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ABSTRACT

The integration and utilization of renewable energy into the grid is key to building a clean and low-carbon energy
system, but its intermittency and volatility cause significant wind and solar curtailment. To address this, this
paper proposes a multi-energy storage system integrating electrical, thermal, and hydrogen storage. The system
firstly uses Variational Mode Decomposition (VMD) to decompose and reconstruct the power difference between
the source and the load. The power allocation based on the dynamic response characteristics of supercapacitors,
hydrogen storage, and thermal storage tanks. Three progressive operating strategies are designed: baseline power
allocation based on VMD (Strategy 1), adaptive VMD adjustment considering the state of charge (SOC) of energy
storage (Strategy 2), and coordinated optimization introducing grid regulation (Strategy 3). An experimental
platform focused on lithium batteries and supercapacitors was built to verify the feasibility of the power allo-
cation and real-time adjustment strategies. Furthermore, the experimentally validated control strategies were
applied to a simulation case of a Beijing community to conduct system modeling based on a physical model.
Results show that Strategy 3 achieves zero SOC violation in energy storage, significantly outperforming Strategy
1 (which had a 47.5% violation rate) and Strategy 2 (37%), with operational costs reduced by 13.3% and 17.7%
compared to Strategies 1 and 2, respectively, and a system excess capacity ratio of 0%. The conclusions indicate
that the proposed VMD-based multi-energy storage coordinated optimization method, especially Strategy 3
combined with grid regulation, can effectively enhance system stability and economy, providing an effective
solution for multi-energy system management in scenarios with a high proportion of renewable energy.

1. Introduction

energy, known for its high calorific value, pollution-free characteristics,
and superior performance, plays a vital role in the multi-energy storage
systems [9]. For the energy distribution of multiple storage devices,

Renewable energy penetration has increased significantly, yet its
consumption remains relatively low. In China, wind power abandon-
ment rates reached 12% in Gansu and over 20% in Inner Mongolia in
2022 [1]. Similarly, Gansu and Ningxia reported photovoltaic curtail-
ment rates of 10%-15% in 2023 [2]. Countries such as India [3], the US
[4], Brazil [5], Australia [6], and Saudi Arabia [7] also face abandon-
ment rates between 10% and 20% [8]. In this context, the integration of
multi-energy storage systems has become crucial for the development of
clean, low-carbon energy. Among various energy sources, hydrogen

Variational Mode Decomposition (VMD) systems offer many advantages
[10]. VMD can serve as an important tool for power frequency allocation
in multi-energy storage systems.

Currently, extensive research has been conducted on multi-energy
storage system, but three core research gaps remain that urgently
need to be addressed. First, in terms of system composition, most studies
focus on the electro-thermal binary energy storage model
[11-14,22-24]. Although some literatures involve hydrogen energy
integration [25-32], they primarily focus on the basic aspects of wind
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Nomenclature \% Hydrogen production/consumption rate(mol/s)
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ECR Excess Capacity Ratio « VMD penalty paral'n.eter
EL Electrolyzer B Temperature coefficient
F Faraday constant(C/mol) ) He..alt. loss coefficient, Dirac delta function
FC Fuel Cell n Efficiency
HESS Hydrogen Energy Storage System © Center freqlilency (VMD)
HP Heat Pump ;1) iﬁ?de furllvc[gon (VMD)
HST Hydrogen Storage Tank ase (VMD)
I Current, Investment cost(USD) Subscripts
IMF Intrinsic Mode Function 0 Initial or standard condition
K Number of VMD modes amb Ambient
M Molar mass(g/mol) bat Battery
N Number, Service life(year) chr Charging
P Power(kW). dis Discharging
PV Photovoltaic ex Export/outlet
RMSE Root Mean Square Error H High-frequency component
MAE Mean Absolute Error H, Hydrogen
SC Supercapacitor im Import/inlet
S Unit cost(USD/kW, USD/kg, etc.) L Low-frequency component
SOC State of Charge M Medium-frequency component
T Temperature(K, °C) max Maximum
U Voltage(V) min Minimum
VMD Varlatlonaé Mode Decomposition noct Nominal operating cell temperature
v Volume(m™) ref Reference/standard condition
WST Water Storage Tank h/c Heating/Cooling
n Molar production/consumption rate(mol/s)

and solar energy storage capacity configuration, electricity-hydrogen
hybrid energy storage scheduling, and often neglect to model the waste
heat generated by fuel cells (FC) and electrolyzers (EL). Secondly,
regarding system regulation, existing research predominantly focuses on
peak shaving [33-36], and the research on frequency modulation of
complex multi-energy storage system, especially the precise power dis-
tribution, particularly scarce, which makes it difficult to meet the
stringent power quality requirements of the grid. Thirdly, in terms of
research methodology, most of the studies remain largely at the theo-
retical simulation stage [11-21,25-32]. Even though a few studies have
constructed experimental platforms [40,41], most of these are only basic
setups and are inadequate for thorough verification of the proposed
control strategies and models. This limitation significantly constrains
the engineering applicability and transformation value of the research
outcomes. In the application of power distribution algorithms, although
VMD and its improved versions have been studied for optimizing hybrid
energy storage systems [37-39], the existing implementations have not
been specifically designed to account for the cooperative characteristics
of multi-energy systems involving electricity, heat, and hydrogen. This
differs fundamentally from the customized application of VMD for
multi-energy complementary scenarios proposed in this study. In recent
years, some scholars have made preliminary explorations on the utili-
zation of residual heat of hydrogen energy storage [42] and the adap-
tation and optimization of VMD in multi-energy scenarios [43], but a
complete multi-energy collaborative solution has not yet been formed,
and there is still room for expansion in related research.

Summary: To address the gaps in existing research in four dimen-
sions—energy storage system composition, control direction, practical
validation, and algorithm adaptation—this paper proposes a multi-
energy storage system encompassing electricity, hydrogen, and heat. It
establishes a complete thermodynamic model of the system, applies a
customized VMD method for optimized power distribution, and sets up a

dedicated experimental platform for empirical research. Through a real
case in a community in Beijing, the advantages of the system in opera-
tional performance, reliability, and economic efficiency are compre-
hensively verified, providing theoretical support and practical reference
for the engineering application of multi-energy storage systems.

