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A B S T R A C T

This paper presents a parameter-adjustable dynamic mass and energy balance process model for a 50 kW proton
exchange membrane (PEM) electrolyzer plant. Energy and mass balances are derived for the electrolyzer stack,
heat exchangers, and gas–liquid separation vessels. These balances, along with semiempirical submodels, are
integrated and solved within MATLAB system blocks connected through a Simulink environment. The model is
validated using experimental data obtained from a comparable industrial plant with similar pressure, power,
and system design parameters. The PEM plant is capable of operating within a pressure range of 5–55 bar. The
electrochemical and thermal behaviors, along with hydrogen production, are compared between the process
model and the actual PEM plant to assess the accuracy of the simulations. The results demonstrate a satisfactory
agreement between the model predictions and experimental data. In nominal operation, 68.5% of the total
power supplied to the stack is converted into hydrogen, while the remaining power is dissipated as heat due
to overvoltages. This excess heat is primarily transferred through the heat exchangers to the secondary leg.
1. Introduction

Hydrogen is primarily used in heavy industries for crude oil re-
fining, ammonia production, and methanol synthesis, accounting for
93% of the total hydrogen consumption. Presently, the main method
of hydrogen production involves the use of fossil fuels. However, the
emergence of green hydrogen (GH2) offers a promising alternative
to mitigate environmental impacts. GH2 is derived from renewable
energy sources (RES) and is labeled as the fuel of the future. Its
distinction lies in being both clean and easily storable, making it a
compelling solution for sustainable energy needs. While the current use
of hydrogen is centered around heavy industries, GH2 is designed to
extend its application beyond this sector. Its intended use spans various
applications, including aviation, maritime transport, and energy [1].

Low-temperature electrolyzers, specifically the proton exchange
membrane (PEM) and the alkaline water electrolyzer (AWE), stand out
as two technologically mature options for industrial-scale GH2 produc-
tion. These electrolyzers use the water electrolysis reaction to produce
high-purity GH2. Among the two, the AWE is more mature and widely
adopted than the PEM, owing to its advantages of low-cost catalysts
and a prolonged lifespan. However, the AWE faces limitations in terms
of achievable current density compared with the PEM. Despite this
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advantage, PEM electrolyzers use expensive catalysts like platinum and
iridium, which could limit their scalability for larger production [2].

This paper will focus on commercial-size PEM electrolyzer plant
modeling, including the stack and essential peripheral unit operations.
So far, the literature has focused on characterizing the electrochem-
ical and thermal behavior at the cell/stack level [3]. Additionally,
there is a scarcity of literature on the simulation and modeling of
PEM water electrolyzer systems that provide detailed characterization
of commercial-size systems that include all the important peripheral
components, such as gas–liquid separation vessels, heat exchangers,
and pumps. To fill this research gap, in this work, a commercial 50 k W
PEM water electrolyzer system is modeled and validated with exper-
imental data from an analogous operating system, aiming to provide
a numerical tool to investigate the dynamic performance and energy
efficiency of such systems.

Examining the published research work on the simulation and
modeling of PEM water electrolyzer systems, Yigit and Selamet [4]
performed a simulation for a PEM system with the target of under-
standing how the stack and the overall system perform and experience
inefficiencies under varying operating conditions. The simulation relied
on mathematical models solved by using MATLAB/Simulink software.
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Nomenclature

Acronyms

AC Alternating current
AWE Alkaline water electrolyzer
DC Direct current
GH2 Green hydrogen
HE Heat exchanger
IGBT Insulated gate bipolar transistors
ODE Ordinary differential equation
PEM Proton exchange membrane
PSU Power supply unit
PtX Power to x
RES Renewable energy sources
SEC Specific energy consumption
Variables

𝛥𝐻 Higher heating value
𝑚̇ Mass flow rate
𝑛̇ Molar flow rate
𝑄̇ Heat flow
𝐴 Surface area
𝐶 Thermal capacitance
𝐷 Diameter
𝐹 Faraday constant
𝐻 Height
ℎ Heat transfer coefficient
𝐼 Current
𝑖 Current density
𝐾 Darcy coefficient
𝑘 Thermal conductivity
𝐿 Length
𝑀 Molar mass
𝑁 Number
𝑛 Coefficient
𝑃 Pressure
𝑝 Model parameter
𝑞 Heat transfer rate
𝑅 Gas constant
𝑟 Model parameter
𝑠 Model parameter
𝑇 Temperature
𝑡 Model parameter
𝑡 Time
𝑈 Voltage
𝑉 Volume
𝑧 Moles of electrons transferred
Cp Specific heat
Nu Nusselt number
Pr Prandtl number
Re Reynolds number

The stack design in the simulation was considered to comprise five cells
with an active area of 100 cm2. The study presented several findings:
(1) Notably, the anodic activation losses and the ohmic losses caused
by ionic resistance were considerably greater than the electronic and
athodic activation losses. (2) Elevating the operational pressure led
o an increase in the stack voltage, coinciding with a reduction in
2 
𝛥 Difference
𝛿 Thickness
𝜂 Efficiency
𝜆 Latent heat
𝜇 Viscosity
𝜌 Density
𝛴 Sum
𝜎 Stefan–Boltzmann constant
𝜏 Time constant
Subscript

A Stack A
act Activation
amb Ambient
an Anode
B Stack B
c Cell
cat Cathode
cd Cold
cn Concentration
con Consumed
cv Convection
cw Cooling water
ef Effective
eo Electroosmotic
F Faraday
gen Generated
h Hot
hc Hydrogen crossover
in Inlet
init Initial
liq Liquid
m Membrane
mp Makeup water
net Equilibrium
oc Oxygen crossover
ohm Ohmic
out Outlet
pe Pressure effect
pp Pump
rd Radiation
rev Reversible
s Stack
s,H2 Hydrogen gas separation
s,O2 Oxygen gas separation
s,l Liquid separation
sec Secondary
SP Set-point
sur Surface
tn Thermoneutral
v Vapor
vap Vaporization
w Water

the overall stack efficiency. (3) Raising the operational temperature,
conversely, lowered the polarization curve of the stack, resulting in an
enhanced overall stack efficiency. (4) Alterations in temperature had
a more pronounced impact on cell voltage than pressure changes. (5)
Lastly, the research compared the losses of the stack with the losses
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in the power supply, pump, fan, controller, and sensors. In all cases
f current densities, the stack losses surpassed the losses of the other

components. However, at lower current densities, the difference in
stack and other component losses was less significant compared with
higher current densities.

Expanding the research field of modeling PEM water electrolyzer
systems, Espinosa et al. [5] developed a model for a high-pressure
6 kW PEM water electrolyzer system, which they validated using
 real-scale demonstration. The entire model was built in Matlab-

Simulink, and several experiments were conducted at different temper-
atures and loads to align the modeled electrochemical behavior with
that of the real system. Their analysis showed that high temperature
and low pressure operating conditions improve electrolyzer efficiency.
Continuing along the same lines, Ni et al. [6] constructed a model for a
EM electrolyzer plant to investigate its energy and exergy efficiency.
he model was validated by using polarization curve data extracted
rom Ioroi et al. [7]. The modeled plant included a single PEM stack,

a heat exchanger, and an oxygen separation unit. The findings of the
study suggest that the energy efficiency of the plant can be enhanced
by using a thinner PEM electrolyte and increasing the temperature of
the operating process.

