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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Dynamical modeling of PEMEL
hydrogen production system consid-
ering mass-energy equilibrium.

• Conducting multivariate parameter
sensitivity analysis for proposed system.

• Yielding a Coefficient of Determination
(R-squared) exceeding 97 %.

• Taguchi method, ANOVA, and Pareto
analysis were used to assess parameter
impact on key system performance.

• Temperature significantly affects effi-
ciency and power consumption, while
pressure primarily determines system
power.
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A B S T R A C T

The proton exchange membrane electrolyzer (PEMEL) system offers significant advantages for utilizing renew-
able energy for hydrogen production, owing to its high efficiency and wide operating range. However, the
current research mainly focuses on optimizing the stack and overlooking the modeling of nonlinear behavioral
characteristics and sensitivity analysis related to the dynamics of the mass and energy transfer process at the
system level. Thus, this paper proposes a method for dynamically modeling and conducting multivariate
parameter sensitivity analysis of the PEMEL hydrogen production system, considering the mass-energy
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equilibrium. Temperature, pressure, water discharge, and other factors are integrated to model the PEMEL
hydrogen production system based on the Balance of Plant (BoP). System efficiency, system power, and power
consumption per unit of hydrogen production are utilized as performance indicators. To verify the model's
feasibility, the output characteristics were compared with the experimental results from both stack and system
levels, yielding a Coefficient of Determination (R-squared) exceeding 97 %, which indicates a strong fit between
simulation and reality. Subsequently, three sensitivity analysis methods, Taguchi method, analysis of variance
(ANOVA), and Pareto analysis, were employed to determine the contribution of different parameters to the key
system performance indicators and identify the optimal operating combination. Orthogonal arrays and signal-to-
noise ratio (SNR) analysis facilitated this assessment. Results reveal that the operating temperature had the
highest contribution to system efficiency and power consumption per unit of hydrogen production, reaching
69.48 % and 70.09 %, with the standardized effect far exceeding the minimum threshold of 2.069. Pressure holds
the highest influence on the system power, at 77.98 %. Finally, within the operational feasibility domain of the
system, the calculation ensured that power consumption per unit of hydrogen production remains below 4.7
kW⋅h/m3.

1. Introduction

Currently, the world is rapidly increasing installed renewable energy
capacity to more than 256 GW, accounting for 29 % of global electricity
generation [1], a trend that has been in place since 2012 [2]. The In-
ternational Renewable Energy Agency (IRENA) estimates that 90 % of
energy will come from renewable sources by 2050 [3]. However, with
the growth of renewable energy, some regions are facing a surplus of
renewable energy that cannot be consumed [4]. Hence, the imperative
for expediting the development of electrolytic hydrogen production is
exceedingly urgent [5,6].

Electricity-to‑hydrogen conversion is increasingly acknowledged as
important for achieving grid balancing and fostering deeper integration
within future energy systems [7,8]. Not only does it serve as a crucial
energy storage mechanism and contribute to the accommodation of
more renewable generation, but it can also unlock the potential to act as
an energy router for coupled electricity and natural gas systems [9,10].

In recent years, many countries have actively implemented policy ini-
tiatives to drive hydrogen energy development, thereby accelerating the
transformation of energy structures and advancing the clean production
and diversified utilization of hydrogen energy [11].

Presently, electrolysis of water is considered the most efficient
approach for producing cleaner hydrogen, with its technological ad-
vancements allowing its coupling with other renewable energy sources
[11]. Among several electrolysis technologies, PEMEL is widely adopted
due to a number of advantages [12,13]. Compared to alternative
methods, PEMEL exhibits superior performance in terms of energy ef-
ficiency, hydrogen production rate, power consumption, voltage level,
and adaptability to dynamic power input [14].

The development and optimization of PEMEL hydrogen production
requires expertise across a variety of disciplines. Many researchers have
dedicated extensive efforts to PEMEL systems, focusing on materials,
preparation, design, and assembly, where mathematical models play an
important role. The development of PEMEL hydrogen technology re-
quires interdisciplinary knowledge, with researchers focusing on

Nomenclature

Subscripts and superscripts
oc Open-circuit
act Activation polarization
con Concentration difference
ohm Ohmic resistance
0 Reference/Initial
an Anode
ca Cathode
mem Membrane
gen Generation
cons Consume
eod Electro-osmotic drag
s Stack
tn Thermo-neutral
c Convective
r Radiative
e Environment
cw Cooling water
sep Separator
ad Adsorbed
TOS To the oxygen-water separator tank
x External heat source
sys System
ad Adsorbed
EL Electrolyzer
sm Mass of supply pips

cp Air compressor
PSA pressure swing adsorption
H2sep Hydrogen leaving the phase separator

Symbols
V Voltage, V
p Pressure, Pa
i Current density, A/cm2

T Temperature, K
C Hydrogen concentration, mol/m3

N Molar flow rate, mol/s
Q Heat, kJ
A Area, cm2

h Heat transfer coefficient, W/(m2⋅K)
F Faraday's constant, C/mol
c Heat capacity, J/K
y Mass fraction
MM Weighted average of the molar masses, g/mol
H Molar enthalpy, kJ

Greek Symbols
α Coefficient
ε Emissivity
σ Stefan-Boltzman constant
η Efficiency
ρ Density
γ Specific heat capacity ratio
Δ Variation
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materials, preparation, design and assembly, where mathematical
modeling plays a key role. For instance, Dang et al. [15] established a
multiphysics field model for a high-pressure, single-tank electrolyzer
which meet the expectations at different temperatures and cathode
pressures, thereby facilitating to improvement of the economy of the
whole hydrogen production chain. Guilbert et al. [16] proposed an
equivalent dynamic electrical model for PEMEL, considering its dynamic
characteristics during the abrupt change in the input current. Experi-
mental results have shown that their model can reproduce the dynamic
behavior of the electrolyzer more accurately than some traditional al-
ternatives. Hernández-Gómez et al. [17] used different mathematical
tools to investigate the dynamic voltage behavior of a PEMEL, which
helped to improve the performance by optimizing the electrolyzer
design. Olivier et al. [18] developed a novel modeling approach
employing the keymap technique. This model was subsequently con-
verted into a block diagram and rigorously validated through a fitting
process, successfully capturing the dynamic behavior of a 25-kW
experimental PEMEL. Espinosa-López et al. [19] proposed a steady-
state submodel combined with a lumped-capacitance thermo-dynamic
submodel, accurately predicting the voltage and temperature evolution
of a real-scale electrolyzer. Aubras et al. [20] developed a two-
dimensional stationary PEMEL model considering the electrochemical
reactions under low voltage conditions, which can help to improve the
mass transfer and efficiency. Afshari et al. [21] analyzed the influence of
the polarization voltage on the total voltage loss, and they reported that
the contributions of activation, diffusion, and ohmic losses to the total
voltage loss were 85 %, 3 %, and 12 %, respectively. Hernández-Gómez
[22] developed an equivalent electrical model with adaptive parame-
ters, achieving less than 6 % average error between the model and
experimental data, enhancing voltage prediction reliability. However,
these studies primarily focused on the electrolyzer, leaving the PEMEL
system underexplored. Importantly, they did not consider the implica-
tions of the remaining BoP elements, which could significantly affect the
overall system benefits and performance.

