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Abstract

To address the safety concerns in off-grid wind–solar hydrogen production systems, where
fluctuating renewable power input can induce transient current shocks to the anion-
exchange membrane (AEM) electrolyzer and exacerbate hydrogen–oxygen crossover under
high-pressure operation, this paper develops a system-level simulation model of the AEM
electrolyzer hydrogen production system based on system-level thermodynamic dynamic
modeling. Three energy storage topologies—single supercapacitor, flywheel–battery hy-
brid, and supercapacitor–battery hybrid—are selected for comparative simulation studies.
The regulation performance of each scheme is comprehensively evaluated using metrics
including DC bus voltage stability, electrolyzer current slew rate (di/dt), anode–cathode
pressure difference, and hydrogen content in oxygen (HTO) at a hydrogen-side pressure of
3 MPa. The results indicate that the single supercapacitor scheme, limited by its energy
capacity, fails to maintain bus voltage stability in the later stage, with HTO rising from ap-
proximately 13,375 ppm to 13,405 ppm under 3 MPa, while in the pressure-effect tests HTO
increases from 1900 ppm to 13,375 ppm as the hydrogen-side gauge pressure rises from
65 kPa to 3 MPa. Both the flywheel–battery and supercapacitor–battery schemes maintain
the DC bus voltage within the 690–710 V range and keep HTO concentration stable under
high-pressure conditions. Among them, the supercapacitor–battery topology exhibits the
lowest current slew rate and the best transient impact suppression performance.

Keywords: off-grid hydrogen production; AEM electrolyzer hydrogen production system;
system-level thermodynamic dynamic modeling; comparison of hybrid energy storage
technologies; hydrogen content in oxygen (HTO); Thermolib

1. Introduction
Under the guidance of the “carbon peaking and carbon neutrality” goals, large-scale

development and utilization of renewable energy sources such as wind and solar power
have become central to the global energy transition [1]. Off-grid flexible hydrogen produc-
tion systems enable local consumption of renewable energy output, bypassing constraints
related to grid capacity and dispatch, and thus represent a key technological pathway for
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addressing clean energy curtailment in remote areas and achieving localized green hydro-
gen production. However, wind and solar power generation inherently exhibit randomness,
intermittency, and wide-frequency fluctuations. When directly connected to an anion ex-
change membrane (AEM) electrolyzer hydrogen production system, these characteristics
readily cause severe DC bus voltage oscillations and frequent current transients [2,3]. Such
power disturbances not only reduce the local utilization efficiency of renewable energy but
also inflict a range of irreversible damage on the electrolyzer. These include accelerated
membrane electrode aging due to transient current shocks, pressure imbalance between
the anode and cathode compartments, and aggravated hydrogen–oxygen crossover, all of
which fundamentally compromise the safety, stability, and service life of off-grid hydrogen
production systems [4].

Hybrid energy storage technology, leveraging the complementary advantages of mul-
tiple storage units, can effectively smooth the power fluctuations caused by renewable
energy output and accommodate the dynamic operating requirements of AEM electrolyzers
for flexible hydrogen production, making it a viable solution for enhancing the stability
of off-grid hydrogen production systems [5]. Different energy storage topologies exhibit
significant differences in power response speed, energy regulation capacity, and transient
disturbance suppression capability, ultimately leading to distinctly different regulatory
effects on power quality at the hydrogen production side, electrolyzer operating condi-
tions, and overall process safety. Therefore, conducting a comparative evaluation of the
dynamic performance of various hybrid energy storage topologies holds substantial engi-
neering value for topology selection and long-term optimized operation of off-grid green
hydrogen systems.

Meanwhile, most current studies on renewable-energy-based hydrogen production
adopt lumped-parameter electrolyzer models [6–8], which assume that operating param-
eters such as internal temperature, pressure, and electrochemical reaction rates remain
uniformly constant throughout the system, thereby neglecting the time-varying evolution
of thermodynamic parameters under actual dynamic conditions. This modeling approach
fails to accurately reveal the underlying mechanisms behind phenomena such as internal
gas permeation, chamber pressure imbalance, and drastic fluctuations in hydrogen pro-
duction rate under fluctuating wind and solar power conditions. Consequently, it leads to
insufficient theoretical support and limited dynamic analysis accuracy in the evaluation of
energy storage topologies. The introduction of a system-level thermodynamic dynamic
model for the AEM electrolyzer, combined with multi-dimensional measured wind and
solar data for performance comparison of different storage topologies, can effectively com-
pensate for the mechanistic deficiencies of conventional lumped-parameter modeling and
enhance the scientific rigor and accuracy of system dynamic evaluation results.

In terms of current research progress both domestically and internationally, most
AEM electrolyzer modeling efforts focus on establishing lumped-parameter models based
on macroscopic steady-state parameters such as voltage and efficiency, which can only
characterize the average steady-state performance of the electrolyzer [9–11]. Meanwhile,
thermodynamic modeling incorporating heat and mass transfer has been limited to in-
dividual core components, lacking system-level integration [12,13]. Consequently, these
approaches fail to capture the dynamic response of the entire hydrogen production system
under severe wind–PV fluctuations, or the transient issues induced by local reaction rate
variations—such as excessive hydrogen content in oxygen (HTO) and excessive current
slew rate—and are therefore insufficient to support high-accuracy dynamic performance
analysis of hydrogen production systems.

In the field of renewable-energy-based hydrogen production and energy storage regu-
lation, energy storage devices serve as the core components for smoothing wind and solar
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power fluctuations and ensuring the stable operation of flexible hydrogen production [14].
Single energy storage solutions generally suffer from inherent shortcomings: batteries
offer high energy density but relatively slow power response, making them inadequate for
suppressing high-frequency power disturbances; flywheels and supercapacitors provide
extremely fast transient response but have limited energy storage capacity. Consequently,
various hybrid energy storage topologies have been progressively adopted in hydrogen
production systems, employing hierarchical power allocation strategies to meet both steady-
state operational requirements and transient disturbance rejection demands. Most existing
studies focus on control strategy optimization for a single storage type or a specific hybrid
topology [15–18], with limited comparative research across multiple storage schemes.

Recent studies have made significant progress in renewable-powered electrolysis
hybrid systems. For example, Serik et al. [19] reviewed green hydrogen production tech-
nologies and highlighted that high capital costs and infrastructure gaps remain major
barriers to large-scale deployment. Mahmood et al. [20] developed Pt-free electrocata-
lysts for hydrogen evolution, while Eid and Antonietti [21] demonstrated carbon nitride
materials with superior HER performance, showing the potential for cost reduction. At
the system level, Jia et al. [22] and Zhang et al. [23] modeled HTO behavior in alkaline
electrolyzers and revealed that gas purity is strongly affected by pressure, temperature, and
operating states. Bekki et al. [24] proposed a robust control strategy for a PV-TEG hybrid
system with hydrogen and battery storage, but the study focused on a single topology and
did not compare multiple energy storage configurations. These studies provide valuable
insights, yet several challenges remain: (i) most studies focus on a single storage topology
or a specific control strategy, lacking a fair comparison among multiple topologies under
identical operating conditions; (ii) HTO behavior under high-pressure transient conditions
is still not fully understood, especially for AEM electrolyzers; and (iii) dynamic perfor-
mance validation against experimental data remains limited. These gaps motivate the
present work.

Moreover, the evaluation metrics used in these studies are largely confined to grid-
connected power quality aspects [25], without incorporating critical indicators such as
electrolyzer transient impact levels, hydrogen production safety margins, and gas-path
thermodynamic stability. This narrow evaluation framework falls short of the comprehen-
sive assessment requirements for safe and stable operation of off-grid flexible hydrogen
production systems.

In view of the research status outlined above, three main deficiencies remain in cur-
rent studies on off-grid wind–solar hydrogen production coupled with energy storage.
First, the accuracy of electrolyzer modeling is limited: Second, the performance com-
parison of energy storage topologies relies on a narrow set of evaluation criteria; most
existing assessment frameworks focus predominantly on power quality indicators, lacking
a comprehensive multi-dimensional evaluation framework that incorporates electrolyzer
transient characteristics, hydrogen production safety, and gas-path operational stability.
Third, the comparative performance results lack mechanistic interpretation; most studies
remain at the level of simulation data comparison, without explaining the underlying
reasons for the differing regulation effects of various storage topologies in terms of the
internal thermodynamic mechanisms of the electrolyzer.

