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This paper proposes a thermally compensated electrolyser model coupled with a Pressurised Hydrogen Storage model for modelling 
Renewable Hydrogen Energy Storage Systems needed to support the uptake of renewable energy sources (RES) integration into the 
grid. The model accurately simulates the output of real world electrolyser and hydrogen storage installations and can be used as a 
tool for assessing their integrity with intermittent RES.

The model, which has been developed using Matlab/Simulink, incorporates a set of thermally compensated simulation equations to 
emulate the real world operating installations and define their hydrogen production under different energy configurations (grid 
connected or directly connected to the RES). It can also be used to determine the efficiency of an electrolyser under cold start or during 
full temperature operation. The proposed model has proved its ability to emulate real world hydrogen energy systems, and this has been 
validated by comparing its output to the real-world data logged from an existing field installation.

The developed model has also been used as a tool to assess the performance of an operating real world system, installed in Africa, 
and which has not been performing as anticipated. Simulation results revealed the presence of a hydrogen leak within this infield 
installation, and this has been confirmed by an onsite inspection. The developed model has therefore also proved to be able to examine 
the performance of operating real-world hydrogen energy systems and detect irregularities and operation performance issues.

In summary, this paper proposes a Hydrogen Energy Storage system (HES) model as an enabler simulation tool to support the 
projected increase of renewable integration into the grid. The model also allows the detection of performance issues within operating 
HES systems and allows the identification of leaks without the need for conducting intrusive inspections of the installations, hence 
saving money and time.

A b s t r a c t

Economic and environmental pressures coupled with the significant increase of fossil fuel costs have led to the rapid expansion of
electricity generation from Renewable Energy Sources (RES). It has been indicated that 46% of the global electricity could be 
delivered from RES by 2050 [1]. Moreover, BPs 2030 energy outlook predicted that Fossil fuel energy source growth is to fall 
from 83% to 64% of market share in favour of renewable energy sources [2].
   To enable such an increase in intermittent renewable sources integration into the grid while keeping it stable, the electrical network 
must have the ability to absorb and store the surplus in the power fed from such fluctuating sources and feed it back when there is a 
deficit. It has been identified [3] that integrating re-newable hydrogen energy storage systems into the electrical networks allows the 
absorption of excess energy and the injection of needed energy, hence balancing the network while providing localized services such as 
green hydrogen fuel for transport or hydrogen injection into the gas grid, or hydrogen for heating. The rationale behind the identification 
of Hydrogen as an excellent energy storage technology, is that it can act as both a short and long term energy store. With governments 
around the world moving towards a low carbon economy, it is clear that hydrogen storage will undoubtedly play an important role in 
facilitating the ‘green energy’ integration.  
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   A great challenge that faces the application of Renewable H2 Energy Storage is the ability to accurately determine 
the hydrogen production of an electrolyser running at the back of a Renewable Energy source. Although a large number of 
models are available for this purpose, these do not take into account the thermal compensation effect on hydrogen 
production. This paper therefore proposes a model that can accurately simulate the hydrogen production from an electrolyser 
fed by a renewable energy source while including the thermal compensation effect.
   Other challenges facing the wide application of renewable hydrogen production and storage include the associated high cost and 
ensuring the system reliable and safe operation. A way forward to cost reduction is lowering the operation and maintenance costs by 
improving the hydrogen production efficiency and the system performance [4]. To achieve a good efficiency and performance profile, 
while ensuring secure system operation, the integrity and/or ability of a HES system to handle hydrogen gas securely must be 
guaranteed and leaks must be quickly identified. If this is not the case, then any leakage will have a direct impact on the overall system 
efficiency and operating cost as well as a potential safety hazard. The developed thermally compensated electrolyser model can be used 
in an innovative way to detect H2 leakages and investigate issues within an operational electrolyser. As H2 is the lightest and one of 
the smallest molecules elements in the periodic table and has a buoyant nature, the significant challenge to any hydrogen energy 
scheme is to ensure that the electrolyser integrity is maintained at all times whilst keeping system availability to end users. The ability 
to identify possible integrity breaches in a hydrogen energy system can provide an invaluable tool in maintaining operating efficiency 
and greatly reducing losses, and this is what the proposed novel model allows. The developed model has proven to be able to simply 
identify a hydrogen leakage within an operating HES system without the need of intrusive inspection. It also allows the quick and easy 
detection of performance issues within operating HES systems.

