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Abstract: This paper proposes a self-sustaining control model for proton-exchange membrane (PEM)
electrolysis devices, aiming to maintain the temperature of their internal operating environment and,
thus, improve the electrolysis efficiency and hydrogen production rate. Based on the analysis of
energy—substance balance and electrochemical reaction characteristics, an electrothermal-coupling
dynamic model for PEM electrolysis devices was constructed. Considering the influence of the
input energy—substance and the output hydrogen and oxygen of PEM electrolysis devices on the
whole dynamic equilibrium process, the required electrical energy and water molar flow rate are
dynamically adjusted so that the temperature of the cathode and the anode is maintained near
338.15 K. The analytical results show that the hydrogen production rate and electrolysis efficiency are
increased by 0.275 mol/min and 3.9%, respectively, by linearly stacking 100 PEM electrolysis devices
to form a hydrogen production system with constant cathode and anode operating temperatures
around 338.15 K in the self-sustaining controlled mode.

Keywords: proton-exchange membrane electrolysis device; self-sustaining control; electrothermal-
coupling dynamic model; gradient method; disturbance observation method

1. Introduction

Hydrogen energy has a high energy density and is pollution-free, making it an excel-
lent alternative to fossil fuels [1]. It has become a key part of the strategies aiming at limiting
carbon dioxide emissions and achieving global decarbonization. Compared to alkaline
electrolysis technology, proton-exchange membrane (PEM) electrolysis technology has the
advantages of high current density, low energy consumption, high hydrogen production
pressure, and rapid dynamic adjustment [2]. However, temperature has a significant impact
on the safe and efficient operation of PEM electrolysis devices within a wide power range,
and it is necessary to establish a comprehensive dynamic mathematical model during the
physical and chemical transformation processes. By controlling the operating temperature
of both the anode and cathode, the hydrogen production rate and electrolysis efficiency
can be improved.

Currently, the electrolysis efficiency of PEM electrolysis devices is mainly defined by
voltage conversion and energy conversion. In the study of reference [3], the electrolysis
efficiency of PEM electrolysis devices is defined as the ratio of the minimum theoretical
voltage required for electrolysis to the input voltage. In the study of reference [4], the
electrolysis efficiency of PEM electrolysis devices is defined as the ratio of the thermoneutral
voltage that does not produce excess heat during the exothermic reaction of electrolyzing
water to the input voltage. In the study of reference [5], the electrolysis efficiency of PEM
electrolysis devices is defined as the ratio of the high heating value (HHV) voltage derived
from the influence of temperature and pressure on the enthalpy of the water electrolysis
reaction to the input voltage. In the studies of references [6,7], the electrolysis efficiency of
PEM electrolysis devices is defined as the ratio of the produced HHV and low heating value

Processes 2023, 11, 828. https://doi.org/10.3390/pr11030828

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr11030828
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr11030828
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr11030828?type=check_update&version=1

Processes 2023, 11, 828

2 of 24

(LHV) of hydrogen gas to the input electrical energy. Considering various losses during
the operation of PEM electrolysis devices, the study of reference [8] defines electrolysis
efficiency as the ratio of the electrical energy consumed in the electrolysis reaction under
ideal and actual states. None of these studies have considered the energy consumption of
an external water circulation device during the work process.

The thermal model of a PEM electrolysis device is the basis for temperature control.
Currently, PEM electrolysis devices’ lumped heat capacity model is mainly used as their
thermal model. Studies [9,10] have shown that the lumped heat capacity model of PEM
electrolysis devices is constructed as a thermal model by combining an equivalent circuit
model and a mass transport model, but this model treats the anode and the cathode as
a whole, thereby ignoring the temperature difference between the two. A study [11] has
shown that a lumped heat capacity model is constructed as a thermal model by considering
the heat provided by an external circulating water heating device and the heat taken
away by the cooling fan, but it ignores the heat generated by the current passing through
the anode and cathode. Another study [12] has shown that while gradually increasing
the current density of a PEM electrolysis device, a linear thermal model of the operating
power and temperature is constructed through the least squares method by measuring its
temperature using the temperature sensors and thermal imaging cameras located on its
surface, but this model ignores the sudden change in temperature caused by the sudden
mutation of current density. Several studies [13,14] have shown that by analyzing the
heat generated, lost, and taken away by the cooling device of a PEM electrolysis device,
a lumped heat capacity model is constructed as a thermal model, but it ignores the heat
taken away by the products.

PEM electrolysis devices are sensitive to temperature changes, and operating at too
low or too high temperatures can negatively affect their efficiency and longevity. Therefore,
it is important to control the operating temperature of PEM electrolysis devices to ensure
their safe, efficient, and sustainable operation. Several studies have explored the impact of
temperature on PEM electrolysis devices. One study [15] found that during the start-up
phase of a grid-connected PEM electrolysis device, coordinating the power of the heating
system with the start-up power of the PEM electrolysis device can raise the operating
temperature and improve the electrolysis efficiency. Another study [16] investigated an
integrated system consisting of a photovoltaic cell and a PEM electrolysis device and found
that pre-heating the water required for electrolysis by absorbing a portion of the heat from
the photovoltaic cell and controlling the speed at which it enters the PEM electrolysis device
can also improve the efficiency. Another study [17] investigated the impact of temperature
on the electrolysis efficiency of PEM electrolysis devices during the entire operating phase
and found that maintaining an operating temperature of 60 °C can yield higher efficiency
compared to when operating at 20 °C. Additionally, a few studies [18,19] found that
operating at higher temperatures within the range of 313.15-353.15 K can effectively reduce
the operating voltage of PEM electrolysis devices and improve efficiency. However, it is
important to note that operating at excessively high temperatures can also damage the
structure of PEM and shorten the lifespan of PEM electrolysis devices, as demonstrated by a
previous study [20]. Therefore, a balance between efficiency and safety must be maintained
when controlling the operating temperature of PEM electrolysis devices.