To address the aforementioned issues, this paper first develops a complete system-
level thermodynamic dynamic model of the AEM electrolyzer hydrogen production system,
which reproduces the time-varying evolution of internal temperature, pressure, reaction
rates, and gas permeation phenomena, thereby completing the full-system simulation
model for off-grid wind–solar hydrogen production. Second, three off-grid hydrogen
production simulation models with distinct storage topologies—single supercapacitor,
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flywheel–battery hybrid, and battery–supercapacitor hybrid—are established, with sim-
ulation input conditions defined based on synthetic wind and solar power data. Third,
a multi-dimensional dynamic performance evaluation framework is constructed, encom-
passing transient impact resistance, hydrogen production safety, and operational stability,
and a cross-comparative analysis of the three storage topologies is conducted. Finally,
based on the system-level thermodynamic dynamic model, the underlying mechanisms
by which different storage topologies regulate the operating state of the AEM electrolyzer
hydrogen production system are revealed, enabling the selection of the optimal storage
topology for off-grid wind–solar hydrogen production scenarios, along with corresponding
engineering recommendations.

2. System Architecture and Thermodynamic Dynamic Modeling
2.1. Overall Architecture of the Off-Grid Flexible Hydrogen Production System

The renewable-energy-based off-grid flexible hydrogen production system studied in
this paper mainly consists of four parts: wind and photovoltaic (PV) power generation units,
a hybrid energy storage unit, a DC bus, and an AEM electrolyzer hydrogen production
system unit [26]. The system operates in off-grid mode, with wind and PV as the sole
energy inputs, supplying power to the AEM electrolyzer system via the DC bus. The
hybrid energy storage unit is connected in parallel to the DC bus and serves to smooth
power peaks and valleys, mitigate fluctuations, and regulate transient voltage, thereby
accommodating the dynamic operating requirements of flexible hydrogen production.

To comprehensively compare the regulation performance of different energy storage
topologies, three commonly used engineering topologies are selected in this study [27–29].
Topology 1 is a single supercapacitor energy storage topology, as shown in Figure 1a,
which relies on the high-frequency response advantage of supercapacitors to smooth
system fluctuations. Topology 2 is a flywheel–battery hybrid energy storage topology, as
illustrated in Figure 1b, where the flywheel handles high-frequency transient regulation
while the battery undertakes low-frequency energy regulation [30]. Topology 3 is a battery–
supercapacitor hybrid energy storage topology, as shown in Figure 1c, which combines
the high energy density of batteries with the fast response of supercapacitors to achieve
hierarchical regulation of high- and low-frequency fluctuations.

Wind turbines are driven by wind energy, and the characteristics of wind speed
directly determine the output performance of the turbine. Therefore, wind speed modeling
serves as the foundation for simulating wind turbine behavior. To reflect the randomness
and fluctuations of wind speed, a combination of four typical wind speed components is
generally adopted as the wind speed model, namely the base wind VB, gust wind VG, ramp
wind VR, and random wind VN [31].

Base wind: Under normal turbine operation, wind speed varies around a mean level;
the base wind component VB is typically considered constant.

Gust wind: To account for sudden wind speed changes, the gust component VG is
introduced in Equation (1):

VG =

⎧⎪⎨⎪⎩
0

Gmax
2

[︂
1− cos( 2πt

TG
− T1G

TG

]︂
0

t < T1G

T1G < t < T1G + TG

T1G + TG ≤ t
(1)

where Gmax is the maximum gust wind speed, T1G is the gust start time, and TG is the
gust period.

https://doi.org/10.3390/en19215069

https://doi.org/10.3390/en19215069


Energies 2026, 19, 5069 5 of 31

Figure 1. Renewable energy off-grid flexible hydrogen production system: (a) single supercapaci-
tor energy storage; (b) flywheel–battery hybrid energy storage; (c) supercapacitor–battery hybrid
energy storage.
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Ramp wind: To simulate the gradual variation characteristics of wind speed, the ramp
wind component VR is introduced in addition to the base wind, as given in Equation (2).

VR =

⎧⎪⎨⎪⎩
0

AR
t−TSR

TER−TSR

AR

t < TSR

TSR ≤ t ≤ TER

TER < t
(2)

where AR is the maximum ramp wind speed, TSR is the ramp wind start time, and TER is
the ramp wind end time.

Random wind: To simulate the stochastic disturbance component in wind speed, the
random wind component VN is superimposed, as given in Equation (3):⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

VN = 2
N
∑

i=1

{︂
[SV(wi)△ w]1/2 cos(wi + ϕi)

}︂
wl = (i− 1

2
)△ w

SV(wi) =
2KN Fr

2|wi|
π2[1 + (Fwl/µπ)2]4/3

(3)

where φi is the random phase uniformly distributed between 0 and 2π, wl is the angular
frequency of each frequency band, KN is the surface roughness coefficient, Fr is the distur-
bance range, and µ is the mean wind speed at the relative height, and Sv(wi) is the power
spectral density (PSD) function of the random wind speed component.

In summary, the mathematical model of wind speed is given by Equation (4):

Vw = VB + VG + VR + VN (4)

2.2. Thermodynamic Modeling of the AEM Electrolyzer Hydrogen Production System

A complete AEM electrolyzer hydrogen production system is constructed based on
thermodynamic modeling. As shown in Figure 2, the system consists of a KOH solution
tank, a reciprocating pump, temperature/pressure and flow rate controllers, an AEM
electrolyzer, buffer tanks, solenoid valves, an intercooler, a mixer, a gas–liquid separator, a
compressor, and other auxiliary components. During the hydrogen production process, the
fluctuating power from wind turbines or photovoltaic sources, after simple conditioning, is
fed into the AEM electrolyzer system. The generated hydrogen and oxygen pass through
buffer tanks and then enter the intercooler for temperature control. Subsequently, the
gas–liquid separator returns the alkaline solution to the buffer tank, while the gases are
compressed into the hydrogen storage tank via the compressor. Meanwhile, the liquid
in the buffer tank is circulated to the KOH solution tank through the mixer under the
control of solenoid valves (PID). Finally, deionized water in the alkaline solution tank is
replenished through the water makeup tank [32].

In this section, a thermodynamic model of the AEM electrolyzer hydrogen production
system is established, encompassing electrochemical mechanism models, thermodynamic
and heat transfer models, dynamic models of key auxiliary components (pumps, valves,
tanks, separators, and mixers), closed-loop control logic, and performance evaluation
metrics. The model establishes mass, energy, and charge conservation equations for each
component of the AEM electrolyzer system and couples them with auxiliary system models
to achieve a refined description of the full-system dynamic behavior [33].
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Figure 2. Simulation model of the AEM electrolyzer hydrogen production system based on system-
level thermodynamic dynamic modeling.

Mass is a conserved quantity (except in nuclear reactions). In the absence of chemical
reactions within the system, the mass of any individual compound is also conserved, as
described by the mass conservation equation in Equation (5):

dm
dt

= ∑ min −∑ mout (5)

In thermodynamic simulation modeling, all components except the tank do not accu-
mulate mass. If there is no mass accumulation within the control volume—for example,
under steady-state or steady-flow conditions—the equation reduces to Equation (6):

∑ min −∑ mout = 0 (6)

In thermodynamic simulation modeling, the energy storage modules of compo-
nents have inputs and outputs—such as Qdot or Pmch—that represent energy crossing
the module boundaries.

When such a signal has a positive value, the energy flow is directed from outside the
module to its interior; the energy/power/heat is then added to the fluid or to the internal
energy storage.

Conversely, when such a signal is negative, the energy flow is directed from the
module interior to the outside, meaning that energy/power/heat is extracted from the
fluid or from the internal energy storage.

dU
dt

= ∑ Hin,i −∑ Hout,j + ∑ Qk + ∑ Pm (7)

Equation (7) represents the energy conservation law, where Hin,i is the enthalpy flow
rate of the i-th inlet stream, Hout,j is the enthalpy flow rate of the j-th outlet stream, Qk is
the k-th heat flow rate, Pm is the m-th mechanical power, and U is the internal energy of
the component.

This implies that for a compressor, Pmch is typically positive, as mechanical energy
from the shaft is added to the fluid; for a turbine, it is negative, since power is extracted
from the fluid.

