction. NA stands for Not Available, for 
the information that is not found in the reference. As it can be checked in Table 1, the works that deal with hydrogen generators do not 
use IoT technologies, whereas those that use IoT equipment do not apply it to hydrogen generation processes. Consequently, there is no 
work addressing the DAQ and monitoring of hydrogen generators integrating IIoT technologies and providing information about 
configuration, data storage and communications. 

3. Developed IIoT architecture for the DAQ and monitoring system 

The developed system is expounded together with the conceptual IIoT architecture over which it relies. To begin with, it must be 
remarked that conceptual architectures allow establishing layers or levels to perform different functionalities. This type of architec-
tures or frameworks are critical in distributed systems and networks to facilitate the understanding of roles, locations, and levels of 
abstraction of different hardware, software, and networking components [42]. Therefore, the orchestration of hardware and software 
nodes within the IoT and the IIoT is accomplished by adhering to layered architectures. In fact, various architectures have been 
outlined in literature, ranging from the fundamental three-tiered architecture to proposals comprising seven layers [43]. As stated in 
[44], there is no singular reference architecture, and devising one is a complex task, despite the multitude of standardization en-
deavors. In-depth reviews about IoT architectures can be found in [45] and [46]; for the scope of IIoT architectures, refer to [37]. 
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Specifically, in the industrial field, there exist numerous heterogeneous components such as sensors, PLC, and HMI which must 
collaborate within an IIoT system [37]. Among the architectures for IoT and IIoT available in literature, there are abstract models 
which do not address the integration of things from the industrial environment, mainly communication fieldbuses endowed with 
real-time monitoring capabilities [37]. 

Under this perspective, the DAQ and monitoring system for PEMEL has been developed integrating equipment and protocols 
commonly employed in industrial environment. Namely, a PLC has been designated for DAQ operations, being connected to a set of 
sensors that measure the PEMEL parameters. Furthermore, the industrial communication protocol Modbus TCP/IP has been selected 
for data exchange between the PLC and the middleware. 

The system has been orchestrated and deployed according to a four-layered architecture as proposed in [37,47,48]. Fig. 1 illustrates 
the architecture particularized for the developed DAQ and monitoring system for PEMEL. Subsequently, the functions of each layer and 
the technology selected for the PEMEL are described. 

3.1. Perception/sensing layer 

Concerning the Perception/Sensing layer, also referred to as Objects layer, it represents the physical layer and encompasses objects 
and devices that engage with each other and the physical environment via the exchange of data [49]. In industrial facilities, this layer is 
materialized by field devices such as sensors and actuators which gather information regarding the process, as well as computing 
devices, and other monitoring and automation objects [47]. 

In particular, to inform about the hydrogen generation, a number of magnitudes are acquired and displayed by the developed 
system. To begin with, the current consumed by the stack is measured by a Hall Effect sensor, whereas the voltage is sensed by means of 
a potentiometric voltage divider. A temperature probe type Resistance Temperature Detector (RTD) PT-100 [50] is applied to gage the 
stack temperature. Regarding fluidic magnitudes, hydrogen flow rate corresponds to the hydrogen generated over time, being sensed 
by a thermal mass flow rate meter. The hydrogen pressure is gathered by two pressure transmitters that determine both the pressure of 
the generated hydrogen and the stored gas. The water level within the gas-liquid phase separator is detected by means of an 
electro-optic switch. These sensors and their key characteristics are summarized in Table 2. Moreover, Fig. 2 depicts a fluidic diagram 
of the PEMEL where the sensors can be appreciated. 

In addition, this layer transforms the acquired analog data into digital signals to ensure compatibility with other layers of the 
system [43]. In the reported system, the PLC acts as DAQ device, and hence, it is situated within the Perception/Sensing layer. A PLC is 
a device equipped with digital and analog Input/Output (I/O) modules that facilitate the interfacing of sensors and actuators. Modern 
PLC are equipped with communication capabilities that support several protocols, which enables data sharing over communication 
networks. In the present case, the PLC is devoted to acquiring data from the aforementioned sensors. In particular, a PLC S7–1500 
family of the manufacturer Siemens is used, which incorporates in-built RJ45 ports for Ethernet-based networked communications 
[51]. 

