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and Gas-to-power Systems
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Abstract——By collecting and organizing historical data and 
typical model characteristics, hydrogen energy storage system 
(HESS)-based power-to-gas (P2G) and gas-to-power systems are 
developed using Simulink. The energy transfer mechanisms and 
numerical modeling methods of the proposed systems are stud‐
ied in detail. The proposed integrated HESS model covers the 
following system components: alkaline electrolyzer (AE), high-
pressure hydrogen storage tank with compressor (CM & H2 
tank), and proton-exchange membrane fuel cell (PEMFC) 
stack. The unit models in the HESS are established based on 
typical U-I curves and equivalent circuit models, which are 
used to analyze the operating characteristics and charging/dis‐
charging behaviors of a typical AE, an ideal CM & H2 tank, 
and a PEMFC stack. The validities of these models are simulat‐
ed and verified in the MicroGrid system, which is equipped 
with a wind power generation system, a photovoltaic power gen‐
eration system, and an auxiliary battery energy storage system 
(BESS) unit. Simulation results in MATLAB/Simulink show 
that electrolyzer stack, fuel cell stack and system integration 
model can operate in different cases. By testing the simulation 
results of the HESS under different working conditions, the hy‐
drogen production flow, stack voltage, state of charge (SOC) of 
the BESS, state of hydrogen pressure (SOHP) of the HESS, and 
HESS energy flow paths are analyzed. The simulation results 
are consistent with expectations, showing that the integrated 
HESS model can effectively absorb wind and photovoltaic pow‐
er. As the wind and photovoltaic power generations increase, 
the HESS current increases, thereby increasing the amount of 
hydrogen production to absorb the surplus power. The results 
show that the HESS responds faster than the traditional BESS 
in the microgrid, providing a solid theoretical foundation for 
later wind-photovoltaic-HESS-BESS integration.

Index Terms——Hydrogen energy storage system (HESS), green 
electricity hydrogen production, compressor, hydrogen storage 
tank, proton-exchange membrane fuel cell (PEMFC), wind-pho‐
tovoltaic-HESS-BESS integration.

I. INTRODUCTION

IN the context of “carbon emission peak & carbon neutral‐
ity” strategies, the construction of a new power system 

with renewable energy as the mainstay has become a general 
trend. According to the National Energy Administration of 
China, by the end of 2020, the national installed capacity of 
renewable energy power generation had reached 934 GW, 
which was a year-on-year increase of approximately 17.5%. 
However, owing to the fluctuations and intermittencies of re‐
newable energy as well as the limitations of transmission 
lines, the phenomenon of wind and photovoltaic (PV) aban‐
donment is becoming increasingly serious and cannot adapt 
to real-time changing load demands on the customer side 
[1]. As a green and zero-carbon energy type with abundant 
reserves, high calorific value, high energy density, and di‐
verse sources, hydrogen energy is regarded as the “ultimate 
energy” and is an excellent energy storage medium in the 
21st century [2]. Global “green hydrogen” production costs 
have decreased by 40% over the last five years. At present, 
the cost of hydrogen production from renewable energy in Chi‐
na is 2.05 ¥/Nm3, the energy consumption is 5 kWh/(N ×m3 ), 
the electrolysis efficiency is 60%-75%, and the hydrogen fu‐
el-cell efficiency is 50%. Therefore, it is crucial to improve 
the key technologies of “green hydrogen” production, stor‐
age, and transportation as well as fuel-cell control strategies.

As a new type of zero-carbon energy storage, the hydro‐
gen energy storage system (HESS) using hydrogen as the 
medium has gradually achieved superiority in terms of envi‐
ronmental benefits, operational stability, and smoothed re‐
newable energy fluctuations in systems such as microgrids 
(MGs) and the regional energy internet. In the MG system, 
the surplus electricity from renewable power sources (such 
as wind power and PVs) is converted to hydrogen by the 
electrolysis of water, and the hydrogen is stored in a tank 
for future use to realize medium- and long-term energy stor‐
age. Hydrogen can then be transported to a hydrogen refuel‐
ing station through the hydrogen supply chain, or can be 
grid-connected by hydrogen fuel-cell power generation to 
maximize the utilization of hydrogen energy. The HESS in 
an MG can enable synergistic effects among the different dis‐
tributed power sources, which can effectively improve the 
flexibilities of the distributed power sources in the MG, re‐
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duce the rates of abandonment of wind and PV powers, and 
smooth the fluctuations of power generation systems such as 
wind and PV power systems [3], [4]. Therefore, comprehen‐
sive utilization of renewable energy systems equipped with a 
HESS has become a key technology to smooth the fluctua‐
tions of wind and PV powers in the MG to fully utilize dis‐
tributed sources and improve the stability of MG operation. 
The mathematical modeling and dynamic simulation studies 
of HESS integration are crucial for later development of 
smart grids; they are also important for the construction of 
new power systems with new energy sources as the main‐
stay. Establishing an accurate HESS integration model for 
observing the operational characteristics of HESS, including 
the steady-state characteristics and dynamic performance, 
can provide a solid foundation for research and demonstra‐
tion of a comprehensive hydrogen energy utilization system 
in an MG.