For thermal components such as a reactor, the Qdot signal—representing heat exchange
with the environment—is usually negative, as heat is released from the reactor (assuming a
cold ambient environment).
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In a steady-state adiabatic chemical reactor, the total enthalpy (sensible heat + enthalpy
of formation) at the inlet and outlet are equal. However, due to differences in species
concentrations between the inlet and outlet streams, the corresponding temperatures may
differ significantly.

In thermodynamic simulation, both gas-phase and liquid-phase models are involved.
For gas-phase modeling, two approaches are available: the ideal gas equation of state and
the real gas model based on the Peng–Robinson equation of state (EOS). In this study, the
real gas Peng–Robinson EOS is adopted.

The Peng–Robinson equation of state involves three interrelated state parameters—
pressure p, temperature T, and molar volume v—as given in Equation (8):

p =
RT

v− b
− aα

v2 − 2bv− b2 (8)

From the state parameters (p, v, T), the departure functions for molar enthalpy (denoted
as h) and molar entropy (denoted as s) can be calculated:

hT,p − hig
T,p = RT[Tr(z− 1)− 2.078(1 + κ)

√
αln(

Z + 2.414B
Z− 0.414B

)] (9)

where α is defined in the Peng–Robinson equation of state, Tγ is the reduced temperature,
pγ is the reduced pressure, Z is the compressibility factor (as given in Equation (10)), and B
is the correction coefficient (as given in Equation (11)).

Z =
pv
RT

(10)

B = 0.0778
pr

Tr
(11)

The temperature dependency of the saturated liquid density is modeled using the
following Equations (12) and (13):

ρf,sat(T) = ρc(1 + Aτ1/3 + Bτ2/3 + Cτ + Dτ4/3) (12)

τ = 1− T
Tc

(13)

The liquid density is calculated using the PR-EOS, as given in Equation (14). Its offset
is matched to the liquid density at the reference temperature Tv,ref . With a specified bulk
modulus, the liquid phase is modeled as compressible.

ρ f (p, T) =
ρ f ,sat

1− p−psat(T)
E

(14)

For the liquid phase, the heat capacity of all compounds is assumed to be temperature-
dependent, as given in Equation (15):

cpm, f = A + BT + CT2 + DT3 (15)

The coefficients A, B, C, and D must be provided in the chemical fluid property
database, along with the applicable temperature limits for the polynomial. Outside these
limits, the heat capacity is assumed to be constant.
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To ensure consistency with the gas-phase calculations, the liquid enthalpy is derived
from the gas-phase enthalpy and converted to the liquid state using an explicitly given
function of the enthalpy of vaporization, as shown in Equation (16).

hm,f,sat,i(T) = hm,g(T) − hfg(T) (16)

To ensure consistency in the calculation of dense-state and supercritical region paths,
a linear interpolation of the pressure-dependent liquid enthalpy is performed between the
saturation pressure and the critical pressure, as given in Equation (17).

hm, f ,i(T, p) = hm, f ,sat,i(T) +
p− psat,i

pci − psat,i
(hm,g,i(T, pc,i)− hm, f ,sat,i(T)) (17)

Based on thermodynamic modeling, the properties of liquid and gas mixtures are
obtained from the pure-component properties by simple summation. The enthalpy and
entropy of the mixture are given by Equation (18) and Equation (19), respectively.

H = ∑
i
(ni,ghm,i,g + ni,lhm,i,l) (18)

S = ∑
i
(ni,gsm,i,g + ni,lsm,i,l)− R∑

i
(ni,glnψi,g) (19)

A key component in the present thermodynamic modeling is the equilibrium reactor,
which calculates the chemical equilibrium at a given temperature and pressure from
specified initial compositions. The thermodynamic equilibrium is defined by the minimum
of the Gibbs free energy G.

For the given reaction in Equation (20):

aA + bB↔ cC + dD (20)

The chemical equilibrium condition is given by Equations (21) and (22):

ln(k) = −∆G
RT

(21)

k =

(︄
ψc

C · ψd
D

ψa
A · ψb

B

)︄
·
(︃

p
p0

)︃c+d−a−b
(22)

where Ψj is the mole fraction of species j, ∆G is the Gibbs free energy difference between
products and reactants, and R is the universal gas constant. It is assumed that all prod-
ucts and reactants are in the gas phase, and that all concentrations used are the total
concentrations of the respective species.

The chemical processes occurring during the operation of the AEM electrolyzer consist
of two half-reactions [34]: the oxygen evolution reaction (OER) at the anode and the
hydrogen evolution reaction (HER) at the cathode.

Oxygen evolution reaction (OER):

4OH− → O2 + 2H2O + 4e− (23)

Hydrogen evolution reaction (HER):

4H2O + 4e− → 2H2 + 4OH− (24)

Overall reaction:
2H2O→ 2H2 + O2 (25)
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In this study, the actual operating voltage of the AEM electrolyzer [35] mainly con-
sists of four components: the open-circuit voltage Eoc, the cathodic and anodic activation
polarizations Vact, the ohmic polarization Vohm, and the concentration polarization Vcon:

Vcell = Eoc + Vact + Vohm + Vcon (26)

The open-circuit voltage Eoc is governed by the Nernst Equation (27), which depends
on the temperature T and the activity of the reacting species a [36].

Eoc = E0
rev(T)−

RT
zF

ln(
∏i avi

i

∏k avk
k
) (27)

Under the standard conditions of 298 K and 1 bar, the reference electrolysis voltage
can be calculated [37] as given in Equations (28) and (29):

E =
△Gd(H2O)

2F
= 1.2293V = 1.23V (28)

V =
△Hd(H2O)

2F
= 1.4813V = 1.48V (29)

In alkaline water electrolysis via the half-cell reactions of Equations (23) and (24), when
oxygen is assumed to behave as an ideal gas at 298 K and 1 bar, Equation (30) simplifies to
Equation (31):

E+ = EH2O/O2 +
RPG
nF

Ln
(aH2O)( fO2

1/2)

a2
HO−

(30)

E+ ≈ 1.23 + pKe − 0.06pH (31)

At the cathode, Equation (32) reduces to Equation (33) when hydrogen is assumed to
behave as an ideal gas at 298 K and 1 bar.

E− = EH2O/H2 +
RPG
nF

Ln
aH2O

2

fO2
1/2a2

HO−
(32)

E− ≈ pKe − 0.06pH (33)

In summary, the voltage required for water electrolysis in an alkaline environment is
given by:

Ecell = E+ − E− = 1.23V (34)

The relationship between the current and the chemical gas production rate at each
electrode is governed by Faraday’s law of electrolysis. Equations (35) and (36) quantitatively
describe the proportional relationship between the current passing through the electrode
and the molar production rate of the electrochemical reaction products.

(εF)
anodic = 4F

(dnO2 /dt)
i

× 100 (35)

(εF)
cathodic = 2F

(dnH2 /dt)
i

× 100 (36)

Meanwhile, in the AEM electrolyzer, in the absence of mass transport limitations,
the kinetics of charge transfer at any metal/electrolyte interface follow the Butler–Volmer
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relationship [38]. Equation (37) quantitatively describes the nonlinear relationship between
the net reaction current density i at the electrode and the charge-transfer overpotential η.

i =
→
i +

←
i = i0

{︃
exp

[︃
βnF
RT

η

]︃
− exp

[︃
− (1− β)nF

RT
η

]︃}︃
(37)

where i0 is the exchange current density of the half-cell process (A·cm−2), β is the symmetry
factor, n = 2 is the number of electrons exchanged during the electrochemical splitting of
one water molecule, F = 96,485 C/mol is the Faraday constant (the charge of one mole
of electrons), R = 8.314 J/mol/K is the universal gas constant, η is the charge-transfer
overpotential (V), and T is the absolute temperature (K).

The gas–liquid separator module is primarily designed to reduce condensed liquid in
the gas stream. In this module, the liquid fraction carried in the adiabatic flow is reduced,
and the retention rate is regulated by a retention factor. This factor is correlated with the
separation efficiency η via a lookup table—the higher the retention rate, the more liquid is
removed. The corresponding relationship is given by Equation (38):

mLiquidWaterSeperated = mLiquidWaterEntered × η (38)

where η denotes the retention efficiency. This relationship is determined via a lookup table,
with a higher retention rate corresponding to more effective liquid separation.