3.2. Network/transportation layer 

The Network/Transportation layer, also referred as Transmission or Connectivity layer, is accountable for data routing and 
transmission [49]. This layer facilitates the communication of data between the Perception/Sensing layer and the 

Fig. 1. IIoT architecture for the measurement and monitoring system for PEMEL.  
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Middleware/Processing layer through various networks [52]. This layer comprises all the technologies and protocols that enable the 
establishment of such connections [44]. 

A number of communication protocols can be handled in this layer such as TCP/IP, Radio-Frequency Identification (RFID), Wi-Fi, 
Message Queuing Telemetry Transport (MQTT), etc. In the present case, this layer comprises Modbus TCP/IP, Hypertext Transfer 
Protocol (HTTP) and Ethernet. Regarding the first one, Modbus is a protocol considered as a de facto standard for industrial com-
munications, being its first version developed in 1979 by Modicon [53]. Nowadays, the TCP/IP version is considered as an IoT protocol 
[54] resulting from its evolution and adaptation to newer decentralized frameworks [41]. The client/server model is implemented and 
both types of nodes establish their linkage using the IP address. An interesting feature of this communication interface is that it is 
supported by both proprietary and IoT open-source hardware/software, facilitating a seamless data exchange [41]. As indicated in 
[55], with the aid of Modbus TCP/IP protocol, reliable operations can be supported and applied in IoT systems. For PEMEL monitoring, 
Modbus TCP/IP is employed to exchange data between the aforementioned PLC and a middleware platform placed in the upper layer. 

Next in order, HTTP was initiated in 1989 by Tim Berners-Lee for data transfer across the web [56]. HTTP is a request-response 
protocol under the client/server model. A web browser can play the role of client, whereas a computing node hosting a website 
acts as server. This protocol corresponds to the application layer of the Open Systems Interconnection (OSI) reference model for 
networked communications. Within the context of IIoT and Industry 4.0, HTTP is pointed as a reliable communication in [57]. In the 
developed system, this protocol is utilized by the software application Grafana to fetch information from the database for visualization 
purposes. 

Finally, Ethernet aligns with the IEEE standard 802.3 and operates within the two lower levels of the OSI model, the physical level 
(layer 1) and the link level (layer 2). Ethernet-based networks have witnessed a surge in popularity owing to their numerous benefits, 
such as high speed, ample bandwidth, and seamless integration with both the Internet and office networks [58]. Ethernet is recognized 
as the foundation for advancements in industrial communications and the standardization of industrial protocols [59]. In fact, 
Ethernet-based networks are the prevalent trend for Information Technology (IT), IoT-enabled equipment and modern automation 
systems [58,60]. Indeed, wired Ethernet network is the preferred choice in industrial settings due to its enhanced reliability and 
heightened security features [61]. 

Table 2 
Sensors devoted to measure hydrogen production magnitudes.  

Magnitude Sensor 

Hydrogen flow rate (ml/min) Thermal Mass Flow Meter for gases (model Bronkhorst, range 0–1000 ml/min) 
Current (A) Hall effect sensor (model LEM LTS15-NP) 
Voltage (V) Potentiometric voltage divider 
Pressure (bar) Pressure transmitter (4–20 mA, 0 – 10 bar, model WIKA A-10) 
Stack temperature (ºC) RTD PT-100 
Water level Electro-optic switch (5 V, model ELS-900)  

Fig. 2. Fluidic diagram of the PEMEL including sensors from the perception/sensing layer.  
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3.3. Middleware/processing layer 

The Middleware/Processing layer provides a number of critical functionalities such as storage, filtering, aggregation, analysis and 
processing of data coming from the Network/Transportation layer [44,49,52]. Data is collected from heterogeneous devices by means 
of various communication protocols, so the middleware layer enables interoperability among connected devices [49]. Within the 
middleware layer, the specifics of various technologies are concealed, and standard interfaces are employed to offer an abstraction that 
sits between IoT technologies and applications. Furthermore, a crucial decision in the process of designing IoT-based systems is the 
selection of open-source or proprietary middleware solutions. Open-source middleware offers greater flexibility, cost advantages, and 
ease of deployment [52]. Consequently, in the present proposal, open-source tools have been selected. 

Regarding data storage, a relational database deployed with the package mariaDB handles information accumulation in SQL 
format, being fed by the middleware entity (Node-RED). The different magnitudes are recorded including the corresponding time-
stamp with a sample time of 1 min. This sampling interval is deemed sufficient for visualizing the PEMEL response and operation. 
However, it can be readily adjusted if shorter sampling periods are required. 