The innovation and main contribution of this study closely revolve
around the above research gaps and are manifested in the following
targeted solutions. In this paper, firstly, an electric-thermal-hydrogen
multi-energy energy storage system is constructed and the correspond-
ing thermodynamic model is established. Different from the limitation
that the existing hydrogen energy-related research only focuses on
electric energy conversion, the waste heat generated during the opera-
tion of FCs and electrolyzers is recovered to the thermodynamic circuit,
which realizes the electric-thermal synergistic utilization of hydrogen
energy and significantly improves the comprehensive energy efficiency
of the system. At the same time, the variational modal decomposition
(VMD) method is used to decompose and reconstruct the source-load
power difference, and then determine the output power of various en-
ergy storage devices. Compared with previous studies based on AHA-
VMD algorithm and adaptive VMD, the VMD application in this study
fully combines the dynamic characteristics of multi-energy comple-
mentation of electricity, heat and hydrogen, and realizes the custom-
ization and accuracy of power distribution, filling the gap in the tailored
application of VMD in multi-energy collaborative scenarios. Secondly, a
dedicated experimental platform for multi-energy storage systems was
constructed. This platform enables systematic analysis of the dynamic
response characteristics of supercapacitors and batteries under different
working conditions, which provides solid experimental verification
support for the research results and thereby addressing the common
limitation of lacking empirical validation in most studies. Finally, taking
a community in Beijing as an application case, the proposed electric-
thermal-hydrogen multi-energy energy storage system is applied to
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meet the energy demands, and three operation strategies are designed to
optimize the system performance. By comparing and analyzing the
characteristics of state-of-charge (SOC) curves of hydrogen storage, heat
storage and electricity storage equipment, as well as the over-limit
operation time ratio and system operation cost of various energy stor-
age equipment, it provides a practical engineering scheme for frequency
modulation and power distribution of complex multi-energy energy
storage systems, and makes up for the shortcomings of lack of practical
research in this field.

To better understand the research in this paper, Fig. 1 is a flowchart
of the entire work.

To more clearly position this study, Table 1 compares this research
with representative literature across key dimensions.

2. Electrical-thermal-hydrogen multi-energy storage system
2.1. System structure

The system structure is depicted in Fig. 2. It illustrates the structure
of the electrical-thermal-hydrogen multiple energy storage system. The
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Fig. 1. Overall main workflow diagram.
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Table 1
Comparative analysis of this study with representative literature.
Features Typical Typical Typical VMD This study
electricity- electricity- Applications
heat studies hydrogen [39,40]
[11,14] studies
[25,27]

Types of Electricity, Electricity, Electricity Electricity,
energy Heat Hydrogen (Battery, SC) heat, hydrogen
storage
owned

Core Economic Capacity VMD for VMD + Three-
method dispatch configuration power tier adaptive

allocation control

Validation Simulation Simulation Simulation Experiment +

Simulation
Primary Cost, peak Reliability, Power Frequency
focus shaving capacity smoothing allocation, SOC
management,
cost-saving
synergy
system consists of photovoltaic panel(PV), supercapacitor(SC),

hydrogen storage system(HESS) (electrolyzer(EL), hydrogen storage
tank(HST), fuel cell(FC)), compression heat pumps(HP), storage tanks
(WST) and municipal power grids.

The electrical load of the users is supplied by the PV, FC and SC. The
cooling and heating loads are provided by the HP. If the HP output is
insufficient to meet the cooling or heating load, the WST can provide
supplemental energy. The WST functions as a heat storage tank in winter
and a cold storage tank in summer. The excess electrical energy gener-
ated by the PV can be stored in the HST and SC. Similarly, excess thermal
energy generated by the HP can be stored in the WST. The waste heat
from the FC and EL is recovered and used directly to meet user heating
demands. Any surplus heat is stored in the WST during winter. The
detailed principles of the VMD frequency control strategy are presented
in Section 3.1.

2.2. Mathematical model of the system

2.2.1. Photovoltaic panel(PV)

The performance of photovoltaic panels is mainly affected by the
hourly ambient temperature and solar irradiance. It is determined by the
temperature of the solar cells. The amount of electricity generated by
photovoltaic panels (Ppy(t),kW) is determined by the following equa-
tions [44]:

Tpy(t) = Tamp () + w N
ref

Moy (t) = Npy o (1—ﬁpv (Tpv(t)_Tref ) ) o

Ppy(t) = Apvilpy (G () inyerter -

where Tymp(t) and Tpy(t) are the ambient temperature and the temper-
ature of the solar cell at time t,°C. G(t) is the solar irradiance at time t,
W/m?. Tooet and Tre are the battery temperature and standard temper-
ature under standard operating conditions, °C. Gi.fis the solar irradiance
under standard conditions, W/m?2. npy(®) is the efficiency of power
generation at time t.ijpy o is the power generation efficiency under the
standard condition. fpy is the temperature coefficient. Ppy(t) is the
electrical power output by photovoltaic cells at time t, kW. Apy is the
area of a single solar PV panel, m>. Ninverter 1S the efficiency of the
inverter.

2.2.2. Supercapacitor (SC)
The operation model of the SC and the corresponding operational
constraints are shown in Egs. (4) and (5) [45]:
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Fig. 2. The structure of the multi-element energy storage system.
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where SOC;.(t) is the capacitance state of the SC at time t. SOCy is the
initial state of the SC. Vg, is. and Cs are the voltage, current and
capacitance of the SC, V,AF. Usc max is the maximum voltage of the SC,
V. Uy is the real-time voltage of the SC, V. Constraint (5a) ensures that
the SC operates exclusively in either charging or discharging mode. Ut
sc,chr and Ut sc,dis are the charging and discharging voltage for the SC at
time t, V. Pmin sc,chr and Pmax sc,chr are the minimum and maximum
charging power of the SC, W. Pt sc,chr and Pt sc,dis are the charge and
discharge power for the SC at time t, kW. Pmin sc,dis and Pmax sc,dis are
the minimum and maximum discharge power of the SC, kW. SOCt sc and
SOCt-1 sc are the capacitance state of the SC at time t and the previous
moment. SOCmin sc and SOCmax sc are the minimum and maximum
capacitance state of the SC. #s¢,chr and s gis is the efficiency of charging
and discharging for the SC.

2.2.3. Hydrogen energy systems(HESS)

(1) Electrolyzer (EL) [46]

The EL produces hydrogen by electrolyzing water. The EL chemistry
works as follows:

H20—702 + H2

The EL produces hydrogen using electrical energy. At the same time,
it also generates heat, and the working principle of the EL is shown in
Egs. (6)-(9):

Py, = Pgp_n, + Hgt, (6)

Pry 1, = Peuig @

where, P p12 is the amount of electricity used in hydrogen production
for EL, kW. Hgy is the heat of the EL during operation, kW. gy, is the
power utilization efficiency of the EL. Hya is the calorific value of
hydrogen, kJ/kg. Mpy2 is the molar mass of hydrogen. ng y2 is The
amount of substance that produces hydrogen for the EL, mol. nygy, is the
efficiency of the use of heat generated for the EL.

The hydrogen production rate vg(mol/s) of the EL is calculated by
Eq. (10). The input electrical power Py, of the EL is calculated by Eq.
(12).

Ng I
VEL = N EZLFEL (10)
I /Ap)
= (Iew /AgL) o an
ki + (I /AgL)
Pg, = Uglp 12)

where, nf is Faraday efficiency. F is Faraday's constant. k; and kj is an
empirical factor. Ugy is the voltage of the EL, V. Iy, is the current of the
EL, A. N, is the number of the EL in series. Agy, is the effective electrode
area of the EL, m>.