Intercooler module: heat exchange between two fluids based on the NTU (Number
of Transfer Units) method. The intercooler calculates the state changes resulting from
indirect heat exchange between two media. The module supports three flow configurations:
counterflow, parallel flow, and crossflow. The NTU method is employed to model the
heat exchanger and determine the maximum possible heat transfer between the two fluid
streams. The actual heat transfer rate is then obtained via the effectiveness ε, defined
as the ratio of actual heat transfer to the maximum possible heat transfer, as given in
Equation (39):

ε =
Q

Qmax
(39)

Parallel flow (Equation (40)), counterflow (Equation (41)), and crossflow (Equations
(42)–(46)):

ε =
1− exp(−N(1 + C))

1 + C
(40)

ε =
1− exp(−N(1− C))

1− C× exp(−N(1− C))
(41)

ε = 1− exp(
exp(−C× N0.78)− 1

C× N−0.22 ) (42)

N =
UA
Cmin

(43)

C =
Cmin
Cmax

(44)

Cmin = min(m1cp1,m2cp2) (45)

Cmax = max(m1cp1,m2cp2) (46)

Thus, Equation (47) is derived:

Qmax = Cmin(Thi − Tci) (47)
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UA is the heat transfer rate per unit temperature difference between the fluid streams
(W/K), representing the combined heat transfer between the fluid and the wall as well as
conduction through the wall. It is the product of the overall heat transfer coefficient and
the effective heat transfer area between the fluids.

To approximate the dynamic thermal behavior of the module, the model assumes that
the two fluid streams entering the intercooler exchange heat via their respective thermal
masses. The heat exchange between these thermal masses and the ambient environment is
described by the following relationship:

.
Qenv = Kenv Aenv(TTM − Tenv) (48)

QLenv(flow1→ env) = KenvAenv(T1 − Tenv) (49)

Meanwhile, to prevent the fluid temperature from overshooting the ambient temper-
ature, this heat exchange is constrained by the enthalpy difference between the streams
evaluated at T1 and Tenv.

.
QLenv = sign(

.
Q
′
env)×min(

⃓⃓⃓ .
Q
′
1,env

⃓⃓⃓
,
⃓⃓⃓ .
H1(T1)−

.
H1(Tenv)

⃓⃓⃓
) (50)

The three-way valve divides the incoming fluid into two streams, with the split ratio
determined by a given position value. A valve position of 1 means the valve is fully open
and all fluid is directed to the first outlet, whereas a value of 0 closes the valve, directing
the entire flow to the second outlet, as described by Equations (51) and (52). This process
is adiabatic.

.
mout1 = pos · .

min (51)
.

mout2 = (1− pos)
.

min (52)

From the first law of thermodynamics, Equation (53) can be derived:

.
minhin =

.
mout1hout1 +

.
mout2hout2 (53)

The pressure drop is independent of the valve position.
The solenoid valve module is configured to calculate the pressure drop based on the

flow coefficient Kv (volumetric flow rate):

△p[bar] = ρ

[︃
kg
m3

]︃
/1000

[︃
kg
m3

]︃
(

Q
[︂

m3

h

]︂
Kv

[︂
m3

h

]︂ )
2

(54)

The mixer module calculates the temperature, composition, and pressure resulting
from the adiabatic mixing of two fluid streams. It accounts for phase change but does not
consider chemical reactions. The outlet enthalpy is the sum of the inlet enthalpies. The
module supports two mixer modes. In Mode 1, the mixer simply combines the two fluid
streams—with or without phase change—and the outlet mass flow rate equals the sum
of the inlet mass flow rates. From the first law of thermodynamics applied to the mixer,
Equation (55) is obtained:

.
m1h1 +

.
m2h2 =

.
mouthout (55)

Two methods are available in the mask for calculating the resulting flow pressure: the
first is the minimum of the two pressures, and the second is the mole-weighted average of
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the inlet pressures [39], as given in Equation (56). On this basis, the pressure loss factor k is
defined in Equation (57):

pout =

.
n1 pin1 +

.
n2 pin2

.
n1 +

.
n2

−△p (56)

△p = k
.

m2 (57)

Due to space limitations, detailed modeling of some core components—including
tanks, the proportional mixer, compressor, pump, etc.—is provided in the Supplementary
Material.

2.3. HTO and Hydrogen Crossover Transport Model

The hydrogen crossover transport framework of the AEM electrolyzer model in this
study is based on the solution-diffusion mechanism and incorporates the effect of electro-
osmotic drag on the membrane hydration state. To reflect the pressure-driven effect under
high pressure, the model calibrated by the industrial collaborator combines diffusion and
pressure effects into a pressure-dependent effective permeation coefficient. The hydrogen
transmembrane permeation flux, JH2, is given by Equation (58):

JH2 =
PH2,eff(T, λ, ∆p)

Lmem
(pH2,cat − pH2,an) (58)

where JH2 is the hydrogen transmembrane permeation flux (mol/(m2·s)); PH2,eff is the
effective permeation coefficient (mol/(m·s·Pa)), determined internally by the industrial-
calibrated model and incorporating the dependence on temperature T, membrane hydration
degree λ, and cathode–anode pressure difference ∆p (the pressure-difference-dependent
term essentially accounts for the pressure-driven convective transport effect); Lmem is the
membrane thickness (µm); and PH2,cat and PH2,an are the hydrogen partial pressures at the
cathode and anode sides, respectively.

Electro-osmotic drag affects the membrane hydration state via water transport rather
than directly transporting neutral H2 molecules, thereby indirectly modifying PH2,eff

(Equation (59)).

JH2O,EOD = ξEOD
i
F

(59)

where JH2O,EOD is the water flux induced by electro-osmotic drag, ξEOD is the electro-
osmotic drag coefficient, i is the current density, and F is the Faraday constant.

To quantitatively distinguish between the increase in absolute permeation and the
low-load concentration effect, this study simultaneously reports the oxygen produc-
tion rate, nO2, and the transmembrane hydrogen molar flow rate, nH2,cross, as given in
Equations (60) and (61):

nO2 =
I

4F
Ncell (60)

nH2,cross =
yH2

1− yH2
nO2 (61)

where yH2 is the dry-basis volume fraction of hydrogen in the oxygen-side outlet gas (i.e.,
HTO, in ppm); nO2 is the theoretical molar oxygen production rate per unit time (mol/s);
I is the electrolysis current (A); F is the Faraday constant (96,485 C/mol); and Ncell is the
number of electrolyzer cells.

In this study, a conservative safety threshold of 2 vol% hydrogen (dry basis) at the
oxygen-side outlet is adopted [40].
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The system simulation model is shown in Figure 2, which mainly includes the AEM
electrolysis main system loop, the control section, and the display platform. All analyses in
this study are conducted based on the aforementioned platform.

To comprehensively evaluate the transient dynamic performance of the three energy
storage topologies, five indicators were selected: T-1 (di/dt), T-2 (HTO), T-3 (∆P), D-1
(Ubus), and D-2 (H2 rate), representing current transient impact, hydrogen-in-oxygen
safety, pressure difference fluctuation, bus voltage deviation, and hydrogen production
performance, respectively. Among them, the first four are cost-type indicators, for which
lower values indicate better performance, while D-2 is a benefit-type indicator, for which
higher values indicate better performance. The feature extraction method for each indicator
is listed in Table 1.

Table 1. Selection of evaluation parameters.

Indicator Physical Meaning Type Feature Value Extraction (xi)

T-1 (di/dt) Current transient impact Cost-type Max (ABS(di/dt))
T-2 (HTO) Hydrogen-in-oxygen concentration safety Cost-type Max (HTO)
T-3 (∆P) Pressure difference fluctuation Cost-type Peak-to-peak variation

D-1 (Ubus) Bus voltage deviation Cost-type Max (ABS(Ubus—700))
D-2 (H2 rate) Hydrogen production performance Benefit-type Average (H2 rate)

Note: Cost-type indicators indicate that lower values correspond to better performance, whereas
benefit-type indicators indicate that higher values correspond to better performance.