Currently, based on the equivalent circuit modeling of PEM electrolysis devices,
these models can be classified into steady-state and dynamic models depending on the
operating conditions. Research studies [21,22] have shown that a steady-state model can be
constructed by fitting the voltage—current characteristic curve of a PEM electrolysis device
under constant temperature and pressure conditions, considering the voltage threshold at
the beginning of the current stage, and building the model in the form of a series connection
of counter electromotive force and resistance. A previous research study [23] has shown
that the voltage of an electrolysis device is composed of reversible voltage and overvoltage
that characterize three electrolysis reactions, which can be combined to construct a static
equivalent circuit model in the form of a series connection of four counter electromotive
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forces. Another research study [24] has shown that a dynamic equivalent circuit model
can be constructed by fitting the current—voltage relationship curve using the least squares
regression algorithm based on the voltage response of a PEM electrolysis device under
different input currents. The model is in the form of a series connection of a counter
electromotive force, a resistance, and two parallel resistance—capacitance combinations,
with all parameters in the circuit being treated as constants. Other research studies [25,26]
have shown that, based on a static equivalent circuit model of PEM electrolysis devices,
the parameters of the model cannot be regarded as constants due to the changes in the
input current. By testing the voltage response under different input currents, a dynamic
equivalent circuit model in the form of a series connection of a counter electromotive force,
a resistance, and two parallel resistance—capacitance combinations can be constructed,
where the two parallel resistance—capacitance parameters are the functions of the input
current. This model is suitable for operating conditions with dynamic changes in the input
current but does not consider the influence of temperature on the model parameters.

Under the premise of external power variation, a PEM device self-sustaining control
strategy based on the gradient-disturbance observation method is proposed to maintain
the operating temperature of the anode and cathode for high electrolysis efficiency. A
dynamic equivalent circuit based on electrothermal-coupling, including the threshold
voltage phenomenon, the cathode and anode activation phenomenon, and the energy loss
phenomenon, is constructed. It controls the input voltage of the cathode and anode and
the molar flow rate of the water outlet, does not require external cooling devices, keeps
the operating temperature of the cathode and anode constant near the set value, and can
improve the hydrogen production rate and electrolysis efficiency. Based on the construction
of an electrothermal-coupling dynamic equivalent circuit of a single electrolysis device, the
analysis of the self-sustaining control strategy is carried out by linearly stacking multiple
electrolysis devices to form a hydrogen production system.

2. PEM Electrolysis Device’s Basic Structure and Dynamic Equivalent Circuit Model
2.1. PEM Electrolysis Device’s Basic Structure

With the proton-exchange membrane as the center, the catalyst layer, gas diffusion
layer, and electrode plate of the anode and cathode are closely connected on both sides
in turn and symmetrically form the main part of a PEM electrolysis device. The specific
structure is shown in Figure 1.

—f——— Anode electrode plate

—f—— Anode water flow channel

——— Anode gas diffusion layer

“I— Anode catalyst layer

———  Proton Exchange Membrane

79— Cathode catalyst layer

———— Cathode gas diffusion layer

—————  Cathode water flow channel

——— Cathode electrode plate

Figure 1. The specific structure of the PEM electrolysis device.
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It is well known that several voltage drops occur when the input voltage is applied
to a PEM electrolysis device, namely the reversible voltage, the activation overvoltage,
the diffusion overvoltage, and the ohmic overvoltage [26]. Among them, the diffusion
overvoltage is two orders of magnitude smaller than the other overvoltages, so this voltage
is often neglected. These voltage drops are nonlinearly related to the current [27], and
according to Kirchhoff’s voltage law, their voltage representation is specified as follows:

ucell = urev + uact,cat + uuct,rm + uohm (1)

The specific variables in the formula are shown in Table 1.

Table 1. Variables of the operating voltage formula.

Symbol Name Unit
Uy Operating voltage \%
Uyer Reversible voltage \Y%
Variables Ut cat Cathode activation overvoltage A%
Ugetan Anode activation overvoltage A\
Uopim Ohmic overvoltage \Y%

Among them, the reversible voltage, the cathode and anode activation overvoltage,
and the ohmic overvoltage correspond to three chemical phenomena in the electrolysis
process: the threshold voltage phenomenon, the cathode and anode activation phenomenon,
and the energy loss phenomenon, respectively.

2.2. Threshold Voltage Phenomenon in the Electrolysis Process

The phenomenon that the input voltage to a PEM electrolysis device gradually in-
creases to a certain value before the operating current occurs is called the threshold voltage
phenomenon. This voltage is the minimum voltage required for the decomposition of
water into hydrogen and oxygen bodies and is called the reversible voltage, which can be
expressed by the Nernst equation [19] as follows:

1
RTcell 11’1( PHZP(ZJZ
2F aH,0

Upep = 1.229 — 0.9 x 1073 (T,oy — 298.15) + ) 2)

The specific parameters and variables in the formula are shown in Table 2.