Hancke et al. [8] analyzed the results from experimental testing of a
2 kW PEM water electrolyzer system. The research focused on investi-
ating the effect of pressure on electrolyzer performance and discussing
he trade-off between stack and system efficiency. The case studies con-
idered scenarios where downstream mechanical compression loss is
educed due to high-pressure stack operation. The study confirmed that
igh-pressure PEM stacks have diminished performance, particularly
bove 30 bar, with a significant drop occurring over 100 bar. It also
evealed that high-pressure PEM water electrolyzer systems consume
ore energy compared to state-of-the-art electrolyzer systems with
echanical compression. However, the business case remains open, and

urther techno-economic optimization studies are needed to determine
he trade-off between systems that combine low-pressure stack oper-

ation with high mechanical compression loss and those that combine
igh-pressure stack operation with reduced mechanical compression
oss.

Pfennig et al. [9] developed an initial model of megawatt-size
PEM water electrolyzer systems. Since the authors did not have access
to industrial measurements, the model was built using parameters
from the literature and operational points from published commercial
PEM stacks. The study aimed to introduce a preliminary approach
o modeling such systems. However, the model only investigated the
erformance of the stack, excluding the peripheral components. The
uthors also noted that there are hardly any corresponding system
odels of this size in the literature that dynamically simulate the
erformance of commercial-scale PEM water electrolyzer systems.

1.1. Aim of the study

Summarizing prior research on PEM electrolyzer plant modeling,
it is evident that there is a scarcity of research articles addressing
commercial- or industrial-scale PEM water electrolyzers as a complete
plant process, including all essential peripheral unit operations. The
majority of modeling articles in the field of PEM electrolyzers tend
to concentrate on characterizing the electrochemical and thermal be-
havior of the stack, rather than considering the system at a holistic
level [3]. Moreover, these studies typically focus on small-scale and
ingle-cell applications within the watt range. Furthermore, verifica-
ion is typically carried out using a single polarization curve at a
ixed temperature. Similar observations were reported from Espinosa-
opez et al. [5] literature review, indicating that while research on
EMWE is extensive, there is limited work on modeling commercial-

scale PEM plant systems that also include all the important peripheral
components, not only the cell or stack.

The novel contributions of our study concerning the PEM elec-
trolyzer plant modeling are summarized as follows:
3 
Table 1
Technical characteristics of the experimental 50 k W plant. The voltage
range is estimated during operation at a constant temperature of 60 ◦C.
Parameter Value Unit

Number of stacks 2 –
Number of cells per stack 40 –
Stack length 98 cm
Stack height 25 cm
Stack width 35 cm
Active cell area 875 cm2

Maximum operating pressure 55 bar
Maximum operating temperature 90 ◦C
Operating cell block current range 0–300 A
Maximum allowable cell block current 750 A
Cell block voltage range 1.27–2.16 V
Total stack voltage range 50.8–86.4 V
Separation tank volume 15.2 L

• The study presents a dynamic mass and energy balance model
methodology to simulate a 50 kW PEM electrolyzer plant process.

• The overall process model incorporates several sub-models for
all unit operations within the PEM system, including stack, gas–
liquid separation vessel, and heat exchanger sub-models. In ad-
dition, the energy and mass balance for each unit operation are
derived and presented in this work.

• Measurements from a commercial 50 kW PEM electrolyzer plant
were collected.

• The measurements were used to build, configure and verify the
dynamic process model. Specifically, multiple measured polar-
ization curves at various temperatures were used to fit the op-
erational polarization curve to the model. Additionally, verifica-
tion was performed at multiple dynamic levels, including stack
temperature, plant hydrogen production, and H2inO2 impurities.
These parameters were compared between the operational plant
and the model to ensure the accuracy of the dynamic simulation.

• The main contribution of this research is the utilization of the
verified 50 kW commercial-scale PEM water electrolyzer process
model to investigate the performance and energy efficiency of
such systems. Mainly, the stack heat balance and SEC are ana-
lyzed, and the energy flow across the plant is illustrated using a
Sankey diagram.

The remainder of the publication is structured as follows: Sec-
ion 2 describes the experimental PEM plant process used to gather the

necessary data. Section 3 presents the dynamic process model and out-
lines the methodology. Section 4 elaborates on the model verification
and discusses the results of the study. Section 5 contains conclusions,
providing a summary of the article and highlighting the main findings.

2. Plant process of proton exchange membrane electrolysis

The PEM electrolyzer plant under investigation is manufactured in
2013. In Fig. 1, a simplified version of the process diagram for the
xperimental setup is presented. The system consists of a total of four
EM stacks, each with a capacity of 25 kW and 100 kW in total. For
hort-term peak loads, the system can be operated at 300 kW for a
aximum of 15 min, whereby the maximum current per cell block is

imited to 750 A (0.857 A cm−2) and the maximum cell block voltage
o 120 V DC. In this study, half of the system, i.e., two stacks, were
perated. As a result, the nominal power supply for the process is
0 kW. The technical characteristics of the experimental setup are
hown in Table 1.

2.1. Process diagram description

As shown in Fig. 1, the PEM electrolyzer plant typically employs
alternating current (AC), initially directed to the power supply unit.
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Fig. 1. Plant diagram of the experimental setup. In the cathode and anode circulation lines, the cathode line carries a two-phase flow of hydrogen gas mixed with water and a
mall fraction of oxygen gas (impurities), while the anode line carries a two-phase flow of oxygen gas and water with a small fraction of hydrogen gas (impurities).
t
e
s

w
s

𝑛

t

The AC electric current is converted into direct current (DC) with a
ransformer and rectifiers. The three common rectifier topologies for

industrial-scale water electrolysis are 6-pulse and 12-pulse thyristor
rectifiers and buck rectifiers based on insulated gate bipolar transistors
(IGBT) [10,11]. In continuation, the DC current, along with AC rip-
ple [12], is supplied to both stack A and stack B, converting the water
nto hydrogen molecules at the catalyst surface of the cathode electrode
nd into oxygen molecules at the catalyst surface of the anode electrode
y the water splitting reaction [9,13]. Each stack is constructed of 40
ells connected electrically in series. The electrolyzer can be operated
p to a maximum pressure of 55 bar. The pressure is regulated by the

gas outlets, and there is the same pressure at the anode and the cathode,
which reduces the mechanical load on the membrane.

The produced hydrogen and oxygen gases exit the stacks as a two-
phase flow of water and gas, flowing into their respective hydrogen
and oxygen separation tanks. The vertical gas–liquid separation tanks
f 15.2 L volume employ gravity mechanisms to separate the gas phase

from the liquid phase [14]. The gas remains in the upper tank area, and
he liquid settles in the lower tank area. The separated hydrogen gas is
ypically stored in an outer storage vessel until use, while the oxygen
as is released into the atmosphere. However, the use or storage of the
roduced hydrogen and oxygen gases is beyond the scope of this study,
nd the gases are vented into the atmosphere.