This paper is divided into the following seven sections. Section 2 illustrates the need for new electrolyser modelling tools that are 
specifically developed for HES systems. Section 3 describes the rationale behind the importance of thermally compensated hydrogen 
electrolyser simulation models. Section 4, illustrates the proposed electrolyser thermal transient algorithm. Section 5 illustrates the 
development of the proposed model. Section 6 describes the simulation framework and the development of the model in Matlab/
Simulink Environment. Section 7 provides two case studies for validating the developed model. Then the paper ends up with a 
conclusion in Section 8.

2. The need for developing new electrolyser modelling algo-rithm tailored to model Renewable hes systems

Traditionally, electrolysers were mainly switched on and off for producing hydrogen at scheduled times for industrial 
processes. However, in recent years electrolysers have started to be used in conjunction with renewable energy sources (RES) with the 
electrolyser either directly connected to the output of the RES or as part of a power grid network balancing mechanism. In contrast to 
the way large scale industrial electrolysers used to work, these new electrolyser applications (with RES and for grid balancing), 
are not regularly switched on and off and are operated at variable power levels. In essence, an electrolyser operating in response to 
renewable generation will often operate in its transitory dynamic states. Thus, in this mode of operation, an electrolyser overall 
hydrogen output will be affected by its thermal transient characteristics.

In a real world operating electrolyser, the exothermic electrochemical reactions taking place inside the electrolyser will cause it to 
warm up. The warmer the electrolyser becomes, the more efficient the hydrogen production becomes. Usually electrolysers reach their 
highest efficiency when operating at their standard operation temperature.

During the period between the electrolyser switch on and reaching its full operating temperature, electrolysis of water occurs at a 
lower efficiency. In other words, before the electrolyser reaches its full working temperature, it requires more electrical input energy in 
order to produce hydrogen. This in turn will have an adverse effect on the quantity of hydrogen being produced by the electrolyser.

Throughout the years, different electrolyser modelling tools have been developed and used to examine many aspects of 
an electrolysis process when coupled with renewable energy [4,5]. The most common purpose of the modelling tools that 
simulate electrolysis, when combined with renewable energy generators, is to predict their overall hydrogen production output. To 
this end, a number of models capable of simulating an electrolyser's transient thermal behaviour has been documented [5–7]. These 
have shown that thermal transients will adversely impact the hydrogen production of an electrolyser. However, the majority of the 
electrolyser models currently used, within the limited commercially available software tools that offer HES simulation, do not take into 
account the thermal characteristics of an electrolyser. Further-more, none of these models explored the impact of the transient 
thermal behaviour of an electrolyser on the overall hydrogen production when connected to RES generation.

In summary, none of the available models and software tools have included the effect of thermal transients on the overall 
hydrogen production of an electrolyser when connected to renew-able generation or when used in grid balancing applications.

3. The impact of electrolysers thermal transient effect on their hydrogen production

Commercially available simulation tools are commonly the ones used for evaluating the performance of an electrolyser 
within renewable energy storage systems. Among these tools is HOMER which has been developed at the National 
Renewable Energy Laboratories (NREL) and is considered the most widely used software in modern literature with over 92,000 users 
worldwide [8].
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Fig. 1. Impact of hydrogen production on the efficiency of a 30 kW electrolyser.
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Fig. 2. Electrolyser simulation incorporating the thermal effect on its efficiency.
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5.1. The U-I curve

An electrolyser operating characteristic is determined by its voltage and current profile. In essence, the quantity of hydrogen 
produced by an electrolyser varies with the amount of current passing through the electrolytic cell stack.

An electrolyser U-I curve depicts how the electrolytic cell voltage develops as more current is absorbed by the electrolyser to 
increase the gas output flow. For an ideal electrolyser, this U-I relationship would be a straight line. However, due to the losses that 
occur in the electrochemistry and cell structure, it becomes a non-linear relationship. This relationship is affected by the ohmic 
resistance of the electrolyte and electrodes as well as the parasitic loss of ‘stray’ electrolysis. The parasitic loss of stray electrolysis is a 
phenomenon where the electrons flow down the electrolyte fluid channels instead of flowing directly between the electrodes themselves.