In this study, the Min-Max normalization method was adopted to map all indicators
to a score range of 30–100. For cost-type indicators, the reverse normalization formula is
expressed as:

Si = 30 + 70× xmax − xi
xmax − xmin

(62)

For benefit-type indicators, the forward normalization formula is expressed as:

Si = 30 + 70× xi − xmin
xmax − xmin

(63)

In terms of weight selection, since the five indicators represent different aspects of
transient dynamic performance, the equal weighting method was employed, i.e., the weight
of each indicator is wi = 1/5 = 0.2. Finally, the linear weighted summation method was
used to calculate the comprehensive score of each topology:

Scorej =
5

∑
i=1

wi × Sij (64)

where Scorej is the final comprehensive score of the j-th topology, and Sij is the normalized
score of the j-th topology on the i-th indicator.

3. Simulation Results and Comparative Analysis of Multi-Dimensional
Evaluation Metrics
3.1. Model Calibration and Validation

The AEM electrolyzer model in this study was calibrated based on measured data
from an AEM prototype. The anion exchange membrane parameters, including membrane
thickness range, OH− conductivity, swelling ratio, mechanical strength, and ionomer
information, are listed in Table 2. The anode and cathode parameters are given in Table 3.
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Table 2. Anion exchange membrane parameters.

Category Parameter

Effective membrane area 100 cm2

Thickness 40 µm, 60 µm, 80 µm
Swelling ratio ≤15%(80 ◦C, 1 M KOH)
Water uptake ≤50%(80 ◦C, 1 M KOH)

Ion exchange capacity 2.4 meq/g
Conductivity 185 mS/cm(80 ◦C, OH−)

Tensile strength 48 MPa
Elongation at break 20%

Maximum width 800 mm
Form Solid fine powder or 5 wt% solution

Polymer type Poly(aryl piperidinium)
Functional group Piperidinium cation

Counterion Bicarbonate

Table 3. Electrode parameters.

Category Parameter

Catalyst loading 1–3 mg/cm2

Catalyst composition Ni–Fe
Electrode thickness 0.2–2 mm
Substrate material Nickel foam

Electrode area ≤10,000 cm2

Oxygen evolution overpotential ≤250 mV@10 mA/cm2

≤350 mV@500 mA/cm2

In this study, HTO is defined as the dry-basis volume fraction of hydrogen in the
oxygen-side outlet gas after gas–liquid separation and condensation-based water removal,
with units uniformly expressed in ppm. The measurement point is located at the outlet
of the oxygen-side gas–liquid separator, and HTO is measured after drying using an
industrial-grade HT-FX100 transmitter, as shown in Figure 3.

Figure 3. Experimental platform for the AEM electrolyzer hydrogen production system.

To validate the model under different operating temperatures, the simulated polariza-
tion curves were compared with the experimental measurements at 50 ◦C, 60 ◦C, and 70 ◦C,
as shown in Figure 4. The simulated curves (solid lines) agree well with the experimental
data (symbols) over the entire current density range. The maximum deviation is less than
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50 mV, as listed in Table 4, indicating that the model can accurately reproduce the effect of
temperature on the cell voltage.

Figure 4. Comparison of simulated and experimental polarization curves at different temperatures.
(a) Experimental results; (b) Simulation results.

Table 4. Quantitative error metrics between model predictions and experimental data.

Validation Variable RMSE MAE Maximum Error

Polarization curve voltage 17.05 mV 11.224 mV 45.1 mV
Cathode pressure 0.193 MPa 0.111 MPa 0.541 MPa
Anode pressure 2.215 kPa 1.593 kPa 6.2 kPa

HTO concentration 992.503 ppm 829.782 ppm 2361.65 ppm
Thermal response temperature 0.081 ◦C 0.063 ◦C 0.181 ◦C

In addition to the polarization curves, the calibrated model was further validated
against the experimental measurements of HTO concentration and anode–cathode pres-
sures, as shown in Figure 5a,b,d. The simulated HTO concentrations agree well with
the measured data over the investigated pressure range, with the maximum error and
RMSE summarized in Table 4. Similarly, the model accurately reproduces the anode and
cathode pressures, and the corresponding quantitative metrics are also listed in Table 4.
Furthermore, the effect of cathode-side hydrogen back pressure on the AEM electrolyzer
was analyzed under constant current, with the back pressure increasing from 65 kPa to
3 MPa (gauge pressure), as shown in Figure 5b,c. The model captures the variation trends
of temperature and HTO concentration with back pressure, confirming its capability to
predict system behavior under varying operating conditions. Overall, the good agreement
between simulation and experiment for HTO, pressure, and back-pressure effects further
confirms the reliability of the calibrated model.
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Figure 5. AEM electrolyzer calibration under cathode-side H2 back pressure (65 kPa–3 MPa, gauge):
(a) anode pressure; (b) cathode pressure; (c) temperature; (d) HTO.

3.2. Wind–Solar Output Characteristics, Transient Impact Resistance, Hydrogen Production Safety,
and Operational Stability

The mathematical model of the permanent magnet direct-drive wind power generation
system is shown in Figure 1. Wind speed is simulated using Equation (4). The variation
of the power coefficient Cp is presented in Figure 6. During operation, Cp fluctuates near
its rated value with relatively small deviations, as shown in Figure 6b, indicating effective
maximum power point tracking (MPPT). The output power curve of the wind turbine
system is shown in Figure 6d, which closely follows the wind speed profile (Figure 6a),
further confirming successful MPPT implementation.

Overall, the output characteristics of the synthetic wind–solar power generation sys-
tem exhibit significant randomness, and the wind turbine and PV output powers follow the
variations in wind speed and irradiance, respectively. This meets the simulation require-
ments of off-grid hydrogen production systems regarding power fluctuation characteristics.
Consequently, the three off-grid hydrogen production configurations—namely, single su-
percapacitor, flywheel–battery hybrid, and supercapacitor–battery hybrid—can be compara-
tively evaluated in subsequent AEM electrolyzer flexible hydrogen production simulations.

The three energy storage topologies were simulated under identical broadband, large-
amplitude, and random wind–solar fluctuation conditions, driving the same 100 kW
AEM electrolyzer hydrogen production system. The only variables that change are the
topology structure and the resulting power allocation path. The battery and supercapacitor
parameters used in the three topologies are completely identical: the load condition is
the same 100 kW AEM electrolyzer hydrogen production system; the battery has a rated
voltage of 400 V, a rated capacity of 200 Ah, an initial SOC of 50%, a response time of 2 s,
and saturation/protection limits of Vmax = 435.52 V, SOCmin = 15%, and SOCmax = 95%;
the supercapacitor has a rated capacitance of 99.5 F, an equivalent DC series resistance of
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8.9 × 10−3 Ω, a rated voltage of 480 V, 18 series and 2 parallel units, an initial voltage of
380 V, an operating temperature of 25 ◦C, and saturation/protection limits of Vmax = 500 V
and Vmin = 200 V; the simulation condition is large-amplitude, random fluctuations for all
three topologies; Topologies 2 and 3 adopt exactly the same power allocation strategy, i.e.,
frequency decoupling based on a second-order low-pass filter, where the low-frequency
component is allocated to the battery, and the high-frequency component is allocated to the
flywheel (Topology 2) or the supercapacitor (Topology 3), as listed in Tables 5–9.

Figure 6. Meteorological parameters and output characteristics of the synthetic wind–solar power
generation system: (a) wind speed; (b) wind energy utilization coefficient; (c) PV output power;
(d) wind turbine output power; (e) irradiance; (f) temperature.

Table 5. Comparison of key parameters and comparison basis for the three energy storage topologies.

Parameter Topology 1: Single
Supercapacitor

Topology 2:
Flywheel–Battery

Topology 3:
Supercapacitor–Battery

Load condition 100 kW AEM electrolyzer 100 kW AEM electrolyzer 100 kW AEM electrolyzer
Simulation condition Synthetic renewable power Synthetic renewable power Synthetic renewable power

Note: The synthetic renewable energy output power is shown in Figure 6.

Table 6. Comparison of key battery parameters and comparison basis among the three energy storage
topologies.