With respect to data interoperability and abstraction, according to Lombardi et al. [44], some noteworthy advantages provided by 
middleware are execution on various operating systems; distributed computing and interaction of services among heterogeneous 
networks, devices, and applications; and support for standard protocols. In this sense, Node-RED fulfills these features and is 
considered as suitable for acting as middleware platform in the developed system. Node-RED is a multiplatform flow-based visual 
programming tool built on Node.js and started in 2013 [62]. It is a user-friendly software that offers a visually intuitive design through 
the use of drag-and-drop blocks and connections [40]. Node-RED allows wiring together hardware devices, Application Programming 
Interfaces (API) and online services [63]. The middleware boasts extensive programming capabilities, featuring a large node library 
with built-in support for IoT protocols. This enables the wiring together of field and automation devices with cloud services and 
databases [40]. Besides, it has the added advantage of being multi-client accessible, lightweight, robust and easy to access via the cloud 
for developers in Industry 4.0 and IoT connectivity fields [40]. 

Fig. 3a depicts the flow defined to perform the tasks required for processing the PEMEL data. Firstly, a node for reading through 
Modbus TCP/IP collects the sensor measurement stored in the PLC memory. Next in order, a function node processes the read data 
using JavaScript code (Fig. 3b). A statement for SQL writing is the last instruction of this node. Finally, a SQL configuration node is 
required for accessing the database. 

The configuration of Modbus operation in Node-RED is briefly commented and illustrated in Fig. 4. In order to access the Modbus 
server in Node-RED, the following parameters must be configured: the function code, which in this case is FC3 (Read Holding Register), 
and the address of the variable within the PLC memory. Additionally, the IP address of the Modbus server and the logic port used for 
transmission must also be specified. By default, the port used for Modbus transmission is 502. These parameters are illustrated in Fig. 4. 

3.4. Application layer 

The Application layer, also referred as Services layer, represents the highest level of the system and provides the output formats, 
applications and services requested by the final users [49]. This layer leverages all the functionalities of the middleware layer and 
encompasses all the software components required to provide a specific service. As a result, data becomes accessible to IoT applications 

Fig. 3. . a) Flow defined in Node-RED for data retrieving and storage tasks. b) JavaScript code for processing data.  
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[44]. At this layer, software solutions and applications for remote monitoring and control of things in the industrial environment can 
be designed and developed [37]. Hence, visualization of data acquired from the process representing the evolution over time can be 
performed at this layer by means of HMI, SCADA systems and graphical interfaces [37]. 

In particular, the Grafana IoT software suite has been selected for the visualization of the PEMEL operation. This web-based 
application provides data query and real-time display of data through time-series charts as well as instant values in user-created 
dashboards. The visual features and interactivity of the graphical dashboards contribute to the surveillance of the monitored pro-
cess [13] and aids in understanding complex scenarios and improved decision making [40]. It is open-source, multi-platform, light-
weight and incorporates built-in connectivity with a number of databases, which makes it suitable for the purposes of the PEMEL 
monitoring system. In fact, a Grafana server gathers information from the mariaDB database of the Middleware/Processing layer and 
provides a set of customized dashboards that display the hydrogen generator main parameters over time, as it will be described in the 
next section. 

Fig. 4. Configuration of modbus TCP/IP communication in node-RED.  

Fig. 5. Physical aspect of the PEMEL in the laboratory setup.  
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4. Experimental results and discussion 

This section reports on the experimental results obtained from the implementation of the developed system and IIoT architecture in 
an experimental PEMEL, in order to demonstrate its suitability. The laboratory setup and graphical interfaces are described, followed 
by a discussion of the results and the main findings in the third subsection. 

4.1. Results 

4.1.1. Physical deployment in laboratory setup 
As depicted in Fig. 5, the PEMEL and its associated sensors are physically deployed in the laboratory setup. The PLC is mounted on a 

metal sheet panel and connected to the sensors through I/O modules. Meanwhile, the PEM stack is placed on another panel along with 
the other associated elements, such as the phase separator or the thermal mass flow meter. Table 3 summarizes the key features of this 
hydrogen generator. 