The liquid from the lower section of the separation tanks circulates
ack to the stacks with the assistance of centrifugal pumps. Centrifugal
umps serve two main purposes. First, they regulate the mass flow rate
ecessary to maintain circulation in the closed loop. Secondly, they
nsure the system efficiency by facilitating the removal of produced
ases from the stack. Additionally, in connection with heat exchangers,
hey control the cooling of the stack and the peripheral units [15].
 t

4 
Before re-entering the stack, the liquid undergoes a cooling process
o achieve the desired temperature. This cooling takes place in heat
xchangers and is crucial for regulating the thermal behavior of the
tack. The heat generated by overpotential losses within the stack can

accumulate, requiring extraction from both the stack and associated
unit operations in the circulation loop.

3. PEM plant modeling

In this section, the methodology for stack- and system-level mod-
eling is presented and explained in detail. The stack-level model con-
sists primarily of electrochemical, thermal, and mass transfer mod-
els. The system-level modeling incorporates the main unit operations
dynamically connected in MATLAB Simulink. These unit operations
include: (1) stack; (2) hydrogen–liquid separation tank; (3) oxygen–
liquid separation tank; and (4) heat exchangers. Furthermore, the
model methodology for each unit is presented and discussed.

3.1. Stack hydrogen production

The total hydrogen production rate in a water electrolysis stack,
hether for the AWE or the PEM, is directly proportional to the

upplied DC current and can be estimated as follows [16]:

̇H2
=
(

𝜂F ⋅
𝑖c ⋅ 𝐴ef
𝑧 ⋅ 𝐹

)

⋅𝑁c, (1)

where 𝑖c represents the current density, 𝐴ef stands for the effec-
tive/active cell area, z denotes the number of moles of electrons
ransferred in the reaction (which is two for hydrogen), 𝐹 represents
he Faraday constant, 𝑁 is the total number of cells electrically
c
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connected in series in the stack, and 𝜂F is the Faraday/current efficiency
of the stack.

Current efficiency 𝜂F losses are primarily caused by shunt currents.
The manifold ducts within the stack can introduce additional resistance
paths, through which a portion of the supplied current may flow [17].
These shunt currents lead to corrosion of the manifold ducts and result
in the loss of current through secondary electrochemical reactions.
Shunt currents are commonly observed in industrial-scale AWE stacks
manufactured as a bipolar configuration [18] owing to the geometric
design and the use of circulating conductive electrolyte. On the other
and, PEM water electrolyzer stacks circulate highly resistive water
nd typically do not exhibit a high level of shunt currents, and thus,
n assumption is often made that the current efficiency is 100%.
evertheless, in this study, the current efficiency is not assumed to be
00%. This approach allows us to examine the validity of the commonly
sed assumption.

3.2. Electrochemical model

The electrochemical reaction in water electrolyzer stacks occurs
relatively fast compared with other physical phenomena. Therefore,
a static characteristic model is sufficient for predicting system-level
performance, allowing us to ignore the details of electrochemical pro-
esses [19]. The overall cell voltage 𝑈c can be expressed as the sum

of the reversible voltage 𝑈rev and additional overvoltages, namely the
activation 𝑈act, ohmic 𝑈ohm, and concentration overvoltages 𝑈cn [20]:

𝑈c = 𝑈rev + 𝑈act + 𝑈ohm + 𝑈cn. (2)

Concentration overvoltages primarily occur at high current densities
ecause of mass transfer limitations. In our case, the current density is

relatively low, 0.34 A cm−2, at the nominal operating point, allowing us
o disregard concentration overvoltages.

3.2.1. Reversible voltage
The reversible voltage represents the minimum electrochemical po-

ential required for the water splitting reaction to occur. It depends on
hermodynamic properties, such as pressure and temperature, and can

be estimated using the Nernst equation as follows [12]:

𝑈rev = 𝑈0
rev + 𝑅 ⋅ 𝑇

2 ⋅ 𝐹
⋅ ln

⎛

⎜

⎜

⎝

(𝑃cat − 𝑃v,w) ⋅ (𝑃an − 𝑃v,w)1∕2

𝑃 3∕2
sd

⎞

⎟

⎟

⎠

. (3)

𝑈rev = 𝑈0
rev + 𝑅 ⋅ 𝑇

2 ⋅ 𝐹
⋅ ln

⎛

⎜

⎜

⎝

(𝑃 − 𝑃v,w)3∕2

𝑃 3∕2
sd

⎞

⎟

⎟

⎠

. (4)

The first term represents the reversible potential 𝑈0
rev under stan-

ard conditions, and the second term expresses the deviation from
tandard conditions due to variations in pressure and temperature.

is the universal gas constant, 𝑇 is the temperature at which the
lectrochemical reaction occurs, 𝑃 is the process pressure, 𝑃v,w is the
ater vapor saturation pressure, and 𝑃sd is the pressure at standard

onditions. It should be noted that the water vapor pressure is assumed
o be equal to the water vapor saturation pressure due to the assump-
ion of thermodynamic equilibrium between the gas and liquid phase
f water. However, because of liquid injection, the water activity of the
atalyst layer cannot be ignored, and this pressure may not actually be
qual to the saturated water vapor pressure. Nevertheless, for the scope
f this study, the saturation water vapor pressure is used. The standard
eversible potential can be empirically estimated as [21,22]:

𝑈0
rev = 1.5184 − 1.5421 ⋅10−3 ⋅𝑇 + 9.526 ⋅10−5 ⋅𝑇 ⋅ ln 𝑇 + 9.84 ⋅10−8 ⋅𝑇 2. (5)

Similarly, the saturated water vapor pressure is empirically calcu-
lated as follows [23]:

𝑃v,w = exp
(

81.6179 − 7699.68
𝑇

− 10.9 ⋅ ln 𝑇 + 9.5891 ⋅ 10−3 ⋅ 𝑇
)

. (6)
t

5 
3.2.2. Activation overvoltage
The activation overvoltage 𝑈act is caused by the reaction kinetics

at the anode and cathode electrode interfaces [24,25]. It can be esti-
mated using Eq. (7), where 𝑡1, 𝑡2, and 𝑡3 are fitting model parameters
ssociated with temperature. Similarly, 𝑠 is a model parameter that
epresents the Tafel slope coefficient, and 𝐼 is the current supplied to

the stack [20]:

𝑈act = 𝑠 ⋅ log
(

𝑡 ⋅
(

𝐼
𝐴ef

)

+ 1
)

= 𝑠 ⋅ log
((

𝑡1 +
𝑡2
𝑇

+
𝑡3
𝑇 2

)

⋅
(

𝐼
𝐴ef

)

+ 1
)

.

(7)

3.2.3. Ohmic overvoltage
The ohmic overvoltage, denoted as 𝑈ohm, arises from the electrical

esistances present within the electrolyzer cell. It signifies the voltage
rop between the anode and cathode electrodes. This drop in voltage is
 consequence of the resistance of the solid material to electric current

and the resistance of the liquid to the transport of ion flux. It can be
estimated using Eq. (8), where 𝑟1 and 𝑟2 are fitting model parameters
related to temperature [20]:

𝑈ohm = 𝑟 ⋅
(

𝐼
𝐴ef

)

= 𝑟1 + 𝑟2 ⋅ 𝑇 ⋅
(

𝐼
𝐴ef

)

. (8)

3.3. Stack thermal model—Energy balance

The temperature of the electrolyzer stack can be estimated using
the lumped-capacitance method. This method offers a straightforward
pproach to dynamically estimate the stack temperature over time. For
n electrolyzer, this method is justified, because the heat convection
rom the stack to the environment is slower than the heat conduction
ithin the body [26]. Therefore, the ordinary differential equation

(ODE) for the stack temperature is formulated as follows:

𝐶 ⋅
d𝑇
d𝑡 = 𝑄̇gen − 𝑄̇liq − 𝑄̇amb − 𝑄̇vap, (9)

where 𝑄̇gen represents the heat generated by overpotentials, 𝑄̇liq indi-
cates the cooling caused by the colder circulating water, 𝑄̇amb denotes
the heat loss to the ambient, and 𝑄̇vap represents the latent heat of
vaporization.