Parameter Topology 1: Single
Supercapacitor

Topology 2:
Flywheel–Battery

Topology 3:
Supercapacitor–Battery

Rated voltage \ 400 V 400 V
Rated capacity \ 200 Ah 200 Ah

Initial SOC \ 50% 50%
Response time \ 2 s 2 s

The current slew rate di/dt serves as a key metric for assessing the transient impact
resistance, membrane electrode fatigue damage, and dynamic adaptability of the AEM
electrolyzer, as shown in Figure 7. Severe wind–PV power fluctuations cause frequent
current transients in the electrolyzer.
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Table 7. Comparison of key supercapacitor parameters and comparison basis among the three energy
storage topologies.

Parameter Topology 1: Single
Supercapacitor

Topology 2:
Flywheel–Battery

Topology 3:
Supercapacitor–Battery

Rated capacitance 99.5 F \ 99.5 F
Equivalent DC series resistance 8.9 × 10−3 Ω \ 8.9 × 10−3 Ω

Rated voltage 480 V \ 480 V
Number of series/parallel units 18 series and 2 parallel \ 18 series and 2 parallel

Initial voltage 380 V \ 380 V
Operating temperature 25 ◦C \ 25 ◦C

Note: The supercapacitor is used in conjunction with a DC/DC power converter.

Table 8. Key parameters of the flywheel in the three energy storage topologies.

Parameter Topology 1: Single
Supercapacitor Topology 2: Flywheel–Battery Topology 3:

Supercapacitor–Battery

Motor type \ Permanent magnet synchronous
machine (PMSM) \

Stator phase resistance, Rs \ 0.001506 Ω \
Armature inductance \ 0.00013 H \

Flux linkage \ 0.318 V·s \
Inertia, J \ 20.1 kg·m2 \

Viscous damping, F \ 0 \
Static friction, Tf \ 0 N·m \

Initial rotational speed \ 6000 rpm (6000π/30 rad/s) \
Initial rotor position \ Aligned with phase A axis \

Table 9. Control parameters and power allocation strategies of the three energy storage topologies.

Parameter Topology 1: Single
Supercapacitor

Topology 2:
Flywheel–Battery

Topology 3:
Supercapacitor–Battery

Power allocation strategy Direct response of single
energy storage

Second-order low-pass filter
frequency decoupling

Second-order low-pass filter
frequency decoupling

Low-pass filter transfer
function \ H(s) = 0.43795s+1.4142

0.1918s2+1.1598s+1.4142 H(s) = 0.43795s+1.4142
0.1918s2+1.1598s+1.4142

Cut-off frequency \ 0.432 Hz 0.432 Hz

High-frequency component Supercapacitor (full
frequency band) Flywheel energy storage Supercapacitor

Low-frequency component \ Battery Battery

Note: Identical supercapacitor/battery parameters, flywheel only in Topology 2, and identical
battery/filter/controller parameters in Topologies 2–3 ensure a fair comparison.

Figure 7. AEM electrolyzer transient impact indicator (current slew rate di/dt): (a) single supercapac-
itor (SC); (b) flywheel–battery (FW–BAT); (c) supercapacitor–battery (SC–BAT).
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Based on the simulated di/dt parameters of the three topologies, the transient impact
suppression performance of different energy storage configurations on the electrolyzer
is compared.

With the aid of HTO (hydrogen content in oxygen) data obtained from the thermo-
dynamic simulation, as shown in Figure 8, the HTO concentration serves as a critical
measured indicator for quantifying the extent of gas crossover and explosion risk from a
safety perspective. More severe system fluctuations lead to higher transmembrane gas per-
meation flux, resulting in elevated peak and mean HTO concentrations, thereby reducing
the operational safety margin of the hydrogen production system. Therefore, suppressing
system dynamic fluctuations through appropriate energy storage topologies represents a
key technical pathway for reducing HTO concentration and fundamentally eliminating
gas-crossover safety hazards in off-grid flexible hydrogen production.

Figure 8. HTO data of the AEM electrolyzer: (a) single supercapacitor (SC); (b) flywheel–battery
(FW–BAT); (c) supercapacitor–battery (SC–BAT).

The mechanism of HTO increase can be divided into two stages. Stage 1: Pressure
effect (65 kPa–3 MPa, constant current). At a gauge pressure of 65 kPa, the HTO at the
oxygen-side outlet was 1900 ppm; when the hydrogen side was pressurized to 3 MPa, HTO
increased to 13,375 ppm, corresponding to a 7.04-fold increase. This trend indicates that
the high pressure difference not only increased the hydrogen partial pressure difference
but also significantly enhanced pressure-driven convective permeation, while the oxygen
production rate remained constant. HTO increased from 1900 ppm to 13,375 ppm (ap-
proximately 7-fold). According to Equations (60) and (61), the crossover flux increased
proportionally by about 7-fold. This confirms that the pressure increasing directly led to an
increase in permeation flux, independent of any decrease in oxygen production.

Stage 2: Topology effect (before and after the collapse of the single supercapacitor
at 3 MPa). The oxygen production rate decreased from 9.8625 m3/h to 7.6575 m3/h,
and HTO increased from approximately 13,375 ppm to approximately 13,408 ppm. The
calculated crossover flux remained essentially unchanged (or changed from 1.297 × 10−3 to
1.386 × 10−3), indicating that the HTO increase mainly originated from the concentration
effect caused by the reduced oxygen production, rather than a significant increase in
permeation flux. The enhancement effect of the increased pressure difference on permeation
was limited, as shown in Figure 9.
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Figure 9. (a–c) Hydrogen and oxygen production rates; (d) HTO concentration under hydrogen-side
gauge pressures from 65 kPa to 3 MPa.

Based on simulated data of the AEM electrolyzer hydrogen production rate and
anode–cathode pressure difference, combined with the thermodynamic model, this section
investigates the influence mechanisms of different energy storage topologies on the pro-
duction stability and gas-path operational reliability of the off-grid hydrogen production
system, as shown in Figures 10 and 11.

Figure 10. AEM electrolyzer hydrogen production rate: (a) single supercapacitor (SC); (b) flywheel–
battery (FW–BAT); (c) supercapacitor–battery (SC–BAT).

As shown in Figures 10 and 11, electrical disturbances induced by renewable power
fluctuations are directly transmitted to the gas-path system of the electrolyzer, causing
dynamic deviations in anode–cathode pressure and disrupting the gas production rate.
This ultimately leads to oscillations in the overall hydrogen production rate and a decline in
operational stability. Stable electrical input to the system can effectively balance the gas-path
pressure and synchronize the electrochemical reaction progress, ensuring continuous and
smooth hydrogen output—an essential condition for efficient and stable off-grid flexible
hydrogen production. The differences in fluctuation suppression capability among energy
storage topologies directly affect the gas-path pressure difference and gas production
state, thereby leading to a hierarchical differentiation in hydrogen production capacity and
operational stability.
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Figure 11. Anode–cathode pressure difference of the industrial AEM electrolyzer: (a) single superca-
pacitor (SC); (b) flywheel–battery (FW–BAT); (c) supercapacitor–battery (SC–BAT).

3.3. Comparison of DC Bus Voltage Stability, Electrolyzer Transient Impact Performance,
Hydrogen Production Safety, and Operational Stability

To quantitatively evaluate the regulation performance of the three hybrid energy stor-
age topologies under wide-frequency wind–PV power disturbances, this section presents
a multi-dimensional comparative analysis covering DC bus voltage dynamic stability
(Figure 12a), electrolyzer current transient impact characteristics (Figure 12b), hydrogen
production safety performance (Figure 12c), and operational stability (Figure 12d).

Figure 12. Performance comparison of different energy storage technologies for off-grid hydrogen
production: (a) DC bus voltage stability; (b) electrolyzer transient impact performance; (c) hydrogen
production safety (HTO); (d) operational stability.
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Under the single supercapacitor storage scheme, the DC bus voltage initially fluctuates
between 690 and 710 V, but subsequently collapses severely to approximately 540–550 V
after about 17 s, indicating a loss of voltage support rather than a moderate fluctuation.
During power disturbances, the supercapacitor, limited by its energy capacity, fails to pro-
vide sustained power support and is unable to maintain stable DC bus voltage, exhibiting
poor voltage support performance. However, in terms of the electrolyzer input current
slew rate di/dt, this topology shows a certain suppression effect on current transients, with
transient impact performance superior to that of the flywheel–battery hybrid scheme.