4.2. Graphical interfaces 

The Grafana dashboard has been designed to facilitate the user a rapid inspection of the key parameters involved in the operation of 
PEMEL through numerical values and graphical elements (Fig. 6). Regarding the structure of the dashboard, the upper portion displays 
instantaneous values of working pressure and temperature, along with the hydrogen flow rate generated, conveyed through numerical 
and gauge-type indicators. The remaining section of the dashboard comprises graphs that depict various PEMEL variables. Each graph 
displays a set of variables, considering the interrelation of these variables in the operation of the electrolyzer. The time interval for data 
display can be modified by the user, allowing for short- or long-term visualization, as well as real time display. Another notable feature 
is the capability to zoom in or display the dashboard elements in full screen, providing a comprehensive view of the information 
exhibited. Additionally, Grafana offers the possibility to export the data represented in the selected time interval through a local 
download. 

4.2.1. ECM electrolyzer model 
In the literature, various Equivalent Circuit Models (ECM) are available to represent the behavior of electrolyzer cells and stacks 

[64]. Among them, in order to analyze the operation of the experimental PEMEL through the developed system, the ECM proposed in 
[8] has been utilized as a reference to identify the key parameters of the PEMEL and their relationship, in order to develop the 
dashboard graphs and to group the relevant parameters. In Atlam and Kolhe [8], a series of expressions based on the ECM are 
described, which relate PEMEL parameters such Voltage V, Current I, hydrogen flow rate vH, working temperature T, working pressure 
p or efficiency ηe. These expressions are presented below. 

Firstly, Eq. (2) shows the relationship between the PEMEL voltage and the current consumed, as well as the operating temperature 
and pressure conditions. 

V(T, p) = I
ns

np
Ri(T, p) + nserev(T, p) (2) 

Where ns and np represent the number of cells in series or parallel, respectively, that comprise the PEMEL stack. Furthermore, Ri and 
erev denote the internal resistance and reversible voltage of the electrolyzer, respectively. These parameters refer to internal properties 
of the PEMEL as a function of T and p. 

The power consumed by the PEMEL is defined in Eq. (3): 

P = VI (3) 

Regarding hydrogen production, the hydrogen flow rate vH is expressed in Eq. (4) and is directly dependent on the current 
consumed by the PEMEL. 

vH = vM(l)
(

103 ml
l

)(
60 s
min

)

⎛

⎜
⎜
⎝

I
(

C
s

)

2F(C)

⎞

⎟
⎟
⎠ = vM

(
103)(60)

I
2F

(4) 

Table 3 
Main features of the PEMEL used in the experimental setup.  

Feature Value 

Number of cells 6 
Input current range 0 – 10 A 
Operating temperature Up to 60 ºC 
Operating pressure Up to 6 bar 
Hydrogen flow production 750 ml/min 
Hydrogen purity >99.9999%  
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Where vM is the molar volume generated and F is the Faraday constant. 
Finally, the electrolyzer efficiency ηe is defined in Eq. (5) as the ratio between the ideal voltage Vi used in the electrolysis process 

and the total voltage V presented by the PEMEL. Vi is calculated per cell, so in the expression it is accompanied by ns to obtain the total 
ideal voltage of the PEMEL. 

ηe =
nsVi

V
(5)  

4.2.2. Consumed current and hydrogen flow 
The correlation between the current consumed and the hydrogen flow produced illustrates the working principle of the PEMEL. 

Fig. 7 depicts the direct relationship between the two parameters, as indicated in Eq. (4). This figure displays three different sections of 

Fig. 6. General view of the Grafana interface for PEMEL monitoring.  

Fig. 7. Consumed current (red line) and hydrogen flow (green line) graph.  

F.J. Folgado et al.                                                                                                                                                                                                      



Internet of Things 22 (2023) 100795

11

increasing and decreasing current, respectively. Consequently, the generated hydrogen flow rate exhibits the same variations as the 
current. In the first section, a current increase of 5 A is performed, which results in a hydrogen flow rate of 400 ml/min with a delay of 
one minute after reaching the setpoint current. Subsequently, an additional current increase is executed until 6 A is reached. As a 
result, the flow rate is raised to a maximum point value of 600 ml/min. Finally, the PEMEL is halted by reducing the current con-
sumption to 0 A, resulting in an immediate and delay-free drop in hydrogen production to 0 ml/min. 