Table 2. Parameters and variables of the reversible voltage formula.

Symbol Name Unit
R Universal gas constant J/(mol-K)
Parameters F Faraday constant C/mol
am,0 Water activity in the anode -
Teent Operating temperature K
Variables PH, Hydrogen pressure in the cathode Pa
ro, Oxygen pressure in the anode Pa

2.3. Activation Phenomenon of Cathode and Anode in the Electrolysis Process

The activation phenomenon is the transfer or exchange of charged particles between
the electrode and the electrolyte during the dynamic hydrogen production process in a PEM
electrolysis device, and two layers of charges of opposite signs are formed on both sides
of the partition interface, which is a phenomenon influenced by physical and chemical



Processes 2023, 11, 828

50f24

factors, such as operating temperature, catalyst properties, and electrode morphology.
The activation overvoltage is the occurrence of some irreversible loss of energy during
the conversion process, which acts to drive electrons to or from the electrode during
the chemical reaction, and which can be expressed by the Butler-Wolmer equation [28]
as follows:
— RTeat ; -1 J
uuCt’mt - ‘chrrf sinh [Zlo,car}
RTap iy~ 1| ]
“unFSlnh |:2]O,un :|

®)

uact,an =

The specific parameters and variables in the formula are shown in Table 3.

Table 3. Activation overvoltage formula’s parameters and variables.

Symbol Name Unit

Keat Typical values for the charge transfer coefficient at the cathode -

Xan Typical values for the charge transfer coefficient at the anode -
Parameters Jo,cat Exchange current density on the cathode electrode A/cm?
Jo,an Exchange current density on the anode electrode A/cm?

Teat Operating temperature of the cathode K

Variables Tan Operating temperature of the anode K
] Current density on the electrode A/cm?

In this process, a large number of charged particles exist at the interface between
the electrode and the electrolyte, and the change in the degree of transfer or exchange of
charged particles causes a change in the activation overvoltage of the cathode and the
anode, which is accompanied by the formation of a double layer of charges of opposite signs
and energy loss on both sides of the interface between the electrode and the electrolyte; this
phenomenon and the dynamic process can be described by a resistive-capacitance parallel
circuit [29].

The equivalent resistances, Re and R,;, which reflect the energy loss of this process,
are determined as follows [25]:

— uact,cat
Rcut  Leen (4)
R _ uact,an
an = Leenn

The specific variables in the formula are shown in Table 4.

Table 4. Variables of the equivalent resistance formula.

Symbol Name Unit
Reat Equivalent resistance of the cathode (@)
Variables Ran Equivalent resistance of the anode Q
Teent Operating current A

The equivalent time constants, 7o and T4, can be used to represent the transition
process in which the cathode and anode activation overvoltages reach stability when the
excitation current changes, where the equivalent time constant 7., could be estimated as a
current function; the proportional relationship exists between ¢+ and 7, can be expressed
as follows [25]:

2
Teat = 1.1562 X exp {W] 4+ 0.606

©)

Ton = 0.1 X Teat
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The specific variables in the formula are shown in Table 5.

Table 5. Variables of the equivalent time constant formula.

Symbol Name Unit
Teat Equivalent time constant of the cathode S
Variables - -
Tan Equivalent time constant of the anode S

The equivalent capacitances, Co and Cgy, in a resistive-capacitance parallel circuit
based on the relationship between the equivalent time constants, T¢; and 7,4, and the
equivalent resistances, Rest and Ry, are determined as follows [26]:

Ugct cat
Teat = Ceat X Reat = Cear X (%)

(6)
Tan = Can X Rany = Cap X (M)

Leens

The specific variables in the formula are shown in Table 6.

Table 6. Variables of the equivalent capacitance formula.

Symbol Name Unit
Ceat Equivalent capacitance of the cathode F
Variables - -
Can Equivalent capacitance of the anode F

2.4. Energy Loss Phenomenon in the Electrolysis Process

When a charge passes through the electrode plates and the gas diffusion layers of the
cathode and anode, as well as the proton-exchange membrane, part of the electrical energy
will be converted into heat energy and dissipated in the water; this phenomenon can be
expressed by an equivalent resistance as follows:

Uonm = Ronm X Ieell @)
Ronm = Rmem + Rpl + Re
The specific parameters and variables in the formula are shown in Table 7.
Table 7. Parameters and variables of the ohmic overvoltage formula.
Symbol Name Unit
Ry Resistance of cathode and anode electrodes Q
Parameters
Ry Resistance of cathode and anode gas diffusion layers Q
Rinem Resistance of proton-exchange membrane (@)
Variables - — -
Ronm PEM electrolysis device internal resistance Q

In summary, the dynamic equivalent circuit of a PEM electrolysis device can be
represented as a voltage source, a counter electromotive force, resistance, and two resistive-
capacitance structures in series, as shown in Figure 2.