Although the above studies have been done to enhance PEMEL
hydrogen production technology, more in-depth system-level studies are
needed. Building integrated models helps to understand phenomena,
analyze controls, calculate scale, manage energy and optimize opera-
tions more effectively. This approach saves time and resources over
experimentation and simplifies research. For example, Folgado et al.
[23] implemented a device consisting of a PEMEL stack and a set of
auxiliary equipment, which included temperature sensors, pressure
sensors, fans, phase separators, moisture filters, and distilled water
tanks. The system operated properly and measured key electrolyzer
parameters such as current, voltage, hydrogen flow rate, and tempera-
ture. Brezak et al. [24] constructed a mathematical model of the various
system components, such as the electrolyzer, pump, power supply,
separator, tank amplifier, sensors, and measurement instruments. This
enabled them tomakemore profound changes in system functionality by
adjusting the simulation parameters. Yigit et al. [25] developed a
system-level model of a PEMEL system, integrating components like
stack, pumps, cooling fans, storage tanks, and calculated system losses
under various conditions for different current densities. Similarly, Crespi
et al. [26] proposed a numerical model of the electrolyzer system
incorporating both pi-type and switching controllers. This model
incorporated a customized dynamic model describing the main balance
of the unit components to maintain the material and energy balances
during variable load operations. However, these studies lack an analysis
of how the various parameters within the system model influence the
performance of the PEMEL hydrogen production system, an important
aspect of comprehensive studies of the optimal PEMEL system design.

Parametric analysis is essential for modeling the PEMEL hydrogen
production system, enabling the analysis and optimization of the model
parameters to achieve the system's optimal operations. Several studies
have been carried out for parametric analysis of the electrolyzer in order
to optimize the component design. For instance, Karyofylli et al. [27]

employ a Quasi-Monte Carlo (QMC) and Polynomial Chaos Expansion
(PCE) framework to quantify uncertainty in highly nonlinear PEMEL
models. Specifically, they implemented a fast one-dimensional python
solver. Their predicted cell voltages are highly sensitive the PEM
thickness, especially as the current density increases. Norazahar et al.
[28] conducted experimental work to improve the performance and
efficiency of the stack, utilizing Bayesian structural equation modeling.
They simulated the formation of hotspots and the presence of a dry film
in order to identify possible variables or parameters that may lead to
issues related to reliability and safety. Their findings revealed positive
correlations between current density and the hotspot formation, as well
as between water supply to the PEM and membrane drying. Hu et al.
[29] employed an orthogonal experimental approach to investigate the
cross-coupling effect of various operating parameters on PEMEL per-
formance, obtaining optimal parameter combinations such as torque,
temperature, voltage, and water flow rate. Toghyani et al. [30] used
Taguchi method to estimate the anode and cathode operating parame-
ters, including temperature and pressure, while also determining pa-
rameters such as membrane water content, membrane thickness, and
cathode-anode exchange current density. However, despite the para-
metric analysis of the PEMEL electrolyzer in these studies, the analysis
and optimization of parameters at the system level were overlooked,
thereby lacking guidance for coordinated optimization of the PEMEL
hydrogen production system.

Few researchers have made recent studies on optimizing system as-
pects by varying system components and operating conditions using
sensitivity analysis. Laoun et al. [31] developed a nonlinear one-
dimensional model of PEMEL and performed a variance-based global
sensitivity analysis (GSA) on the model to evaluate the effects of oper-
ating conditions and material properties on three objective functions:
hydrogen production rate; voltage efficiency and specific energy con-
sumption, to guide the performance analysis and optimisation of the
system. Hemauer et al. [32] identified BoP and power supply unit (PSU)
investment costs as major future cost factors by estimating and evalu-
ating model uncertainty and sensitivity, while annual operating time
and electricity price were identified as having a significant impact on
hydrogen production costs. Hancke et al. [33] studied in detail the en-
ergy consumption and economic feasibility of running PEMEL at 80,
200, 350, and 700 bar through sensitivity analysis, demonstrating that
further studies of high-pressure PEMEL systems can improve efficiency
and reduce costs. While these studies present some analyses at the sys-
tem level, they do not determine the exact extent to which the param-
eters affect the performance of the system.

Additionally, while several studies have been conducted on the
modeling and parametric analysis of hydrogen production systems, we
notice that there is a lack of research on modeling hydrogen production
systems under dynamic operating conditions, considering both the mass-
energy balance and parameter sensitivity analyses of performance in-
dicator. Current studies rarely balance system-level modeling with
sensitivity analysis under dynamic operation, e.g., Yigit et al. [25]
performed only system-level modeling and did not perform sensitivity
analysis, while Toghyani et al. [30] performed sensitivity analysis only
at the stack level. Thus, in this paper, we attempt to address this research
gap by focusing on the dynamic modeling and parameter sensitivity
analysis of the PEMEL hydrogen production system, aiming to analyze
the influence and contribution of parameters at multiple levels of the
system model. The key steps taken to achieve this goal are outlined as
follows:

1) Considering the effect of BoP on the system performance, we rigor-
ously develop a comprehensive electrochemical and
thermodynamic-based model of the PEMEL hydrogen production
system. This model considers dynamic characteristics and maintains
a mass-energy balance across components such as the PEMEL, phase
separator, deionized water tanks, and other relevant elements.
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2) The simulation results of the PEMEL hydrogen production system
model were validated against the experimental data collected from a
200-kW hydrogen production experimental platform. Various influ-
encing factors were considered, including current density, tempera-
ture, pressure, and water discharge. Electrolysis voltage, system
efficiency, system power, and power consumption per unit of
hydrogen production served as the performance indexes for model
verification.

3) For the first time, we compare three widely adopted sensitivity
analysis methods, including Taguchi method, ANOVA, and Pareto
analysis, with the experimental data of the PEMEL hydrogen pro-
duction system. Standard orthogonal arrays are constructed, and the
SNR of the parameters are analyzed. This enables the determination
of optimal operating conditions, assessment of each parameter's
contribution to system performance and its extent of influence, and
calculation of the feasible domain of the system under the index of
the power consumption per unit of hydrogen production.

The rest of the paper is organized as follows. Section 2 derives the
mathematical model of the electrochemical and thermodynamic-based
PEMEL system and introduces the key metrics to evaluate the perfor-
mance level of the system. Section 3 validates the system performance
and compares it with real-world experimental results to validate the
developed model. Section 4 presents the three sensitivity analysis
methods to determine the magnitude of the contribution of different
parameters to the system's key metrics. The optimal operational modes
and feasible domain of the system are also identified. Concluding re-
marks are given in Section 5.

2. System description and modeling

In this section, the PEMEL is first modeled to simulate the system
behaviors under variable load operations, considering the dynamic
balance of mass and energy for the stack and each BoP. The single-
component models are combined to construct an integrated system-
level model based on the electrochemical properties. In terms of ther-
modynamic properties, ideal liquids, ideal pure gases, and ideal gas
mixtures are considered.

2.1. System description

The overall layout of the PEMEL hydrogen production system is
schematized in Fig. 1, where the PEMEL stack provides water on the
anode side. The oxygen-water and hydrogen-water mixtures leave the
anode and cathode chambers, respectively, and they are collected in a
dedicated separator where the gases are separated from the liquid water
by condensation during cooling and gravity.

The water management subsystem (highlighted in blue) first obtains
water from the deionized water tank. Once the water is introduced into
the system, a pump (P-001) is used to ensure sufficient water supply to
the system. After leaving the oxygen-water separator tank, the water
continues to flow to the water control and recirculation stage. The
recirculation pump (P-002) controls water flow after the oxygen-water
separator tank, injecting it into the PEMEL stack. The power subsys-
tem (highlighted in green) of the stack is responsible for providing DC
power to the electrolysis process that produces hydrogen. The cooling
subsystem (highlighted in orange) consists of two heat exchangers for
the water management subsystem. The hydrogen production subsystem
(highlighted in purple) needs to be designed to ensure all safety pa-
rameters as well as the correct drying of the hydrogen, eliminating the

Fig. 1. Structure diagram of PEMEL hydrogen production test bench.
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humidity that may be contained and sending the extracted water to the
oxygen separator tank. The drying stage is based on pressure swing
adsorption (PSA), a cyclic process that uses a solid adsorbent to remove
impurities from the gas. The absorbed water is sent to the separator tank
following the same process described earlier. In conjunction with the
above system configuration, the PEMEL hydrogen production system is
modeled around the power reactor and the main BoP components, such
as the phase separator, water supply cooler, and pump. The PEMEL
model is divided into electrochemical and thermodynamic models,
while the BoP components are modeled for the mass and energy bal-
ances during their operation.