4.2.3. Consumed current and voltage 
The voltage measured at the electrolyzer terminals is dependent on the current consumed. Fig. 8 illustrates the direct relationship 

between both parameters, where it is observable that an increase in current (from 0 A to 5 A) instantaneously results in an increase in 
voltage (from 6 V to 16 V). In contrast, when the current consumed decreases (from 6 A to 0 A), the voltage drop in the electrolyzer is 
not immediate, but instead there is a gradual decrease. This effect derives from the structure of the cells that comprise the stack, which 
essentially consists of interconnected capacitors, leading to electrical accumulation. When the PEMEL is below the operating threshold 
current, a self-discharge mechanism occurs, which causes a continuous and gradual decrease in voltage. Regarding this particular case, 
it can be observed that the self-discharge phenomenon causes a reduction in voltage from 15 V to 8 V in approximately 7 min. This 
voltage drop occurs in two stages, from 5 V to 10 V, and from 10 V to 8 V. In the experimental PEMEL setup employed, the voltage level 
of 10 V represents the threshold voltage of the stack at the minimum operating current. The initial stage occurs rapidly due to the fact 
that the PEM electrolyzer is designed to operate with sudden variations in current and to adjust its parameters at a comparable rate, 
while still operating within its designated nominal range. During the second stage, the cells of the stack do not receive sufficient current 
to operate, thereby triggering the self-discharge effect, which results in a gradual reduction in voltage. This phenomenon is illustrated 
in Fig. 8 as a variation in the slope of the voltage curve. 

4.2.4. Power and hydrogen flow 
The total power consumed by the PEMEL is a function of the voltage and consumed current, as depicted in Eq. (3). Nonetheless, 

hydrogen generation is solely dependent on the current, as indicated by Eq. (4) and demonstrated by the curves in Fig. 9. These curves 
exhibit an analogous pattern to those observed in Fig. 7. In the situation depicted in Fig. 9, an initial level of flow generated at 400 ml/ 
min under a power consumption of 80 W is illustrated. Subsequently, as the parameters are increased for a second time, a 10 W increase 
in the consumed power results in a notable increase of 200 ml/min in the generated flow rate. This behavior represents a 50% 
improvement in the hydrogen generated compared to a minimum increment of power consumption. 

4.2.5. Voltage, temperature and pressure 
As indicated in Eq. (2), the PEMEL voltage is dependent on temperature and working pressure due to Ri and erev. Regarding 

temperature, an elevation in this parameter leads to a decrease in voltage, while conversely, a reduction in temperature results in an 
increase in voltage. The impact of pressure on the PEMEL is opposite to that of temperature; an increase in pressure leads to an increase 
in voltage, while a decrease in pressure results in a decrease in voltage. The situation depicted in Fig. 10 illustrated a reduction in 
voltage (from 16 V to 15 V) due to an increase in temperature (from 27.5 ºC to 33 ºC), at a slight fluctuation in pressure (0.20 bar). 

Fig. 8. Consumed current (red line) and voltage (blue line) graph.  
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Concerning the pressure curve, this parameter undergoes a sharp initial drop from 5.40 bar to 4.20 bar due to a purging process 
executed in the system. The purpose of this process is to eliminate the water content in the hydrogen generated by means of a solenoid 
valve. Subsequent to the purging process, the working pressure promptly increases and stabilizes at approximately 5.60 bar. 

4.2.6. Efficiency, temperature and voltage 
The efficiency of the PEMEL is calculated as the ratio between Vi and V. Moreover, the electrolyzer voltage is affected by tem-

perature variations, as illustrated in Fig. 10. This results in a correlation between efficiency and working temperature. Fig. 11 displays 
the PEMEL in operation, showcasing an increase in temperature (from 27.5 ºC to 33 ºC) that leads to a drop in voltage (from 16 V to 15 
V). Both variations lead to an upward trend in the efficiency curve, with a nominal value of approximately 45% for these specific 
conditions. Analogously, an increase in voltage causes an instantaneous reduction in the efficiency of the equipment. 

4.2.7. Characterization essay 
An additional functionality of the dashboard implemented in Grafana is the utilization of the graphical elements provided to 

analyze the results derived from tests or trials for the characterization of the PEMEL. As an illustration of this, a test for the study of the 
self-discharge effect is depicted in Fig. 12. For this purpose, the PEMEL is operated at different current consumption points, from 5 A to 
8 A. In order to conduct this test, the electrolyzer is subjected to cycles of starting, operating and shutting down at different current 
points. In each of the cycles it can be observed that, regardless the current point, the maximum voltage reached after start-up is 16 V. 
After one minute of operation, the power consumption is interrupted and it is observed that, for all the cycles carried out, the self- 
discharge effect described in Section 4.2.3 starts for a voltage level of 8 V. In this instance, the duration of the phenomenon is not 
pertinent, since the objective is to investigate the self-discharge phenomenon and its correlation with the level of voltage and current 
consumed. Nevertheless, in the last cycle performed, a reduction in voltage was observed due to self-discharge, which caused the 
voltage to drop from 8 V to 2 V over a period of 6 h. 