The dynamic adjustment of the operating power can be achieved by adjusting the PEM
electrolysis device’s port voltage, which then changes the operating current and affects
the changes in the above three phenomena. From the perspective of energy conversion,
the complex coupling characteristics between electrical, chemical, and internal energy will
affect the efficiency and the rate of the electrolysis process.
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IceII Uohm _
— f+-l\ i iy
NGA 7
Urev Rohm
+
|
Can eE Uact,an \\Ran
+ —
UceII
+
W
Ccat eE Uact,cat \\ Rcat

Figure 2. Dynamic equivalent circuit of a PEM electrolysis device.

3. Electrothermal-Coupling Dynamic Model of PEM Electrolysis Device
3.1. Analysis of Electrothermal Coupling Characteristics Inside PEM Electrolysis Device

When the external input power of the PEM electrolysis device and the internal gas
molar flow rates and water molar flow rates change, the internal operating state is changed.
The essence mentioned above is a complex energy transformation process between the
electrical and chemical energy and the internal energy, as reflected in the interaction
and restriction between electrolysis rate and operating temperature. Considering the
comprehensive influence of the external input power, water flow, and output gas on heat,
the internal temperature of the PEM electrolysis device will change and will then affect the
electrolysis efficiency, as shown in Figure 3.

. Increased thermal
Increased operating current
effect of current Increased

Operating current Increased internal E;fef?::rigg/css
change internal heat operating Y
change

) Decreased thermal temperature
Decreased operating current
effect of current
Decreased molar flow rate at the Decreased heat carried
cathode and anode gas outlets away by the gas
Gas molar flow rate Internal
change operating
Increased molar flow rate at the Increased heat carried temperature
cathode and anode gas outlets away by the gas change
Decreased molar flow rate at the Decreased heat carried
cathode and anode water outlets by water flow Decreased Hydrogen
Water molar flow Decreased internal N
rate change internal heat operating p"OdCl:]‘;t:%ﬂe e
Increased molar flow rate at the Increased heat carried temperature
cathode and anode water outlets by water flow

Figure 3. The effect of the combined changes in operating voltage, gas, and water flow rate on
operating temperature.
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3.2. Effect of Independent Change in Operating Voltage on Heat Generation in the
Electrolysis Process

The energy—substance conversion process of electrolytic water is essentially a continu-
ous chemical reaction in which the applied electrical energy stimulates the decomposition
of a substance to absorb heat and is not spontaneous under certain conditions. When the
input voltage exceeds the thermo-neutral voltage, the heat generated by the internal charge
flowing through the resistance is absorbed by the circulating water flow.

The effect of an independent change in operating voltage on heat generation in the
electrolysis process is as follows:

dQcat1
dci‘” = (ucell - uth) X Icell

1
2
AQan 1
il = 5 (Ueery — Up) X Leeny

®)

The specific parameters and variables in the formula are shown in Table 8.

Table 8. Parameters and variables of the heat formula for independent change in operating voltage.

Symbol Name Unit
Parameters Uy, Thermo-neutral voltage \%
Qeat 1 Cathode heat when operating voltage varies independently ]
Variables - —
Qan Anode heat when operating voltage varies independently ]

Since the PEM electrolysis device is connected to an external DC power supply, when
the input power changes, the current thermal effect generated by the charge flowing
through the dynamic equivalent circuit resistance responds in seconds, causing a faster
variation in heat.

3.3. Effects of Independent Changes in Gas Molar Flow Rates and Water Molar Flow Rates on Heat
Loss in the Electrolysis Process

There are two major factors affecting heat loss inside the PEM electrolysis device: gas
molar flow rates and water molar flow rates.

The molar flow rates of water decomposition to produce hydrogen, oxygen, and water
consumption, which is related to the operating current and Faraday efficiency, can be
calculated using Faraday’s law as follows [13]:

I
Fry,gen = SH1F
1
FOZ,gen = %7713 )
IL‘[’H

FHZO,con = 125?’7}"

The specific variables of the formula are shown in Table 9.

Table 9. Formula variables for molar flow rates of water decomposition to produce hydrogen, oxygen,

and water consumption.

Symbol Name Unit
Fh, gen Molar flow rate of hydrogen generation at the cathode mol/s
Fo, gen Molar flow rate of oxygen generation at the anode mol/s
Variables
Fr,0,con Molar flow rate of water consumed at the anode mol/s
nE Faraday efficiency -

During the electrolysis process, based on the principle of electro-osmosis and the
differences in water concentration and gas pressure between the cathode and anode, the
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net molar flow rate of water being transferred from the anode to the cathode through the
proton-exchange membrane is determined as follows [30]:

Fr,0,mem = FH,0,e0d + FH,0,diff — FH,0,pe (10)

The specific variables of the formula are shown in Table 10.

Table 10. Net water molar flow formula’s variables.

Symbol Name Unit

Fr,0,mem Net molar flow rate of water through the proton-exchange membrane mol/s

' Fr,0 e0d Molar flow rate of water from the anode to the cathode due to electro-osmotic mol/s
Variables Fr,0,4iff Molar flow rate of water due to diffusion from the anode to the cathode mol/s
Fh,0,pe Molar flow rate of water from the cathode to the anode due to the pressure effect mol/s

The effects of the independent changes in the molar rates of gas and water on heat
loss during the electrolysis process are determined as follows:

AQcat,
dttz = FIC-qutO,out X CHzO,v,m X (Teat — T1) + Fu, out X CHyo,m X (Teat = Th) = Fr0,mem % CHZO'U'm X (Tan = Tear) (11)

Qa2
datn = [(FILEIZO,OM + PHZO,mem + FHZO,con) X CHZO,v,m + FOZ,out X COZ,v,m} X (Tun - Tl)

The specific parameters and variables in the formula are shown in Table 11.