In recent years, large numbers of studies have been devot‐
ed to the modeling and control strategies of wind-PV-HESS-
battery energy storage system (BESS) hybrid systems such 
as modeling technologies of wind power hydrogen produc‐
tion, PV-coupled hydrogen production, and other renewable-
energy-coupled hydrogen production system as well as analy‐
ses of the economic benefits of renewable energy hydrogen 
production systems [5]-[8]. Reference [9] designed a hybrid 
PV-hydrogen production system based on intelligent control, 
and developed an adaptive fuzzy-logic control (FLC) unit to 
control the inverter, which was optimized by a genetic algo‐
rithm to greatly improve the grid-connected characteristics 
of the hybrid PV-hydrogen production system. Reference 
[10] proposed a new proton-exchange membrane fuel cell 
(PEMFC) modeling method that used data-driven modeling 
and the datasheet provided by the equipment manufacturer; 
the data were used to construct the model without the need 
for experimental testing of the real stack. The simulation re‐
sults were close to the expected results, and the errors were 
within ±1%, which is helpful for promoting the development 
of fuel-cell power systems [10]. Reference [3] proposed a 
modeling and control strategy for wind-PV hybrid hydrogen 
production and energy storage system; their model supported 
different topology choices and realized a capacity-optimized 
configuration of the distributed power generating units and 
HESSs. Reference [11] compared the dynamic equivalent cir‐
cuit models of various fuel cells and built a passive model 
based on the experimental data of a 25 W PEMFC, which 
can realize automatic responses to external excitations of the 
fuel-cell stack; however, this work did not present experi‐
mental tests on the compared models and only analyzed the 
characteristics of different models. Reference [12] developed 
a proton-exchange membrane electrolyzer model based on 
Simulink; the changes in stack efficiency, voltage loss, and 
losses of other components such as the cathode and anode, 
were considered in the model. The dynamic changes during 
operation of the proton-exchange membrane electrolyzers 
were tested to prove that the proposed model was consistent 
with data from experiments. The above studies focused on 
system models such as renewable energy hydrogen produc‐

tion and hydrogen fuel-cell power generation systems. How‐
ever, they did not model the entire process of hydrogen pro‐
duction, storage, and application, or consider the impact of 
separate hydrogen sales on the system.

There are many reported studies on integrated HESS mod‐
eling and coupling of renewable systems with HESSs [13] -
[15]. The combination of HESS and wind turbines was 
found to be an economical risk quantification model for par‐
ticipating in the electricity market in China [16]. Some schol‐
ars have used the surrogate modeling method to construct 
and analyze HESSs in recent years, but their efforts were 
mainly on optimization of the equipment structure and did 
not consider the HESS integration with the power system 
[17]. A four-layer construction framework for a digital twin 
of an alkaline electrolyzer (AE) was reported in [18]; based 
on multidimensional data obtained from the physical layer 
and combined with the working mechanism of the AE, a dig‐
ital twin of the electrolyzer was constructed via hybrid mod‐
eling to integrate the theoretical and data-driven models, 
which implemented virtual mapping of the physical AE. Ref‐
erence [19] presented the modeling of an autonomous sys‐
tem powered by a PV generator and fuel-cell stack, includ‐
ing a PV array, an AE, a high-pressure hydrogen storage 
tank with compressor (CM & H2 tank), and fuel-cell stack. 
The hydrogen produced by the electrolyzer can be retained 
as compressed gaseous storage. The modeling of such a stor‐
age type is based on the ideal gas law, with the aim of deter‐
mining the hydrogen pressure. The research in this paper al‐
so provides a reference for further study of hydrogen conver‐
sion systems coupled with renewable energy systems. A com‐
prehensive PEMFC simulation model was established in 
[20], where an intelligent method was proposed for identify‐
ing the voltage and temperature of a PEMFC system. The 
proposed model was experimentally verified to exhibit good 
dynamic response characteristics.