The heat loss from the stack to the ambient is estimated as convec-
ive plus radiative heat transfer [27]:

𝑄̇amb = (ℎcv + ℎrd) ⋅ 𝐴sur ⋅ (𝑇s − 𝑇amb), (10)

where ℎcv is the convective heat transfer coefficient, and ℎrd is the
adiative heat transfer coefficient.

The thermal capacitance of the entire stack is denoted by 𝐶. It
an be determined either theoretically or experimentally. In theoret-
cal estimation, the thermal capacitance is a function of the density,
eat capacity, and volume of each element that collectively forms
n electrolyzer cell [15,27]. In experimental estimation, the thermal
apacitance can be derived from the cooling-down data of the stack.
he theoretical model of Newton’s law of cooling can be fitted to the
ooling-down data to estimate the thermal capacitance of the stack. For
his study, the thermal capacitance is determined experimentally, and

the equations for Newton’s law of cooling are as follows:

𝑇s(𝑡) = 𝑇amb + (𝑇s(0) − 𝑇amb) ⋅ exp(
−𝑡
𝜏
), (11)

𝜏 = 𝐶
ℎ ⋅ 𝐴sur

, (12)

ℎ = ℎcv + ℎrd, (13)

where 𝑇s is the temperature of the stack, 𝑇amb is the ambient temper-
ture, and 𝜏 represents a time constant. In Eq. (13), 𝐴sur stands for

the surface area of the stack, and ℎ denotes the overall heat transfer
oefficient, which is the sum of the convective and radiative heat
ransfer coefficients.
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Fig. 2. Determining stack thermal capacitance by fitting experimental cooling data to
the theoretical model based on Newton’s law of cooling.

The fitting process is performed in MATLAB using the fminsearch
function [28,29]. The results of fitting Newton’s law of cooling (Eq.
(11)) to the cooling-down experimental data are shown in Fig. 2. It
is noteworthy that during the experiment the pumps were closed and
here was no cooling by the circulating water. While the thermal ca-
acitance exhibits some variation with stack temperature, the changes
re minimal, allowing us to assume a constant value to simplify the

calculations. In our scenario, the mean value of the thermal capacitance
function as shown in Fig. 2 is selected as a constant for stack thermal
capacitance, set at 404 k J ◦C−1.

The heat generated by overvoltages across the entire stack is calcu-
lated as [20]:
̇ gen = 𝑁c ⋅ (𝑈c − 𝑈tn) ⋅ 𝐼 , (14)

where 𝑁c is the number of cells connected in series, and 𝑈tn is the
thermoneutral voltage:

𝑈tn = 𝛥𝐻
𝑧 ⋅ 𝐹

, (15)

where 𝛥𝐻 is the higher heating value (HHV) heat of reaction.
The circulating water, flowing through the heat exchangers before

e-entering the stack, plays an important role in cooling down the stack.
his cooling effect is estimated as follows:
̇ liq = 𝑚̇w,in ⋅ Cpw ⋅ (𝑇s − 𝑇w,in), (16)

where 𝑚̇w,in is the total mass flow rate of water at the stack inlet, Cpw
is the specific heat of water (4.18 k J k g−1 ◦C), and 𝑇w,in represents the
water temperature at the inlet.

According to [27,30], the convective heat transfer can be modeled
s a low-velocity forced convection scenario. The Nusselt number for
orced convective flow through a rectangular body can be estimated
mpirically, as shown in Eq. (17). For a slow-moving air flow, the

Reynolds number Re is equal to 5000, and the Prandtl number Pr is
0.7. The convective heat transfer coefficient is calculated as shown in
Eq. (18), where 𝑘 is the thermal conductivity of the air at 20 ◦C, and

s is the total length of the stack.

Nu = 0.66 ⋅ Re0.675 ⋅ Pr1∕3, (17)

ℎcv = 𝑁 𝑢 ⋅ 𝑘
𝐿s

. (18)

The radiative heat transfer coefficient is estimated as shown in
Eq. (19), where 𝜖 is the emissivity of stainless steel, 𝜎 is the Stefan–

oltzmann constant, and 𝑇mean is the mean temperature between the
emperatures of the stack surface and the surrounding area where the
 o
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Fig. 3. Overview of mass transfer mechanisms and cell mass balance.

stack is located. For simplification, the surrounding area temperature
is assumed to be equal to the ambient temperature. The stack surface
temperature is considered equal to the overall stack temperature, ac-
cording to the lumped-capacitance method. This method assumes that
the temperature remains uniform throughout the body.

ℎrd = 4 ⋅ 𝜖 ⋅ 𝜎 ⋅ 𝑇 3
mean. (19)

Concluding, the cooling effect resulting from water vaporization can
e estimated using Eq. (20), where 𝑚̇vw,out represents the total mass
low rate of water vapor at the stack outlet, and 𝜆H2O denotes the latent

heat of vaporization (2308 k J k g−1, 80 ◦C) [31].

𝑄̇vap = 𝑚̇vw,out ⋅ 𝜆H2O. (20)

3.4. Mass transfer model

In water electrolysis, mass transfer occurs between the cathodic and
anodic cell components, involving the transfer of both water and gas.
Three methods of water transfer have been identified in the literature:
(1) diffusion; (2) electroosmotic drag; and (3) water transfer due to
the pressure gradient across the cell [4,32]. Gas transfer, also known
as gas crossover, results from two main mechanisms: (1) convection
and (2) diffusion of the product gases through the membrane. The
onvective mechanism is further divided into two phenomena leading
o gas crossover, namely cell differential pressure and electroosmotic
rag [33].

The overall cell mass balance and the mass transfer mechanisms
considered in this model are illustrated in Fig. 3, where 𝑚̇H2

represents
he mass flow rate of hydrogen production, 𝑚̇O2

is the mass flow rate of
xygen production, 𝑚̇hc is the mass flow rate of hydrogen crossing the
node cell compartment, 𝑚̇oc is the mass flow rate of oxygen crossing
he cathode cell compartment, 𝑚̇pe indicates water transfer from the
athode to the anode due to the pressure gradient, 𝑚̇eo represents water
ransfer from the anode to the cathode due to electroosmotic drag, and
̇ con denotes the water consumption required for the water-splitting
eaction.