Table 11. Parameters and variables of the heat formula for the independent variation in the molar

flow rates of gas and water.

Symbol Name Unit
Ty Environmental temperature K
Parameters CH,0,0,m Constant capacity for the molar-specific heat capacity of water J/(mol-K)
Qcat 2 Cathode heat due to independent changes in molar flow rates of gas and water J
Qanp Anode heat due to independent changes in molar flow rates of gas and water J
Fg‘;tor out Molar flow rate of the water outlet in the cathode mol/s
Variables Fr, out Molar flow rate of the hydrogen outlet in the cathode mol/s
Fi 0 0ut Molar flow rate of the water outlet in the anode mol/s
Fo,,out Molar flow rate of the oxygen outlet in the anode mol/s
CH,,0,m Constant capacity for the molar-specific heat capacity of hydrogen J/(mol-K)
Co,0,m Constant capacity for the molar-specific heat capacity of oxygen J/(mol-K)

In the electrolysis process, the molar flow rates of water consumption and transmission
from the anode to the cathode through the proton-exchange membrane are minute, while
the molar flow rates of gas and water outlets at the anode and cathode are relatively large.
However, a comprehensive analysis shows that the molar flow rates of gas and water are
slower than the operating voltage, resulting in sluggish heat change.

3.4. Effects of Combined Changes in Operating Voltage and Molar Flow Rates of Gas and Water on
Heat Loss in the Electrolysis Process

According to the superposition principle, heat variations in the cathode and anode
under the two operating conditions mentioned above are superimposed. The combined
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changes in operating voltage and molar flow rates of gas and water in the electrolysis
process affect the heat are as follows:

d%cut _ dQcm‘,l*dQcat,Z
=

dt
dQJ _ ann,lfdQun,Z (12)
dt dt

The specific variables in the formula are shown in Table 12.

Table 12. Variables of the heat formula for combined changes in operating voltage and molar flow
rates of gas and water.

Symbol Name Unit
0 Cathode heat due to combined changes in operating voltage and molar flow rates of ]
cat gas and water
Variables
0 Anode heat due to combined changes in operating voltage and molar flow rates of gas ]
an

and water

3.5. Effect of Heat Change on Operating Temperature

According to the specific heat capacity formula, the operating temperatures of the
cathode and the anode are determined as follows:

d
d?m = o%ctg
t DG
dQan (13)
ATen _ _dt
dt — 0.5C

The specific parameters in the formula are shown in Table 13.

Table 13. Parameters of the operating temperature formula.

Symbol Name Unit

Variables Cy PEM electrolysis device’s thermal capacity J/K

The operating current, gas molar flow rates, and water molar flow rates all affect the
balance of internal heat generation and loss, causing a wide range of operating temperature
changes, which affects the electrolysis rate and efficiency. The above three are coupled and
constrained by each other; therefore, it is necessary to build appropriate control strategies
to improve the electrolysis rate and efficiency.

4. PEM Electrolysis Device Self-Sustaining Control Strategy
4.1. PEM Electrolysis Device Self-Sustaining Control Definition

By controlling the input and output energy—substance of the PEM electrolysis device
in real time, the operating temperature is dynamically adjusted to keep the efficiency at a
high level by using the heat generated and lost during the operation of the PEM electrolysis
device, which is defined as “self-sustaining control” in this paper. Specifically, the molar
flow rates of the cathode and anode gas and water outlets inside the PEM electrolysis
device and the electrical power input from the external DC power supply are adjusted to
maintain constant operating temperatures at the cathode and anode. The Faraday efficiency
and electrolysis efficiency are optimal when the internal gas pressure is at atmospheric
pressure [31,32], and at this time, the molar flow rate of the internal cathode and anode
gas outlets is equal to the molar flow rate of the produced gas. The whole control process
is aimed at maintaining a constant operating temperature to match the power variation
within the constraints of the electrolysis efficiency. This is shown in Figure 4.
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Internal gas and
water valves

External DC
voltage source

-

Gas molar . The molar flow rate at the cathode
——-Slow adjustment speed— and anode gas outlets is equal to the
flow rate
molar flow rate of the produced gas
\ Internal
/ heat loss
heat  |—®{ temperature
change change
Internal
Input power ——Fast adjustment speed—=| Operating current —» heat
production

Tea>353.15K
or
Tar>353.15K

A

Figure 4. Self-sustaining control definition.

4.2. PEM Electrolysis Device’s Electrolysis Efficiency Definition

Based on the high heating value of the hydrogen produced by the PEM electrolysis
device, and the external water circulation device that provides water circulation, the
electrolysis efficiency is redefined by looking at the overall energy system, as shown
in Figure 5.

High heating value of
hydrogen generation

> Chemical Energy

Internal input electrical
energy

Electrolysis
efficiency

Total Energy

The external water
circulation device does
the work

Figure 5. Definition of electrolysis efficiency.