When the flywheel–battery hybrid storage topology is adopted, except for a short-term
voltage peak of 710 V caused by the system startup transient, the DC bus voltage remains
within the range of 695–705 V throughout the entire operation, with fluctuation amplitude
significantly smaller than that of the single supercapacitor scheme. The battery provides
energy support, ensuring sufficient voltage sustainability, and the dynamic stability of the
bus voltage is notably improved. However, due to the power response characteristics of
the flywheel and battery, the output current slew rates di/dt of this topology is relatively
high, resulting in a greater transient current impact on the electrolyzer compared with the
single supercapacitor scheme.

The supercapacitor–battery hybrid storage topology combines the dual advantages
of fast power response from supercapacitors and energy storage from batteries. Under
renewable power fluctuations, the DC bus voltage remains within 695–705 V for the
majority of the time, achieving voltage regulation performance comparable to that of the
flywheel–battery scheme. Meanwhile, the supercapacitor handles high-frequency power
fluctuations, resulting in the lowest electrolyzer input current slew rate di/dt among the
three topologies, effectively mitigating transient impacts caused by abrupt power changes.

For the single-supercapacitor configuration, the DC bus voltage underwent a severe
collapse after approximately 17 s, with a time outside the permitted range of about 7 s and
an RMSD of 59.411 V. In contrast, the two hybrid energy storage configurations maintained
the bus voltage within 695–705 V, with zero time outside the permitted range and RMSD
values of only 5.331 V and 2.909 V, respectively. In terms of HTO, the single-supercapacitor
configuration exhibited a continuous upward trend in the later stage, with a maximum
deviation of 33.361 ppm, whereas the two hybrid configurations kept HTO stable around
13,374 ppm, with RMSD values of only 0.795 ppm and 0.381 ppm, respectively. The
flywheel–battery configuration showed the highest maximum di/dt of 56.515 A/s among
the three topologies, while the supercapacitor–battery configuration achieved the lowest
values for all four di/dt metrics. These results are consistent with the waveform trends in
Figure 7, indicating that the supercapacitor–battery topology significantly suppresses the
transient impact on the electrolyzer, as listed in Tables 10–12.

Table 10. Quantitative comparison of DC bus voltage metrics for the three energy storage topologies.

Evaluation Metric Single Supercapacitor Flywheel–Battery Supercapacitor–Battery

Mean value 669.354 V 699.452 V 700.118 V
Standard deviation 51.945 V 5.411 V 2.967 V

Maximum deviation 155.735 V 11.073 V 5.052 V
Peak-to-peak variation 168.692 V 20.975 V 9.628 V

RMSD (RMS Deviation) 59.411 V 5.331 V 2.909 V
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Table 11. Quantitative comparison of HTO metrics for the three energy storage topologies.

Evaluation Metric Single Supercapacitor Flywheel–Battery Supercapacitor–Battery

Mean value 13,379 ppm 13,374 ppm 13,374 ppm
Standard deviation 9.787 ppm 0.812 ppm 0.387 ppm

Maximum deviation 33.361 ppm 1.74 ppm 0.661 ppm
Peak-to-peak variation 35.511 ppm 3 ppm 1.201 ppm
RMSD (RMS deviation) 4.961 ppm 0.795 ppm 0.381 ppm

Table 12. Quantitative comparison of di/dt metrics for the three energy storage topologies.

Evaluation Metric Single Supercapacitor Flywheel–Battery Supercapacitor–Battery

Maximum di/dt 20 A/s 56.515 A/s 7.449 A/s
RMS di/dt 17.773 A/s 42.417 A/s 6.067 A/s
Std (di/dt) 1.436 A/s 8.337 A/s 0.803 A/s

Mean |di/dt| 17.722 A/s 41.694 A/s 6.021 A/s

Note: Mean |di/dt| is the average of the absolute values of di/dt during the simulation, reflecting
the average transient impact level.

To further reveal the influence of the three storage topologies on the operational
safety of the AEM electrolyzer, a comparative analysis of two key safety indicators—the
anode–cathode pressure difference (Figure 11) and the hydrogen content in oxygen (HTO,
Figure 12c)—is conducted under both atmospheric conditions and industrial high-pressure
conditions with hydrogen-side pressure elevated to 3 MPa.

For the single supercapacitor energy storage scheme, in the later stage of wide-
frequency wind–PV disturbances, the limited energy storage capacity leads to insufficient
voltage support endurance, causing the system to remain in a power imbalance state for
extended periods. Over time, both the anode–cathode pressure difference and the HTO
concentration exhibit a continuous upward trend. In particular, under industrial high-
pressure conditions with the hydrogen-side pressure elevated to 3 MPa, the HTO mass
concentration gradually rises from the initial steady-state value of 13,375 ppm to 13,405
ppm. This sustained increasing trend indicates that power supply instability disrupts the
gas–liquid dynamic equilibrium within the electrolyzer, causing the hydrogen–oxygen
crossover risk to accumulate over time, which is detrimental to the long-term safe operation
of high-pressure hydrogen production systems.

Both the flywheel–battery and supercapacitor–battery hybrid storage topologies, ben-
efiting from the sufficient long-term energy supply capability of batteries, are able to
maintain power supply–demand balance throughout the entire disturbance period. Under
both atmospheric and 3 MPa hydrogen-side pressurization conditions, the anode–cathode
pressure difference is stably maintained within the normal operating range, while the HTO
concentration fluctuates slightly around 13,375 ppm without any sustained upward trend.
In comparison, the supercapacitor–battery topology exhibits the lowest current slew rate
di/dt, which further reduces transient thermodynamic disturbances within the electrolyzer
and achieves the best dynamic pressure balance between the anode and cathode.

3.4. Overall Performance Ranking and Application Suitability of the Three Storage Topologies

A comprehensive evaluation of the simulation results for the three energy storage
topologies is conducted based on multiple assessment dimensions, including DC bus
voltage dynamic stability, electrolyzer transient impact level, hydrogen production safety
under high-pressure conditions, as shown in Figure 13.
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Figure 13. Comprehensive-performance radar comparison of three hybrid energy-storage topologies
for off-grid hydrogen production system.

As shown in Table 13, the normalized scores and comprehensive scores of the three
topologies are presented. For each indicator, the best performance is scored as 100 and
the worst as 30. The comprehensive score is calculated using equal weighting and linear
weighted summation. The supercapacitor–battery topology achieves the highest com-
prehensive score (99.12), followed by the flywheel–battery topology (84.64), while the
single supercapacitor topology has the lowest score (40.42). This indicates that, under the
studied conditions, the supercapacitor–battery topology exhibits the best overall transient
dynamic performance.

Table 13. Evaluation indicator parameters.

Indicator Single Supercapacitor Flywheel–Battery Supercapacitor–Battery

T-1 (di/dt) 82.1 30 100
T-2 (HTO) 30 98.7 100
T-3 (∆P) 30 100 95.6

D-1 (Ubus) 30 97.2 100
D-2 (H2 rate) 30 97.3 100

Score 40.42 84.64 99.12

Note: The best-performing topology for each indicator is assigned a score of 100, and the worst-
performing topology is assigned a score of 30.

The single supercapacitor storage topology offers the advantages of fast response and
good suppression of transient current impacts on the electrolyzer. However, it is constrained
by limited energy capacity and fails to maintain DC bus voltage stability under prolonged
wind–PV fluctuating conditions. Under industrial high-pressure hydrogen production
at 3 MPa on the hydrogen side, power imbalance in the later stage leads to a continuous
rise in both the anode–cathode pressure difference and the HTO concentration, with the
hydrogen–oxygen crossover risk accumulating over time, resulting in poor long-term
operational safety. Therefore, this topology is more suitable for short-term, high-frequency
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power smoothing applications and is not recommended for long-duration off-grid wind–PV
hydrogen production scenarios.

The flywheel–battery hybrid storage topology exhibits good DC bus voltage con-
trol performance. Over the entire operating range, both the HTO concentration and the
anode–cathode pressure difference remain stable, ensuring safe and reliable high-pressure
hydrogen production. However, its suppression of transient current impacts on the elec-
trolyzer is limited, with the di/dt performance inferior to that of supercapacitor-based
schemes. Frequent and large current transients may accelerate membrane electrode aging in
the AEM electrolyzer. This topology is therefore suitable for off-grid hydrogen production
scenarios characterized by relatively moderate rates of wind–PV power variation.