2.2. PEMEL stack

The PEMEL's nonlinear behavior, considering mass and energy bal-
ance, is modeled using its electrochemical and thermodynamic proper-
ties. When modeling PEMEL, the following assumptions are made:

1) The anode and cathode chambers are fully saturated with water
vapor;

2) Water cannot be compressed;
3) The gas/liquid phases can be separated;
4) All hydrogen enters the separator without escaping.

2.2.1. Electrochemical model of the PEMEL stack
Ideally, the decomposition voltage of water is 1.229 V, which is

calculated from the thermochemical decomposition voltage of water.
However, in actual electrolysis, the actual voltage required is often
higher than this theoretical value for a variety of reasons, and this extra
voltage is known as overpotential. The operating voltage of the elec-
trolyzer, denoted by V, consists of four parts, namely, the open-circuit
voltage VOC, the activation overpotential Vact, the concentration over-
potential Vcon, and the ohmic overpotential Vohm, i.e.,

V = VOC +Vact +Vcon +Vohm (1)

These four parts can be derived from electrochemical reaction
kinetics:

VOC = E0 +
RT
2F

[

ln
(
pH2

̅̅̅̅̅̅̅pO2

√

aH2O

)]

E0 = 1.229 − 0.9× 10− 3(T − 298)

Vact =
RT

αanF
arcsinh

(
i

2i0,an

)

+
RT

αcatF
arcsinh

(
i

2i0,cat

)

Vcon =
RT
nF

ln
C1

C0

Vohm = Vmem
ohm = RmemI

(2)

where pH2 and pO2 denote the partial pressures of hydrogen and oxygen,
respectively, and αH2O denotes the water activity between the electrode
and the membrane (1 for liquid water). The gas molar constant R is
8.3145 J/(mol⋅K), and the Faraday's constant F is 96,485C/mol. E0 de-
notes the standard potential of the electrolyzer; i0,an and i0,cat the current
exchange densities, which are in the ranges of 10− 9–10− 12 A/cm2 and
10− 4–10− 3 A/cm2, respectively; αan=2 and αcat=0.5, the anodic and
cathodic charge transfer coefficients, respectively; C1 and C0 denote the
hydrogen concentration at the membrane-electrode contact surface and
the hydrogen concentration under reference operating conditions,
respectively; n is the sum of the absolute values of the valence, Vmem

ohm is
the and the ohmic overpotential of the proton exchange membrane and
Rmem is the equivalent resistance of the membrane. Meanwhile, the mass
balance inside the stack is also the basis for solving the electrochemical
equations and modeling the mass balance of the system. The material or
mass balance in the anode, cathode, and membrane are described by (3),
(4), and (5), respectively, i.e.,

dNO2

dt
= Ṅin

O2
− Ṅout

O2
+ Ṅgen

O2

dNH2O

dt
= Ṅin

H2O − Ṅout
H2O − Ṅmem

H2O − Ṅcons
H2O

pO2 =
NO2RT
Van

(3)

dNH2

dt
= Ṅin

H2
− Ṅout

H2
+ Ṅgen

H2

dNH2O

dt
= Ṅin

H2O − Ṅout
H2O + Ṅmem

H2O

pH2 =
NH2RT
Vcat

(4)

Ṅeod
H2O =

ndI
F

(5)

where Ṅin
i and Ṅout

i denote the molar flow rate of gas and water input and
output, respectively. Ṅgen

i denotes the molar flow rate of gas, Ṅcons
H2O de-

notes the molar flow rate of consumed water and Ṅmem
H2O denotes the flow

rate of water through the proton exchange membrane. The molar flow

rate of water can be expressed as Ṅeod
H2O. Furthermore, Van and Vcat is the

volume of the anode and cathode chambers, nd denotes the electroos-
motic resistance coefficient [molH2O/molH+ ]. Presently, there is no well-
accepted theory for the quantification of electroosmotic resistance, and
thus, empirical values are normally used in practice.

2.2.2. Thermodynamic model of the PEMEL stack
Temperature has a significant effect on the performance of PEMEL.

The thermal model of the electrolyzer is constructed based on its thermal
equilibrium, and the overall thermal energy balance can be expressed as
[34]:

Ct
dT
dt

= Q̇gen − Q̇loss,s − Q̇cool (6)

where T is the temperature of the stack, and Ct denotes the total heat
capacity. The heat Q̇gen produced by the stack is calculated by

Q̇gen = (V − Etn)I (7)

where Etn denotes the thermo-neutral voltage. It is affected by the
temperature and pressure of the operating environment. The ambient
thermal-neutral voltage is 1.48 V at 298 K and 0.1 MPa, while an
empirical formula is used to modify this value at different temperature
and pressure levels.

To complete the thermal response of the stack, heat loss is added to
the model. A conventional electrolyzer loses heat through heat exchange
with the environment, such as radiation and convection. The external
surface area of the stack is As= 0.7546 m2, and the heat loss Qloss,s to the
environment can be calculated by

Qloss,s = (hc + hr)⋅As⋅(Ts − Te)

Nuf = 0.66Re0.675L Pr1/3

hc =
Nufk
L

hr = 4εσT3
m

(8)

where hc denotes the convective heat transfer coefficient, hr represents
the radiative heat transfer coefficient, Ts denotes the surface tempera-
ture, which is assumed to be equal to the internal temperature, and Te
represents the temperature of the ambient (and the surrounding shell).
For slow-moving airflow (0.2 m/s, ReL≈5000 and Pr = 0.7), the Nussel
number Nuf = 184.0, k is the thermal conductivity and L is the
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characteristic length. Furthermore, Tm is the average Kelvin temperature
of the stack surface and the closed vessel, ε is the emissivity of the outer
stack of the material, and σ is the Stefan-Boltzman constant. We adopt ε
= 0.6 and σ ≈ 5.67 × 10− 8 W/(m2⸱K4) in this paper.

When the electrolyzer is in operation, a specialized water supply
cooler is usually required for heat exchange in order to reach the preset
operating temperature inside and keep it stable. The purpose of the
water supply cooler is to achieve temperature control on the stack by
subtracting the heat from the input of the stack so as to prevent it from
overheating above the temperature set point [35]:

Q̇cool = ccw
(
Tcw,i − Tcw,o

)
= hAHXLMTD

LMTD =

(
T − Tcw,i

)
−
(
T − Tcw,o

)

ln
(
T − Tcw,i

)

T − Tcw,o

Tcw,o = Tcw,i +
(
T − Tcw,i

)
[

1 − exp
(

−
hAHX

ccw

)]

(9)

where Tcw,i and Tcw,o are the temperature of the cooling water into and
out of the electrolyzer, respectively; ccw is the heat capacity of the
cooling water; LMTD denotes the logarithmic mean temperature dif-
ference, indicating the need for auxiliary cooling; hAHX represents the
product of the heat transfer coefficient and area of the electrolyzer.

2.3. BoP subsystem

The above models mainly describe the energy conservation process
in the stack between electricity and heat based on electrochemical and
thermodynamic principles. In addition, modeling and analyzing the BoP
outside of the stack is also important for system performance analysis.
The BoP involves the following models: phase separator, water supply
cooler, PSA, deionized water tank, pump, and pipes. These BoPs achieve
the effect on the system's hydrogen production and energy consumption
through the dynamic material and energy balance, among which the
pump, with their larger power consumption than the other components,
have a significant impact on the system's performance indexes.

2.3.1. Phase separator
A separator is a tank in which the oxygen-water and hydrogen-water

at the anode (or cathode) outlet of an electrolyzer accumulates and is
cooled to allow the liquid water to concentrate and separate the oxygen
or hydrogen by gravity. The gas is then removed from the top of the tank
while the liquid water is discharged from the bottom. The model im-
plements a dynamic mass and energy balance, calculating the amount of
liquid and vapor in the tank and its temperature, pressure, and
composition, as well as the flow rate, temperature, pressure, and
composition of the outlet stream.