Therefore, a basic integrated HESS model has been intro‐
duced using Simulink in the present study. The system com‐
ponents include the AE, CM & H2 tank, and PEMFC, mod‐
eled by analyzing the charging/discharging behaviors and en‐
ergy transfer mechanism of the system using numerical mod‐
eling methods. Finally, the model established in this paper is 
validated using an MG simulation system containing wind 
power, PVs, and BESS. The simulation results confirm and 
demonstrate the applicability of the proposed integrated 
HESS model to the MG. By observing the simulation results 
under different working conditions, the relationships between 
the parameters such as hydrogen production flow rate, stack 
voltage, state of hydrogen pressure (SOHP), and power gen‐
eration curve of the HESS, are analyzed. The simulation re‐
sults effectively reflect the typical operating characteristics 
of AEs, CM & H2 tanks, and PEMFCs in HESSs. The simu‐
lation results also show that the proposed model can effec‐
tively represent the energy transfer mechanism of the cou‐
pled HESS system, which is expected to provide a theoreti‐
cal basis for large-scale application of renewable-energy-cou‐
pled HESSs in the future.
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II. DESCRIPTION OF GRID-CONNECTED WIND-PV-HESS-
BESS HYBRID SYSTEMS

Figure 1 shows a simplified schematic of the grid-connect‐
ed wind-PV-HESS-BESS hybrid systems used to develop the 
integrated HESS model. It mainly consists of three parts: re‐
newable energy sources and auxiliary ESS, the HESS, and 
the power grid. The HESS includes an AE, a power conver‐
sion system (PCS) unit, a CM & H2 tank, and a PEMFC. 
The interconnection of the distributed power sources and 
electrolyzers in the power grid is realized through the PCS. 

When there is a surplus of renewable energy such as wind 
and PV, the surplus electricity in the MG is sent to an AE to 
produce hydrogen, which is then compressed and stored in a 
high-pressure storage tank. The stored hydrogen is sent to 
the fuel cell to generate electricity or to the hydrogen refuel‐
ing station of the downstream industrial chain through the 
supply chain. Through this, the full lifecycle application of 
hydrogen in HESS can be realized [21], [22]. To avoid short‐
age of hydrogen supply during shortage of renewable ener‐
gy, the wind power and PV power are combined with grid-
assisted power to produce hydrogen.

This MG system, where the grid parameters are 380 V/50 
Hz, mainly comprises distributed power supply, load, BESS 
devices, and HESS. The distributed energy sources include 
wind power system, PVs, BESSs, and HESSs. The wind 
power system, PVs, AC load, and HESS are all connected to 
the grid through the AC busbar. Auxiliary BESS devices are 
installed in the wind and PV power generation systems. To 
ensure the stability of the AC bus, it is necessary to distrib‐
ute the power of the HESS and BESS reasonably. Therefore, 
the power distribution principle of this MG system includes 
the following two cases.

1) Case 1: when there is excess differential power in the 
MG (i. e., the distributed power supply is greater than the 
load power to meet the load power demand), there are two 
energy flow paths, namely hydrogen production by electroly‐
sis and BESS charging. When the state of charge (SOC) of 
the BESS is high, the electrolytic hydrogen production pow‐
er allocation ratio is higher, and more power is used for hy‐
drogen production to slow the increase of SOC. When the 
SOC of the BESS is low, the distribution power of electrolyt‐
ic hydrogen production is lower, which is used to mainly 
boost the SOC of the BESS and prevent the BESS from be‐
ing in the deep discharging area for a long time. When the 

SOC of the BESS is within a reasonable working range, the 
allocated power depends mainly on the SOHP of the hydro‐
gen tank. When the SOHP is low, the electrolytic hydrogen 
production absorbs more power to boost the SOHP. When 
the SOHP is high, electrolytic hydrogen production absorbs 
less power, thus preventing the SOHP from being too high.

2) Case 2: when the differential power within the MG is 
insufficient, there are two power flow paths, namely PEMFC 
and BESS discharging. When the SOC of the BESS is high, 
the power allocated by the PEMFC is low; therefore, the pri‐
ority is to discharge from the BESS to reduce its SOC and 
prevent the BESS from being in the deep charging area for a 
long time. When the SOC of the BESS is low, high power is 
allocated by the PEMFC, and power is preferentially sup‐
plied by the PEMFC to prevent the SOC of the BESS from 
decreasing. When the SOC of the BESS is within a reason‐
able working range, the allocated power mainly depends on 
the SOHP of the HESS. When the SOHP is low, the PEMFC 
releases less power to avoid continuous decrease of the 
SOHP. When the SOHP is high, the PEMFC releases more 
power for the power supply to prevent excessive SOHP of 
the HESS.