(2) Fuel cell (FC)

The FC consumes hydrogen to output electricity and heat. It works as
follows:

02 +H2—>H20

The FC produces electricity while hydrogen reacts with oxygen. At
the same time, heat is generated, as shown in Egs. (13)-(16) for the
working principle of the FC:

Pyc_n, = Ngc_n, Hy, My, /’7}:(: 13)
Prc = Prc_n, /'YFC as
Prc = Prc_n, + Hrc (15)
Qrc = Hrcly,, (16)
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where, g is the efficiency of the FC. ngc y2 is the amount of hydrogen
required for the FC, mol. Py, 12 is amount of electricity needed to use
hydrogen for the FC, kW. Hyg is the calorific value of hydrogen, kJ/kg.
My is the molar mass of hydrogen. Hgc is the heat generated when the
FC is working, kW. nygc is the efficiency of the heat generated for the FC.

(3) Hydrogen storage tanks (HST)

The HST is used to compress and store hydrogen. The amount of the
dynamic substance in the HST are expressed as:

Nust(t + 1) = nusr(t) + Vi (£)At — vE (DAL 17
Vi () = 3600vg(t) (18)
Vst (t) = 3600vrc(t) + Vastv (t) 19)
Vst (Vs () = 0 (20
0 < Visr < ICysr @1

i anT(t—l- ].) — anT(t)

NHST,max

SOCsr(t) = SOCysr(t — 1) 22)

where, vim HST and vex HST are the hydrogen input and output rates of
the HST, mol/h. nysr(t + 1) is the amount of hydrogen stored in the HST
at the next moment, mol. nygr(t) is the amount of hydrogen stored in the
HST at the moment, mol. vgc(t) and vg(t) are hydrogen production and
consumption rates of EL and FC, mol/s. vystnv is the hydrogen rate
provided by the HST to the FC, mol/h. Vygr is the capacity of stored
hydrogen, m®. ICugr is the installed capacity of the HST, m®. Eq. (20)
restricts the import and export of hydrogen at the same time and only
one can be working. SOCysr(t) and SOCysr(t-1) are is the proportion of
hydrogen stored in the HST at this moment and the previous moment
relative to the rated capacity.

2.2.4. Heat pumps(HP)
The HP converts electrical energy into heating or cooling energy,
which is then transferred to a medium. It works as follows Eq. (23):

Pg; = P’Izl(l;)/rIHP (23)

where, Pyp is the input power of the HP, kW. Ph HP is heating power for
the output of the HP, kW. nyp is the efficiency of the HP.

2.2.5. Storage tanks(WST)

WST is used as a storage of thermal energy, it can store both heat and
cold. Its heat storage (Hh/c WST(t),kWh) and real-time state (SOCwsr)
and constraints are calculated as follows:

H%;T(t'i' 1) = H%;T(t)(l — Swsr) + (HP}\;I/;%m(t)WWST - I_H)hv‘gi?((t))At

%VXST
4
H t
SOCse(t) = usr(t) (25)
ICwsr
SOCW;‘T < SOCysr(t) < SOCye: (26)

where, Swsr is the heat loss coefficient of the WST. ICwsr is the installed
capacity, kWh. h/c and im/ex represent heating/cooling and imported/
exported energy. Hysr is the thermal energy stored in the WST, kWh.
SOCwsr is the proportion of thermal energy stored in the WST relative to
its rated capacity. nwsr is the efficiency of storing or releasing thermal
energy in the WST.

Journal of Energy Storage 153 (2026) 120542
3. Methodology

Based on the model described in the previous section, this section
will propose a collaborative optimization operation method for the
system. First, the VMD technique is described in detail, which is used to
decompose the source-load power difference into different frequency
components (Section 3.1). Next, the operational logic for allocating each
component to supercapacitors, hydrogen energy, and thermal storage
systems is defined, respectively (Section 3.2). Third, a comprehensive
set of cost assessment metrics is established for economic evaluation
(Section 3.3). Finally, on this basis, three hierarchical operation strate-
gies are developed—from fixed allocation benchmarks to adaptive, and
then to grid-coordinated strategies (Section 3.4). The subsequent sec-
tions focus on the experimental validation of these control principles
(Section 4) and their application and evaluation in full-scale simulation
cases (Sections 5 and 6).

3.1. VMD crossover method

The VMD is a fully adaptive and non-recursive signal processing
technique ideal for decomposing complex non-stationary signals such as
the source-load differential power. Unlike Empirical Mode Decomposi-
tion (EMD), VMD proactively determines the relevant bands by solving a
constrained variational problem.

The core of the VMD algorithm is to decompose a real-valued input
signal f(t) into a discrete number of sub-signals or modes ux(t), each
having a specific sparsity property while reproducing the input signal.
This is achieved by addressing the following constrained variational
problem:

min }{ D llol(a(0) + j/me ) “uk(e) e } @7)
LAl e

> wdt) = (o) @8)
k=1

where, {ux} = {uy,usus...ux} are the K mode functions, {wx} =
{w1,w9,ws3...wx} are their corresponding center frequencies, 5(t) is the
Dirac delta function, * denotes convolution, and 0, is the time derivative.

Variational model decomposition (VMD) decomposes and re-
constructs the difference between PV power generation and load power.
k intrinsic mode functions (IMFs) are obtained by decomposing the
differential power by VMD. They are shown in the following equation:

Uy (t) = Ax(t)cos[@x(t) ] (29)

where, u; denotes the k-th modal component. Ay denotes the
amplitude of the k-th IMF. &y indicates the phase.

The selection of the number of modes K and the penalty parameter a
is critical. In this study, the differential power signal was decomposed
with different K values. The value K = 9 was selected because it pro-
duced modes with distinct center frequencies without obvious mode
mixing or redundant components, as based on spectral analysis from the
resulting IMFs. The penalty parameter o, which controls the bandwidth
of each mode, was empirically set to 2000. This value was found to
provide a good trade-off, ensuring that each mode captured a mean-
ingful frequency component while avoiding excessive bandwidth that
could lead to overlap. The distribution of the central frequencies of each
component is shown in Fig. 3(a)-(c).

Spectrum analysis is performed on the K IMFs obtained from VMD
decomposition of the differential power to obtain their corresponding
frequency components. The high-frequency component Py(t), the
medium-frequency component Py(t) and the low-frequency component
Py (t) are reconstructed according to the respective response character-
istics of different energy storage devices. It is shown in the following
equation:
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Put) = ue(t)
k=1

a+b

> w(t)

k=a+1
K

> w(e)

k=a+b+1

Py (t) (30)

Py (t)

3.2. Multi-energy storage operation logic

As illustrated in Fig. 4, after the differential power generated be-
tween the PV and the load power undergoing frequency separation via
the VMD method, the resulting components are allocated as follows: The
low-frequency components are assigned to the thermal energy system.
The mid-frequency components are allocated to the hydrogen energy
system. The high-frequency components are directed to the operation of
the SC system.

3.3. Cost evaluation indicators

The operating costs of PV are shown in the following equation:

Cpy = PpySpy 31

where, Spy is the unit price of 1 kW for PV operation.
The operating costs of HESS are shown in the following equation:

Chgess = PrrScharge + PrcSischarge + MustNust + Tngss / Nigss (32)
where, Scharge and Sgischarge are unit price of 1 kW for the EL and FC
running. Sygr is the unit price of 1 kg for the operation of the HST. Iyygss
is the construction cost of hydrogen energy systems. Nygss is the service
life of the hydrogen energy system. Nygr is the cost of storing 1 mol of
hydrogen for a HESS. nygr is the amount of hydrogen stored in the HST,
mol.