It is worthy to remark that long-term intermittent operation results in a deterioration of the lifetime of the PEMEL and its repetition 
over long operating cycles leads to degradation mechanisms associated with the permanent increase of the operating voltage of the 
cells for the same current point [65]. 

4.3. Discussion 

DAQ and monitoring of a PEMEL have been properly achieved, following an IIoT architecture consisting on four layers. The re-
ported results correspond to an experimental setup operating under real conditions. Furthermore, a significant number of the IIoT 
architecture proposals found in literature are solely conceptual, based on theoretical knowledge without performing experimental 
validation [66]. 

User-friendly and responsive interfaces facilitate the inspection of the PEMEL operation. The observation of instant values and 
time-series of the most relevant magnitudes of the hydrogen generation are achieved. Moreover, the developed interfaces are reported 
together with equations based on well-known ECM to validate the displayed curves. 

Fig. 9. Consumed power (yellow line) and hydrogen flow (green line) graph.  

F.J. Folgado et al.                                                                                                                                                                                                      



Internet of Things 22 (2023) 100795

13

The wide availability of communication protocols that can be handled by Node-RED contributes to manage the heterogeneity of 
communication protocols and devices (sensors, controllers, HMI, etc.) industrial environment. In fact, easy configuration of data 
communication between nodes is achieved due to Node-RED features, which acts as middleware. Moreover, Modbus TCP/IP has been 
selected as it is a widely applied and supported communication interface. Nonetheless, other modern protocols like MQTT and Open 
Platform Communications-Unified Architecture (OPC-UA) can also be used for data transmission. 

Proprietary and IoT open source equipment have been seamlessly integrated under the developed system, which is required to 
manage interoperability and heterogeneity of components [41,67]. 

The low-cost nature of IoT software decreases the investments required for managing hydrogen-related equipment, mainly gen-
erators, contributing to spread their deployment. This aspect is relevant concerning scientific equipment as highlighted in recent 

Fig. 10. Voltage (blue line), working temperature (orange line) and working pressure (purple line) graph.  

Fig. 11. Efficiency (black line), working temperature (orange line) and voltage (blue line) graph.  
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literature [68]. 
The visualized and acquired data could be used for degradation effects diagnostics through the use of the stored values and the 

implemented graphical interface. Another relevant feature of the Grafana IoT software is its ability to operate with stored data, which 
enables the integration of models validated in the literature for comparative analysis of electrolyzer performance. 

The system can be reconfigured and fully customized by the developer without the restrictions typical of commercial data-logging 
and monitoring systems. For instance, characterization processes of stacks can be conducted and the monitoring system facilitates data 
storage and visualization of the associated phenomena. This feature is particularly appealing for research-related frameworks as well 
as for testing new industrial-oriented facilities. Other potential customization options could involve adapting the proposal to different 
types of EL, such as alkaline or even PEM fuel cells. The sensing devices and the visualization interfaces should be particularized for the 
specific equipment to monitor. 

5. Conclusions 

This paper has presented a novel DAQ and monitoring system for hydrogen generators of PEM type. Successful experimental results 
prove the validity of the proposal. 

An IIoT architecture is proposed and the system is deployed according to it, integrating industrial equipment, IoT software and 
sensing devices appropriate to the PEMEL. As it was stated in the second section, the present work constitutes a novelty in literature. 
There is no previous work that develops a DAQ and monitoring system framed into the IIoT paradigm for electrolyzers. The proposal 
provides complete information about configuration of both hardware and software as well as communication and data storage. 

The developed research is envisioned to promote hydrogen production, storage and utilization in energy industry through the 
integration and application of IIoT technologies. 

Future works deal with developing a digital twin of the PEMEL utilizing the acquired data. Furthermore, the acquired information 
is highly valuable to face the design and implementation of energy management strategies for hydrogen-based microgrids. 
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Fig. 12. Consumed current (red line) and voltage (blue line) graph in self-discharge essay.  
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A B S T R A C T   

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 

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-López 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 

MATLAB-Simulink and the results obtained are validated graphically 
and employing statistical metrics. The model described in Hernández- 
Gómez 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: 
a reduction at the cathode and an oxidation at the anode. Both processes 
are defined in Eq. (1) and Eq. (2) respectively. 