Wind farmPV farm

Power grid

ElectrolyzerCompressorHydrogen tank

Fuel cell

Hydrogen refueling station

PCS

Hydrogen supply

Renewable energy
Electric power line

Hydrogen pipeline

Auxiliary ESS

Oxygen

Hydrogen

Water

PCS

HESS

…

Fig. 1.　Simplified schematic of grid-connected wind-PV-HESS-BESS hybrid systems used to develop integrated HESS model.
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III. DESCRIPTION OF MATHEMATICAL MODELING

A. Mathematical Modeling of Electrolytic Cell Stack and 
Simulink Model

AEs primarily include electrochemical and empirical mod‐
els. To facilitate analysis of the operating characteristics of 
the hydrogen production process, an electrochemical model 
has been used in this paper. The electrolytic cell is consid‐
ered as a pressure-sensitive nonlinear DC load in the circuit. 
Within its working range, the output voltage of the electrolyt‐
ic cell increases with the input current. Therefore, the hydro‐
gen production flow rate (i.e., hydrogen production volume) 
of the electrolytic cell can be adjusted by adjusting the input 
current [23]-[25]. The modeling of the electrolyzer must con‐
sider the relationship between the power consumption of the 
stack and flow rate of hydrogen production. These related pa‐
rameters are obtained from the datasheet and U-I characteris‐
tic curve provided by the manufacturer. In practical engineer‐
ing, electrolytic systems consist mainly of several electrolyt‐
ic cell units connected in series. Therefore, this paper only 
discusses the modeling of a single electrolytic cell unit. The 
input and output of the model are the current and hydrogen 
production flow rate (mol/s), respectively. A simplified cir‐
cuit diagram of the electrolytic cell unit is shown in Fig. 2, 
where ηohm is the ohm overvoltage; and ηact is the activation 
overvoltage loss caused by the oxidation reduction reaction 
in the fuel cells.

According to the U-I characteristic curve of the alkaline 
water electrolytic (AWE) cell obtained from the manufactur‐
er, combined with Faraday’s law, a typical electrochemical 
mathematical model of the electrolytic cell unit can be ob‐
tained, as shown in (1)-(3) [7], [9].

Uelec =Urev +
r1 + r2Telec

Aelec

Ielec + s ( t1 + t2 /Telec + t3 /T 2
elec

Aelec

Ielec + 1)
(1)

ì

í

î

ï
ïï
ï

ï
ïï
ï

Welec = ηF

Nc

2F
Ielec

ηF =
f2 (Ielec /Aelec )2

f1 + (Ielec /Aelec )2

(2)

Urev =
DGelec

zF
(3)

where Uelec is the electrolyzer stack voltage; Ielec is the induc‐
tor current; Urev is the reversible voltage of the electrolyzer 
cell under standard conditions; r1 and r2 are the Ohmic resis‐
tance parameters of the AWE; s, t1, t2, and t3 are the elec‐
trode overvoltage coefficients; Telec is the electrolyzer temper‐
ature; Aelec is the electrolyzer surface area; Welec is the hydro‐

gen production flow rate; Nc is the number of electrolyzer 
cells; ηF is the Faraday efficiency related to current density; 
f1 and f2 are the Faraday efficiency parameters; DGelec is the 
Gibbs free-energy change of the battery reaction in the stan‐
dard state (for the chemical reaction that produces water, 
DGelec =-474.4 kJ/mol); z is the number of electrons trans‐
ferred per reaction (z = 2); and F is the Faraday’s constant 
(F = 96500 C/mol).

In the AE model, the form of (1) is similar to the mathe‐
matical model form of a hydrogen fuel cell. According to 
the above mathematical model, the AE model has been built 
in Simulink, as shown in Appendix A Fig. A1. Its inputs are 
the electrolytic cell temperature Telec and Ielec, and the out‐
puts are Welec, Uelec, and ηF.

B. Mathematical Modeling of HESS and Simulink Model

A simplified schematic of the HESS is shown in Fig. 3, 
consisting of two parts, namely a compressor and a hydro‐
gen starage tank. The hydrogen produced by the electrolyzer 
is injected into a high-pressure gaseous hydrogen storage 
tank through a compressor [25], [26]. To model the compres‐
sor, the relationship between the inlet hydrogen flow rate, 
outlet flow rate, outlet and inlet pressure ratio, and electrical 
energy consumed by the compressor must be considered. 
The power consumed by the compressor PTP is expressed 
by (4).