The operating cost of SC is shown in the following equation:
CSC = Psc,chargessc,charge + Psc,dischargeSsc,discharge + Isc/Nsc (33)
where, Ssc_discharge and Ssc_charge are the unit price of 1 kW for SC dis-
charging and discharging. I is the construction cost of SC. N is the
service life of the SC.

The operating costs of the thermal energy system are shown in the
following equation:

Cheat = PupSup + PwsrSwsr + Inpss/Nupss (34)
where, Syp is the unit price of 1 kW for the operation of the HP. Sysgr is
the unit price of 1 kJ stored in a WST tank for heat. Ic,¢ is the cost of
construction of HP systems. Npeqt is the service life of the thermal energy
system.

The cost of municipal grid participation is shown in the following
equation:

START

| Obtain PV output Prv and user load
Ploald

| Calculate its differential power P_d |

The variational mode decomposes the
frequency division into k parts ux«

Frequency l

allocation

The 1-a part of the crossover is the
low frequency: P
The a-b section of the crossover is
the mid-frequency: Pu
The b-k part of the crossover is the
high frequency: Pu
(a<b<k)

Time loop

=¢ Recorded once per time

|

|

|

|

|
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|

! |

|

Pi() are transmitted to the HPSS :

Heat pump |

system(HPSS) |

Hz) Pu(?) is transmitted to the HESS I

Hydrogen energy

systems(HESS) |
ﬂ. +

“”l ”L Pu(t) is transmitted to the SC :

Supercapacitors(SC) I

|

|

No

Fig. 4. Working principle of the VMD-based power allocation.
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Cgria = P, g?idS;gTid_P;idsgid (35)
where, Pim grid and Pex grid indicate that the system supplied power to
the grid and the grid supplied power to the system, kW. Sim grid and Sex
grid indicate the unit price of power purchase from the grid and system
sale electricity to the grid.

The above five parts are calculated as the running cost of a time node
t (1 min). The total running cost is as follows:

T
Cov_total = Z Cpy (1) (36)
t=1
T
Chiss_total = Z Chgss(t) 37
t=1
T
Csc_total = Z Csc(t) (38)
t=1
T
Cheat,total = Z Cheat(t) (39)
t=1
T
Cgrid_total = Z Cgrid (t) (40)
t=1
Ctotal = CPV,total + CHESS,total + CSC,total + Cheat,total + cgrid,total (41)

where, T is the number of minutes in 1 day, i.e. 1440 min.
To evaluate the utilization of energy storage capacity, the maximum
Excess Capacity Ratio (ECR) is calculated as follows:

ECR = max (Dexceed,max.i/Dmax) (42)

Among it, the Dexceed max,i iS the maximum amount of electricity/
hydrogen/heat that each energy storage device cannot store during the
operation of the strategy, kg or kJ or mol. Dy, is the rated capacity of
each energy storage device, kg or kJ or mol. A lower ECR indicates a
higher utilization of the installed storage capacity and less energy waste.

3.4. Three running strategies in the system

After establishing the system model, we developed a hierarchical,
rule-based optimization framework composed of three sequentially
refined control strategies, each building upon the previous one to ach-
ieve progressive system-level refinement:

(1) Strategy 1: main power allocation

Based on VMD, the power difference is first decomposed into
different frequency components and directly allocated to the corre-
sponding subsystems. This basic strategy establishes a benchmark power
distribution and provides preliminary optimization results.

(2) Strategy 2: SOC-adaptive VMD tuning

Building on the output of Strategy 1, this stage introduces real-time
adjustments of the three VMD crossover parameters in response to the
State of Charge (SOC) of the energy storage system. This allows for
dynamic fine-tuning of power allocation, effectively reallocating power
components between the SC, HESS, and thermal system, enhancing
system adaptability.

(3) Strategy 3: grid-assisted frequency ratio adjustment

Further refining Strategy 2, this layer incorporates interactions with
the municipal grid and dynamically adjusts the frequency-based power
allocation ratio based on SOC feedback. This ensures effective energy
storage regulation and further overall system optimization, while
keeping all storage units within safe operational limits.
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4. Experimental verification

In order to verify the effectiveness of the strategy proposed in the
previous section, this section will introduce the validation work based
on a scaled-down experimental platform.

4.1. Introduction to the test bench

The experimental system is illustrated in Fig. 5. The test bench
comprises photovoltaic equipment, lithium iron phosphate battery,
supercapacitor and load equipment. Each device is regulated by the
central controller.

This experimental equipment setup utilizes the difference power as
the primary input data which is between the output power of photo-
voltaic(Ppy) and load demand power(Pj,aq). The difference between
photovoltaic power and load power is obtained as the required data. The
calculation equation is as follows:

Pret = Poy — Proad (43)

The low-pass filtering algorithm decomposes the differential power
Pyt into two frequencies, high frequency and low frequency. The high-
frequency components of power will be allocated to the supercapacitor,
while the low-frequency power will be assigned to the lithium iron
phosphate battery.

It should be noted that this experimental platform is a scaled-down,
electricity-focused prototype centered on electric energy, designed to
verify the feasibility of the control strategy. Its primary objective is to
check the correctness and real-time performance of the control logic
proposed in Section 3: ‘VMD frequency decomposition - power alloca-
tion - SOC real-time adjustment - grid coordination. Furthermore, since
the hydrogen and thermal systems in the full model primarily interact
with the electrical bus through power conversion, the lithium battery in
the experimental platform can effectively emulate their aggregate power
regulation role for the purpose of validating the core control strategy.

Therefore, the case studies in Sections 5 and 6 essentially combine
the experimentally validated control algorithm with hydrogen/thermal
device models based on physical principles and literature data to eval-
uate the performance of the complete system in simulation.

4.2. Frequency divider verification under source-charge power changes
(strategy 1)

4.2.1. Analysis of PV power fluctuation results

The photovoltaic output power was varied by partially shielding the
panels, while the load demand power was held constant. Under this
condition, the differential power in this scenario only changes with the
change of photovoltaic power. The photovoltaic output power and load
demand power are shown in Figs. 6 and 7.

As shown in Fig. 7, the photovoltaic output power changed signifi-
cantly every 30-50 s. In contrast, the load demand stably operated on
the load side from 0 s to 300 s and from 300 s to 600 s.

Fig. 8 illustrates the differential power and the operational status of
the supercapacitor and lithium iron phosphate battery.

Whenever the PV output power changed, the supercapacitor imme-
diately responded to the high-frequency power. Its output power
initially matched the change in differential power and then gradually
decreased over time. Conversely, the lithium iron phosphate battery
increased its output power over time. Eventually it reached the same
level as the differential power.

4.2.2. Analysis of load power fluctuation results

In contrast to the previous experiment, this experiment adjusted the
load demand by stepping it up or down at each step. The differential
power varied solely with changes in the load demand. The PV output
power and the load demand power are presented in Figs. 9 and 10.
Fig. 11 illustrates the variations in differential power and the
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Fig. 8. Differential power and the operating status of supercapacitors and
lithium iron phosphate batteries.

corresponding operation states of the supercapacitor and lithium iron
phosphate battery.