The supercapacitor–battery hybrid storage topology integrates the high-frequency fast
power regulation capability of supercapacitors with the long-term energy supply advantage
of batteries. It achieves the best performance in terms of DC bus voltage fluctuation range,
energy endurance, and hydrogen production safety under high-pressure conditions, while
exhibiting the lowest current slew rate di/dt among the three schemes, thereby minimizing
the impact of transient shocks on electrolyzer lifetime. This topology is well-suited for
off-grid flexible hydrogen production under wide-band and large-amplitude, wind–PV
fluctuations, and is identified as the optimal hybrid energy storage scheme under the
conditions of this study, as summarized in Table 14.

Table 14. Comprehensive comparison of performance metrics for different energy storage topologies.

Evaluation Metric Single Supercapacitor Flywheel–Battery Supercapacitor–Battery

DC bus voltage stability
Poor (690–710 V, then

severe collapse to
540–550 V after ~17 s)

Good (695–705 V, except
for startup transient)

Excellent (695–705 V,
stable throughout)

Electrolyzer transient
impact (di/dt) Moderate Poor Excellent

High-pressure (3 MPa)
H2 production safety

Poor (HTO shows
continuous upward trend)

Excellent (HTO stable with
slight fluctuations
around 1.3375%)

Excellent (HTO stable with
slight fluctuations
around 1.3375%)

Overall score 40.42 84.64 99.12

Recommended
application scenarios

Short-term high-frequency
fluctuations,

short-duration smoothing

Off-grid hydrogen
production under

long-term wind–PV
fluctuations with moderate

power variation rates

Off-grid flexible hydrogen
production under wide-band,

large-amplitude, long-term
stochastic wind–PV

fluctuations (optimal scheme)

In contrast to previous studies that mainly focused on ALK/PEM electrolyzers or
single energy storage topologies under atmospheric to moderate pressures, this work
compares three energy storage topologies for a 100 kW off-grid AEM hydrogen production
system at 65 kPa–3 MPa (gauge pressure), and further reveals the HTO dynamic mechanism
under high-pressure transient conditions, as summarized in Table 15.
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Table 15. Comparison of this work with representative studies in related fields.

Comparison Dimension Electrolyzer Dynamic
Performance Studies

Hybrid Energy Storage
Topology Studies This Work

Representative references [41,42] [43–45] [—]

Research object ALK, PEM
(40 kW–250 kW)

PV/WT/DG with six
energy storage types

(lead–acid, Li-ion,
vanadium redox flow,

nickel–iron, zinc–bromine,
hydrogen storage)

100 kW off-grid AEM
hydrogen production system

with three energy storage
topologies

Electrolyzer type ALK, PEM
(40 kW–250 kW) \ AEM electrolyzer

Operating pressure 1–3 Mpa Atmospheric pressure 65 kPa–3 MPa (gauge
pressure)

Key HTO data
At 3.2 MPa, HTO reaches

39,000 ppm, exceeding the
1.6% threshold

\ HTO ranges from 13,375 to
13,700 ppm at 3 MPa

Evaluation metrics Voltage, HTO, efficiency Voltage deviation, SOC,
response time

di/dt, HTO, pressure
difference, bus voltage,

hydrogen production rate

Key findings

Pressure increase
exacerbates HTO; mixed

circulation yields the
highest HTO; HTO is

affected by both oxygen
production and permeation

Vanadium redox flow
battery is optimal for

short-duration; hydrogen
storage is optimal for

long-duration

SC–BAT topology has the
lowest di/dt; single SC

exhibits voltage collapse and
HTO concentration effect

Research gap
Lack of comparison among

different energy storage
topologies

Lack of integration with
hydrogen production

systems

Fills the cross-domain gap of
AEM industrial-scale 3 MPa

high-pressure operation,
comparison of three energy

storage topologies, and HTO
dynamic mechanism

4. Conclusions and Future Work
To address the issues of transient impacts on the AEM electrolyzer system and opera-

tional safety risks under high-pressure conditions caused by renewable power fluctuations
in off-grid wind–PV hydrogen production systems, this paper establishes a system-level
simulation model of the AEM electrolyzer hydrogen production system based on ther-
modynamic modeling. A comparative analysis is conducted on the regulation perfor-
mance of three energy storage topologies—single supercapacitor, flywheel–battery, and
supercapacitor–battery. The main contributions of this work are as follows:

(a) A system-level simulation model of the AEM electrolyzer hydrogen production
system is established based on thermodynamic parameters.

(b) In terms of DC bus voltage stability and transient suppression: the single super-
capacitor scheme, limited by its energy capacity, exhibits a voltage fluctuation range of
690–710 V and struggles to maintain voltage stability in the later stage. Both the flywheel–
battery and supercapacitor–battery schemes maintain the DC bus voltage within 695–705 V
stable performance. Among them, the supercapacitor–battery topology achieves the lowest
di/dt and provides the best suppression of transient impacts on the electrolyzer.

(c) Regarding hydrogen production safety under 3 MPa hydrogen-side pressure:
the single supercapacitor scheme exhibits continuous increases in both anode–cathode
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pressure difference and HTO concentration due to later-stage power imbalance, leading to
an elevated risk of hydrogen–oxygen crossover. In contrast, both hybrid storage schemes
maintain HTO concentration with slight fluctuations around 13,375 ppm, demonstrating
superior safety under high-pressure operation.

(d) Based on comprehensive evaluation of bus voltage stability, transient impact
suppression, hydrogen production safety, and transient operational performance under
the specific component sizes, controller settings, initial conditions, and short-duration
synthetic disturbances used in this study, the overall ranking of the three topologies is:
supercapacitor–battery > flywheel–battery > single supercapacitor. Under these specific
conditions, the supercapacitor–battery configuration produced smaller simulated current-
slew rates and bus-voltage deviations.

Future work may focus on designing adaptive frequency-sharing allocation strategies
for energy storage based on the spectral characteristics of wind and solar power output;
introducing measured wind–solar datasets for robustness validation under multiple oper-
ating conditions; and further conducting electrolyzer degradation and system economic
assessments on the basis of the thermodynamic model, so as to provide more comprehen-
sive theoretical support for storage configuration selection in off-grid flexible hydrogen
production systems. Meanwhile, the comparison between simulated and experimental
hydrogen production rates under dynamic conditions will be conducted in future work. Fu-
ture work will also carry out further parametric analysis and comparison regarding energy
storage capacity sizing, controller bandwidth, initial SOC, renewable power fluctuation
timescale, system economic cost, and electrolyzer type, so as to investigate the effects of
these parameters on topology ranking.
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Nomenclature

Vw Resultant wind speed [m/s] m Total mass flow [g/s]
VB Basic wind speed component [m/s] U Total internal energy [J]
VG Gust wind speed component [m/s] H Total Enthalpy flow [J/s]
VR Ramp wind speed component [m/s] Q Heat Flow [W]
VN Random wind speed component [m/s] S Total entropy [J/K]
t Time [s] G Total Gibb’s function [J]
Gmax Maximum gust amplitude [m/s] p Pressure [Pa]
T1G Gust start time [s] h Specific enthalpy [J/kg]
TG Gust period [s] Z Compressibility factor [-]
AR Maximum ramp amplitude [m/s] ρ Density [g/m3]
TSR Ramp start time [s] Pm Mechanical or Electrical Power [W]
TER Ramp end time [s] ni Amount of substance of species i [mol]
Sv (ωi) Power Spectral Density [m2/Hz] Ψi Mole fraction of the species i [-]
KN Surface roughness coefficient [-] R Universal gas constant [J/(mol·K)]
Fr Disturbance range [m] ε Effectiveness [-]
µ Mean wind speed at relative height [m/s] η Efficiency [-]
ωi Angular frequency of the i-th random component [rad/s] cp Specific heat capacity [J/(g·K)]
∆ω Frequency step size [rad/s] k Pressure Loss Factor [Pa/(g/s)2]
ϕi Random phase angle [rad] w Acentric factor [-]
in/out Incoming/Outgoing [-] min/max Minimal/Maximal [-]
ig Ideal gas [-] sat Saturated [-]
f /g(gas)/fg Liquid phase (Formation)/Gas phase/Evaporation [-] env Environment [-]
TM Thermal mass [-] F Faraday constant [C/mol]
pos Valve Position [-] Cath/an Cathode/Anode
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