Assuming the efficiency of the external water circulation device is 0.85, the work it
performs is specified as follows:

t(ran cat 18 xgxhy
B fo( Hy0,0ut T FH0,con +PHZO,out>dt X 1000

Wo 0.85

(14)
The specific parameters and variable in the formula are shown in Table 14.

Table 14. Parameters and variable of the formula for the external water circulation device’s work.

Symbol Name Unit
g Gravitational acceleration m/s?
Parameters
hew Water refill tank height m

Variable Wy Work performed by the external water circulation device J
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The high heating value of the generated hydrogen is specified as follows:

t
Wy, = /0 Frpy gendt X Qpy HHV (15)
The specific parameter in the formula is shown in Table 15.

Table 15. Parameter of the high heating value formula for the production of hydrogen.

Symbol Name Unit

Parameter QH,, HHV High heating value per mole of hydrogen J/mol

Then, the electrolysis efficiency of the PEM electrolysis device is defined as follows:

Wh
. > (16)
fo Ucenr Icelldt + Wy

Heell =

The specific variable in the formula is shown in Table 16.

Table 16. Variable of the electrolysis efficiency definition formula.

Symbol Name Unit

Variable Heell Electrolysis efficiency -

4.3. PEM Electrolysis Device’s Energy Consumption Ratio Definition

The cost-effectiveness of hydrogen production can be calculated by converting the cost
of electricity and water consumption. The cost of electricity can take into account surplus
power generated from wind, solar, and hydropower, which can significantly reduce the
cost of hydrogen production. At the same time, the energy consumed per unit of time to
produce one mole of hydrogen is defined as the energy consumption ratio [33], which is
expressed as follows:

an cat 18x gxhy
u I (FHZO,out + FHZO/CUH + FHZO,out) X 1§OO
_ Ugen X Loy + 055 17
Cp = F (17)
Hj,gen

The specific variable in the formula is shown in Table 17.

Table 17. Variable of the energy consumption ratio formula.

Symbol Name Unit

Variable Cg Energy consumption ratio J/mol/s

4.4. PEM Electrolysis Device’s Self-Sustaining Control Interval Division

In the PEM electrolysis device, the optimal operating temperature of the cathode
and anode is 338.15 K, and the division for the self-sustaining control interval is specified
as follows:

(1) When the operating temperature of the cathode or anode is in the range of
323.15-353.15 K, the disturbance observation method is adopted to adjust the molar
flow rate of the cathode or anode water outlet, so that the operating temperature
keeps tracking the optimum value of 338.15 K by changing the heat lost internally.

(2) When the operating temperature of the cathode or anode is lower than 323.15 K, the
gradient-rise method is used to reduce the molar flow rate of the cathode or anode
water outlet, so that the operating temperature quickly returns to the normal operating
temperature by changing the heat lost internally.
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electrolysis device, the operating voltage and the molar flow rates of water outlet of the

When the operating temperature of the cathode or anode is greater than 353.15 K, the

gradient-down method is used to reduce the operating voltage, so that the operating
temperature can be quickly restored to the normal operating temperature by changing

the generated heat internally.

In summary, and based on the electrothermal-coupling dynamic model of the PEM

cathode and anode are used as the control variables; the molar flow rates of gas outlet of the

cathode and anode are used as the disturbance variables; and the operating temperature of
the cathode and anode are used as state variables. The gradient-disturbance observation
method is used according to the division of operating temperature to make the operating
temperature of the cathode and the anode constant under the variation of input power

at near the set value of 338.15 K in order to improve the hydrogen production rate and
electrolysis efficiency. The details are shown in Figure 6.
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The upper and lower bound constraints on the molar flow rates at the cathode and
anode gas and water outlets are specified as follows:

FHz,out = FHz,gen

Fi1,0,mem < Fifiooue < 014 mol/s s
' 18
FOz,Out = FOZ,gen

0< FPQIZO,out < 0.14 mol/s

The direction that causes the fastest change in operating temperature is along the
gradient direction of the relationship function between the operating temperature and
the cathode and anode water export molar flow rates and operating voltage; this can be
performed by adjusting the cathode and anode water export molar flow rates and the
operating voltage, followed by adjusting the operating temperature, as determined by the
following formula:

et _ 3% Leen Tan 3 %Neent

U —  0.5C U — 0.5C 19

0w Cr00m* (Teat—Th) Ty Coopm*(Tan—T1) (19)
aFIc-gO,out 0.5C; aFI”‘I;O,OMf 0.5C;

The learning rate of the gradient method is the step size of the control variable update.
The dynamic equivalent circuit of the PEM electrolysis device is a first-order circuit; when
the excitation changes abruptly, the response changes dynamically at 1/7 rate, and when
Tt is maximum, then the learning rate is set as follows:

& = 0.000001—— (20)

Teat

The specific variable in the formula is shown in Table 18.

Table 18. Variable of the gradient method learning rate formula.

Symbol Name Unit

Variable e Learning rate of gradient method -

In the range of T1 < Ter <323.15K or Ty < Ty < 323.15K, a gradient-rise method is
used to increase the operating temperature by reducing the molar flow rate of the water
outlet in the cathode or the anode as follows:

cat — peatpew _ peatold _ 4 5 9Tear
- - cat
HyO,0ut HyO,out HyO,0ut aFHZO,(mt
(21)
an — pannew _ panold _ > 9Ty,
HyO,0ut HyO,0ut HyO,0ut Ilzl’;O,aut

The specific variables in the formula are shown in Table 19.