It should be noted that, unlike standard PEM electrolyzer cells,
hich receive water only on the anode half-cell for the electrochemical

eaction of water splitting, our experimental setup introduced wa-
er into both half-cell compartments to improve thermal distribution

within the cells and the entire stack and create a uniform temperature
profile. Additionally, the hydrogen gas introduced into the anode half-
cell represents recirculated impurities, and the same applies to the
xygen gas introduced into the cathode half-cell.
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Based on Lin et al. [34], the uniformity of the flow field can
significantly impact the performance of a PEM electrolyzer. This is why
it is generally recommended to design electrolyzers to operate with
niform voltage, flow, pressure, and temperature profiles across the

cells and stack.

3.4.1. Water transfer
In the process of PEM electrolysis, protons (H+ ions) move from

he anode cell compartment to the cathode through the membrane,
nd in this transfer, they can carry water molecules with them. This
henomenon is referred to as electroosmotic drag and is recognized
s the primary mechanism for water transport in PEM cells [32]. The

dragged water molar flow is estimated as:

̇ eo = 𝑛eo ⋅
𝐼
𝐹
, (21)

where 𝑛eo is a water electroosmotic drag coefficient, and it can be
mpirically calculated as [4]:

𝑛eo = 0.016 ⋅ 𝑇 − 2.89556. (22)

The molar flow of water from the cathode to the anode is also driven
y the pressure effect or the pressure gradient present between the half-
ells. Based on Darcy’s law, the estimation of this molar flow is derived

as [32,35]:

̇ pe =
𝐾darcy ⋅ 𝐴m ⋅ 𝜌w ⋅ 𝛥𝑃

𝛿m ⋅ 𝜇w ⋅ Mw
, (23)

where 𝐾darcy represents the membrane permeability to water (1.58 ⋅
10−18 m2), 𝜇w is the water viscosity (1.1 ⋅ 10−3 Pa s), 𝛥𝑃 is the pressure
difference between the cathode and anode half-cells, 𝜌w is the density
f water [36], Mw is the molar mass of water, 𝐴m is the membrane
rea, and 𝛿m (0.018 cm) represents the membrane thickness.

3.4.2. Gas transfer
The gas transfer process is simulated with the assistance of exper-

mental data of H2inO2 impurities from the PEM plant. The recorded
2inO2 values during nominal and minimum current supply are fitted

o Eq. (24). The fitting process is executed with the help of the fmin-
search function in MATLAB [28,29]. The impurities are represented as
an exponential decay function dependent on current supply, a behavior
ocumented in the literature [37].

𝑓 (𝐼) = 𝑝1 ⋅ exp(𝑝2 ⋅ 𝐼). (24)

The experimental values of H2inO2 used for the fitting are presented
n Table 2. It is also evident that there is no substantial difference
etween the 10 bar case and the 5 bar case. The resulting model

parameters, for the 5 bar case, are 0.9889 for 𝑝1 and −0.0013 for 𝑝2.
dditionally, the accuracy of the model is compared with experimen-

al data, as illustrated in Fig. 4. Based on percentage deviation, the
accuracy stands at 92.36%. The fit is slightly off because the model
assumes the mixing of H2inO2 occurs instantaneously. This assumption
results in a faster response of the impurities in the model compared to
the slower response observed in the real operational plant, as shown
in Fig. 4. However, as the precision of the mass and gas transfer is not
the primary focus of this study, the accuracy achieved is considered
satisfactory.

3.5. Cell mass balance

The mass balance equation for the modeled PEM cell is expressed
y Eq. (25). This equation states that the rate of mass accumulation

within the cell is equal to the sum of the total mass flow rate at the
inlet (𝑚̇in) and the total mass flow rate of the produced hydrogen and
oxygen (𝑚̇gen), subtracted by the total mass flow rate at the outlet (𝑚̇out)
and the consumed water (𝑚̇con).
𝑑 𝑚 =

∑

𝑚̇ +
∑

𝑚̇ −
∑

𝑚̇ − 𝑚̇ . (25)

𝑑 𝑡 in gen out con

7 
Fig. 4. Comparison of experimental H2inO2 data with the modeled H2inO2.

Table 2
Experimental values of H2inO2 impurities at various pressures and
current supplies.
Pressure (bar) Current supply (A) H2inO2 (mol%)

5 30 0.959
5 300 0.676

10 30 0.952
10 300 0.676

The total mass flow rate at the inlet is estimated as shown in Eq.
(26), where 𝑚̇w,cat,in is the mass flow rate of water in the inlet of the
cathode side, 𝑚̇H2,cat,in is the mass flow rate of the dissolved hydrogen
gas in the inlet of the cathode side, 𝑚̇O2,cat,in is the mass flow rate of
the dissolved oxygen gas in the inlet of the cathode side, 𝑚̇w,an,in is the
mass flow rate of water in the inlet of the anode side, 𝑚̇H2,an,in is the
mass flow rate of the dissolved hydrogen gas in the inlet of the anode
side, and 𝑚̇O2,an,in is the mass flow rate of the dissolved oxygen gas in
the inlet of the anode side.
∑

𝑚̇in = 𝑚̇w,cat,in + 𝑚̇H2,cat,in + 𝑚̇O2,cat,in + 𝑚̇w,an,in + 𝑚̇H2,an,in + 𝑚̇O2,an,in.

(26)

The total mass flow rate generated within the cell is calculated
as illustrated in Eq. (27). This value results from the product of the
hydrogen and oxygen production within the cathode and anode cell
components, respectively. Thus, the total mass flow rate at the outlet
s estimated according to Eq. (28):
∑

𝑚̇gen = 𝑚̇H2
+ 𝑚̇O2

, (27)

∑

𝑚̇out = 𝑚̇w,cat,out+𝑚̇H2 ,cat,out+𝑚̇O2 ,cat,out+𝑚̇w,an,out+𝑚̇H2 ,an,out+𝑚̇O2 ,an,out. (28)

3.6. System-level model methodology

The system-level process model for the PEM plant is developed
ithin the MATLAB Simulink environment, with the corresponding
iagram illustrated in Fig. 5. A total of eight MATLAB Simulink block

models have been developed: two for the vertical gas–water separation
vessels, two for PEM stacks A and B, and four for each heat exchanger.

he pumps are not explicitly modeled because the mass flow rate after
the pump is considered a model parameter, provided by the user. The
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Fig. 5. MATLAB Simulink block diagram and organization of the models. The diagram depicts a system where blue-colored lines signify oxygen as the primary gas, while red-colored
ines indicate hydrogen. In the Simulink model, individual signal lines are dedicated to hydrogen, oxygen, and water. However, for diagrammatic simplicity, these signals are
ombined into a single line, with distinct colors denoting their respective primary gases. Each block represents a MATLAB model, with the added bullet points indicating the
rimary methodologies used to code the specific unit operations.
e
u

b

MATLAB system block methodology [38] is employed for the process
model. Signals are sent to each block at every time step; the blocks then
perform calculations based on the signal inputs and estimate certain
outputs, which are subsequently sent as inputs to the next block. Each
input/output signal contains four major thermodynamic properties:
mass flow rate, temperature, pressure, and density. These signals can
represent hydrogen, oxygen, or water flow.

3.7. Gas–water separation vessels

The PEM plant incorporates two vertical vessels dedicated to gas–
water separation: one designed for hydrogen–water separation and the
other for oxygen–water separation. Each vessel is modeled individually.
Each model contains its specific mass and energy balances, along with
dimensioning parameters.

