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Abstract:

Water electrolysis performed by renewables allows to produce green Hydrogen: this process can boost the
penetration of clean energy sources into electric grids. This work presents a model developed in Aspen
HYSYS® aiming at evaluating the performance of a low-temperature alkaline (ALK) electrolyzer while varying
the main operating conditions (e.g., power supply, temperature, and pressure). A Semi-empirical model
published in the scientific literature, which describes the physic-chemical processes at the system level, has
been implemented in Aspen HYSYS® and used for resembling the operational behaviour of an ALK
electrolyzer. The model consists of common system-level blocks with a customized spreadsheet: semi-
empirical correlations, which have been calibrated via multiple non-linear regression fittings of experimental
data from the scientific literature, allowed to implement the main electro- and thermochemical-equations of the
electrolysis process. Simulated results showed a good agreement with respect to the experimental ones for all
the studied operating conditions in terms of Normal Root Mean Square Error (NRMSE). Regarding the
Hydrogen flow rate, the comparison between the model and the experimental results showed NRMSE values
ranging between 4.208e"% and 6.415e%, where the former is the lowest threshold value obtained in this
analysis. On the other hand, as far as the Hydrogen-to-Oxygen (HTO) is concerned, NRSME values vary
between 2.486e and 5.519e%, where the latter is the highest threshold value obtained in this analysis.
Finally, this model can be considered a good starting point for creating a Hydrogen-integrated system through
the connection of the electrolyzer with a Hydrogen storage system and a fuel cell.
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1. Introduction

Nowadays, the need to reduce greenhouse gas emissions, which are the main cause of climate change, is
urgently needed as well as having energy systems capable of responding fastly to the increasing energy
demands [1]. Current research on the energy sector is focused on the development of technologies capable
of exploiting renewable sources in different ways (e.g., direct and indirect) to drastically reduce polluting
emissions in the upcoming years.

In such a scenario, Hydrogen seems to be a valid option for easing the ecologic transition; in particular, Water
electrolysis through the electricity produced by renewables (green Hydrogen) can provide flexibility to the
electric grid, thus increasing the penetration of renewables [2]. Water electrolysis was performed for the first
time in 1789 [3] and it consists of three components: the anode, the electrolyte, and the cathode. During the
oxidation phase of Hydrogen at the anode, cations reach the cathode via the electrolyte and free electrons
flow to the external circuit. Cations and electrons reduce Oxygen to Water at the cathode [4]. Hydrogen
produced by Water electrolysis has been thought to be the best energy carrier to counteract the variable nature
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of renewables and operate as a middle/long-term energy storage solution in different energy applications [5].
Furthermore, Hydrogen is a non-pollutant molecule since it produces only Water when it undergoes a
combustion reaction, thus being considered the cleanest, most efficient, and sustainable fossil fuel alternative

(6].

The most known and well-established electrolyzers are alkaline (ALK) and Polymer Exchange Membrane
(PEM) ones [7], although the ALK electrolysis is the most reliable in terms of cost and ease of use [8]. The
modeling of these electrolyzers is fundamental for simulating and properly resembling the behaviour of
Hydrogen-generating systems. Realistic modeling of the overall electrolyzer is important when it is coupled to
renewables since it has to correctly face the variable power source; furthermore, it also allows to properly
analyse, control, size, manage, and optimize this kind of technology. Besides the technologies previously
mentioned regarding the ALK and PEM electrolyzers, this technology is also differentiated by low- and high-
temperature operating conditions. Typically, ALK electrolyzers operate at a current density of about 400
mA/cm?, at moderate temperatures of 70-90 °C, with a cell voltage in the range of 1.85-2.2 V, and conversion
efficiencies in the range of 50-70%. ALK electrolyzers do not depend upon a noble metal catalyst for Hydrogen
production, and they are easily handled due to the low-temperature operation. The PEM electrolyzer can
operate at a current density of 2000 mA/cm? at 90 °C and with 2.1 V. The kinetics of Hydrogen and Oxygen
production reaction is faster than in ALK electrolyzers due to the acidic nature of the electrolyte and the metal
surface of the electrodes. PEM electrolyzers do not use caustic electrolytes as in ALK ones, which might be
highly toxic for human beings if a failure occurs. In addition, PEM electrolyzers offer the possibility to use high
pressure on the cathode side, while the anode can be operated at atmospheric pressure. When dealing with
high-temperature electrolysis, it means that the operating temperature range is above 100°C and Water is in
vapor form. This operating condition increases considerably the electrolysis efficiency, but it leads to more
complex management of the electrolyzer as well as higher costs due to the use of specific materials. However,
technologies like Solid Oxide (SO) electrolyzers are still in development and not yet ready for being
commercialized [9]. As for the high-temperature electrolysis, Motazedi et al. [10] examined Hydrogen
production from both environmental and economic points of view using Aspen HYSYS® models. Along the
same line, JaeHwa et al. [11] developed a SO electrolyzer model in Aspen HYSYS® to perform a sensitivity
analysis by varying different operating conditions (e.g., current density, temperature, and pressure).