ṁin − ṁwater,out − ṁgas,out =
dmsep

dt
ṁin⋅hin − ṁwater,out⋅hwater,out

− ṁgas,out⋅hgas,out − Q̇loss,sep

= hsep⋅
dmsep

dt
+msep⋅

dhsep
dt

(10)

where ṁin is the flow rate of the substance into the separator; ṁwater,out is
the flow rate of water leaving the separator; ṁgas,out is the flow rate of gas
leaving the separator; msep is the mass of the substance in the separator.
hi is the enthalpy of the corresponding substance; Q̇loss,sep is the heat
exchanged with the external environment.

2.3.2. Water supply cooler
In order to prevent high temperatures in the electrolyzer that can

have a negative impact on system performance, it is necessary to set up a
specialized water supply cooler for heat exchange. The water supply
cooler is a counter-flow plate heat exchanger. The unit is modeled as a

series of identical sub-units, given the modular structure of the plates
and assuming that the fluid is uniformly distributed between the chan-
nels. For each control volume, the model solves for mass and energy
balances to calculate the transferred heat and the temperature of the
outlet stream.

2.3.3. PSA
Next, we calculate the gas mass flow rate at the outlet of the phase

separator and the entrained water mass flow rate ṁH2O
ad,PSA (kg/s) is

assumed to be equal to the flow rate of water exiting the phase separator
ṁH2O
out,H2Sep (kg/s), obtainable by solving the equations of mass balance in

PSA

ṁH2
out,H2Sep = ṁH2

out,EL

ṁvap
out,H2Sep⋅yH2 = ṁH2

out,H2Sep

ṁH2O
ad,PSA = ṁH2O

out,H2Sep = ṁvap
out,H2Sep⋅yH2O

(11)

where yH2 and yH2O is the hydrogen mass fraction versus water mass
fraction in the steam leaving the phase separator, ṁvap

out,H2Sep is the flow

rate of the steam leaving the phase separator, ṁH2
out,H2Sep is the flow rate of

hydrogen in the steam leaving the phase separator and ṁH2
out,EL is the flow

rate of hydrogen in the steam leaving the electrolyzer.
The dynamics of the PSA system are related to the accumulation of

gas in the active adsorber and the total mass pressure of the vapor from
the stack to the PSA is calculated as follows:

p =
mvap⋅Tvap

MMvap⋅Vtotal
(12)

where p (Pa) is the pressure of the vapor in the phase separator,mvap (kg)
is the total mass of the gas accumulated in the phase separator, the molar
mass in the adsorbateMMvap (g/mol) is computed as a weighted average
of the molar masses of hydrogen and water, Tvap (K) is the temperature
of the vapor in the phase separator, and Vtotal is the total volume occu-
pied by the vapor.

2.3.4. Deionized water tank
The input variables of the deionized water tank model are the input

temperature, pressure, and flow rate of the inlet stream. The model as-
sumes that the temperature in the tank is uniform and that there are
convective heat losses to the environment. The deionized water tank
collects water to replenish the phase separator, which then provides a
feed of water to the stack. The temperature in the tank is assumed to be
uniform and is obtained by solving the dynamic mass and energy bal-
ances:

ṁfill − ṁTOS =
dmtank

dt

ṁfill⋅hfill − ṁTOS⋅hTOS − Q̇loss,tank =
dQtank

dt

(13)

where ṁfill is the water flow rate supplied to the tank, ṁTOS is the water
flow rate fed to the phase separator, and Q̇loss,tank is the heat dissipated
by the tank in exchange for the outside. hfill is the enthalpy of each
substance in the tank; hTOS is the enthalpy of water leaving the tank,
mtank is the mass of the substance in the tank, Qsep is the heat of the
substance in the tank.

2.3.5. Pump
Assuming constant entropy and mechanical efficiency, the flow

conditions for the pump outlet (pressure and temperature) and power
consumption are calculated from a steady-state model of inlet flow,
temperature, and pressure. The pump model represents the change in
water flow rate based on the operating voltage V applied to the pump as
an empirical relationship. The pump determines the thermodynamic

B. Du et al. Applied Energy 377 (2025) 124644 

6 



state of the output flow ṁpump and the mechanical power consumption
required by the pump:

ṁpump = 115.23V − 1.21 (14)

The module is modeled based on isentropic efficiency and the first
law of thermodynamics, implification is available:

ṁpump(hout − hin) =
pout − pin

ρ
Ppump

ṁpump
=
hout − hin

ηpump
=

(pout − pin)
ηpumpρ

Ppump =
ṁpump(pout − pin)

ηpumpρ

Ḣout = Ḣin + Ppump

(15)

where pout and pin are the pressures at the outlet and inlet of the pump.
Respectively, hout and hin are the enthalpies of the inlet and outlet liq-
uids, respectively. ηpump is the pump efficiency. The power required is
Ppump and ρ denotes the density. The output enthalpy Ḣout is equal to the
sum of the input enthalpy Ḣin and the electric power Ppump.

2.3.6. Pipes
According to the law of conservation of mass, the mass of the gas in

the pipeline and the flow rate of the gas in and out of the pipeline have
the following relationship equation:

dmsm

dt
= Fcp − Fsm,out

Fsm,out = ksm,out(psm − pca)

dpsm
dt

=
γRa

Vsm

(
FcpTcp,out − Fsm,outTsm

)

Tsm =
psmVsm

msmRa

(16)

where msm is the mass of the gas in the pipes (kg), Fcp is the mass flow
rate of the air at the inlet of the supply pipes, and Fsm,out is the mass flow
rate of the gas at the outlet of the supply pipes (kg/s). ksm,out is the nozzle
flow coefficient, psm is the pressure in the supply line (Pa), pca is the
pressure of cathod. γ is the specific heat capacity ratio of the gas in the
line, which is 1.4 for air; Ra is the gas constant of the gas in the line; Vsm
is the volume of the supply line; Tcp,out is the temperature of the inlet air
in the supply line, and Tsm is the temperature of the supply line.

2.4. System evaluation index

For the PEMEL hydrogen production system, there are many in-
dicators to measure the performance, such as power, efficiency,
hydrogen production, system power consumption, hydrogen in oxygen,
etc. In this work, the power consumption per unit of hydrogen produc-
tion is considered as the system performance indicator, which can syn-
thesize the effect of hydrogen production and system power
consumption. In this system, it is set that all the hydrogen is purified
after entering the separator from the electric stack, so the indicator of
hydrogen in oxygen is not considered. This paper adopts three test in-
dicators, which are system efficiency, system power, and power con-
sumption per unit of hydrogen production.

For the efficiency of the system, the efficiency η is calculated as in
[36], considering the effect of temperature and hydrogen flow rate on
the system performance:

η =
Ṅgen
H2
LHV

Psys + QPEM

(

1 − T0
Tx

)

+ QH2O

(

1 − T0
Ts

) (17)

where Ṅgen
H2

is the outlet flow rate of H2; LHV is the low heat value of H2;
Psys is the system power; QPEM is the thermal energy provided by the
PEMEL electrolyzer or released to the environment, QH2O is the thermal
energy input to the heat exchanger, T0 and Ts are the temperatures of the
environment and external heat source supplying heat for heating up
H2O,Tx is the temperature of the external heat source. In the system, a
portion of the QPEM can be used to replace the heat QH2O provided by the
external heat source and heat the water to the temperature of the stack,
and another portion is released to the environment. In this case, (18) can
be replaced with:

η =
Ṅgen
H2
LHV

Psys
(18)

For the actual electrolyzer system for hydrogen production,
hydrogen storage, and some auxiliary components usually consume
some additional energy. In this paper, the power consumption of the
electrolyzer and pump is considered, so the actual power of the
hydrogen production system is:

Psys =
VI + Ppump

1000
(19)

Power consumption per unit of hydrogen production (kW⋅h/m3) is
the power consumed by the system tomake each standard cubic meter of
hydrogen. It is calculated as follows for the unit hydrogen production
power consumption:

Phydrogen =
Psys
Ṅgen
H2

⋅Vm⋅3600 (20)

where Vm is the gas molar constant, which is 22.4 L/mol at standard
conditions.

