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In this study, a mathematical model of a Hydrogen-based Energy Storage 
System (HESS) was developed. The HESS includes sub-models of a Polymer 
Electrolyte Membrane (PEM) water electrolyser stack, a PEM fuel cell stack, 
hydrogen storage tanks, a compressor and AC/DC converters. For validation, 
simulation results were compared to results reported in the literature. The 
model of the HESS can be used for power systems dynamic simulation 
studies, such as providing ancillary services to the power system operator.
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INTRODUCTION

Hydrogen has the potential to contribute to tackling the 
climate change and reducing CO2 emissions in power 
systems. A Hydrogen-based Energy Storage System (HESS) is 
a long-term storage solution to decarbonise power systems 
as the excess electricity from renewables can be stored for 
later use in the form of hydrogen. 

In this study, models of the HESS components were 
developed and verified against experimental data from the 
literature  [1]. The HESS model can be used for dynamic 
simulation studies, where the HESS, for example, is 
providing frequency support services to the power system 
operator. As shown in Fig. 1, the HESS consists of a Polymer 
Electrolyte Membrane or Proton Exchange Membrane (PEM) 
electrolyser stack, low-pressure and high-pressure hydrogen 
storage tanks, a two-stage hydrogen compressor and a PEM 
fuel cell stack. The modelling of the HESS accessories, such 
as gases purification systems, pressure regulators and flow 
regulators, is beyond the scope of this study.
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Fig. 1. The developed model of HESS.

MODELLING OF HESS COMPONENTS 

Electrolyser and fuel cells stacks are the key parts of HESSs. 
This study focused on the modelling of the electrolyser as 
exactly the reverse electrochemical processes are occurring 
in the PEM fuel cells.

Modelling of a PEM electrolyser stack
A mathematical model of the PEM electrolyser is developed 
based on [1-3]. Information listed in [1, 3] were based 
on HESS projects in the USA and Germany. The dynamic 
model consists of three parts or sub-models, i.e. an 
electrochemical, hydrogen production and thermal sub-
models. It is assumed that pressure effects and pressure 
drops are neglected, the temperature is uniform in the 
electrolyser stack and all cells have identical thermal 
behaviour [1]. Figure 2 shows the block diagram of the 
three sub-models of the developed electrolyser model. The 
dynamic behaviour of the thermal part impacts the other 
parts through the change in the temperature.  
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Fig. 2. The block diagram of interaction between the electrolyser 
sub-models.

Electrochemical part
The electrochemical part represents the current-voltage 
characteristics of the electrolyser cell. The mathematical 
description of the electrolyser cell voltage is given in 
equation (1) [1, 2]: 

 (1)

where VOC  is the open-circuit voltage (V), Vact is the 
activation overpotentials at the anode and cathode (Vact), 
Vohm  is ohmic overpotential (Vact), Vdiff  is the diffusion or 
concentration overpotential (V). 

Nernst equation is used to compute the open-circuit voltage 
for water electrolysis [2]:

 (2)

where Erev is the reversible electrolyser cell voltage (V), 
R is the universal ideal gas constant (J/mol K), T is the 
electrolyser stack temperature (K), pO2 and pH2 are the 
partial pressures of oxygen and hydrogen (Pa), aH2O is the 
water activity between electrode and membrane, z is the 
number of moving electrons and F is Faraday’s constant (A 
sec/mol).

The reversible voltage equals 1.229 V at standard 
temperature and pressure conditions. At other 
temperatures, it can be determined by [2]: 

 (3)

The activation overpotential or overvoltage describes the 
speed of the reactions taking place at the electrode surface. 
As electrons are transferred to or from the electrodes, part 
of the applied voltage is lost [2]. Different representations 
of the activation overpotential were found in literature, and 
Tafel correlation was adopted in this research [1]: 

 (4)

where Įact is the charge transfer coefficient, i0 in (A/m2) is 
exchange current density and i in (A/m2) is the electrolyser 
stack current density, which is calculated by [1]:

 (5)

where I in (A) is the electrolyser stack current and Acell in 
(m2) is the electrolyser cell active area. The value of the 
charge transfer coefficient and the exchange current density 
were extracted from experimental data using non-linear 
regression analysis because the materials of the catalyst 
were unknown [1]. Additionally, the kinetics of the hydrogen 
reactions at the cathode occur faster than the kinetics of 
the oxygen reactions at the anode, and hence the activation 
overpotentials at the cathode are neglected [1].