3.7.1. Mass balance
The mass balance equation for the vertical gas–water separation

vessels is presented in Eq. (29). This equation states that the rate of
mass accumulation within the vessel equals the total mass flow rate at
the inlet minus that at the outlet. The outlet, in turn, is divided into
two ports: the downer vessel outlet and the upward vessel outlet.
𝑑 𝑚
𝑑 𝑡 =

∑

𝑚̇in − (
∑

𝑚̇out,down +
∑

𝑚̇out,up). (29)

The total mass flow rate at the inlet is shown in Eq. (30), where
̇ H2,A,in is the inlet mass flow rate of hydrogen coming from stack

A, 𝑚̇H2,B,in is the inlet mass flow rate of hydrogen coming from stack
B, 𝑚̇O2,A,in and 𝑚̇O2,B,in stand for the inlet mass flow rates of oxygen
coming from stacks A and B, respectively, 𝑚̇w,A,in and 𝑚̇w,B,in are the
inlet mass flow rates of water coming from stacks A and B, respectively,
nd finally, 𝑚̇ represents the inlet mass flow rate of makeup water.
mp,in t

8 
∑

𝑚̇in = 𝑚̇H2,A,in+ 𝑚̇H2,B,in+ 𝑚̇O2,A,in+ 𝑚̇O2,B,in+ 𝑚̇w,A,in+ 𝑚̇w,B,in+ 𝑚̇mp,in.

(30)

The total outlet mass flow rate at the downer of the vessel is
xpressed in Eq. (31), while the total outlet mass flow rate at the
pward of the vessel is presented in Eq. (32). These mass balances

are solved using separation efficiencies, where 𝜂s,l denotes the sepa-
ration efficiency of water, 𝜂s,H2

represents the separation efficiency of
hydrogen gas, and 𝜂s,O2

signifies the separation efficiency of oxygen
gas. These separation efficiencies serve as model parameters, aiding in
either fitting the model with experimental data of H2inO2 and O2inH2
impurities or establishing assumptions regarding the amount of oxygen
and hydrogen dissolved in the water. Another approach to this is to
model the dissolution of hydrogen and oxygen in water to determine
the amount of dissolved gas molecules leaving the vessel through the
downer and upward outlets [17]. However, these detailed models are
eyond the scope of this study.
∑

𝑚̇out,down = (𝑚̇w,A,in + 𝑚̇w,B,in + 𝑚̇mp,in) ⋅ 𝜂s,l

+ (𝑚̇H2,A,in + 𝑚̇H2,B,in) ⋅ (1 − 𝜂s,H2
) + (𝑚̇O2,A,in + 𝑚̇O2,B,in) ⋅ (1 − 𝜂s,O2

),

(31)

∑

𝑚̇out,up = (𝑚̇w,A,in + 𝑚̇w,B,in + 𝑚̇mp,in) ⋅ (1 − 𝜂s,l)

+ (𝑚̇H2,A,in + 𝑚̇H2,B,in) ⋅ 𝜂s,H2
+ (𝑚̇O2,A,in + 𝑚̇O2,B,in) ⋅ 𝜂s,O2

.

(32)

3.7.2. Vessel thermal model—Energy balance
The lumped capacitance method is used to transiently estimate the

hermal behavior of the vessels, as shown in Eq. (33). In this equation,
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the thermal capacitance of the vessel is expressed as 𝐶v. Additionally,
̇ in represents the total incoming heat resulting from the combined

flows of water, hydrogen, and oxygen at the inlet, while 𝑄̇out signifies
he total heat exiting the system with the outflowing water, hydrogen,

and oxygen. Sensible heat transfer equations are used to estimate both
he total incoming and outflowing heat. Furthermore, 𝑄̇amb represents
he heat dissipated to the ambient environment from the vessel and
s calculated as free convective heat transfer of cylinder. Finally, 𝑄̇mp
enotes the cooling of the vessel caused by the colder makeup water
nlet flow.

𝐶v ⋅
d𝑇
d𝑡 = 𝑄̇in − 𝑄̇out − 𝑄̇amb − 𝑄̇mp. (33)

The lumped capacitance method operates under the assumption
f uniform temperature within the system. Consequently, the vessel
emperature equals the temperature of the outflowing streams. Hence,

outlet is consistently zero because no higher temperature flow exits the
essel.

The thermal capacitance of the vessel is determined by considering
he total volume occupied by water within the vessel, and it can be
alculated as follows:

𝐶v = 𝜌w ⋅ Cpw ⋅ 𝑉L, (34)

where 𝜌w is the density of water, Cpw is the specific heat capacity of
ater, and 𝑉L is the total volume of the vessel that is occupied by water.

3.8. Heat exchangers

The heat transfer between the hot and cold tubes was assumed to
ccur in parallel, and the heat exchanger was modeled as an ideal
omponent. In this setup, the heat transfer phenomena can be ex-
lained using the principles of the first law of thermodynamics [39].

Consequently, the energy balance and the rate of heat transfer can be
haracterized as:

𝑞 = 𝑚̇h ⋅ Cpw ⋅ (𝑇h,in − 𝑇h,out) = 𝑚̇cd ⋅ Cpw ⋅ (𝑇cd,in − 𝑇cd,out), (35)

where 𝑚̇h represents the mass flow rate of the hot water from the
plant process circulation, and 𝑚̇cd denotes the mass flow rate of the
cold cooling water. 𝑇h,in, 𝑇h,out, 𝑇cd,in, and 𝑇cd,out correspond to the
temperatures of the hot water at the inlet, hot water at the outlet, cold
water at the inlet, and cold water at the outlet, respectively.

3.8.1. Closed-loop temperature control logic
During the simulation, the temperature of the stack is controlled by

adjusting the process temperature using an analytical solution within
the heat exchanger sub-model. The temperature set-point and the cool-
ing water temperature are used as initial model parameters. The an-
alytical solution estimates the temperature of the liquid at the outlet
of the heat exchanger based on the given temperature set-point and is
determined as follows:

𝛥Tcd = |𝑇 − 𝑇cw|, (36)

𝑆 = 𝛥Tcd ⋅ Cpw, (37)

𝛥T1 = 𝑇 − 𝑇SP, (38)

𝑄sec = 𝛥T1 ⋅ Cpw ⋅ 𝑚̇h, (39)

̇ cd =
𝑄sec
𝑆

, (40)

𝑄sec,new = 𝑆 ⋅ 𝑚̇cd, (41)

𝛥T =
𝑄sec,new , (42)
2 𝑚̇h ⋅ Cpw

9 
𝑇out = 𝑇 − 𝛥T2, (43)

where 𝛥Tcd is the absolute temperature difference between the process
temperature 𝑇 and the cooling water temperature 𝑇cw, 𝑆 is the specific
energy required to cool the process temperature, 𝛥T1 is the temperature
difference between the process temperature and set-point temperature,
𝑄sec is the amount of heat transferred from the primary leg to the
secondary leg within the heat exchanger, and 𝑇out is temperature of
the primary liquid (hot side) at the outlet of the heat exchanger.