Table 19. Variables of the gradient-rise method formula.

Symbol Name Unit
F Ei’ézle[w New value after updating the molar flow rate of the water outlet in the cathode mol/s
Variabl fgégiii Old value before updating the molar flow rate of the water outlet in the cathode mol/s
ariables Fg:éﬁf” New value after updating the molar flow rate of the water outlet in the anode mol/s
an,old Old value before updating the molar flow rate of the water outlet in the anode mol/s

HyO,out
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In the range of 323.15 K < Ty < 353.15 K or 323.15 K < T, < 353.15 K, to make
the cathode or the anode operate near the optimal operating temperature of 338.15 K,
the operating temperature interval is divided by Ty = 338.15 K or T, = 338.15 K, and
the disturbance observation method is used within the control variable’s constraint. The
current optimal value is continuously accepted to indirectly control Tt and Ty, and the
difference between the new value after disturbance and the old value before disturbance is

specified as follows:

cat __ pcatmnew __ rcat,old
AFHzO,Dut - FHZO,out FHZO,aut (22)
AFan — pannew _ Fzm,old

HZO,out HyO,out HyO,out

The specific variables in the formula are shown in Table 20.

Table 20. Variables of the formula for the disturbance observation method.

Symbol

Name Unit

AFcat

H,0,out

Difference between the new value and the old value of the molar flow rate at the

water outlet in the cathode after and before the update mol/s

Variables

AFHH

H,0,out

Difference between the new value and the old value of the molar flow rate at the

. 1
water outlet in the anode after and before the update mol/s

Fcat

Hy

an
FH2

O,out =

O,out —

In the range of 323.15 K < T < 338.15 K or 323.15 K < Ty, < 338.15 K, the operating
temperature is increased by reducing the molar flow rate of the water outlet in the cathode
or the anode as follows:

cat __ pcatnew cat
{FHZO,out - FHZO,out AFHZO,oui‘ <0 (23)

an __ pannew an
FHZO,out - FHZO,out AFHZO,om‘ <0

In the range of 338.15 K < T < 353.15 K or 338.15 K < Ty, < 353.15 K, the operating
temperature is reduced by increasing the molar flow rate of the water outlet in the cathode
or the anode as follows:

cat __ pcat,new cat
{FHZO,out - FHZO,out AFHZO,out >0 (24)

FILZIZO,OM = Fl?ggf’;‘itt APILEIHZO,out >0
To regulate the operating temperature of the cathode or the anode more smoothly,
the operating voltage that changes with the input power is introduced when there is
little fluctuation around Ty = 338.15 K or T, = 338.15 K, and small amplitude adaptive
regulation is used as follows:

e, = Fi £ 107Uy (337.65 F 0.5)K < Ter < (338.65 F 0.5)K

Fe = Fipga, F10™ Uy (337.65 F 0.5)K < Ty, < (338.65 F 0.5)K

(25)

In the range of T¢qt > 353.15 K or Ty, > 353.15 K, the molar flow rate of the water outlet
in the cathode or the anode is increased at this time by using the disturbance observation
method to reach the upper limit. To reduce the heat generated by the operating current and
avoid high-temperature damage, a gradient-down method is used to adjust the operating

voltage to reduce the operating current as follows:

aTcmf aTan
aucell aucell

__yynew __ qyyold
Ucer1 = cell — ucell —ax (

(26)

The specific variables in the formula are shown in Table 21.
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Table 21. Variables of the gradient-down method formula.
Symbol Name Unit
ursy New value after operating voltage update mol/s
Variables
Ugelfl Old value before operating voltage update mol/s

5. Example Analysis
5.1. Rated Operating Conditions of the PEM Hydrogen Production System

For PEM water electrolysis devices, the values of «cat and aan are usually taken as 0.5
and 2 [34], respectively, while a is equal to 1 [19], as stated in the literature. In the present
study, a single PEM electrolysis device has a rated power of 500 W and a proton-exchange
membrane area of 160 cm?, with the anode using Ir-based catalysts and the cathode using
Pt-based catalysts. The corresponding Jo ¢z and Jo 4, values are 1 x 1073 and 1 x 107° [28],
respectively. In most of the literature, during the process of modeling PEM electrolysis
devices or stacks, only a single electrolysis device is considered, and it is assumed that all
single electrolysis devices in the stack have the same dynamic behavior [35]. Therefore,
linear stack parameters are calculated based on the parameters of a single PEM electrolysis
device and the number of linearly stacked PEM electrolysis devices. In this study, a
simulation experimental analysis is performed by linearly stacking 100 PEM electrolysis
devices to form a hydrogen production system. The rated power of the PEM hydrogen
production system is 50,000 W, and the specific operating conditions are shown in Table 22.

Table 22. Parameters of the PEM hydrogen production system’s rated operating conditions.