Whenever the load demand power changes, the change trend of the
supercapacitor and lithium iron phosphate battery is consistent with the
previous experiment, so it is not mentioned here. This experiment
verified the feasibility of power allocation from the load side.

4.3. SOC-aware crossover power adjustment (strategy 2)

To verify that the power at each frequency could be effectively
regulated after frequency division, the filter constant (fc) was adjusted
based on the real-time state of the supercapacitor. The real-time oper-
ating power of the lithium iron phosphate battery and supercapacitor
was observed during fluctuations in the differential power.

In this section, the load power and the fc were adjusted for the
experiment. The state of charge (SOC) of the supercapacitor ranged from
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Fig. 11. Differential power and the operating status of supercapacitors and
lithium iron phosphate batteries.

excessively low to excessively high. When the SOC of the supercapacitor
was too low, the high-frequency component increased, while the low-
frequency component decreased. Conversely, when the SOC was too
high, the high-frequency component decreased, while the low-frequency
component increased.

Therefore, this experiment was analyzed separately for two
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scenarios.

4.3.1. The SOC of the supercapacitor is too high

As shown in Fig. 11, the experiment was divided into two phases.
During the first phase (0 to 200 s), the fc was set to a higher than normal
state. It led to reduce the high-frequency power. During the second
phase (200 to 500 s), the fc was set to the normal state.

The experimental results are shown in Fig. 12. In the first 200 s, when
the SOC of the supercapacitor was high, the operating power of the
supercapacitor was lower than under normal conditions. It effectively
reduced the energy stored in the supercapacitor. After resetting the SOC
of the supercapacitor, the supercapacitor returned to normal operation
after 200 s. There was no difference with normal conditions.

4.3.2. The SOC of the supercapacitor is too low

As shown in Fig. 13, in the initial phase (0 to 150 s), the fc is set the
same as in section 4.3.1 for 200-500 s. From 150 to 500 s, the fc was set
to a lower than normal state, resulting in an increase in high-frequency
power.

The experimental results are shown in the Fig. 13. Whenever the load
demand power changes, the change trend of the supercapacitor and
lithium iron phosphate battery is consistent with the previous experi-
ment, so it is not mentioned here. However, because the filtering con-
stant became smaller, the power dynamics of each device changed more
slowly. The response time increased as well. After 400 s, the super-
capacitor had reached its rated power, and the experimental strategy
was concluded.

The two experiments in this section successfully verified the feasi-
bility of real-time power allocation of multiple energy storage devices.

4.4. Consider verification of grid-connected frequency divider (strategy 3)

To verify that the power at each frequency could be appropriately
adjusted in real time based on conditions after frequency division, the
real-time state of the supercapacitor and the lithium battery was used as
the criterion. Grid power was introduced to regulate the operating
conditions of the energy storage devices. The real-time operating power
changes of the lithium iron phosphate battery and the supercapacitor
were observed during fluctuations in the differential power.

Consisting with the experiment in Section 4.2, the differential power
was regulated through adjustments in either load demand power or
photovoltaic output power. However, when supercapacitors and
lithium-ion batteries reached specific operational thresholds (e.g., state-
of-charge limits), they ceased charging/discharging operations. Instead,
it use the power grid to compensate for power imbalances.
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’ Supercapacitor, operating power
1.0 '
et N
§ 0.0 N— :
£ 0.5} k i
-1.0 E
-1.5¢ 5
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Time/s

Fig. 12. Experiment running under the condition that the supercapacitor SOC
was too high.
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Therefore, four scenarios were designed to test the SOC of the
supercapacitor and the battery.

4.4.1. Taking the SOC of supercapacitor as an example

(1) When the SOC of the supercapacitor is too high

When the SOC of the supercapacitor is too high, the power operation
curves of the supercapacitor and the lithium battery are shown in
Fig. 14.

When the SOC of the supercapacitor exceeded the predefined
threshold, the charging mode was disabled. The experimental results are
shown in the Fig. 14. From 0 to 280 s, the supercapacitor operated
normally. This is the same as described in Section 4.2. From 280 to 600 s,
the supercapacitor was unable to operate normally so that the utility
grid assumed its role. The behavior of the grid mirrored the super-
capacitor. This result aligned with the expected experimental results.

Due to limitations of the experimental platform, the supercapacitor
exhibited a response delay of 3-5 s following changes in differential
power. Consequently, the utility grid provided power during this initial
delay before the supercapacitor resumed operation. This behavior was
consistent across all experiments in this section. Therefore, it is not
reiterated in subsequent parts.

(2) When the SOC of the supercapacitor is too low

When the SOC of the supercapacitor is too low, the power operation
curve of the supercapacitor and the lithium battery is shown in the

4
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Fig. 14. When the SOC of a supercapacitor is too high, the operating curve of
each device.
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following Fig. 15:

When the SOC of the supercapacitor fell below the predefined
threshold, the discharge mode was disabled. The experimental results
are shown in Fig. 15. From O to 250 s, the differential power gap
gradually increased. The supercapacitor was unable to operate nor-
mally. The municipal power grid replaced the supercapacitor to operate.
The behavior of the grid mirrored the supercapacitor. From 250 to 350 s,
the supercapacitor operated normally. This is the same as described in
Section 4.2.

4.4.2. Take lithium battery SOC as an example

(1) When the SOC of the battery is too high

When the SOC of the lithium battery is too high, the power operation
curve of the differential power, supercapacitor and lithium battery is
shown in the following Fig. 16:

When the SOC of the lithium battery exceeded the predefined
threshold, the charging mode was disabled. The experimental results are
shown in the Fig. 16. From 0 to 30 s and from 340 to 450 s, the differ-
ential power was positive. During these periods, the lithium battery was
unable to store energy. The municipal grid received the power that
would otherwise have been stored by the battery. The behavior of the
grid mirrored the lithium battery which was under normal conditions.
From 30 to 340 s, the lithium battery operated normally. This is the same
as described in Section 4.2.

(2) When the SOC of the battery is too low

When the SOC of the lithium battery is too low, the power operation
curve of the differential power, supercapacitor and lithium battery is
shown in the following Fig. 17:

When the SOC of the lithium battery fell below the predefined
threshold, the discharging mode was disabled. The experimental results
are shown in the Fig. 17. From 0 to 170 s and from 330 to 450 s, the
lithium battery operated normally. This is the same as described in
Section 4.2. From 170 to 330 s, the lithium battery was unable to store
energy. The utility grid assumed its role, operating in a manner consis-
tent with the lithium battery under normal conditions. These results
aligned with the expected behavior and confirmed the effectiveness of
the proposed strategy.

4.5. Simulation and experimental data comparison

The validation process is crucial to ensure the simulation model
reliably represents the physical system's behavior. Under the condition
that the initial data (photovoltaic output and load demand) remained
unchanged, the experimental strategies described in the previous three
sections were implemented by using MATLAB software. The simulation
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Fig. 15. When the SOC of a supercapacitor is too low, the operating curve of
each device.
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results are shown in Fig. 18.