The voltage (U) required to breakdown the water to produce hydrogen can be expressed in terms of the over-voltage beyond the 
reversible electrochemical cell voltage (Urev). The voltage required to facilitate electrolytic dissociation of the water molecules is 
temperature dependant and can be expressed as shown in Eq.(1).
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where:
U¼Voltage (V).
Urev¼reversible voltage (V).

r1,2¼empirical ohmic resistance parameter of electrolyte (Ωm2).

T¼ emperature (K).
t1,2,3 ¼empirical over 

2
voltage parameter of electrode (mA�1m2). s¼over voltage parameter of electrode (V).

A¼electrode area (m ).
I¼current (I).
The reversible cell voltage (Urev) is calculated using the empirical Nernst equation for electrolysis [20] given by Eq. (2).
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5.2. Faraday efficiency

The Faraday efficiency is the ratio between the actual and maximum theoretical hydrogen mass that can be produced in an 
electrolyser. Faraday efficiency losses are caused by parasitic cur-rent losses within the electrolysis cell stack. The parasitic current loss 
will increase as a percentage of the overall current with decreasing current densities and increasing temperatures. Therefore the 
percentage of parasitic current loss to the total current flow increases with decreasing current densities.

An empirical equation for the Faraday efficiency is shown in Eq.(3):
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where:
ηF¼Faraday Efficiency.

A¼Electrode area (m2).
I¼Current (I).
f1¼Faraday efficiency parameter (mA2cm�4).
f2¼Faraday efficiency parameter (number between 0 and 1). f1 and f2 are the two constants used in the definition of the

Faraday efficiency of hydrogen production. The first constant (f1) is  defined in units of mA2cm�4 while the second constant used
(f2) is  defined as an arbitrary number between the values of 0 and 1. These values are selected empirically.

Faraday's law also models the production rate of hydrogen in an electrolytic cell. The production rate of hydrogen is directly 
proportional to the transfer rate of electrons at the electrodes. This is equivalent to the electrical current provided by the power 
supply. Therefore the total hydrogen production rate in an elec-trolysis stack consisting of several cells connected in series can be 
expressed as shown in Eq. (4):

ṅH2=η ( )
cn I

F zF 4

where: ṅ ¼ Molar flow rate (mol s�1)
ηF¼H2 Faraday efficiency.
z¼2 (number of electrons transferred per reaction). 
I¼Current (I).
F ¼Faraday constant 96,485 Cmol�1.
nc¼Number of cells in electrolyser cell stack.

5.3. Thermal model

The production of heat in an electrolyser is primarily caused by electrical inefficiencies. The energy efficiency can be calculated from 
the thermo-neutral voltage (Utn) and the cell voltage (U) using Eq. (5):

5( )ηe= U
Utn

where:
ηe¼energy efficiency.
Utn ¼thermo neutral voltage ≅ 1.477 V.
U¼cell voltage.
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 gen ¼thermal energy created by electrolysis process.
Q

̇

 loss ¼thermal energy lost to the environment.
Q cool ¼thermal energy dissipated by cooling system.

Ct ¼thermal capacity (or inertia) of electrolyser (JK�1).
Rt¼thermal resistance of electrolyser (W�1K).
nc ¼number of cells in the electrolysis stack (n).
ηe¼energy efficiency (%).
Utn¼thermo neutral voltage (V).
U¼cell voltage (V).
T¼electrolyser temperature (K).
Ta¼ambient temperature (K).
t¼time.

   To calculate the electrolyser temperature as time passes, it is assumed that ̇ the electrolyser exhibits a constant heat generation and heat 
transfer profile for a small time interval of not more than a few seconds. Therefore an intra-time-step steady-state thermal model can be 
expressed as shown in Eq. (10), where Tini is the initial temperature and Δt is the change in time
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As found in literature [21], the value for Utn remains almost constant within the pressure and temperature range considered in 
this paper (0–1200 kPa pressure, 0–80 °C temperature), therefore the value used for Utn is 1.477 V.

The operating temperature of an electrolyser can be found from the overall thermal energy balance of the electrolysis system. The 
thermal energy balance of the electrolyser can be expressed as shown in Eq. (6). Eq. (7) calculates the thermal energy created by the 
electrolysis process, and Eq. (8) is used to calculate the thermal losses of the electrolyser system. Eq. (9) is applied to maintain the 
electrolyser temperature at or below the maximum temperature specified by the manufacturer. In this case it is always assumed that the 
electrolyser cooling system is sufficient to remove the excess heat generated by the electrolysis process.