Moving to ALK electrolyzers, Sanchez et al. [12] have developed a model in Aspen Plus® to resemble the
behaviour of the ALK electrolyzer. Nevertheless, to the authors’ knowledge, in the scientific literature there are
no user-friendly models developed in Aspen HYSYS® related to the ALK Water electrolyzers. The novelty of
the present work consists of the development of a user-friendly model related to a low-temperature Water ALK
electrolysis stack in the Aspen HYSYS® environment, which is capable of providing the main performance
parameters (e.g., electric potential and Hydrogen-to-Oxygen (HTO)) according to different input conditions
(e.g., pressure, temperature, current density). As previously said, besides being easily used by end-users, this
model can be tailored according to the main specific characteristics of the ALK electrolyzer to be resembled.

The model has been calibrated through regression fitting of semi-empirical process relations and validation
with respect to experimental data obtained by [12, 13]. In order to model the stack of the ALK electrolyzer and
to carry out the regression of experimental data, the authors based the model development on the analysis
carried out by Sanchez et al [13] where a semi-empirical model of the electrochemical behavior of a 15 kW
ALK electrolyzer has been proposed. In addition, the work performed by Amores et al. [14] has been used as
well because they provided a paradigm for modeling the behaviour of an ALK electrolyzer, modifying the
Ulleberg equation [15] with the aim of considering the influence of both temperature and pressure, the
electrode/diaphragm distance, and the electrolyte concentration.

The paper is structured as follows: Section 2 presents the methodology used to model the ALK electrolyzer
analytically, as well as providing an overview of the Aspen HYSYS® model. Section 3 is devoted to the results
obtained by the simulations at different operating conditions in terms of both pressure and temperature, which
have been then compared to the experimental results available in the scientific literature by making Normal
Root Mean Square Error (NRMSE) comparison. Finally, Section 4 reports the conclusions of the work.

2. Methodology

The models that describe the behaviour of a low-temperature ALK electrolyzer stack with different operating
conditions (e.g., current density, temperature, and pressure) typically include the simulation of the following
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quantities: i) electric potential, ii) Faraday efficiency, iii) HTO, iv) flow rate of produced Hydrogen, v) electric
power absorbed by the stack, vi) thermal power generated by the stack, vii) stack efficiency, and viii) specific
consumption. The trend of the last five items is obtained by the first two. In the scientific literature, there are
multiple mathematical correlations that describe the same physical phenomenon occurring within the stack.
Based on the experimental data obtained by [13], a semi-empirical modeling approach has been chosen and
used in this work. The mathematical model used for the stack electric potential is the one proposed by Sanchez
et al. [12, 13], which is an improvement of the equation proposed by Ulleberg [15] as reported by Eq. (1).

U =UT,P,0) = Upey + [(ry + @) + 75T + q2P] - i +5-logyo [ (6 + 2 +22) i +1] (1)

where U is the cell electric potential, T is the temperature in [°C], P is the pressure in [bar], i is the current
density [A/cm?], and r;, g;, and t; are experimental constants. The total potential U is the sum of the reversible
potential U, Which is given by thermodynamics, the activation, and the ohmic overpotentials related to the
kinetic losses of the electrolysis process. It is worth noting that the polarization curve is not investigated in the
field of concentration overpotential since it would require a more complex model and experimental data at
higher current densities.