The ohmic overvoltages or overpotentials are caused by 
the ohmic resistance of the bipolar plates, electrolytes 
and surfaces of the electrodes [1, 2]. Since the membrane 
resistance is about 10 times bigger than other resistances, 
other resistances are neglected in this research [1]. This 
study adopts the empirical correlations proposed by [4]:

 (6)

where tm in (m) is the membrane thickness and ım in (S/m) is 
the membrane conductivity. ım is a function of the protonic 
exchange, which in turn is a function of the temperature:
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 (7)

where Ȝm is the average membrane water content. It is 
considered that the membrane is completely saturated with 
water, and hence a value of 17 represents good hydration 
[1].

The diffusion or concentration overpotential or overvoltage 
occurs due to the mass transfer process that changes 
the concentration of the reactants at the surfaces of 
the electrodes [1, 2]. The diffusion overpotential can be 
described by [1]:

 (8)

where ȕ is an empirical coefficient and ilim in (A/m2) is called 
limit current density. Both values were extracted from 
experimental data using non-linear regression techniques 
[1].

Hydrogen production part
The production rate of the hydrogen is directly proportional 
to the transfer rate of electrons at the electrodes, according 
to Faraday’s law [1-3]. For an electrolyser of (n) cells 
connected in series, the hydrogen production rate (QǜH2) in 
(mol/s) is expressed by: 

 (9)

where ȘF is Faraday’s efficiency. Faraday’s efficiency is 
the ratio of the actual to theoretical maximum amount of 
hydrogen produced by the electrolyser. This efficiency is 
often called current efficiency as it is caused by parasitic 
current losses along the gas ducts in the cell block [5]. 
Faraday’s efficiency empirical expression is [1]:

 (10)

Thermal part 
An equivalent thermal parameters model is used to simulate 
the overall thermal energy balance in the electrolyser 
cells stack [3]. An electrical analogy is used to represent 
the potential of heat storage in the electrolyser cells by 
a capacitance and heat transfer resistance from the cells 
to the surrounding. The rate of internal thermal energy 
generated (i.e. Qǜ

gen in W) in the electrolyser due to 
inefficiencies is partly stored in the surrounding mass (i.e. 
Qǜ

store in W). Part of the generated thermal energy is lost or 
transferred to the ambient (i.e. Qǜ

loss in W). A water-based 
auxiliary cooling system is assumed, which is responsible for 
transferring another part of the generated thermal energy to 
maintain the stack temperature stable (i.e. Qǜ

cool in W). The 
overall thermal energy balance is represented by: 

 (11)

 (12)

 (13)

 (14)

 (15)

where Cth is the heat capacity of the electrolyser stack (J/
ºC), Ta  is the ambient temperature (ºC), Rth is the equivalent 
thermal resistance (ºC/W), Vth is the thermoneutral voltage, 

Ccw is the heat capacity of the water used for cooling per 
second (W/ºC), Tcw_i  is the inlet temperature of the cooling 
water (°C), Tcw_o  is the outlet temperature of the cooling 
water (°C), UAHX is the effective heat exchange coefficient for 
the cooling process, which is the product of the heat transfer 
coefficient by the exposed surface area (W/ºC), LMTD is the 
Logarithmic Mean Temperature Difference between the cold 
and hot feeds at each end of the auxiliary cooling system 
(ºC). 

The capacity and resistance can be estimated 
experimentally using heating curves and they are related 
to the rated power of the electrolyser [1]. Based on values 
found in the literature [1], an average value of (3 J/ºC W) 
for the capacity and (0.09 ºC/W) for the resistance were 
considered [1]. Hence, for a 6 kW PEM electrolyser, 21 kJ/
ºC of thermal capacity and 0.09 ºC/W of thermal resistance 
were considered.  

The effective heat transfer coefficient can be calculated in 
terms of the electrolyser current, an empirical expression 
that considers the heat transfer by heat conduction and 
convection is used [3]: 

 (16)

where acond is the conductive heat exchange coefficient (W/
ºC) and bconv is the convective heat exchange coefficient (W/
ºC A). The LMTD is calculated by: 

 (17)

If the LMTD is assumed to be of a constant temperature, the 
outlet temperature of the cooling water is:  

 (18)

It was assumed that the water-based auxiliary cooling 
system is identical to the system reported in the literature 
[3, 6]. Hence, the same model parameters were used. Table 
1 list the values used for all parameters of the electrolyser.

 
Modelling of hydrogen storage tanks
Two tanks were assumed to store the produced hydrogen. 
Figure 3 shows the block diagram of both tanks and the 
hydrogen compressor.