5.4. Pressurised delling

When hydrogen is produced by the electrolyser, there is a need to store it. Therefore, there is a need to include a hydrogen storage 
modelling to the proposed model as illustrated in Figs. 2 and 3. This section describes the two main components needed to model 
pressurised hydrogen storage. The first component is the formula for calculating the pressure, taking into account the gas behaviour. 
The second component is the Z factor.The ideal gas relationship can only be used to describe the behaviour of real hydrogen gas 
accurately at relatively low pressures up to approximately 1450 psig and at normal ambient temperatures. At higher pressures, the ideal 
gas relationship results become increasingly inaccurate. Ȯne of the easiest ways to account for this additional compression is through 
the addition of a compressibility factor, designated by the symbol Z. The Z factor is derived from the data obtained through 
experimentation and it depends on temperature, pressure and on the nature of the gas. The Z factor is then used as a multiplier to adjust 
the ideal gas law to fit into the actual gas behaviour as follows:



   The equations that have been presented in the previous section for the proposed model are used in this section to develop a MATLAB-
Simulink model. The developed MATLAB model has then been applied in a novel way to assess the integrity of operating real life 
hydrogen installations. This section briefly describes the development of the MATLAB model, and the next section will demonstrate its 
application to an operating Hydrogen installation.

The equation and its constants are defined for pressures in Mega-Pascal (MPa) and temperatures in Kelvin (K). The mass of diatomic 
hydrogen and the molar gas constant given in Table 1 are obtained from recent publications [23,24]. The molar mass is given.

7. Development of the model using Matlab/Simulink

11( )=P ZρRT

where:
P ¼absolute pressure in Pascal.
ρ ¼density.
T ¼absolute temperature in Kelvin.
R ¼universal gas constant¼8.31434 Nm/mol K.

6. Calculating Z

Research conducted by the National Institute for Standards and Technology developed a mathematical method for calculating
compressibility factors using a virial equation based on Pressure (MPa) and Temperature (K). An equation for the density of 
hydrogen gas that agrees with measurement standards to within 0.01% from 220 K to 1000 K with pressures up to 70 MPa, 
and to within 0.01% from 255 K to 1000 K with pressures to 120 MPa, and to within 0.1% from 200 K to 1000 K up to 200 MPa 
[22], has been developed. Using Eq. (12) and the variable values listed in Table 1, the compressibility factor for hydrogen at 
different pressures and temperatures can be calculated to a high degree of accuracy.
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Molar mass: M¼2.01588 g/mol

Universal gas constant: R¼8.314472 J/(mol K)

Table 1
Constants used to calculate Z.

The hydrogen generation and storage mathematical models described by Eqs. (1)–(12) have been implemented under the Matlab/
Simulink framework to determine the performance of a typical hydrogen energy storage system. Fig. 4 illustrates the in-teraction between 
the developed Matlab subsystems for the U-I model, the Faraday efficiency model and the thermal model. However, the thermal model 
shown in the below figure does not take into account any thermal compensation. This is considered a major issue for hydrogen developers 
as the simulation results will not provide a close enough results to the real practical installations, and this in turn will have negative effects 
on calculating the real financial return of an installation. As such, the model has been modified to include a newly added thermal 
compensation factor as will be further detailed in the next subsection. Also note that the pressurised modelling is not shown on the below 
figure, however it has been taken into account through the H2 Molar Mass.



Fig. 4. Interaction between the U-I, the Faraday Efficiency and the thermal subsystem models in Simulink.

7.1. Compensating the temperature effect in an electrolysis system

As described above, simulating an electrolyser without considering the thermal compensation leads to a non-negligible error in the 
simulation which can lead to financial ROI miscalculation. This is especially true during a cold start of an electrolyser. An electrolyser is 
said to be in a cold start when it is switched on in the following situations: (a) the electrolyser is cold (not heated up and not at its 
standard operating temperature) and (b) not under pressure. Note that a standard operating temperature for an al-kaline electrolyser is 
about 80 °C, while for a Proton Exchange Membrane (PEM) electrolyser this is about 70 °C and for a Solid Oxide Electrolysers (SOE) 
this vary with the material being used to construct the cells.