The cell reversible potential Uy, is a purely thermodynamic quantity and depends on the Gibbs free energy
variation AG between products and reactants as a function of the operating temperature and pressure as
reported by Eq. (2).

1
G _ AGH,(TP)+3AGo, (T,P)=AGH,0(T,P)

A
Urev (T! P) = ZF

2

zF

Regarding Water electrolysis, the reversible cell potential UZ,, under standard conditions (P°=1bar, T°=25°C)
is equal to 1.229 V. The value of the reversible voltage is a function of temperature and pressure, thus
assuming different values from the standard one as expressed by Eq. (3) that is the Nernst’s equation [16]:

Urey = Ufey + 725 In (22222 ©)

aH,0

where Tk is the temperature in [K], R is the universal constant of gases (8.314 J/K mol), z is the number of
electrons transferred in the electrolysis reaction (2 mole-/molw2), F is the Faraday constant (96,485 C/mol), anzo
is the coefficient of activity of Water, po> and p2 are the partial pressure expressed in [bar] of Oxygen and
produced Hydrogen, respectively. Assuming that the membrane is subjected to the mechanical equilibrium,
the partial pressures of Hydrogen are the same as the Oxygen ones (poz=pH2=p::) and, assuming that the
coefficient of activity of the Water is approximately equal to 1 [17], Eq. (3) can be written as follows:

3
RT >
Urev = Ugev + ZF “In <Pt20t> (4)

The reversible cell potential US,, can be also calculated considering isobaric conditions (at standard pressure
P? equal to 1 bar) and thus reducing its dependency only on the temperature [17]. In the scientific literature,
there are different empirical relationships such as the one proposed by Hammoudi et al. [18] as reported by
Eq. (5).

U, (T, P%) = 1.50342 —9.956 - 10™*Ty + 2.5 - 1077 Ty, 2 )

Finally, the reversible potential is calculated by the set of Eq.s (4) and (5). The electrolyzer under investigation
consists of 12 cells installed in series; thus, the stack voltage is obtained by multiplying the cell voltage by the
number of cells.
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Ustack = Neeu " U (6)

where N, is the number of cells installed in series.

The Hydrogen production rate ny, [mol/s] is strictly related by the stoichiometry of the reaction and to the
applied current / [A], which is the same for all the cells connected in series. The Hydrogen production rate is
equal to the current density i times cell area Aces as reported in Eq. (7) that is the Faraday’s equation. As far
as the Faraday efficiency ng,, is concerned, Sanchez et al. [12, 13] introduced a modification to the 1z,
Ulleberg’s relation [15] with the use of experimental parameters f; to include also the effect of the temperature
as reported by Eq. (8).

. I
Ny2 = Nrar @)

_ 2 (fo1+f22T)
NFar = (fr1+f12T)+i? ®)

As for the HTO, the equation proposed by Hug et al. [19], which describes the HTO dependence on both
current density and temperature, has been used by Sanchez et al. [12, 13] and modified by introducing the
dependence of pressure as reported by Eq. (9).

2
HTO = Cy + CoT + CsT? + (Cy + CsT + CoT?) - exp (T2 90) 4 By + E,P + E;P? + (E, +

)

2
EgP + EgP?) - exp (2250

1

where C; to Cy are constants that represent the influence of the temperature in the HTO, and from E; to Eg
there are constants that represent the relations between the gas purity and the pressure.

The electrical power absorbed by the stack W,; allows to evaluate the specific electrical consumption and the
stack efficiency as well, as described by Eq. (10).

Wey = U Neey * - Acent (10)

Regarding the specific consumption c;,, it can be expressed as the ratio between electric power W,,, which is
expressed in [kW], and the mass flow rate of the produced Hydrogen m,;, expressed in [kg/h].