4. Results

As outlined in Section 1, one the primary objectives of this study
s to develop a verified dynamic mass and energy balance model
or a PEM plant. This model will serve as a foundation for future
nvestigations, analyzing the potential of PEM plants connected to RES,

either as standalone units focused on green hydrogen production or
as components within PtX systems. To verify the model, experiments
were conducted using a real PEM plant situated in Karlsruhe Institute
of Technology (KIT), Germany. Throughout these experiments, opera-
tional transient data were recorded, including stack power, total stack
voltage, total stack current supply, liquid temperatures at the anode and
cathode inlets and outlets of the stack, temperatures of individual cells,
mass flow rates of all four pumps, hydrogen production rate, process
pressures at six different locations, H2inO2 impurities, and voltage
across each cell. The experimental data were sampled at one-second
time steps.

4.1. Model verification

The verification and comparison of the model was performed at
three separate levels, namely electrochemical model, stack tempera-
ture, and hydrogen production. To model the electrochemical behavior,
the real polarization curve was compared with the modeled one, as
hown in Fig. 6. The polarization curve of the actual PEM plant was

obtained at three different temperatures: 52.2 ◦C, 56 ◦C, and 58.7 ◦C.
The MATLAB fminsearch function was employed to fit the modeled
polarization curve. The polarization curve fitting process followed the
steps outlined by Ulleberg et al. [20]. At first, each individual measured
polarization curve underwent an initial fitting without considering tem-
perature dependence. This involved fitting Eq. (4) and the first sections
of Eqs. (7) and (8) while estimating the model parameters 𝑟 and 𝑡 for
each case. Subsequently, linear and quadratic curve fitting was applied
to parameters 𝑟 and 𝑡, respectively, to derive preliminary estimations
of 𝑟i and 𝑡i, as demonstrated in the second parts of Eqs. (7) and (8).
inally, these preliminary estimations were validated to ensure that
hey follow the temperature and pressure dependence behavior, and

an overall curve fitting of Eq. (2) was performed. The resulting values
of the electrochemical model parameters are presented in Table 3. For

odel replication, note that the fitting was performed at the stack level,
nd the use of the provided model parameter values estimates the stack
oltage and overvoltages.

In addition to verifying the electrochemical model, the dynamic
hermal behavior of the modeled stack was compared with that of the
eal PEM plant, as shown in Fig. 7. The thermal model demonstrated

satisfactory performance in predicting the actual dynamic stack tem-
perature behavior, with a percentage deviation accuracy of 98.32%,
average relative error of 1.75%, and root mean square error (RMSE)
of 1.2075 ◦C. These results allowed an analysis of the energy balance
within the stack, as illustrated in Fig. 8. The analysis was performed
or both stacks A and B, producing identical results because the stacks
re identical, and thus, only stack A is demonstrated and analyzed. The
tack temperature was maintained constant at 60 ◦C, and the simulation

was run until reaching a steady state for each current supply ranging
from 0 A to 300 A. The only heat source within the stack arises from
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Table 3
Model parameters used in the model.
Sub-model Variable Value Unit Equation

Electrochemical 𝑟1 3.57 Ω cm2 Eq. (8)
Electrochemical 𝑟2 0.46 Ω cm2 ◦C−1 Eq. (8)
Electrochemical 𝑡1 198.77 cm2 A−1 Eq. (7)
Electrochemical 𝑡2 −41319.46 cm2 ◦C A−1 Eq. (7)
Electrochemical 𝑡3 2168180.07 cm2 ◦C2 A−1 Eq. (7)
Electrochemical 𝑠 7.09 V Eq. (7)
Gas transfer 𝑝1 0.9889 – Eq.(24)
Gas transfer 𝑝2 −0.0013 – Eq.(24)
Vessel mass balance 𝜂s,l 1 – Eq. (31) and Eq. (32)
Vessel mass balance 𝜂s,O2

0.99 – Eq. (31) and Eq. (32)
Vessel mass balance 𝜂s,H2

0.99 – Eq. (31) and Eq. (32)
o
t
p

Fig. 6. Comparison of the modeled and measured polarization curves.

the heat generated by overvoltages (𝑄̇gen), which increase gradually
with current supply up to 8.2 k W at nominal load. The lowest means
f cooling is the vaporization of water (𝑄̇vap), which increased with
urrent supply from 0.002 k W to 0.07 k W. The impact of vaporization
ecreases with an increase in pressure; in particular, at pressures

above atmospheric pressure it becomes less significant. Heat loss to
the ambient environment (𝑄̇amb) was constant 0.5 k W across the whole
current supply range, ranking second in magnitude. Lastly, cooling by
circulating water increased with current supply and was estimated to
be 3.6 k W for the anodic side (𝑄̇liq,an) and 4.1 k W for the cathodic side
(𝑄̇liq,cat) at nominal load. The amount of heat transferred from the stack
o the cooling water is lower for the anodic side compared with the

cathodic side. This is due to the fact that the overall mass flow rate
f water entering the anodic side is lower compared with the cathodic
ide. The pump mass flow rates for the case are shown in Table 4.

The final model verification focused on hydrogen production. As
hown in Fig. 9, the modeled hydrogen production closely matched the

measurements from the PEM plant. A minimal deviation was observed,
rimarily due to the submodel of H2inO2 impurities. As shown in

Fig. 4, the model tends to overestimate the amount of hydrogen gas
lost as impurities to the oxygen line. Nevertheless, despite this slight
inaccuracy, the process model can predict the measured hydrogen
production with a percentage deviation accuracy of 98.64%, average
relative error of 1.36%, and RMSE of 0.15 Nm3∕h.

4.2. Analysis of stack and heat exchangers

The SECs of stacks A and B were analyzed across various stack
emperatures within a current supply range. The results were obtained
y running the process model until a steady state was reached for
ach current supply, ranging from 30 A to 300 A. The initial design
 o

10 
Fig. 7. Verification of the thermal model. The measured current supply, recorded at
ne-second intervals, was used as the input for the process model. The resulting stack
emperatures from the model are compared with the values measured from the PEM
lant. The stack temperature is recorded under the same current supply conditions

presented in Fig. 4.

Fig. 8. Energy balance analysis of stack A. Here, 𝑄̇net represents the equilibrium of
the energy balance between the energy entering and leaving the system, which must
always be zero.

parameters used for simulation and data retrieval are given in Table 4.
Fig. 10 shows the SEC of stack A. Both stacks were operated with
identical loads, and no significant differences were observed. Hence,
only stack A was analyzed for simplification.

It is evident that as the stack temperature increases, the SEC de-
creases. This trend comes primarily from the decrease in activation
vervoltage with a temperature rise due to favorable reaction kinetics,
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Fig. 9. Comparison of the modeled hydrogen production with that measured from
the PEM plant. The hydrogen production is recorded under the same current supply
onditions presented in Fig. 4.

Fig. 10. Analysis of stack A SEC at various temperatures. At 50 ◦C, 60 ◦C, and 70 ◦C,
nd in lower current supply ranges, note that the stack temperature did not reach the

set point temperature because of insufficient heat from the stack overvoltages.

thereby enhancing the energy efficiency of the stack [40]. On the
other hand, the ohmic overvoltage increases with a temperature rise,
although with a lesser impact compared with the decrease in activation
overvoltage. As a result, the overall polarization curve decreases with
a temperature increase. This phenomenon is also illustrated in Fig. 6.