The simulation results showed a high degree of consistency with the
experimental results. However, the response speed of each device
appeared faster and the power operation of the equipment were more
flexible in the simulation. This discrepancy was because the simulation
did not account for the short delays in the response of the physical
equipment, which are inherent in real-world systems. The experimental
results demonstrated the feasibility and reliability of the three frequency
division methods. It was evidenced by their effective management of
power distribution under varying load conditions.

To quantitatively validate the accuracy of the simulation model,
statistical error metrics including Root Mean Square Error (RMSE) and
Mean Absolute Error (MAE) were calculated by comparing the experi-
mental and simulated values of three critical operational parameters: the
differential power (P_net), supercapacitor power (P_sc), and lithium iron
phosphate battery power (P_bat). The results are summarized in Table 2.

The analysis results indicate that the RMSE and MAE values of all key
variables are below 0.21 kW. Considering that the power level of the
experimental system is in the kilowatt range, the absolute error level is
extremely low. This result statistically confirms the high consistency
between the simulation model and the physical experimental platform,
providing a strong quantitative basis for the accuracy of the model's
dynamic response.
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After this section's experiment verified the feasibility of the control
core logic, Sections 5-6 will apply the validated strategy to a complete
community case including hydrogen/thermal systems for simulation
studies.

5. Case settings
5.1. Source and load energy situation

This study focuses on the operation of a photovoltaic integrated
energy system with multiple energy storage systems. The proposed
system is applied to a case study of a residential community in Beijing.
The system was simulated using MATLAB for a typical winter day based
on the measured data for rooftop photovoltaic irradiance. The sampling
interval was 1 min. The solar photovoltaic output and the electric and
heating load of the community are shown in Figs. 19 and 20.

According to Eq. (43), the differential power of the system is ob-
tained as shown in Fig. 21.

After VMD, the differential power is decomposed into 9 intrinsic
mode functions (IMFs), as shown in Fig. 22. Therefore, IMF1-2 are
grouped as high-frequency components (as shown in Fig. 23(a)). The
mid-frequency band, represented by IMF3-6, contains more complex
frequency components, which require detailed decomposition (as shown
in Fig. 23(b)). IMF7-9, with the lowest center frequencies, are suitable
for energy storage devices with slower response characteristics and are
grouped as low-frequency components (as shown in Fig. 23(c)). This
grouping allows for the utilization of different energy storage devices
based on their response characteristics.

5.2. Economic-technical parameters

Table 3 shows the relevant parameters of each equipment in this
system.

5.3. Analysis of system efficiency and dynamic performance

Based on the equipment model established in Section 2.2 and the
experimental verification results in Section 4, this section deeply ana-
lyzes the overall energy efficiency and dynamic performance of the
system under the proposed control strategy.

System energy conversion efficiency is an important index to eval-
uate the performance of multi-energy system. In this paper, the con-
version efficiency of key energy links is quantitatively analyzed: the
round-trip efficiency of electricity-hydrogen-electricity is ng *ngL =
0.6*0.6 = 0.36, which indicates that there is a significant conversion loss
in the process of realizing deep energy time shift. In contrast, the ther-
mal system shows high energy utilization efficiency, and the heating
energy efficiency ratio of the HP 5yp reaches 0.98. At the same time, the
system makes full use of the waste heat generated during the operation
of the FC and the electrolytic cell. The economic advantage of strategy 3
partly stems from its ability to optimally schedule energy links with
different efficiencies: by introducing power grid to participate in real-
time regulation, this strategy effectively reduces the number of high-
cost hydrogen energy cycle conversion, and allocates more energy
scheduling tasks to high-efficiency or low-cost links (such as power grid
interaction and direct heating), thus improving the overall energy
economy at the system level.

The dynamic stability of the system is crucial for integrating a high
proportion of volatile renewable energy. The experimental results in
Section 4 show that the hierarchical control strategy proposed in this
paper can maintain the real-time power balance of the system under the
second-to-minute timescale power fluctuations, which verifies its good
primary frequency response ability. Specifically, the instantaneous
response of SCs to high-frequency power components and the smooth
compensation of low-frequency components by lithium batteries are
effectively complementary. This coordinated control mechanism based
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Fig. 18. Simulation results for each experiment.

on VMD frequency domain decomposition constitutes the core founda-
tion for the dynamic and stable operation of the system.

6. Results and discussion

In this section, the three frequency division strategies introduced in
Section 3.4 are applied to a case study in a residential area in Beijing.
The feasibility of these strategies are analyzed.

6.1. Normal operation characteristics analysis (strategy 1)

Based on the system model described in Section 2 and the VMD
method detailed in Section 3.1, the energy storage and release profiles,
as well as the SOC of WSTs, SCs, HSTs, at 1-min intervals over a 24-h
period were shown in Fig. 24(a), (b), (c).

Fig. 24(a) illustrates the operation of the SC over a typical day. The

12

SC operated from 6:00 to 18:00, handling high-frequency power due to
significant residential load and strong fluctuations during this period.
This period of significant residential activity and the peak of solar
irradiance, as seen in Fig. 19, where both load and PV power exhibit
high variability, necessitating high-frequency power support from the
SC.

Fig. 24(b) shows the operation of the HST over a typical day. It bore a
large amount of intermediate frequency load. During the 8:00-16:00
period, the HST was in the state of hydrogen storage. From 16:00 to
24:00, the HST was in the state of hydrogen release. This transition
corresponds to the decline in photovoltaic power generation after 16:00
(Fig. 19) and the subsequent increase in nighttime electricity demand,
which requires the HESS to switch from storage mode to power gener-
ation mode.

Fig. 24(c) shows the operational characteristics of the thermal WST
during a typical day. The WST operated from 05:00 to 24:00. During the
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Fig. 18. (continued).

Table 2

Statistical error metrics between experimental and simulated data.
Variable RMSE (kW) MAE (kW)
Differential Power (P_net) 0.18 0.12
Supercapacitor Power (P_sc) 0.15 0.10
Battery Power (P_bat) 0.21 0.14

periods of 05:02-09:00 and 15:58-23:00, the WST was in an exothermic
state, releasing heat to meet demand. Conversely, from 07:30 to 14:18,
the WST operated in a heat storage state, effectively contributing to peak
shaving and valley filling. From 14:18 to 15:57, the WST reached its
maximum storage capacity. Its excess heat is discarded due to system
limitations.

6.2. Crossover power ratio adjustment analysis (strategy 2)

Based on the VMD frequency decomposition method described in
Section 6.1, the proportions of the three frequency components are
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dynamically adjusted according to the real-time SOC of the energy
storage device. Under this strategy, the system is simulated again. This is
achieved by setting a control method that adjusts the boundary fre-
quencies in the VMD output. For example, when the SOC of the SC is
low, the controller effectively increases the bandwidth classified as ‘high
frequency,” directing more power to charge the SC, and vice versa.

Fig. 25(a), (b), (c) show the system operation diagram obtained after
24 h of operation.