_ Wer _ U(i,T,P)-2F (11)
my,  103np(i,T)7.257168

Csp

where 7.257168 is a conversion factor in [sekg/hemol] that allows to express the molar flow rate of Hydrogen
in [kg/h] knowing its value in [mol/s].

Stack electrical efficiency, ng.qcc » is defined as the ratio between the chemical energy contained in the
produced hydrogen and the electrical power needed for its production, as shown by Eq. (12).

_ Ay LHV
Nstack = W

(12)

el

where LHV stands for the Lower Heating Value of hydrogen that is equal to 241.82 kJ/mol.
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The thermal power @, involved in the electrolysis process, which must be removed to maintain the isothermal
condition, is calculated as:

Qen =i+ Acerr* (UL T, P) = Upn (T, P)) (13)

where U,, is the thermoneutral potential of the stack, which is a function of both temperature and pressure.

As previously described, the electrochemical process model is integrated into the Aspen HYSYS® environment
using a spreadsheet since the software does not present pre-build blocks for modeling electrochemical
components. The rest of the electrolyzer stack (e.g., inlet and outlet fluid management, temperature and
pressure settings, etc.) is represented by the common tools made available by the software. Steady-state
operations have been considered and the fluid thermodynamic conditions (e.g., pressure and temperature)
are set (e.g., isothermal and isobaric conditions are considered for the whole process). The selected Fluid
Package is the "Peng-Robinson". The Water dissociation reaction is defined as a conversion reaction occurring
in the "Electrolysis reactor", which represents the set of electrodes. Based on the thermodynamic operating
conditions (e.g., temperature, pressure) and load current, the reactor sources the main electro- and thermo-
chemical equations from the spreadsheet defining the reaction products and the electric power required. Urev
is calculated from the thermodynamic fluid property databases, which are embedded in the software, using
Eq. (2). The reactor has two material flows at the output: "Reaction Gas" and "Liquid Product", where the latter
is always null since the molar flow rate of the Water entering the model is equal to the molar flow rate of the
Hydrogen that is calculated in the spreadsheet using the Faraday equation. The mixture of Hydrogen and
Oxygen “Reaction gas” is sent to the second component that is the "Component splitter" called "Electrode
separator": through this component it is possible to separate the oxidation and the reduction semi-reactions in
the anode and in the cathodic chambers of each cell, respectively. The separator is set up so that the flows
are chemically pure at the outputs (no crossover phenomena). The current output flows are corrected with the
HTO that is calculated in the spreadsheet: indeed, the amount of Hydrogen separated from the anode flow by
the “Flow splitter”, here called “Crossover_Tee”, is subsequently mixed to the Oxygen in the anode.

SET-4:
Temperature
& SPRDSHT-1
SET 2:
Pressure
RG
SET 1:
Temperature
RG

ct H2_out
Reaction Cathode —
gas (H2)
Electrolysis Crossover_Tes
HZO Reactor

o
Heating Heat Electrode
reaction | separator
Liquid H2_HTO -
- |

Electric product e Aggggm
Power o Crossover_Mixer ( )

SET-3:

Temperature

Figure. 1. Model of the low-temperature alkaline electrolyzer developed in Aspen HYSYS®,

In order to obtain comparable simulation results, the electrolyzer that has been modeled is the same one that
has been characterized experimentally by Sanchez et al. [12, 13]. It is a small-sized, laboratory scale
electrolyzer and its main characteristics are listed in Table 1. To obtain the experimental parameters previously
described, the available experimental data have been fitted by using the Matlab® “Curve Fitting Tool”. The
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regressions are non-linear and multiple, namely two in the case of the Faraday efficiency and three in the case
of electric voltage and HTO.

Table 1. Characteristics of the alkaline electrolyzer analysed by Sanchez et al. [12, 13].