2H+ + 2e− →H2 (1)  

H2O→2H+ +
1
2
O2 + 2e− (2) 

The electrolysis process resulting from both half-reactions is indi-
cated in Eq. (3): 
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H2O→H2 +
1
2
O2 (3)  

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. 

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 

Fig. 1. Structure and operation of a PEM cell.  

Fig. 2. PEM Electrolyzer. (a) Stack appearance and number of cells. (b) Stack installed alongside coupled elements.  

Table 1 
Technical specifications of the electrolyzer.  

Number of cells 6 cells in series 
Input current (A) 0 to 8 A 
Stack voltage (V) 12 to 15 V 
Working pressure (bar) 0.1 to 6 bar 
Working temperature (◦C) 25 to 50 ◦C 
Flow rate generated (ml/min) 250 ml/min; 15 Nl/h 
Hydrogen purity >99.9999 % 
Dimensions (mm) 267 × 382 × 470 mm  
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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 

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 

Fig. 3. PEMEL and complementary equipment for high-purity dry hydrogen generation and storage.  
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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, Rint (Ω) is the internal 
resistance that simulates the power dissipation due to cell operation, and 
Vint (V) is the ideal (electrochemical) voltage or potential required for 
the electrolysis process. Thus, the cell voltage Vcell (V) is defined in Eq. 
(4) as: 

Vcell = IRint +Vint (4) 

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

Vint =
ΔG
2F

(5) 

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

ΔG = 285840 − 163.2(273+ T) (6) 

The power consumed in the electrolysis process Pe,cell (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 Vcell: 

Vcell = IRint +
285840 − 163.2(273 + T)

2F
(8) 

The total power consumed by the cell Pt,cell (W) is expressed in Eq. 
(9): 

Fig. 4. Installation appearance and equipment employed.  

Fig. 5. DAQ for visualisation and storage of process data.  

Fig. 6. ECM of the PEM cell.  
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Pt,cell = IVcell (9) 

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

vH,cell = vM(l)
(

103ml
l

)(
60 s
min

)

⎛

⎜
⎜
⎝

I
(

C.
s

)

2F (C.)

⎞

⎟
⎟
⎠ = vM

(
103)(60)

(
I

2F

)

(10)  

where vM 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 l atm K− 1 mol− 1): 

vM(l) =
R(273 + T)

p
(11) 

Finally, the cell efficiency ηcell is given by Eq. (12) and is defined as 
the parameter that relates Pe,cell and Pt,cell. Since both variables depend 
on I, the expression is reduced to the ratio between Vint and Vcell: 

ηcell =
Pe,cell

Pt,cell
=

IVint

IVcell
=

Vint

Vcell
(12)  

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

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

Rint(T, I) =
[

Vcell(T, I) −
(

285840 − 163.2(273 + T)
2F

)]/

I (13) 

Eq. (13) expresses Rint as a function of T, I and Vcell. 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 Vcell at each operating point. 
To this end, an experimental process has been conducted to obtain an 
expression that defines the value of Rint 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 
Vcell(T,I) 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 Rint(T,I). As an example, 
Fig. 7a and b display the graphs Vcell(T,I) and Rint(T,I) 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 Rint(T,I) from the experimental data 
obtained, the MATLAB Curve Fitting Toolbox [44] has been employed. 

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 Rint(T,I) are read from 
the Excel file in matrix format. Then, in the toolbox, the values of T, I and 
Rint(T,I) 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 Rint(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 Rint(T,I) for each cell. 

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

Fig. 7. Results obtained for each cell in the test at 6 A. (a) Values for Vcell(T,I). (b) Values for Rint(T,I).  

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

Rint(T, I) = aI

(
b+

(
c
T

))

(14) 

Combining Eq. (14) and Eq. (8) results in an expression for Vcell 
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. 

Vcell(T, I) = IaI

(
b+

(
c
T

))

+
285840 − 163.2(273 + T)

2F
(15)  

3.3. PEMEL parameters 

After obtaining the key parameters of the PEMEL cells by calculating 

Rint and Vcell, the expressions that describe the behaviour of the PEMEL 
as a unit can be determined, under several considerations:  

• 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.  

• 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 Vel (V) expressed in Eq. (16) is ob-
tained, where the index i refers to the cell number of the PEMEL. 