PTP =WelecCpH2

TTP

ηTP

é

ë

ê

ê
êê
ê

ê( Poutlet

P inlet )
γ - 1
γ

- 1
ù

û

ú

ú
úú
ú

ú
(4)

where Welec is the hydrogen flow rate at the compressor in‐
let; CpH2

 is the specific heat capacity of hydrogen at a con‐

stant pressure; TTP is the compressor inlet temperature; ηTP is 
the compressor operating efficiency; Poutlet /P inlet is the ratio 
of compressor outlet to inlet pressures; and γ is the specific 
heat ratio of hydrogen under standard conditions.

According to the gas-state equation, the internal pressure 
of a hydrogen tank is calculated as [27], [28]:

P tank =
nH2

RTtank

V tank
(5)

nH2
(t0 +Dt)= n0 (t0 )+ ∫

t0

t0 +Dt

qH2
dt (6)

qH2
=Welec -Wfc (7)

where P tank is the pressure inside the tank; nH2
 is the amount 

of substance inside gas tank; V tank is the volume of gas tank; 
R is the molar gas constant; Ttank is the gas temperature; 

ηohm

Ielec

UrevUelec

ηact

Electrolytic cell unit

+
�

Output: H2

Fig. 2.　Simplified circuit diagram of electrolytic cell unit.

Compressor

Electrolyzer

Hydrogen storage tankCM1

CM2

…

CM
n

Ptank,Wfc

Fig. 3.　Simplified schematic of HESS.

888



LI et al.: MODELING AND SIMULATION OF HYDROGEN ENERGY STORAGE SYSTEM FOR POWER-TO-GAS AND GAS-TO-POWER SYSTEMS

n0 (t0 ) is the initial value of the amount of substance inside 
the gas tank at time t0; qH2

 is the net hydrogen feed flow 

rate; and Wfc is the hydrogen flow rate at gas tank outlet.
The above mathematical model is based on ideal assump‐

tions as follows.
1) The gas is ideal.
2) The volume of the hydrogen storage tank is constant re‐

gardless of the slight change in the volume of the storage 
tank.

3) The gas temperature is constant.
According to the above mathematical model, a HESS sim‐

ulation model was built in Simulink, as shown in Appendix 
A Fig. A2. The system integrates a compressor and hydro‐
gen storage tank to form an integrated hydrogen storage 
model. Its inputs are the compressor’s constant operating 
temperature, Ttank, Welec, and three flags. The three flags can 
be used to determine whether there are hydrogen input and 
outflow as well as whether separate hydrogen sales opera‐
tions are carried out to consider calculation of the economic 
benefits of independent hydrogen sales involved in the hy‐
drogen storage link. The outputs of the system are the com‐
pressor power consumption PTP, current pressure of the stor‐
age tank P tank (which indicates the current state of the hydro‐
gen reserve, similar to the SOC of the BESS; we term this 
the state of hydrogen reserve (SOHR)), and Wfc.

C. Mathematical Modeling of PEMFC Stack and Simulink 
Model

The modeling of the proton-exchange membrane hydro‐
gen fuel cell is based on the PEMFC equivalent circuit struc‐
ture, as shown in Fig. 4. In this model, the fuel cell is com‐
posed of a controlled voltage source connected in series 
with an equivalent circuit and other basic circuit elements 
[11], [29].

where R inter is the internal resistance of fuel cell; and E is the 
real output voltage of PEMFC. As observed from Fig. 4, the 
hydrogen fuel cell is internally composed of ohmic and acti‐
vation overpotentials. These losses are equivalent in the cir‐
cuit to the RC circuit and are represented by a first-order 
transfer function in the mathematical model. Considering 
these losses, the actual output voltage of the hydrogen fuel 
cell is lower than the open-circuit voltage. Therefore, the ac‐
tual output voltage of the PEMFC is calculated using (8).

ì

í

î

ï
ïï
ï

ï
ïï
ï
ï
ï

Ufc =Eoc - ηact - ηohm

ηact =NAfc ln(ifc /i0 )
1

sTdelay + 1

ηohm =Rohmifc

(8)

where Ufc is the fuel-cell output voltage; Eoc is the open-cir‐
cuit voltage; ηact is the activation overpotential; ηohm is the 
Ohmic overpotential; N is the number of cells; Afc is the 
Tafel slope; ifc is the fuel-cell output current; i0 is the ex‐
change current; Tdelay is the response time; and Rohm is the fu‐
el-cell stack internal resistance.

In (8), the open-circuit voltage Eoc, exchange current i0, 
and Tafel slope Afc are calculated using (9)-(11), respectively.