Symbol Name Value Unit
Peenr Rated power 50,000 W
Tan Anode operating temperature 338.15 K
Teat Cathode operating temperature 338.15 K

Fﬁ;o, out Molar flow rate of the anode water outlet 1.4 mol/s

Fl(ifzto, out Molar flow rate of the cathode water outlet 2 mol/s
1 cell Electrolysis efficiency 74.3% -

Parameters Neell Number of stacked PEM electrolysis devices 100 -
Asem PEM area 160 cm?

a Water activity in the anode 1 -

ooy Typical values for the charge transfer coefficient 0.25 )

at the cathode
o Typical values for the charge transfer coefficient 0.8 )
at the anode
Jo,cat Exchange current density on the cathode electrode 103 -
Jo,an Exchange current density on the anode electrode 1076 -

5.2. Comparative Analysis of Cathode and Anode Operating Temperatures

The same power is input to the PEM hydrogen production system under the un-
controlled mode and the self-sustaining controlled mode operation, and a variable input
power comparison simulation experiment is conducted, where the input power is shown
in Figure 7.
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Figure 7. Input power of the PEM hydrogen production system.

From

the start of the PEM hydrogen production system to the end of the input power

change cycle, the self-sustaining controlled mode reaches the normal operating temper-
ature earlier than the uncontrolled mode, and fluctuates around the optimal operating
temperature of 338.15 K, as shown in Figures 8 and 9.
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Figure 8. Cathode operating temperature.
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Figure 9. Anode operating temperature.

5.3. Comparative Analysis of Operating Voltage and Current

From the start of the PEM hydrogen production system to the end of the input power
change cycle, due to the temperature being maintained near the optimum value under the
self-sustaining controlled mode, the electrochemical reaction rate is accelerated. Compared

to the uncontrolled mode, the operating voltage is lower and the operating current is higher,
as shown in Figures 10 and 11.

240
235

Figure 1

r — Self-sustaining controlled mode
- —— Uncontrolled mode

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
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0. Operating voltage.
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Figure 11. Operating current.

5.4. Comparative Analysis of Hydrogen and Oxygen Production Rates and Production Volumes, as
well as Cathode and Anode Water Intake

From the start of the PEM hydrogen production system to the end of the input power
change period, due to the self-sustaining controlled mode having a higher operating
current than the uncontrolled mode, according to Faraday’s law, the average hydrogen and
oxygen production rates are increased by 0.275 mol/min and 0.14 mol/min, respectively,
while the hydrogen and oxygen production volumes are increased by 5.5 mol and 2.8
mol, respectively. The water intakes of the anode and cathode are reduced by 1064.3 mol
and 1231.8 mol, respectively. The input energy—substance decreases while the output
energy-substance increases, as shown in Figures 12-17.
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Figure 12. Hydrogen production rate.
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Figure 17. Anode water intake.

5.5. Comparative Analysis of Electrolysis Efficiency and Energy Consumption Ratio

From the start of the PEM hydrogen production system to the end of the input power
change period, the self-sustaining controlled mode has a higher electrolysis efficiency
and lower energy consumption ratio than the uncontrolled mode, with an increase in
electrolysis efficiency of 3.9%, as shown in Figures 18 and 19.
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Figure 18. Electrolysis efficiency.
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6. Conclusions

Based on the energy-substance conservation principle of PEM electrolysis devices
and by taking into account various factors, such as temperature and current, during
the operation process, an electrothermal-coupling dynamic model was constructed. A
self-sustaining control strategy based on the gradient-disturbance observation method is
designed. Without the need for an external cooling device, the temperature of the anode
and cathode can be dynamically adjusted using the heat generated and lost during the
operation to maintain a high hydrogen production rate and high electrolysis efficiency.

A simulation model of a hydrogen production system with 100 linearly stacked PEM
electrolysis devices was built in the MATLAB/Simulink environment. A comparative
analysis of the operating temperature, operating voltage, operating current, inlet flow rate,
hydrogen and oxygen production volumes, hydrogen production rate, oxygen production
rate, electrolysis efficiency, and energy consumption ratio was carried out between the
self-sustaining controlled mode and the uncontrolled mode. The following conclusions are
obtained:

(1) The electrothermal-coupling dynamic model of PEM electrolysis devices fully con-
siders factors such as heat carried away by hydrogen and oxygen and difference in
temperature between the anode and cathode, which is more in line with the actual
situation.
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(2) By considering the efficiency and the work performed by the water circulation device,
the PEM hydrogen production system itself and the external water circulation device
are regarded as a whole energy—substance system, and a new concept of electrolysis
efficiency is defined, which fully reflects the energy-substance conversion of the entire
process of electrolyzing water to produce hydrogen.

(3) The PEM hydrogen production system can maintain the operating temperature of
the anode and cathode at around 338.15 K even if the input power changes in the
self-sustaining controlled mode.

(4) The operating voltage of the PEM hydrogen production system in the self-sustaining
controlled mode is lower and the operating current is higher than those in the uncon-
trolled mode.

(5) In the self-sustaining controlled mode, the PEM hydrogen production system low-
ers the water intake by 1064.3 mol and 1231.8 mol for the anode and the cathode,
respectively, and the average hydrogen and oxygen production rates are increased by
0.275 mol/min and 0.14 mol/min, respectively. The hydrogen and oxygen production
volumes are increased by 5.5 mol and 2.8 mol, respectively, while requiring less water.

(6) In the self-sustaining controlled mode, the electrolysis efficiency of the PEM hydrogen
production system is improved by 3.9% compared to the uncontrolled mode, and it
has a lower energy consumption ratio.
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