Vel =
∑6

i=1
Vcell(T, I) =

∑6

i=1

(

IaI

(
bi+

(
ci
T

))

+
285840 − 163.2(273 + T)

2F

)

(16) 

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

Pe,el = IncellVint (17) 

The total power consumed by the PEMEL Pt,el (W) is determined by 
Eq. (18): 

Pt,el = IVel (18) 

The total generated hydrogen flow rate vH,el (ml/min) is obtained 
using Eq. (19): 

vH,el = ncellvM(l)
(

103ml
l

)(
60 s
min

)

⎛

⎜
⎜
⎝

I
(

C
s

)

2F (C)

⎞

⎟
⎟
⎠ = ncellvM

(
103)(60)

(
I

2F

)

(19) 

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

ηel =
Pe,el

Pt,el
=

IncellVint

IVel
=

ncellVint

Vel
(20)  

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 Vcell and 
Rint(T,I). The experimental values of Vcell reflect the directly measured 
voltage of each cell. The theoretical values of Vcell are determined from 
the model using Eq. (15) parametrised for each cell. Regarding Rint(T,I), 
the experimental values are determined using Eq. (13), leveraging the 
experimental Vcell values. Meanwhile, the theoretical values are calcu-
lated from Eq. (14) obtained employing the MATLAB toolbox Curve 
Fitting and parameterised for each cell. 

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

Fig. 10. Rint(T,I) determination process for each cell.  

Table 2 
Rint(T,I) coefficient values for each cell.  

Cell Coefficient a Coefficient b Coefficient c 

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 
C6  1.105  − 0.9922  1.826  
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Fig. 11 presents a graphical comparison of these variables, depicting 
the set of Rint-T and Vcell-T curves for each individual cell. 

As shown in the graphs presented in Fig. 11, the experimental and 
theoretical values of Rint and Vcell are similar, coinciding and overlapping 

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, 

Fig. 11. Rint-T and Vcell-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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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 Vcell of each of the cells. Specifically, the Root Mean 
Square Error (RMSE), the Mean Absolute Error (MAE) and the Coeffi-
cient of Determination (R2) 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 yexp 
and yteo refer to the values obtained experimentally and theoretically, 
respectively. Moreover, the parameter n indicates the sample size. 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1

(
yexp,i − yteo,i

)2

n

√
√
√
√
√

(21) 

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). 

MAE =

∑n

i=1

⃒
⃒yexp,i − yteo,i

⃒
⃒

n
(22) 

R2 illustrates the level of coincidence between the experimental data 
and those obtained in the theoretical model. Thus, R2 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 yexp indicates the average of the experimental 
values. 

R2 = 1 −

( ∑
e2

∑(
yexp − yexp

)2

)

(23) 

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 R2 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. 

Fig. 11. (continued). 

Table 3 
Statistical metrics for each cell voltage derived from 6 A operation.   

RMSE MAE R2 

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 
C6  0.01105357  0.00426088  0.91337222  
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First, the Vel-I 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 
Vel_exp have been obtained by direct measurement of the electrolyzer 
voltage, while Vel_teo 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 A to 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 Pt.el-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. Pt,el_exp and Pt,el_teo have been determined using Eq. (18), employing 
in the said equation, for each case, the values of Vel_exp and Vel_teo, 
respectively. 

Fig. 14 depicts the vH,el-I curve, which relates the total hydrogen flow 
rate generated and the current consumed. Similar to the Pt.el-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 vH,el_exp are obtained by measuring the hydrogen 
flow rate through the installed H2 flow meter. vH,el_teo is calculated by 
means of Eq. (19). 

As a last characteristic curve, Fig. 15 shows the ηel-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 Vel- 
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. ηel_exp and ηel_teo have both been 
calculated by means of Eq. (20), employing the values of Vel_exp and 
Vel_teo, respectively. 

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. 

Fig. 12. PEMEL Vel-I curve.  

Fig. 13. PEMEL Pt,el-I curve.  

Fig. 14. PEMEL vH,el-I curve.  

Fig. 15. PEMEL ηel-I curve.  

Table 4 
Statistical metrics for each key parameter of the PEMEL performance.   

RMSE MAE R2 

Vel  0.405435273  0.250501812  0.88535682 
Pt,el  0.955620569  0.748756913  0.99927021 
ηel  0.020408517  0.009754147  0.8363784 
VH,ell  0.977475729  0.768943431  0.99915947  
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Table 4 reports the values of the RMSE, MAE and R2 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 Pt,el 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 R2 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 

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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