3. Thermodynamic validation of integrated system

After completing the modeling of the aggregate system, incorpo-
rating the mass-energy balance considerations, and determining the
system test metrics, this section aims to verify the feasibility of the
model through experimental validation of PEMEL output characteristics
at both the stack and system levels. This experimental validation will
provide a basis for designing further experiments to analyze system
parameters in the subsequent section.

3.1. System testing and characterization

We have simulated and analyzed the single cell model of the estab-
lished electrolyzer to examine its output characteristics under different
temperatures and pressures. In the process of simulation and analysis,
first, the water flow in the anode runner is set to be sufficient, the
cathode pressure is set to 30 bar, and the load current of the stack is
gradually increased. The corresponding variation curves of the polari-
zation voltage of the single cell with the load current density are ob-
tained, as shown in Fig. 2(a). Then, the water flow in the anode runner is
set to be sufficient, the temperature of the stack is set to 323 K, and the
load current of the stack is gradually increased. The corresponding
relationship curves of the single-cell polarization voltage with the load
current density are obtained, as shown in Fig. 2(b).

From Fig. 2, it can be seen that the polarization voltage of the elec-
trolyzer gradually rises with the increase in the current density. The rate
of voltage increase varies across different current density ranges,
reflecting the distinct impact of activation polarization losses prevalent
in each region. The overall voltage change is consistent with the theory.
With the increase in temperature and the decrease of cathode pressure,
the polarization voltage of PEMEL decreases, but the voltage drop of a
single cell is very small.
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3.2. Model validation

In order to verify the developed model of the PEMEL hydrogen
production system under off-grid standalone operation, we carried out
some tests in an experimental platform of a hydrogen-electricity-
coupled DC microgrid demonstration project located in Cixi, Ningbo,
China. The experimental platform is rich in renewable energy resources,
with more than 500,000 kVA of photovoltaic power installed. The
project relies on the clean power generated by 4MW of photovoltaic and
0.2 MW of wind power to support the operation of 2 sets of 200-kW
hydrogen generators and 10 sets of 60-kW direct-current chargers. In
addition, the project is equipped with 3 MW/6 MWh battery energy
storage and 240 kW fuel cells, which can support grid operation for short
periods of time when the grid is in urgent need. As shown in Fig. 3, the
platform involves a hydrogen production system, a hydrogen separation
system, a drying system, and a water supply and cooling system for the

electrolyzer with a rated power of 200-kW.
The experimental process contains the complete operating condi-

tions of the system with normal startup, loading, to stable operation at
rated power. Subsequently, the load is incrementally increased to reach
150 % of the rated power operation before concluding with a normal
shutdown. Fig. 4 illustrates a comparison between simulation data and
experimental data.

Fig. 4 shows the comparison between the experimental and simu-
lated results of the main parameters representing the system perfor-
mance. The comparison between the five experimental values and the
simulated values shows that the simulated data are basically in agree-
ment with the experimental data. Then, the coefficient of determination
(Rsquared), between the experimental and simulated values is calculated
by (22) to determine the degree of fit of the experimental results:

Fig. 2. Polarization curve of single cell model at (a) different temperatures and (b) different cathode pressures.

Fig. 3. 200-kW PEMEL system experimental platforms.

B. Du et al. Applied Energy 377 (2025) 124644 

8 



Rsquared = 1 −
∑

ΔAi
2

∑
Ai

2 (21)

where ΔAi is the experimental residual value, Ai is the real-machine
data, and the value of Rsquared ranges from 0 to 1, which indicates the
proportion of the variation of the observations that the fitted model can
explain, and the closer the value is to 1, the better the experimental
results. The coefficients of determination of the five data were calculated
to be 99.54 %, 99.70 %, 99.40 %, 97.99 %, and 99.72 %, which are
extremely close to 1, indicating that the simulation fits well with the real
machine. Therefore, the model validation suggests that the system
model can reproduce the dynamic behavior of the real system, allowing
the system to be changed under different conditions or different

operation levels, and the above experimental data are the data basis for
the feasibility of the subsequent sensitivity analysis.

3.3. Sensitivity analysis method

Having validated the model's feasibility, the next step involves
creating an experiment to analyze the system parameters and perfor-
mance through the data analysis tool named Minitab. Specifically, we
operated with a computer equipped with an AMD Ryzen 77840H pro-
cessor and 16 GB of RAM, based on Windows 11, and used Minitab
version 21 for the sensitivity analyses. In particular, we used the Design
of Experiments (DOE) module and the Quality Tools module, which
provide rich statistical methods and intuitive presentation of results.

This process, based on the number of factors and levels of the design,
is known as DOE, where all possible situations are defined and checked.
An orthogonal test represents one of the incomplete district group design
methods, superior for its simplicity, ease of implementation, balanced
and dispersed characteristics, as well as its neat and comparable attri-
butes. In the experiment, the total number of possible situations,
denoted by N, can be expressed as:

N = Lm (22)

where L represents the number of levels selected for each parameter, and
m denotes the parameter under study. The experimental design uses a
fractional factorial approach where many possible combinations of
variables are chosen, and the optimal conditions are determined by
evaluating their responses. This method combines mathematical-
statistical techniques grounded in SNR and orthogonal arrays to
explore interactions between control factors. The utilization of orthog-
onal arrays reduces the number of experiments and simplifies the
experimental design process. The effect of noise on the system can be
measured by SNR. There are three categories of performance charac-
teristics in SNR analysis: it is better when the SNR is small, better when
the SNR is large, and best when the SNR is close to the target. For each
category, the highest SNR is obtained by determining the level of each
control factor to achieve the optimal condition. We interpret SNR based
on larger is better and more minor is better.
(
S
N

)

i
= − 10log

[(
1
n

)
∑

y2i

]

(
S
N

)

i
= − 10log

[(
1
n

)
∑ 1

y2i

] (23)

where yi is the response value for each case, and i is the number of ex-
periments in that case.

The above calculation of SNR is the basis of sensitivity analysis, and
designing experiments and finding the SNR of each case is the ante-
cedent step of sensitivity analysis. The commonly used statistical
methods are Taguchi method, ANOVA, and Pareto analysis, which are
widely used in the experimental design of sensitivity analysis. Among
them, Taguchi method describes the effect of input factors on the results
with less experimental cost by using design orthogonal matrices.
ANOVA indicates the relationship between operational parameters and
optimized response by showing the contribution of each parameter to
the optimized response. Pareto analysis shows the order of importance
of the controls or interactions that affect the response by means of an
importance-ranked bar graph, which will be used in the next section.

4. Results and discussion

4.1. Effect of parameter variation on the performance of the integrated
system

Operating temperature plays an important role in the performance of
the hydrogen production system because it affects open circuit voltage,

Fig. 4. Comparison of experimental data and simulation results for system pre-
start and variable load operation: (a) current. (b) voltage. (c) system power. (d)
cathode pressure. (e) water discharge.
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membrane conductivity, and exchange current density, which in turn
affects system efficiency, system power, and power consumption per
unit of hydrogen produced. An increase in cell temperature leads to a
decrease in open-circuit voltage and a decrease in the power required to
electrolyzer water. The effect of temperature on the three-dimensional
curve is shown in Fig. 5. The results show that at low temperatures,
more power is required to electrolyze water. For example, at a current
density of 1 A/cm2, by increasing the temperature from 323 K to 363 K,
the system efficiency is reduced by 4.1 % in Fig. 5(a). Similarly, by
increasing the temperature from 323 K to 363 K, the system power is
reduced by 0.5 % in Fig. 5(b), and the power consumption per unit of
hydrogen production is increased by 4.3 % in Fig. 5(c).