Eoc =Kc Enernst (9)

i0 =
zFk(PH2

+PO2
)

Rh
e
-
DG
RTfc (10)

Afc =
RTfc

zαF
(11)

where Kc is the voltage constant under nominal operating 
conditions; Enernst is the Nernst voltage; z is the number of 
transferred electrons (z = 2); α is the charging transfer coeffi‐
cient; PH2

 is the operating pressure of hydrogen; PO2
 is the 

operating pressure of oxygen; DG is the change in Gibbs 
free energy; Tfc is the PEMFC operating temperature; k is 
the Boltzmann constant; and h is the Planck’s constant.

The intermediate variables required in (9) and (10) (i. e., 
hydrogen utilization rate UfH2

, oxygen utilization rate UfO2

) are 

determined by:

UfH2

=
60000RTfcifc

zFPfuelVfuel x
(12)

UfO2

=
60000RTfcifc

2zFPairVair y (13)

where Pfuel is the absolute supply pressure of fuel; Vfuel is the 
fuel flow rate; x is the percentage of hydrogen in fuel; Pair is 
the absolute supply pressure of air; Vair is the airflow rate; 
and y is the percentage of oxygen in the oxidant.

PH2
, PO2

, PH2O, and Nernst voltage Enernst inside the hydro‐

gen fuel-cell stack are defined by (14)-(17), respectively.
PH2

= (1 -UfH2

)xPfuel (14)

PO2
= (1 -UfO2

)yPair (15)

PH2O = (w + 2yUfO2

)Pair (16)
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RTfc
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ln(PH2
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                                                                                               Tfc < 373 K
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2F
+
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ln ( )PH2

P 1/2
O2

PH2O

                                                                                               Tfc ³ 373 K

(17)

where DS0 =-44.43; PH2O is the partial pressure of water va‐

por; and w is the percentage of water vapor in the oxidant.
The other parameters required in the model are calculated 

based on the typical polarization curve data of the fuel-cell 
stack under standard conditions, and the nominal data are ob‐
tained from the datasheet provided by the manufacturer. The 
parameter calculation formulas are shown in (18)-(20).

Eoc

E

Rinter
+

Ufc

ifcInput: H2

1

sTdelay+1
NAfcln(ifc/i0)

+
�

�

+
�

Fig. 4.　PEMFC equivalent circuit structure.
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where Tfcnom is nominal operating temperature; Vnom and Inom 
are the voltage and current at nominal operating point, re‐
spectively; and Imax and Vmin are the current and voltage at 
the maximum operating point, respectively.

The Gibbs free-energy change is calculated by:

ì

í

î

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï

DG =-RTfcnom ln(i0 /K1 )

Rohm =
V1 -Vnom -NA ln(Inom )

Inom - 1

i0 = e
V1 -Eocnom +Rohm

NA

K1 =
zFk(PH2nom +PO2nom )

hR
PH2nom =PH2

|x = xnomUfH2

=UfH2nom
Pfuel =Pfuelnom

PO2nom =PO2
|y = ynomUfO2

=UfO2nom
Pair =Pairnom

UfH2nom
=
ηnomDh0 (H2O(gas))N

zFVnom

UfO2nom
=
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(19)

where Eocnom and V1 are the voltages at 0 and 1 A, respec‐
tively; ηnom is the nominal lower heating value (LHV) stack 
efficiency; Vairnom is the nominal airflow rate; Pairnom and 
Pfuelnom are the absolute supply pressures of air and fuel, re‐
spectively; xnom is the nominal composition of hydrogen in 
fuel; ynom is the nominal composition of oxigen in the air; 
wnom is the nominal compositions of gaseous water in the ox‐
idant; and H2O(gas) represents gaseous water.

The nominal voltage constant Kc of the PEMFC stack is 
determined by:

ì

í

î

ïïïï

ïïïï

Kc =
Eocnom

Enernstnom

Enernstnom =Enernst|UfH2

=UfH2nom
UfO2

=UfO2nom
Tfc = Tfcnom

(20)

For the above mathematical model, a corresponding simu‐
lation model has been established in Simulink to facilitate 
subsequent experimental verification, as illustrated in Appen‐
dix A Fig. A3. The system inputs are Pfuel, fuel flow rate 
Vfuel, Pair, air flow rate Vair, working temperature Tfc, percent‐
age of hydrogen in the fuel x, and percentage of oxygen in 
the oxidizer y, while the outputs of the system are the PEM‐
FC voltage and measurement signals.

Note that the PEMFC model proposed above is developed 
using the following assumptions.

1) The gas is ideal.
2) A constant temperature is maintained during the opera‐

tion of the PEMFC stack.
3) The water vapor content (humidity) inside the PEMFC 

stack remains constant.
4) The pressure changes of fuel and air in the intake pipe 

are negligible.