Fig. 10 also illustrates that at lower current densities and higher
emperatures, the SEC shows an upside-down U-shape, indicating a
oss of energy efficiency during partial load operation. This occurs

because the stack overvoltages (heat source) are not sufficient to raise
he temperature at 50 ◦C, 60 ◦C, and 70 ◦C, respectively, during a low
urrent supply. In such cases, reducing the mass flow rate of the
ncoming circulating water or installing external heating may enhance
he energy efficiency at partial loads. However, implementing such
n installation should be optimized and evaluated to determine its
conomic viability. This outcome might be an important considera-
ion during RES connected to PEM plants. In these cases, electrolyzer
lants might operate at partial loads for extended periods due to the
ntermittency of renewable electricity production [41].

The heat exchangers were analyzed to determine the precise amount
f waste heat transferred from the primary circulation leg to the

secondary. As shown in Fig. 11, the heat transferred increases with
an increase in current owing to the rise in overvoltages. Consequently,
11 
Table 4
Initial design parameters used for the simulations.
Parameter Variable Value Unit

Pump 1A mass flow rate 𝑚̇pp,1A 1163 k g h−1
Pump 2B mass flow rate 𝑚̇pp,2B 1255 k g h−1
Pump 3A mass flow rate 𝑚̇pp,3A 1329 k g h−1
Pump 4B mass flow rate 𝑚̇pp,4B 1191 k g h−1
Initial stack temperature 𝑇s,init 25 ◦C
Ambient temperature 𝑇amb 20 ◦C
Makeup water temperature 𝑇mp 25 ◦C
Vessel diameter 𝐷vessel 0.1862 m
Vessel height 𝐻vessel 0.5585 m
Set point of heat exchangers 𝑇SP 60 ◦C
Cooling water temperature 𝑇cw 20 ◦C

Fig. 11. Heat transfer to the secondary leg through the heat exchangers.

more heat extraction is required from the primary circulation as the
stack approaches its nominal load. It is also noteworthy that until 70 A
of current supply, no heat is transferred to the secondary leg. This is
ue to the same reason as the upside-down U-shape observed in Fig. 10.

Essentially, the overvoltages are not sufficiently high to elevate the
temperature to the set point, which was 60 ◦C for the simulation case.

Furthermore, it is observed that, in general, a substantial amount
f heat is transferred during the heat exchange process. Specifically,
uring nominal load, heat exchanger 1A transferred 3.3 k W of heat, heat
xchanger 2B 3.6 k W, heat exchanger 3A 4.1 k W, and heat exchanger 4B
.7 k W. Broadly, the amount of heat transferred by each heat exchanger
an be controlled by adjusting the pump mass flow rate. Currently,
or industrial-scale water electrolyzers, this waste heat is not generally
tilized; however, it could serve as valuable heat for nearby residential
reas.

4.3. Power distribution across the plant

The distribution of the power supplied to stacks A and B is shown
in Fig. 12. In the diagram, yellow indicates electrical power, purple
represents chemical power, and red denotes thermal power. It can be
observed that out of the total of 52 kW supplied to the stack, 35.6 kW
is converted into hydrogen, with only 0.04 kW lost to gas impurities,
leaving the remainder as end-product hydrogen, ready for storage and
utilization. On the other hand, 16.4 kW of the total supplied power
is lost to overvoltages and is dissipated as heat. Heat exchangers 1A,
2B, 3A, and 4B extract a total of 14.7 kW of heat, while 1.15 kW is
ost to the ambient environment from the stacks and the gas–liquid

separation vessels. Additionally, 0.15 kW is lost due to the latent heat
of vaporization, and 0.4 kW is cooled through the introduction of cold
makeup water.
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Fig. 12. Sankey diagram illustrating the distribution of power supplied to stacks A and B across the plant.
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In closer analysis and in combination with previous research [15],
several factors can influence the hydrogen production (end-line) and
energy efficiency of a commercial or industrial-scale electrolyzer plant:
(1) stack overvoltages, (2) stack shunt currents, (3) hydrogen impurities
lost on the oxygen side, and (4) hydrogen burned in deoxidizer units.
Our study shows that, unlike alkaline water electrolyzers [15], PEM
electrolyzers do not exhibit any shunt current losses. Additionally, the
amount of hydrogen lost to the oxygen side and burned in deoxidizer
nits is a very small fraction of the total generated. Therefore, as shown
n Fig. 12 and supported by previous studies, the energy efficiency

of the PEM electrolyzer stack and plant is significantly influenced by
the overvoltage losses. Thus, to improve efficiency, the primary focus
should be on reducing the polarization curve (UI) of the stack [42].

Fig. 12 examines the electrical power supplied to the stack and
ts utilization. Specifically, it addresses how much of the supplied
urrent to the stack is lost to overvoltages, how much is converted
nto hydrogen, and generally how the current is distributed, converted
nd utilized throughout the plant process. It should be noted that this
nalysis excludes the energy consumed to power up the four pumps and
he water purification system.

5. Conclusions

In this work, a parameter-adjustable dynamic mass and energy
alance process model of a 50 kW PEM electrolyzer plant was de-
eloped using MATLAB system blocks within the Simulink environ-
ent and validated with experimental data from an analogous PEM
lant. The process model comprises models for the stack, gas–liquid
eparation vessel, and heat exchangers. The stack model integrates
lectrochemical, thermal, and mass transfer submodels, while the gas–
iquid separation vessel model incorporates mass balance and thermal
ubmodels. The heat exchangers are modeled as ideal components, and
eat transfer phenomena are estimated using the principles of the first
aw of thermodynamics.

The verification and comparison was performed at three different
levels, namely electrochemical, thermal, and hydrogen production.
Fitting of the electrochemical model was used to match the real polar-
ization curve with the modeled one. The polarization curve fitting was
performed at various temperatures, and the resulting model parameters
were provided. In addition, the thermal behavior of the modeled stack
howed excellent agreement with the real case, with a percentage

deviation accuracy of 98.32%. Similarly, the comparison of hydrogen
12 
production between the real and modeled cases matched with the
percentage deviation accuracy of 98.64%.

The stack SEC analysis in steady-state conditions for various tem-
eratures showed that a higher stack temperature can enhance the SEC
f the stack. Additionally, the study showed that within low current
upply ranges the heat generated by overpotentials was not sufficient
o increase the temperature of the stack to the set point value. Thus, in
artial load operation, the stack can lose efficiency because of colder
onditions.

The stack heat balance analysis in steady-state conditions showed
hat the latent heat of vaporization and heat dissipation to the ambient
nvironment played a minor role in the cooling of the stack. On the
ther hand, the circulating water to the anode and cathode carried
way most of the generated heat, which was primarily transferred to
he secondary leg through the heat exchangers. In addition, a Sankey
iagram showed the distribution of power supplied to the stacks across
he plant. Out of the total of 52 kW supplied to stacks A and B, 35.6 kW
ecame hydrogen gas, while the remaining 16.4 kW was dissipated as
eat caused by overvoltages.

In conclusion, the paper presented a validated dynamic process
model to predict the electrochemical, thermal, and hydrogen pro-
duction behavior of a 50 kW PEM plant, incorporating all necessary
peripheral components of the system. Future studies that integrate the
model with RES as a standalone unit or as part of a PtX scheme can
provide valuable insights.
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