In a cold start situation, an electrolyser efficiency is low due to it being cold and not under pressure. In this situation, the electrolyser 
is required to pressurise itself and heat itself up. This takes a short amount of time if the electrolyser is small. However, the time to 
pressurise and heat up is dramatically increased as the size of the electrolyser increase. For small electrolysers, this may take one second 
while for large ones this can take up to several minutes. This is especially true for alkaline electrolysers, while less for the PEM 
technology. Therefore, the focus here will be on the alkaline electrolysers as they are the ones that suffer the most from the heat 
compensation effect.

The equation and its constants are defined for pressures in
Mega-Pascal (MPa) and temperatures in Kelvin (K). The mass of
diatomic hydrogen and the molar gas constant given in Table 1 are
obtained from recent publications [23,24]. The molar mass is given.

Table 1
Constants used to calculate Z.

To simulate the real world operation of an electrolysis system, it is important to include compensation of the effects of the temperature 
on the electrolytic process. The exothermic thermal reaction that takes place during electrolysis in an alkaline electrolyser impacts the 
energy efficiency of the gas generation process and in particular the UI relationships. In other words, as hydrogen is being produced by the 
electrolyser, an electrochemical reaction takes place at the electrodes. This reaction heats up the electrolyte and the associated electrode 
materials (this is known as the exothermic reaction). This resulting increase in temperature reduces the cell voltage and cell current needed 
to generate the hydrogen gas. In other words, the increase in the electrolyser temperature reduces the power requirements of the electrolytic 
cells, while the hydrogen production is still the same, thereby increasing the efficiency of the system.

Integrating the Thermal model within the proposed model enables the thermal energy efficiency to be calculated, and allows the model 
to generate output data which are extremely close to the real world electrolyser performance. Fig. 4 depicts the thermally compensated 
architecture included in the proposed new Simulink model. The new model considers the thermal energy generated by electrolysis (Qgen), 
the thermal capacity of the electrolyser itself to absorb and dissipate thermal energy (Qloss), and the cooling system to maintain the 
thermal equilibrium required for an efficient hydrogen generation (Qcool). The model utilizes Eq.(10) to calculate the thermal balance of 
the electrolytic process. Fig. 5.
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Fig. 6. Hybrid H2 generation and storage model.

In order to verify the proposed model and validate the concept that thermally compensated electrolyser models are critical for designing and 
running Hydrogen installations, two case studies are provided in this section. These case studies are carried out on two real-world field 
installed systems. The first case study is used to verify the developed model. The second case study is used to investigate the operational 
integrity of an operating electrolyser system and check its performance to identify failures and support the reduction in maintenance 
requirements.

Fig. 5. Thermal compensated model developed under Matlab/Simulink framework.

8. Case studies

Table 2
Table of variables used in electrolyser model.

Variable Description Unit Value

r1 Ωm2 0.0000805
-0.0000025
0.37
0.19
1.002

r2 Ωm2

A m2

S V
t1 A�1m2

t2 A�1m2 8.424

t3 A�1m2 247.3

f1 mA2cm�4 200
f2 0…..1 0.94
Vstd m3mol�1 0.0224136
Rt W�1K 0.018
Ct JK�1 300,000
nc N 180

Ta °C 20
Tmax °C 60

Thyst

Electrolyte ohmic resistive parameter
Electrolyte ohmic resistive parameter
electrode area
over voltage parameter of electrode
empirical over voltage parameter of
electrode
empirical over voltage parameter of
electrode
empirical over voltage parameter of
electrode
Faraday efficiency parameter
Faraday efficiency parameter
Volume of ideal gas at STP
Thermal resistance of electrolyser
Thermal capacity of electrolyser
Number of cells in electrolysis stack

Ambient temperature
Maximum operating temperature of
electrolyser
Cooling hysteresis thermal band °C 3



Fig. 7. The developed system model.

Table 3
Table of variables used in storage model.