Fig. 25(a) illustrates the performance curve of the SC on a typical day
under Strategy 2. However, after 13:20, the SC received a portion of the
intermediate frequency component, leading to a significant divergence
in its operation compared to Strategy 1. During this period, the SOC
reduction rate of the SC slowed down. After 20:20, the SC was further
influenced by the HESS, which distributed a portion of the high-
frequency components to the HESS.

Fig. 25(b) depicts the operation curve of the HST on a typical day
under Strategy 2. Although the HESS was influenced by the SC and HP
system, the operational trend of the HST in Strategy 2 remained
consistent with that in Strategy 1. Therefore, detailed analysis was
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Fig. 22. Frequency division of each component.

Fig. 25(c) presents the operating curve of the WST over a typical day.
The operation of the WST from 8:20 to 9:40 and from 13:20 to 16:00
differed significantly from that under Strategy 1. Starting from 8:20 a.
m., the SOC of the WST is already below 0.15. The HP system was
supplemented by some of the intermediate frequency components. After
13:20, the SOC of the WST has reached 0.7, and the HESS was also
supplemented by some low-frequency components.

6.3. Grid integration analysis (strategy 3)

Building on Strategy 2, the municipal power grid is integrated to
jointly provide or recover the required electrical energy when the SOC of
the SC or the WST exceeds its operational limits. This collaborative
approach between the municipal grid and the HESS ensures efficient
energy replenishment and adjustment. Under this strategy, the system is
re-simulated for operation.

Fig. 26(a), (b), (c), (d) shows the system operation diagram obtained
after 24 h of operation.

Fig. 26(a) presents the typical daily operational curve of a SC under
Strategy 3. With the integration of the municipal grid, the SC was
charged by the municipal grid at 13:09, 14:05 and 16:07. This demon-
strated the grid's role in stabilizing SC operation and optimizing energy
storage utilization.

Fig. 26(b) depicts the daily operation of a HST under Strategy 3. The
operation of the HST was influenced by the SC and HP systems. Under
this strategy, the hydrogen releasing by power generation increased.
This highlighted the synergistic interaction between different energy
storage components in the multi-energy system.
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bl 6.4. Energy storage SOC and economic analysis
Table 3

System device parameters.

Equipment Parameter Numeric Value
PV Spy/(USD/kWh) 1.38
sC Ssc,discharge/ Ssc,charge/ (USD/ kW) 206.52
I;./(USD/kWh) 564.5
Tse 0.95
SOCmin sc ~ SOCmax sc 0.1-0.8
SOCsco 0.5
Pmax sc(kW) 200
Nge 10
HP [48] Sup/(USD/kW) 311.16
Nup 0.98
Pmax HP(kW) 200
WST [49] Iheat/(USD/kWh) 9.64
Swst/(USD/kWh) 0.02
SOCmin WST ~ SOCmax WST 0-1
SOCwst(0) 0.5
Nwst 0.98
ICwst(kWh) 45,000
EL [47] 1EL 0.6
HEL 0.16
Iipss/(USD/KWh) 206.52
Scharge(USD/KW) 0.04
nFC 0.6
FC NHFC 0.16
Liygss/(USD/kWh) 206.52
Sdischarge/ (USD/KW) 0.12
HST Iygss/(USD/kWh) 12.39
Nyst/(USD/kg) 61.95
SOCmin HST ~ SOCmax HST 0-1
SOCyst(0) 0.4
NuST 0.98
mmin HST/(kg) 4000
Grid tariffs [50] Sim grid(USD/kWh) 0.11
Sex grid(USD/kWh) 0.07

Fig. 26(c) illustrates the operation of the WST under Strategy 3. From
07:22 onward, the WST and the heat load of the users received heat
generated by the HP. It significantly reduced the heat released by the
WST. During 11:27 to 16:00 min period, as the SOC of the WST reached
the threshold value of 0.7, some low-frequency components were
redirected to the municipal grid instead of being supplied to the HP. This
mechanism ensured efficient thermal energy management and pre-
vented overcharging of the WST.

Fig. 26(d) illustrates the operation profile of the municipal grid in the
Strategy 3. The grid supported the HP function in the thermal energy
system from 7:22 to 8:53 and supplied low-frequency components of the
differential power to the SC from 11:27 to 16:07. This dual role of the
grid enhanced the flexibility and reliability of the multi-energy storage
system.
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The SOC curves of energy storage devices in the three strategies are
shown in the Fig. 27(a), (b), (c).

The construction and O&M costs of SC, HP systems, HESS, and PV
were calculated and compared in the three strategies, as shown in
Table 4.

As shown in Table 4, Strategy 2 achieves significant improvements in
technical performance, successfully reducing the SOC limit exceedance
time by 10.5 percentage points (from 47.5% to 37%) and completely
eliminating system saturation. Although the adaptive power redistri-
bution mechanism employed by Strategy 2 can effectively avoid SOC
anomalies, the cost is that it forces the hybrid energy storage system—a
high-cost component—to frequently operate in low-efficiency regions or
non-optimal partial load conditions in order to offset the dynamic effects
of power transfers.

In contrast, Strategy 3 fundamentally reconstructs this trade-off by
connecting to the power grid. This strategy completely eliminates SOC
limit exceedance time (reducing it to 0%). From a system perspective,
the urban power grid can be regarded as a flexible buffer with almost
unlimited capacity, capable of absorbing fluctuating power that would
otherwise force the hybrid energy storage system or SCs into low-
efficiency operation.

As shown in Table 5, although Strategy 2 completely eliminates
system saturation, this performance improvement comes at the cost of
economics, with a total cost 5.3% higher than Strategy 1. Although real-
time power regulation can prevent SOC violations, it may force the HESS
to operate more frequently under partial load or transient conditions,
where its conversion efficiency is lower. Coupled with the higher unit
cost of HESS, this increases the overall cost. Strategy 3, by connecting to
the grid, significantly reduces the total cost by 13.3% and 17.7%
compared with Strategies 1 and 2, respectively. The key to the cost
reduction lies in the role of the municipal power grid as a flexible, large-
scale ‘virtual battery.” It achieves energy arbitrage by absorbing excess
low-frequency electricity (preventing heat waste as seen in Strategy 1)
and supplying power when needed, allowing dedicated storage devices
to operate closer to their optimal points and avoid incurring high costs.
This mechanism not only enhances the system's economic efficiency but
also avoids high costs such as heat wastage caused by system constraints
in Strategy 1.

The above results indicate that introducing external flexible re-
sources into a multi-energy storage system is key to achieving the syn-
ergistic optimization of technical performance and economic benefits.
Grid access can provide additional operational flexibility and effectively
overcome the technical and economic bottlenecks in the dynamic
regulation of the original system. The evolution from Strategy 1 to
Strategy 3 reveals the inherent trade-offs in system operation: Strategy
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Fig. 24. Operating curves of each energy storage device under Strategy 1.