Low and high-pressure storage tanks 
It was assumed that the temperature of the stored hydrogen 
in both tanks is kept constant, i.e. equal to the electrolyser 
temperature during the production of the hydrogen, using 
cooling and heating processes. However, the cooling and 
heating processes are out of this research scope. The 
Beattie-Bridgeman equation was used to describe the 
relationship between values of the pressure, volume and 
temperature in both storage tanks, as follows [7]: 

 (19)

 
where ptank in (atm) is hydrogen pressure in the tank, Vtank 
in (litre) is the volume of the tank and a, b, c, Ao, Bo are 
constants, for hydrogen gas they are (-0.00506 litre/mol, 
-0.04359 litre/mol, 504 litre·K3/mol, 0.1975 atm litre2/mol2, 
0.02096 litre/mol respectively.
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The ideal gas law [5] was used to estimate the amount of 
hydrogen stored in both tanks: 

 (20)

where nH2 in (mol) is the total amount of gas, ptank is in Pa, 
Vtank is in m3, T is in K and R is in kPa·m3/kmol·K [8]. For the 
volume of 25 m3, the buffer or low-pressure tank can hold 
approximately 245 Nm3 (10.91 kmol), i.e. when the pressure 
is 13 bar and the temperature is 85 ºC (i.e. close to the 
electrolyser temperature at the rated power of 6 kW). While 
the volume of the high-pressure tank of 26 m3 can hold 
approximately 2349 Nm3 (104.8 kmol), i.e. when the pressure 
is 120 bar and the temperature is 85 ºC.

Electrolyser  
Temp. 

Low-pressure 
tank   

Compressor   

H2 production 
rate 

Tank 
pressure 

Compressor 
power 

consumption

H2 flow rate 

High-pressure 
tank   

H2 flow rate 
Tank 

pressure 
H2 flow rate to 

Fuel Cells 

Fig. 3. The block diagram of the interaction between storage tanks and 
the compressor models.

Table 1. The values of parameters of the electrolyser.

Erev (at standard 
conditions)

1.229 V Rth 0.09 ºC/W

R 8.3145 J/
mol K

ilim 1401 A/m2

Vth (at standard 
conditions)

1482 V F 96485 A sec/
mol

z 2 Cth 21 kJ/ºC
ĮH2O 1 Ta 20 ºC
Įact 0.5316 ȕ 0.315
i0 0.0004576 

A/m
Ccw 697.67 W/°C

tm 0.00003306 
m

bconv 0.02 W/
(°C·A)

Ȝm 17 Tcw_i 14.5 °C

Table 1. The values of parameters of the electrolyser.

Hydrogen compressor 
A model of a two-stage polytropic compressor reported 
in [5] was adopted. The work done by the compressor 
(Pcompressor) in (W) is [5]:

 (21) 

 (22) 

 (23) 

 (24) 

where Șcompressor is the compressor efficiency (equal 63% [9]), 
kplt is the polytropic coefficient (equal 1.4), px in (Pa) is the 
intermediate stage pressure, pstage 1 in (Pa) is the first stage 
pressure (i.e. 1300 kPa (equal 13 bar)) and pstage 2 in (Pa) is 
the second stage pressure (i.e. 12000 kPa (equal 120 bar)).    

A compressor controller was modelled based on [5]. The 
compressor follows a simple controlling approach: it is 
switched ON when the pressure in the buffer tank rises 
above 10 bar and switched OFF when the buffer tank 
pressure drops below 6 bar. The compressor works with a 
constant hydrogen flow rate of 5 Nm3/h. The compressed 
hydrogen is stored in the high-pressure tank, as shown in 
Fig. 3.

Fuel cells stack model 
The dynamic model of a fuel cell stack available in Simulink/
Matlab© library was adopted in this study.

Modelling of AC/DC converters
Since both stacks of electrolyser cells and fuel cells are 
operating using the DC voltage, AC to DC converters are 
required. A simplified model of AC/DC converters developed 
in [10] was used. 

SIMULATION RESULTS AND VALIDATION

The model of electrolyser was validated by comparison 
with experimental results from the literature and Root Mean 
Square Error (RMSE) was used to indicate the difference 
between the results. The data reported in [1] were presented 
in graphic form, and hence extracted data accuracy from 
these publications might be affected slightly. Regarding the 
validation of models of storage tanks and the compressor, 
the different experimental conditions in [5, 7] prevented 
the direct comparison of the results. The validation of the 
PEM electrolyser model was carried out by comparing 
polarization and hydrogen production curves against 
experimental data from a project in the USA [1]. Figure 4 
shows the hydrogen production rate of the electrolyser, 
and the RMSE value is 0.0044 Nm3/h. Figure 5 depicts the V-I 
characterisation (polarisation) curve of the electrolyser, and 
the RMSE value is 0.027 V.

Fig. 4. The hydrogen production rate of the electrolyser. 
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Fig. 5. The polarisation curve of the electrolyser.

CONCLUSIONS

Models of the components of a HESS, i.e. an electrolyser, 
hydrogen storage tanks and hydrogen compressor were 
developed, simulated and validated based on data reported 
in the literature. The model of the HESS can be used for 
dynamic simulation studies of power systems.
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