Main characteristics Numerical value Units of measurement
Hydrogen production flow rate 2.5 m3/h
Maximum operating pressure 30 bar

Electric potential range 0-120 \%

Electric current range 0-500 A

Maximum power 15 kW
The active area of the electrodes 1,000 cm?
Number of cells 12 -
Electrolyte concentration 30-40 wt% KOH

3. Results and comments

The simulations results, in terms of electrolyzer performance, are evaluated as a function of the current density
(between 0-0.5 A/cm? with steps of 0.005 A/cm?) and the parametrization of both pressure and temperature
(between 55-85°C with steps of 5°C, and between 1-29 bar with steps of 4 bar). Aspen HYSYS® allows to
perform parametric "case studies" and investigate how each variable affects the results while keeping the
remained parameters fixed. Figure 2 shows the results related to the stack potential at different values of
temperature and pressure. It is worth noting that the trends of the other quantities such as Hydrogen flow rate,
etc. have not been here reported.
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Figure. 2. (a) Stack voltage trend as a function of current density and temperature (pressure equal to 7 bar),
and (b) of current density and pressure (temperature equal to 75°C).

In particular, the voltage decreases while the system temperature increases because part of the electric energy
required for the electrolysis process is replaced by the associated thermal energy developed during the
reaction (see Figure 2). The increase in temperature also improves the reaction kinetics by reducing the
activation overpotentials as well as impacting the U, through the Nernst potential. Furthermore, the electric
potential rises when the pressure increases due to the Nernst potential and the one related to the ohmic
overpotential.
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Figure. 3. Faraday efficiency trend as a function of current density and temperature (pressure equal to 7
bar).

Figure 3 shows the trend of the Faraday efficiency as a function of current density and temperature according
to Eq. (8). The Faraday efficiency quickly reaches values close to 1 when current density values higher than
0.4 A/cm? are used. Conversely, Faraday efficiency decreases when current density values lower than 0.17
A/cm? and the increase of temperature leads to lower Faraday efficiency values.
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Figure. 4. (a) HTO trend as a function of current density and temperature (pressure equal to 7 bar), and (b)
of current density and pressure (temperature equal to 75°C).
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Figure 4a shows that the HTO increases when the current density decreases and tends to increase with the
increasing temperatures. For this reason, operations with very low values of current density are undesirable
because it would be preferable to avoid a HTO beyond the flammability limit of a H2/O2 mixture that could lead
to combustion or explosion [20]. The higher amount of Hydrogen in the Oxygen stream at higher temperatures
is caused by the higher diffusion velocity at elevated temperatures [17]. Figure 4b still shows an increase of
the HTO as the current density decreases and as the operating pressure increases. For increasingly small
current density values, the HTO model shows an asymptotic behaviour with anomalous variations due to lack
of experimental data for very low currents: this means that the model is only valid for the range of density
current values for which HTO measurements are available.
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Figure. 5. (a) Specific consumption trend as a function of current density and temperature (pressure equal to
7 bar), and (b) of current density and pressure (temperature equal to 75°C).

Figure 5 shows a non-linear dependence of the specific consumption on the current density. In [13], no
experimental data are available for the specific consumption, but these were obtained with data on Faraday
efficiency and stack electric potential through Eq. (11). The specific consumption function reaches its minimum
value at 0.2 A/cm?, and it decreases with increasing temperature (see Figure 5a) due to the decrease of the
electric potential and increases with the increasing pressure (see Figure 5b) due to the increase of the electric
potential. The increase of the specific consumption, when the current density decreases below the threshold
of 0.2 A/cm?, is due to a decrease of the Faraday efficiency that is faster than the electric potential as expressed
by Eqg. (11). The Faraday efficiency and the electric potential increase with the current density, resulting in an
increasing curve for current densities greater than 0.2 A/cm?2. The specific consumption is always between 53
and 63 kWh/kghz.
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Figure. 6. (a) Thermal power trend as a function of current density and temperature (pressure equal to 7bar),
and (b) of current density and pressure (temperature equal to 75°C).