1, as the baseline, has significant state-of-charge management de-
ficiencies (47.5% of time exceeding limits) and ECR = 28.73%); Strategy
2 greatly improves technical performance through real-time state-of-
charge feedback (time exceeding limits reduced to 37%, ECR = 0%) but
results in a 5.3% increase in operating costs, highlighting the technical-
economic conflict; Strategy 3, through coordinated integration with the
grid, ultimately resolves this conflict, achieving both perfect technical
performance (0% exceeding limits, 0% ECR) and the lowest operating
cost (13.3% and 17.7% lower than Strategies 1 and 2, respectively). This
demonstrates that the combination of virtual inertia allocation, adaptive
state-of-charge control, and grid coordination is a necessary approach to
fully unlocking the synergistic potential of a multi-energy storage sys-
tem integrating electricity, heat, and hydrogen.

The electro-thermal-hydrogen multi-energy storage system and its
hierarchical control strategy proposed in this work are inherently scal-
able and modular. This design enables their potential extension to urban
and regional energy networks. Operational findings further provide a
practical basis for broadening the technology's applicability. Core
components—including hydrogen storage, thermal storage, and super-
capacitors—can be standardized and deployed modularly, while
regional coordination is facilitated through a “centralized optimization,
distributed control” architecture. Within such expanded systems,
municipal power grids may act as flexible regulating resources, thereby
improving resilience to renewable intermittency and amplifying the
system's overall role in integrated energy management. The system
design can also accommodate diverse electricity market structures, a
feature that enhances its economic viability and operational practicality.
Besides energy arbitrage, the system can proactively participate in
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ancillary service markets, including frequency regulation and reserve
capacity provision.

7. Conclusions

This study establishes a clear research pathway from the validation
of core algorithms to the performance evaluation of the entire system.
The constructed experimental platform, centered on the supercapacitor-
battery subsystem, conducts rigorous verification on the basic power
allocation logic based on VMD and the real-time regulation principle
based on SOC. The experimental results of this subsystem are highly
consistent with the simulation results, confirming the reliability of the
established basic models and control strategies. This validation outcome
not only lays the necessary foundation for the subsequent application of
the aforementioned strategies to the simulation of the integrated elec-
trical-thermal-hydrogen system in the Beijing community case but also
provides sufficient theoretical basis for this application. Based on the
comprehensive analysis above, the following conclusions are drawn:

In this paper, an electrical-thermal-hydrogen multi-energy storage
system incorporating SCs, WSTs and HSTs was constructed. The VMD
method is proposed to divide the power frequency of the source-load
difference power, thereby obtaining the output power of multiple en-
ergy storage devices. The effectiveness of the proposed strategy is vali-
dated through experimental studies.

The experimental platform was utilized to validate three distinct
strategies: The baseline VMD frequency division strategy (Strategy 1),
the VMD combined with timely re-frequency division strategy (Strategy
2) and the VMD allocation strategy with grid participation in regulation



D. Wu et al.

Journal of Energy Storage 153 (2026) 120542

1.0 Lo == SOC of HST
— = -SOCof SC 460 0.9 |—— HST storage capacity
0.9 —— SC storage capacity 5
0.8 Operation of EL 2
0.7 1 E
5
= 06 - — — — — LA TR, =
z g
= 0.5 S
e g 8 =
3 S Roafb--—-___1__ 5
2 E
0.3 =
-3 g
0.2 <
0.1 4
00 00 0800 1200 1600 2000 2400 0.0 ! ! ! ! ! 5
’ ’ Ti ) ’ ’ ’ 04:00 08:00 12:00 16:00 20:00 24:00
ime/h
Time/h
(a) Running curve of the SC in Strategy 2 (b) Running curve of the HST in Strategy 2
1.0 - , —
— — -SOC of WST 1 n B R 4200
[—— WST storage capacity N
N
sk ! N LY
HP produce less 1 = — 100
heat than loaded ! =
0.6 | : 50 £
_______ =
(&) A / i 0 &
204 ‘ | g
- | -50 T
1 1
0.2 1 // 1 HP produce less 4 —100
' 1y, | heat than loaded
1, ! 4-150
\t "HP produce more
0.0 = L heat |han‘]oadcd | 2 & 200
04:00 08:00 12:00 16:00 20:00 24:00
Time/h

(c) Running curve of the WST in Strategy 2

Fig. 25. Operating curves of each energy storage device under Strategy 1.

(Strategy 3). The experimental results showed that the operational
changes of the supercapacitor and lithium iron phosphate battery had an
error margin of less than 0.2 kW compared to the simulation results.
Once the SC began to respond, the municipal power grid ceased its
response. By comparing the experimental results with the simulation
results, the feasibility of the three strategies in improving power quality
and enhancing the economic efficiency of equipment operation was
confirmed.

Through the case analysis, it is observed that in Strategy 1, which
was based on the VMD method, a significant SOC over-limit phenome-
non occurred during the operation of the WST, with the out-of-limit time
accounted for 47.5% of the total operation period. The timely redivision
strategy 2 reduced the out-of-limit time for SCs and WSTs by 37%, but
the operational cost of the equipment increases by 5.3% compared to
Strategy 1. Building upon Strategy 2, Strategy 3, which involved
municipal grid participation in regulation and control. It further reduced
the out-of-limit time to 0%. Additionally, the operational cost of the
equipment was reduced by 13.3% and 17.7% compared to Strategy 1
and Strategy 2. In this study, the municipal power grid is not just a
backup power source, but a transformative driver that can promote the
coordination and economic operation of heterogeneous energy storage
technologies.

However, the practical implementation of the proposed strategies
must consider several unmodeled dynamics and external factors.
Although this study has verified the technical feasibility of the proposed
system and corresponding strategies, to provide clear directions for
future research, it is still necessary to clarify its inherent limitations. This
study focuses on the short-term operational optimization of the system
during typical working days and has not yet analyzed the system's sta-
bility under long-term cyclical operational scenarios, nor has it
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quantified the impact of aging of core equipment on the system's overall
performance and economic benefits. Besides, the stability of transient
processes is also a key issue in actual operation. Therefore, future work
will establish a dynamic model of the integrated electricity-heat-hy-
drogen system. This model will facilitate a transient stability analysis
and incorporate equipment lifetime degradation modeling. Building
upon this foundation, a comprehensive life-cycle assessment framework
will be developed. By integrating these equipment aging models, the
assessment aims to critically evaluate and enhance the system's long-
term engineering feasibility.

In addition, the practical engineering implementation of this system
still faces real-world challenges such as scaling bottlenecks and high
initial capital investment. Prior to actual deployment, targeted techno-
economic analyses and evaluations of return on investment need to be
conducted, taking into account the characteristics of regional energy
markets and policy environments. Future research will further aim to
develop robust optimization models to effectively address uncertainties
in renewable energy output forecasts and load demand predictions; at
the same time, it will explore the system's adaptation pathways for
participating in complex electricity market transactions, thereby
enhancing its overall economic benefits and market competitiveness.
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Table 5
Cost comparison of the three scenarios.
COST Cupss(USD) Cuess(USD) Cpy(USD) Csc(USD) Cgria(USD) Cotat(USD)
Strategy 1 23,519 578,717 506 10,827 0 613,569
Strategy 2 19,210 615,581 506 10,834 0 646,131
Strategy 3 19,124 501,265 506 10,886 25 531,756
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