The effect of cathode pressure on the three-dimensional curve of the
system performance is shown in Fig. 6. The results show that the elec-
trolyzer performance deteriorates at lower cathode pressure. According
to the Nernst equation, the thermodynamic voltage increases by
increasing the partial pressure of various species. As a result, the power
required to decompose water into hydrogen and oxygen is enhanced.
Thus, increasing the pressure from 1 bar to 30 bar increases the system
efficiency by nearly 1.4 % in Fig. 6(a). Similarly, increasing the pressure
from 1 bar to 30 bar decreases the system power by 1.3 % in Fig. 6(b)
and decreases the power consumption per unit of hydrogen production
by 1.3 % in Fig. 6(c).

The three-dimensional curve of water flow rate on system perfor-
mance is shown in Fig. 7. The efficiency of the system is affected by
changing the amount of water supplied to the system, for example, by
increasing the water flow rate from 0.01 A/cm2 to 10 A/cm2, the system
efficiency is increased by 2.7 % in Fig. 7(a), and in the same way, by
increasing the water flow rate from 0.01 m3/h to 10 m3/h, the system
power is increaced by 0.3 % in Fig. 7(b), and the power consumption of
the hydrogen production per unit is decreased by 1.9 % in Fig. 7(c).

4.2. Sensitivity analysis of stack

In this section, we investigate the effect of parameters such as current
density, water flow rate, pressure, and temperature on the performance
of the electrolyzer and their sensitivity analysis on the performance of
the stack. ANOVA serves as our statistical engineering tool, clarifying
the relationship between operating parameters and optimized response.
By revealing the contribution of each parameter to the optimized
response, ANOVA identifies the most critical operating parameters
affecting system efficiency, system power, and electricity consumption
per unit of hydrogen production. Through metrics like the sum of
squares (SS), mean square (MS), and degrees of freedom (DF), ANOVA
quantifies the influence of each parameter on the optimized response.
Commonly used metrics are defined as below:

Sm =

(
∑ S

Ni

)2

N

ST =

(
∑ S

Ni

)2

− Sm

SSA =
A2
1

NA1
+

A2
2

NA2
+ … +

A2
n

NAi
− Sm

MSi =
Si
DFi

Fi =
MSi

MSerror

Con =
SSi − DFi⋅MSerror

ST
⋅100%

(24)

where S, Sm, ST, SS, N, NAi, and DFi are the signal, the mean of squares,
the sum of squares, the sum of signal-to-noise ratios, the number of
signals, the number of signals of the noise value of factor A at level i and
degrees of freedom, respectively, Fi is the statistic used to assess whether
the differences between the different groups are significant or not, Con is
the value of the contribution of the parameter, and MSerror is the
experimental error. Based on the SNR data of each experiment, the pa-
rameters SS and MS of the equation, the contribution of each expected
parameter can be determined.

For conducting the ANOVA, the analysis focused on four parameters
for the electrolyzer: current density, water discharge, pressure, and
temperature. In this study, we adopted the L9 standard orthogonal
array. Table 1 presents the values obtained from the thermodynamic
model for each case. After determining the number and characteristics of
tests for each case, the voltage values for each case were measured using
the thermodynamic model.

The output of the ANOVA analysis is shown in Table 2 and Table 3.
The F value in the one-way ANOVA analysis can be identified as the
mean square error of the residuals. It should be noted that the larger the
F-value, the greater the change in the control factor has caused
considerable changes in the performance parameters, and even small
changes in parameters with high contributions can lead to large changes
in the response. Table 2 shows that the contribution of current density to
the electrolyzer voltage is much larger than the other three factors, ac-
counting for 99.82 %. So, the following ANOVA is performed to explore
the magnitude of the contribution between these three factors. The
current density is set to 1 A/cm2, and the remaining three factors are set
to nine cases, in which the influence of current density is excluded. The
contribution of temperature, pressure, and film thickness is further
analyzed. The results are shown in Table 3, which shows that the pres-
sure of the three factors is ranked first, the temperature is ranked second,

Fig. 5. Influence of operating temperature at different current density levels on (a) system efficiency, (b) system power, and (c) power consumption for unit
hydrogen production.
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and the amount of water discharge has the smallest influence; for the
electrolysis voltage, pressure, temperature, and water discharge
contribute 77.95 %, 16.19 % and 5.71 % in order, with pressure ac-
counting for more than 50 %. Attention needs to be paid to adjusting
pressure as much as possible in the optimized design of PEMEL elec-
trolysis tanks.

4.3. Sensitivity analysis of the system

Given the significant impact of current density on the electrolyzer, as
discussed in Section 4.2, this section omits current density as a param-
eter in the study of hydrogen production system performance. Instead, it
sets the current density at 1 A/cm2 and focuses solely on exploring the
influence of parameters such as water flow rate, pressure, and temper-
ature on system performance. Taguchi method, ANOVA, and Pareto
analysis are employed to conduct this study.

At the system level, this study examines the system performance in
terms of system efficiency, system power, and power consumption per
unit of hydrogen production. Utilizing the L9 standard orthogonal array,
which includes three operating parameters, i.e., water discharge rate,
temperature, and electrolyzer cathode pressure, the study aims to reduce
experimental costs for various scenarios. The main objectives of this
optimization method using the L9 standard orthogonal array are to
achieve maximum system efficiency, maximum system power, and
minimum power consumption per unit of hydrogen production. The
values obtained from the system model for each case are given in
Table 4. Subsequently, after determining the number and characteristics
of tests for each case, the experimental values of the system were

Fig. 6. Influence of operating pressure at different current density levels on (a) system efficiency, (b) system power, and (c) power consumption for unit
hydrogen production.

Fig. 7. Influence of water discharge at different current density levels on (a) system efficiency, (b) system power, and (c) power consumption for unit
hydrogen production.

Table 1
L9 orthogonal array with control factors.

Current Density(A/
cm2)

Water Discharge(m3/
h)

Temperature
(K)

Pressure
(bar)

0.5 0.01 323 1
0.5 1.0 343 15
0.5 10.0 363 30
1.0 0.01 343 30
1.0 1.0 363 1
1.0 10.0 323 15
2.0 0.01 363 15
2.0 1.0 323 30
2.0 10.0 343 1

Table 2
The contribution ratio results of ANOVA in PEMEL (four factors).

Source Contribution DF Adj SS Adj MS F-Value P-Value

I 99.82 % 2 0.180748 0.090374 \ \
W 0.01 % 2 0.000025 0.000012 \ \
T 0.04 % 2 0.000070 0.000035 \ \
P 0.13 % 2 0.000235 0.000117 \ \
Error 0 0 \ \ \ \
Total 1 8 0.181078 \ \ \

Table 3
The contribution ratio results of ANOVA in PEMEL (three factors).

Source Contribution DF Adj SS Adj MS F-Value P-Value

W 5.71 % 2 0.000078 0.000039 41.92 0.023
T 16.19 % 2 0.000221 0.000110 118.52 0.008
P 77.95 % 2 0.001064 0.000532 571.82 0.002
Error 0.15 % 2 0.000002 0.000001 \ \
Total 1 8 0.001365 0.000682 \
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measured using the thermodynamic model.
The hydrogen production system is initially analyzed using Taguchi

method, a powerful statistical technique for experimental optimization
developed by Taguchi in Japan. Regarded as one of the most robust and
effective experimental designs for optimizing multiple parameters, this
method aims to determine the optimal levels of control factors and an-
alyzes their effect on the response. Taguchi method exhibits the influ-
ence of the input factors on the output response via SNR, which
measures proximity to the target value. Here, “signal” denotes the
average output, while “noise” represents the deviation from this average
output. Optimal performance is achieved with a higher SNR, signifying
that the signal level substantially exceeds the random noise level. A key
advantage of Taguchi method lies in its utilization of unique orthogonal
sequences to characterize the effects of input factors on results at a
reduced experimental cost.