As for the thermal power, Figure 6 shows how it increases with increasing current density and how this trend
tends to decrease as the operating temperature increases and to increase as the operating pressure increases.
This behaviour can be explained by the influence of both temperature and pressure exert on the stack potential:
as the temperature increases the stack potential decreases, while as the pressure increases the potential
increases. However, the thermoneutral potential can be considered approximately constant in every case.
There are not experimental data for the thermal power. To evaluate the results from the developed model, the
Normal Root Mean Square Error (NRMSE) has been calculated with respect to the literature experimental
values in the same operating conditions reported in [13] (see Table 2).

Table 2. NRMSE values: comparison between model and experimental results.

7 bar, 55°C 7 bar, 65°C 7 bar, 75°C 5 bar, 75°C 9 bar, 75°C

Electric potential 4.066e% 3.990e%4 4.095¢04 4.317¢% -

Faraday Efficiency 8.253¢0° - 4.871e% - -
HTO 5.519¢%4 2.486e04 3.932¢%4 4.115e04 3.213e%

Specific consumption  4.859¢% - 4.155¢°04 - -

Stack efficiency 4.452¢04 - 3.903e% - -

Electric power 4.153¢% 3.295¢04 3.865e%4 2.078e%° -

Hydrogen flow rate 6.415e%° - 4.208e%° - -
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The regression in Matlab of the cell potential from experimental data was conducted by using the set of Eq.s
(4) and (5) where the reversible cell potential U2, is only a function of the temperature (considering isobaric
conditions (at standard pressure P° equal to 1 bar) according to [18], while In Aspen HYSYS the reversible cell
potential is calculated automatically by implementing Eq. (2). The result is that the numerical value of the
reversible cell potential calculated in Aspen HYSYS® is on average greater than the one calculated with the
combination of Eq.s. (4) and (5) by 0.0395 V: this is mainly due to the fluid package selected that evaluates
the trend of the state function of the components in the system. As a result, an average overestimation of 0.474
V of the electric stack potential of the model developed in Aspen HYSYS® is obtained compared to the
experimental data; therefore, also other results are overestimated (e.g., specific consumption and electric
power consumed). Conversely, the stack efficiency is underestimated compared to the experimental data. A
possible way to increase the accuracy of the model is to perform regressions of the experimental data by firstly
calculating the reversible potential according to Eq. (2), and then determining the experimental coefficients
from the equation given by the combination of Eq.s. (1) and (2).

4. Conclusions

This work presents and discusses the development of a semi-empirical simulation model developed with
Aspen HYSYS® related to a low-temperature Water alkaline electrolysis stack. The main performance
parameters (e.g., electric power required and stack efficiency) are evaluated according to different input
conditions (e.g., current density, pressure, temperature, etc.).

The trend of the electric potential has been obtained as the sum of the reversible potential and the
overpotentials obtained through non-linear multiple regressions performed in Matlab® with the “Curve Fitting
Tool” of several empirical parameters.

Results show a good agreement with the data made available by the scientific literature (experimental data)
for all the analysed quantities within the selected range of operation parameters. Slight differences have been
found due to the overestimation of the cell/stack potential related to the electrochemical model: indeed, the
comparison between the model and experimental results showed NMRSE values ranging between 3.990e%*
and 4.317e%. Moving to the Faraday efficiency, values ranging between 4.871e% and 8.253e% have been
obtained. Then, the specific consumption values varied between 4.155e%* and 4.859¢™%, the electric power
variation goes from 2.078e% to 4.145e%4, and the Hydrogen flow rate from 4.208e"%° to 6.415e% where the
former is the lowest threshold value obtained in this analysis. On the other hand, as far as the HTO is
concerned, NRSME values vary between 2.486e%* and 5.519e%, where the latter is the highest threshold
value obtained in this analysis. It is worth noting that these results denote that a simple thermodynamic model
with the addition of few semi-empirical corrections can represent quite well the operation of the electrolyzer
stack without requiring excessive simulation efforts in terms of both kinetic and dynamic behaviours.

The present model will be subsequently implemented in a wider system resembling the behaviour of an
integrated Hydrogen system composed by, besides the electrolyzer, a metal hydrides Hydrogen storage and
a fuel cell. Furthermore, the future complete model will also take into account both Water recirculation and gas
purification processes, which are fundamental in the electrolysis process.
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