5) The internal resistance of the PEMFC is constant.

IV. SIMULATION VERIFICATION OF HESS MODEL IN WIND-
PV-HESS-BESS HYBRID SYSTEM

A. Verification Within MG System

The HESS model proposed herein is integrated into the 
grid-connected wind-PV-HESS-BESS hybrid system to simu‐
late the accuracy of the proposed model. The Simulink mod‐
el of the wind-PV-HESS-BESS hybrid system is shown in 
Appendix A Fig. A4. The nominal power of the PV system 
in the MG is 20 kW, and the nominal power of the lithium 
BESS on the AC side is 135 kWh with a 50% initial SOC. 
The model parameter settings of the HESS (AWE, hydrogen 
storage tank, and PEMFC) are listed in Tables I-III.

TABLE III
MODEL PARAMETERS OF PEMFC

Symbol

N

Vmin

Imax

Vnom

Inom

Eocnom

V1

Vairnom

Pairnom

Pfuelnom

Value

65

37

225

45

133.3

65

63

297

150000

100000

Unit

V

A

V

A

V

V

L/min

Pa

Pa

Symbol

xnom

ynom

wnom

ηnom

Tfcnom

z

k

h

DS0

Value

99.5

21

1

55

338.15

2

1.38×10-23

6.626×10-34

21

Unit

%

%

%

K

J/K

J·s

TABLE II
MODEL PARAMETERS OF HYDROGEN STORAGE TANK

Symbol

CpH2

γ

Vtank

R

Value

14.0500

1.4140

0.2400

8.3145

Unit

kJ/(kg·K)

m3

J·mol-1·K-1

TABLE I
MODEL PARAMETERS OF AWE

Symbol

r1

r2

t1

t2

t3

s

Aelec

DGelec

f1

f2

Nc

F

Value

8.05 ´ 10-5

-2.5 ´ 10-7

-1.002

8.424

247.3

0.185

0.25

-474.4

250

0.98

21

96485

Unit

Ω·m2

Ω·m2·K-1

A-1·m2

A-1·m2·K

A-1·m2·K2

V

m2

kJ/mol

mA2·cm4

C/mol-1
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Figure 5 shows the voltage and current waveforms of the 
AC power grid, DC-side voltage of the PV grid-connected 
system, and simulation curve of PV power. The grid voltage 
and frequency are 380 V and 50 Hz, respectively. The irradi‐
ance starts increasing gradually at 0.2 s, so the correspond‐
ing PV power increases and stabilizes at 0.5 s; the voltage 
of the DC-side busbar of the PV power generation module 
stabilizes at 700 V. In Fig. 5(d), the irradiance of the PV 
starts increasing at point 1 and stabilizes at point 2.

Figure 6 shows the SOC variation curve of the lithium 
BESS in the MG. We set the initial SOC of the BESS to be 
50%; when it is higher than 50%, it means that there is sur‐
plus renewable energy power in the MG, which is then used 
to charge the energy storage system while ensuring hydrogen 
production. When the SOC is below 50%, the power supply 
in the MG is deemed insufficient, and the BESS power 
needs to be consumed to compensate for the power and hy‐
drogen demands.

Figure 7 shows the operating characteristics of the HESS. 
The electrolyzer consumes electricity from the three-phase 
AC bus for electrolysis of water. The hydrogen production 
flow rate stabilizes at 5 kg/s. As the amount of hydrogen in‐
creases, the power consumption of the compressor also in‐

creases. The pressure inside the hydrogen storage tank also 
increases, which conforms to the operation of the actual 
physical system, thereby verifying the correctness of the pro‐
posed model.

In addition, when hydrogen is sold to a refueling station, 
we consider its impact on the operating characteristics of the 
HESS. In this paper, the working conditions are set as fol‐
lows.

1) Case 1: at 0-0.2 s, the alkaline electrolyzer in the 
HESS produces hydrogen, and the sale of hydrogen is not 
considered. In this case, the HESS operates in the hydrogen 
production and energy storage modes. The distributed energy 
and auxiliary energy storage unit in the MG supplies power 
to the HESS to produce hydrogen, and the PV and wind tur‐
bines obtain the maximum power from the power supply at 
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the maximum power point.
2) Case 2: at 0.2-0.6 s, the HESS stops hydrogen produc‐

tion by electrolysis of water, starts the proton-exchange 
membrane hydrogen fuel cells, and sells hydrogen simultane‐
ously. In this case, the SOHR change of the HESS is affect‐
ed by two factors, namely fuel-cell power generation and hy‐
drogen market transaction. These two hydrogen distribution 
paths will bring economic benefits to the MG by connecting 
to the electricity and chemical markets, respectively, which 
has significance for the construction of practical projects. 
The characteristic variation curves of the HESS-related pa‐
rameters are shown in Fig. 8.