For statistical analysis, there are three types of SNR interpretations:
(a) larger is better, (b) more minor is better, and (c) closer to the target is
better. In this study, the “larger is better” criterion was applied to
optimize system efficiency and system power, aiming for higher values,
while the “more minor is better” criterion was utilized to minimize
power consumption per unit of hydrogen production. Table 5 presents
the average SNR results and the effect of operating parameters on system
efficiency, system power, and power consumption per unit of hydrogen
production, respectively. As the SNR increases, the system operates
under better conditions. Notably, in Table 5, the highest SNR values
(− 3.18215 and − 12.718) were attained for system efficiency and power
consumption per unit of hydrogen production, respectively, under the
7th operating condition, i.e., corresponding to a water discharge rate of
0.01 m3/h, a temperature of 363 K, and a pressure of 15 bar. In addition,
the highest SNR value (46.23191) for system power was achieved under
the 6th operating condition, i.e., characterized by a water flow rate of 10
m3/h, a temperature of 323 K, and a pressure of 15 bar. These results
suggest that the experimental design yielded the highest performance
for the hydrogen production system under these specific operating
conditions.

The input factors were further analyzed using Taguchi's method for
experimental design. The results of SNR analysis are depicted in Fig. 8,
illustrating the effect of each parameter individually. As the SNR in-
creases, the PEMEL hydrogen production system operates under
improved conditions. These results reveal that for system efficiency and
system power, a larger SNR is desireable. In other words, the system
operates more effectively when the system efficiency and system power
are higher. Conversely, for the system power consumption per unit of
hydrogen production, a more minor SNR is preferred. This signifies that
the system operates more efficiently when the power consumption per
unit of hydrogen production is lower.

According to Fig. 8(a), the system has higher efficiency at lower
operating temperatures. Thus, between the studied temperatures, the
minimum performance is related to the temperature of 363 K and the
best performance is achieved at 323 K. Pressure and water discharge are

inversely related to temperature. The minimum performance is associ-
ated with a water discharge of 0.01 m3/h and a pressure of 1 bar, and the
best performance is achieved at a water discharge of 10 m3/h and 30
bar. In Fig. 8(b), the system has higher power at lower pressures. Thus,
between the studied pressures, the minimum performance is related to

Table 4
L9 orthogonal array with control factors and the amount of desired response
during the process.

Water
Discharge
(m3/h)

Temperature
(K)

Pressure
(bar)

System
Efficiency

System
Power
(MW)

Unit
electricity
consumption
(kW⋅h/m3)

0.01 323 1 0.670148 203.039 4.47324
1.0 343 15 0.667653 200.668 4.48996
10.0 363 30 0.651607 201.332 4.60054
0.01 343 30 0.691519 201.536 4.33500
1.0 363 1 0.683817 200.676 4.38383
10.0 323 15 0.655564 204.925 4.57276
0.01 363 15 0.693254 201.033 4.32415
1.0 323 30 0.673936 203.606 4.44810
10.0 343 1 0.663447 202.536 4.51843

Table 5
SNR of three responses in each case.

No. System Efficiency System Power Unit electricity consumption

1 − 3.47658 46.15158 − 13.0124
2 − 3.50898 46.04956 − 13.0448
3 − 3.72029 46.07826 − 13.2562
4 − 3.20392 46.08705 − 12.7398
5 − 3.3012 46.04991 − 12.8371
6 − 3.6677 46.23191 − 13.2036
7 − 3.18215 46.06534 − 12.718
8 − 3.42762 46.17582 − 12.9635
9 − 3.56387 46.13004 − 13.0997

Fig. 8. The variation of mean SNR: (a) System Efficiency, (b) System Power, (c)
Unit electricity consumption.
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the pressure of 30 bar, and the best performance is achieved at 1 bar. For
the water discharge, the opposite is true for the pressure, where the
minimum performance is related to a water discharge of 0.01 m3/h, and
the optimum performance is achieved at a water discharge of 10 m3/h.
As for the temperature, the best performance is achieved at 363 K, and
the minimum performance is obtained at 343 K. In Fig. 8(c), the power
consumption per unit of hydrogen production, on the other hand, is
opposite to the system efficiency, with the system having higher effi-
ciency at higher operating temperatures. Thus, between the studied
temperatures, the minimum performance is related to the temperature
of 363 K, and the optimum performance is achieved at 323 K. Pressure
and water discharge, on the other hand, are opposite to the temperature,
with the minimum performance being related to a water discharge of
0.01 m3/h and 1 bar, and the optimum performance being realized at a
water discharge of 10 m3/h and 30 bar.

The inclination of the graph indicates the effect of each parameter on
the system, with the average linear gradient being particularly impor-
tant within each interval. Essentially, a steeper slope suggests a greater
effect of the parameter on the hydrogen production system. In Fig. 8(a),
for the influence of temperature on the system efficiency, the SNR is
approximately linear across the two considered intervals, which implies
that increasing the temperature within these intervals leads to a pro-
portional decrease in system efficiency. However, for pressure, the SNR
exhibits varying trends across the two intervals. Specifically, the slope of
the pressure is more pronounced in the range from 1 to 15 bar compared
to the range from 15 to 30 bar. This indicates that enhancing system
efficiency by adjusting the pressure requires more significant changes
within the first interval than the second one. Regarding water discharge,
the SNR slope is considerably steeper in the interval from 0.01 to 1 m3/h
compared to the interval from 1 to 10m3/h. This difference suggests that
changes in water discharge rate have a substantially greater impact
within the 0.01 to 1 m3/h interval than within the 1 to 10 m3/h interval.

The three test levels presented in Table 6, Table 7, and Table 8
provide the average SNR value for each case. The difference between the
maximum and minimum values of each parameter determines its impact
on the system performance. A larger difference signifies that a change in
that parameter can lead to a more significant improvement or deterio-
ration in the performance of the PEMEL hydrogen production system.
Results indicate that for system efficiency and power consumption per
unit of hydrogen production, temperature and water discharge are the
first and second most effective parameters, with pressure being the
third. Regarding system power, the most influential parameters are
pressure, followed by temperature and water discharge.

Subsequently, the system's performance was evaluated using
ANOVA, where water discharge, pressure, and temperature were
retained as the three parameters for analyzing the hydrogen production
system. In this investigation, an L9 standard orthogonal array was
constructed, and system efficiency, system power, and power con-
sumption per unit of hydrogen production were assessed across nine sets
of experimental data. The findings are summarized in Table 9, Table 10,
and Table 11. As shown in the table, temperature exhibits the largest
contribution ratio of 69.48 % to the system efficiency. In addition, water
discharge, with a contribution ratio of 21.64 %, is the second most
influential parameter, while pressure demonstrates no significant
contribution ratio to the system performance, accounting for only 8.88
%. Regarding system power, pressure holds the highest contribution

ratio at 77.98 %. Temperature follows as the second most effective
parameter, with a contribution ratio of 16.16 %, while water discharge
does not significantly impact the performance of the PEMEL hydrogen
production system. Lastly, for the power consumption per unit of
hydrogen production, temperature has the highest contribution ratio at
70.09 %. Water discharge ranks as the second effective parameter, with
a contribution ratio of 21.45 %, while pressure has a negligible contri-
bution ratio of 8.43 % to system performance.

Distinguished from Taguchi and ANOVA, a Pareto chart is a bar chart
ordered by importance, specifically designed to illustrate the order of
importance of the controls or interactions influencing the response. It
ranks problems according to their impact on the outcome, thereby
enabling focused attention on the most significant factors for maximum
improvement. Pareto analysis serves to identify the primary contribu-
tors to factors problems, assisting managers in directing improvement
programs to enhance efficiency and quality. Unlike the Taguchi analysis,
it visually emphasizes the impact of major factors on the response,

Table 6
Response table for SNR (System Efficiency).