As shown in Fig. 8, the electrolyzer continues to produce 
hydrogen before 0.2 s, and the power consumption of the 
compressor increases with hydrogen production. Starting 
from 0.2 s, the hydrogen storage tank supplies hydrogen to 
the proton-exchange membrane hydrogen fuel cell, and the 
hydrogen flows into the hydrogen fuel cell at a flow rate of 
0.5 kg/s to commence power generation. In addition, we be‐
lieve that hydrogen exists in the initial state of the hydrogen 
storage tank; therefore, the initial pressure of the hydrogen 
storage tank is not zero. As shown in Fig. 8, the power con‐
sumption and tank pressure of the compressor increase be‐
fore 0.2 s. At 0.2 s, the pressure of the hydrogen storage 
tank drops suddenly; this is because the system operation 
mode changes from case 1 to case 2 at 0.2 s, i.e., only the 
operation of selling hydrogen is carried out, resulting in rap‐

id declines in the hydrogen storage capacity and pressure of 
the storage tank.

B. Analysis of Operating Characteristics of Hydrogen Fuel 
Cell

In addition to the above-mentioned data analyses and veri‐
fications, this paper focuses on analysis of the operating 
characteristic curve of the hydrogen fuel cell. The simulation 
model considers the transients caused by manifold filling dy‐
namics, membrane water content, supercharging device, air 
compressor adjustment, etc. Ignoring the temperature chang‐
es during the rapid change processes, the operating character‐
istic curves of hydrogen fuel cell are shown in Fig. 9.

Considering the actual hydrogen demand change, the 
curve is a series of step changes, as shown in Fig. 9(a). The 
anode intake flow rate follows the trend of the demand cur‐
rent curve and differs from the fluctuations of the demand in‐
let flow rate at the moment of the step change in the de‐
mand current. This flow fluctuation reflects the delay charac‐
teristics caused by the adjustment of the anode pressure. The 
cathode inlet flow rate also exhibits a certain degree of fluc‐
tuation, which is related to the dynamic characteristics of the 
air compressor and air-supply pipeline. It is more intuitive to 
observe the changes in the excess coefficient curve. At the 
moment of a sudden load change, the change in air supply is 
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affected by the adjustment characteristics of the air compres‐
sor, and the dynamic characteristics of the air-supply pipe‐
line lag behind the changes in the stack demand. This hyster‐
esis is also the reason for setting the excess coefficient on 
the air side because when the supply is not excessive. For a 
sudden change in the load current, the fuel-cell stack may 
suffer from oxygen starvation, resulting in a decline of the 
battery output voltage, flooding of the stack, and even dam‐
age to the fuel and service life of battery. In Fig. 9(c), it is 
observed that although the cathode excess coefficient lags be‐
hind the change in demand, it remains greater than 1.

V. CONCLUSION

An HESS is an indispensable part for constructing a new 
power system with renewable energy as the main source. Its 
design and simulations require a simple and realistic model, 
which is necessary for determining the capacity of the 
HESS. In this paper, an integrated modeling method is pro‐
posed for HESSs, and a HESS model including AEs, ideal 
air compressors, high-pressure hydrogen storage tanks, PEM‐
FCs, and other MG components is developed in Simulink. 
The alkaline water electrolysis system is a stack composed 

of 0.25 m2 electrodes and 210 cells. The hydrogen storage 
model involves a hydrogen storage tank of capacity 240 L 
and an ideal air compressor with a rated efficiency of 85%. 
The fuel cell consists of 65 cells, and its rated power is 6 
kW. The HESS model parameters can be modified to simu‐
late similar systems with different hydrogen production capa‐
bilities, storage capacities, and power generation abilities. 
The grid-connected operational characteristic curves of the 
HESS in the hybrid Wind-PV-HESS-BESS system are ob‐
tained, including the current and voltage waveforms, efficien‐
cy curves, and power consumption curves. Therefore, the 
power consumption of each subsystem in the HESS can be 
estimated, and the operating parameters can be determined 
with good scalability. In the final MG verification, we dem‐
onstrate how the HESS model could be used with other re‐
newable energy systems and as a perfect starting point for 
the design and simulation of a comprehensive hydrogen ener‐
gy utilization system.

APPENDIX A

Figures A1-A4 present the Simulink models used in the 
paper.
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