Level Water Discharge (m3/h) Temperature (K) Pressure (bar)

1 − 3.569 − 3.288 − 3.524
2 − 3.391 − 3.413 − 3.426
3 − 3.391 − 3.651 − 3.401
Delta 0.178 0.363 0.123
Rank 2 1 3

Table 7
Response table for SNR (System Power).

Level Water Discharge (m3/h) Temperature (K) Pressure (bar)

1 46.09 46.10 46.19
2 46.12 46.09 46.09
3 46.12 46.15 46.06
Delta 0.03 0.05 0.12
Rank 3 2 1

Table 8
Response table for SNR (Unit electricity consumption).

Level Water Discharge (m3/h) Temperature (K) Pressure (bar)

1 − 13.10 − 12.82 − 13.06
2 − 12.93 − 12.95 − 12.96
3 − 12.93 − 13.19 − 12.94
Delta 0.18 0.36 0.12
Rank 2 1 3

Table 9
The contribution ratio results of ANOVA (System efficiency).

Source Contribution DF Adj SS Adj MS F-Value P-Value

W 21.64 % 2 0.000380 0.000190 2519.72 0.000
T 69.48 % 2 0.001220 0.000610 8086.12 0.000
P 8.88 % 2 0.000156 0.000078 1036.17 0.001
Error 0 2 0.000000 0.000000 \
Total 1 8 0.001756 0.000878 \

Table 10
The contribution ratio results of ANOVA (System power).

Source Contribution DF Adj SS Adj MS F-Value P-Value

W 5.72 % 2 0.9961 0.49806 2519.72 0.000
T 16.16 % 2 2.8164 1.40819 8086.12 0.000
P 77.98 % 2 13.5881 6.79404 1036.17 0.001
Error 0.14 % 2 0.0238 0.01188 \ \
Total 1 8 17.4244 8.71217 \

Table 11
The contribution ratio results of ANOVA (Unit electricity consumption).

Source Contribution DF Adj SS Adj MS F-Value P-Value

W 21.45 % 2 0.016514 0.008257 721.01 0.001
T 70.09 % 2 0.053950 0.026975 2355.48 0.000
P 8.43 % 2 0.006486 0.003243 283.18 0.004
Error 0.03 % 2 0.000023 0.000011 \ \
Total 1 8 0.076973 0.038486 \
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facilitating optimization efforts. In contrast to ANOVA, Pareto analysis
offers a more concise representation of the strength and direction of
correlations between factors through its clear, intuitive bar charts.

In the following, Pareto analysis, consistent with the previously
described methodology, is employed with water flow, pressure, and
temperature as the three parameters for the system analysis. In this
study, a total of 27 experimental scenarios were generated, considering
three levels and three factors. Thus, the L27 standard orthogonal array
was utilized. The impact of these factors on system efficiency, system
power, and power consumption per unit of hydrogen production was
assessed across the 27 sets of experimental data, as depicted in Fig. 9.
The figure illustrates that the temperature has the most significant effect
on system efficiency, system power, and power consumption per unit of
hydrogen production, followed by water discharge and then pressure.
Conversely, for system power, pressure has the most pronounced effect,
followed by temperature, with water discharge having the least impact.

Fig. 9 also clearly indicates that temperature plays an important role
in both system efficiency and power consumption per unit of hydrogen
production, as evidenced by its standardized effect significantly sur-
passing the minimum threshold of 2.069. Similarly, for system power,
pressure is the predominant factor, with its standardized effect notably
exceeding the minimum threshold of 2.069.

4.4. Operational feasible domain analysis of parameters

Based on the sensitivity analysis results outlined above, the adjust-
able influential parameters for the PEMEL hydrogen production system
mainly include temperature, pressure, and water discharge, while the
evaluation indexes encompass system efficiency, system power, and
power consumption per unit of hydrogen production. However, in
practical industrial production, power consumption per unit of
hydrogen production holds particular significance as a critical index.
Unit hydrogen consumption serves as a comprehensive assessment of

both system power consumption and hydrogen production, carrying
significant difficulty for practical applications. Due to the limited power
consumption per unit of hydrogen in real-world scenarios, it is crucial to
explore the operational range of various parameters.

Considering the influence of the parameters and the sensitivity
analysis, temperature is the most influential factor, followed by water
discharge, with pressure being the least important one. The relationship
between temperature, pressure, water discharge, current density, and
power consumption per unit of the system can be functionalized and
then combined with the tolerable range of each parameter. These
tolerable ranges can be divided into feasible domain of the operation of
hydrogen production, as shown in Fig. 10.

In current practical engineering, the standard for power consump-
tion per unit of hydrogen production typically remains below 5 kW⋅h/
m3, albeit differing from the simulation results. Real-world devices tend
to consumemore power than the simulated due to uncontrollable factors
such as energy loss, testing errors, and environmental impact. Therefore,
this section establishes a benchmark indicator for power consumption
per unit of hydrogen production below 4.7 kW⋅h/m3. In Fig. 10, the
feasible domains of T-i, P-i, and W-i are depicted as areas with stripes
wherein the power consumption per unit of hydrogen production can
operate effectively under the desired conditions.

5. Conclusions

In order to solve the problem of dynamic modeling and parameter
sensitivity analysis of the PEMEL hydrogen production system, this
paper models the mass-energy dynamic equilibrium characteristics of
the stack and BoP, taking into account the nonlinear behaviors of elec-
trochemical and thermodynamic characterization, and determines the
system performance validation indexes. The output characteristics are
verified against the demonstration project at the stack level and the
system level. Parametric studies are carried out for different parameters

Fig. 9. Pareto charts of influential factors on (a) system efficiency, (b) system power, and (c) unit electricity consumption.

Fig. 10. Cross sections and feasible domains of (a) T-i, (b) P-i, (c)W-i.
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such as current density, temperature, pressure, and water discharge, and
sensitivity analysis is performed. The effect of various parameters and
factors on the system response in terms of voltage, efficiency, power, and
power consumption per unit of hydrogen production is analyzed by
constructing standard orthogonal arrays and SNR. Finally, the optimal
pairing of factors of the system and the magnitude of the contribution of
each parameter to the system response are obtained. The conclusions of
this paper are as follows:

1) According to Taguchi's analysis, the highest SNR (− 3.18215 and −

12.718) were obtained for the system efficiency and power con-
sumption per unit of hydrogen production at a water discharge flow
rate of 0.01 m3/h, a temperature of 363 K and a pressure of 15 bar,
and the highest SNR was obtained for the system power at a water
discharge flow rate of 10 m3/h, a temperature of 323 K and a pres-
sure of 15 bar (46.23191), which means that these two operating
conditions achieved the highest hydrogen production system per-
formance in the experimental design.

2) According to ANOVA, the contribution of operating temperature,
water discharge, and electrolyzer pressure to the system efficiency is
69.48 %, 21.64 %, and 8.88 %, respectively, to the system power is
16.16 %, 5.72 %, and 77.98 %, and to the power consumption per
unit of hydrogen production is 70.09 %, 21.45 %, and 8.43 %.

3) According to the Pareto chart analysis, for the system efficiency and
power consumption per unit of hydrogen production, the tempera-
ture has the greatest influence, with the standardized effect far
exceeding the minimum threshold of 2.069. For the system power,
the pressure has the greatest influence, with the standardized impact
far exceeding the minimum threshold of 2.069. At the same time, in
the case of meeting the unit power consumption per unit of hydrogen
production in the range of less than 4.7 kW⋅h/m3, it is calculated that
the PEMEL hydrogen production system has an operational feasible
domain.

However, there are still some limitations in the current study, firstly,
the limitation of the model's operation range, the current model's
operation range is difficult to change significantly, which limits the
applicability and flexibility of our study. Then there is the limitation of
system optimization analysis, our current system optimization analysis
is only limited to sensitivity analysis. In future studies, we plan to
optimally tune the model to expand the operating range of the system
and perform multi-objective optimization of the target parameters.
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