Variable Description Unit Value

V m3 4.8
Ta

Tank volume
Ambient temperature °C 20



   8.1. A.Case study 1 – verification of the developed model using a real world hydrogen system

   A 30 kW real world alkaline electrolyser, which is operating in an existing field installation, has been chosen here as a case study to verify the 
developed electrolyser Simulink model. This 30 kW alkaline electrolyser is capable of developing 5.3 Nm3/h of hydrogen at a pressure up to 
1200 KPa. It consists of two electrolytic cell stacks, each has 90 cells configured in a series connected array, resulting into 180 cells. The 
electrolyser is designed to operate at a temperature of 60 °C. As can be seen in Fig. 6, the electrolyser (i.e.the hydrogen generator) is connected 
to a 4800 L gas bottle array for the storage of the generated hydrogen at a pressure up to 1200 KPa.
   The values utilized for the variables of the developed electrolyser model are given in Table 2. While values for the variables of 
the modular hydrogen storage system, which is connected directly to the electrolysis system, are given in Table 3. An overview of 
the overall developed system model is shown in Fig. 7.
   A data-log of the current consumed by the real world electrolyser whilst in operation is shown in Fig. 8. The electrolyser temperature and 
pressure responses to the current are also recorded to be compared to the developed model results as illustrated in Figs. 9 and 10 respectively. 
Both figures demonstrate that the developed model results are very close to the data collected from the real world system, thus confirming that 
the proposed model can be used for simulating real world installations accurately.
   On further analysing Fig. 9, it can be seen that the electrolyser is switched on at time 133 s (cold start), and it reaches 
its operating temperature (and pressure) at time 309 s. The time from the cold start to the operating temperature is therefore 176 
s (309–133¼176 s). It can be concluded that it takes almost three minutes for the electrolyser to reach its operating conditions 
and substantial amounts of hydrogen will not be produced during this time period. And if the small system takes 3 mins to reach 
its steady state operation, it can be tangibly assumed that this time will be much higher for a larger size system.
   Considering that electrolysers are used to produce hydrogen and that it takes a lot of time for large scale electrolysers to reach their steady 
states, substantial loss in hydrogen production could be realised. Looking into the financials, it will be consequently affected by these losses in 
the hydrogen production during the cold start. This means that the inaccurate hydrogen production figures generated using non-thermally 
compensated hydrogen simulation models will lead to misleading higher financial return figures. Thus, the thermally compensated simulation 
model developed within this paper will allow the accurate computation of hydrogen production, hence accurately calculating the potential for 
financial return of a system as close to reality.

8.2. Case Study 2 – identification of installed systems performance issues

Having developed the thermally compensated electrolyser model, it was important to further test it on a different application. One of the most 
unexploited applications of any developed model is its use in a post-installation scenario. When an electrolyser model is developed, it is usually 
tested in the pre-installation stage to investigate if the system will operate as anticipated when installed in the field. In this section, the developed 
model is tested in a post-installation scenario to demonstrate that it is further capable to detect an operating electrolyser performance issue before 
sending the maintenance crew on site.

The developed model has been applied to simulate a hydrogen system that has been operating in Africa for over 4 years. This system has not 
been performing as anticipated for a couple of weeks and provided a mixture of undesired performance characteristics. The aim of this case 
study was to determine what was going wrong in a post installation situation. It was suspected that the electrolyser had developed an internal 
issue and this may need an expensive maintenance visit. Note that the electrolyser involved in this system is identical to that described in Table 
2, and it is connected to a storage system of 2499 L void volume capacity.

Fig. 8. Electrolyser DC current absorption.



Fig. 10. Storage system pressure recorded versus model output.

Fig. 9. Electrolyser temperature recorded versus model output.

When the model results were compared to the system collected data, they suggested two possible performance issues. The first was an early 
degradation of the stack, however this was disregarded as none of the stacks installed in the field illustrated such a drastic performance issue. The 
second most probable issue was a hydrogen leak within the installation, and this was confirmed by the clear divergence between the modelled and 
recorded data. As can be seen in Fig. 10, the model results shows more H2 production than that of the practical installation, and this in turn 
suggests a leak within the installed system. Based on the model results, a team of technicians has been dispatched onsite. A detailed inspection of 
the hydrogen system revealed that a fitting in the pipe that carries the H2 gas from the electrolyser to the storage system had developed a 
premature failure. The fast rate of detected leak spray bubbling, shown in Fig. 11, indicates the presence of a leak on two sides of the faulty pipe 
fitting shown in Fig. 12. This finding has clearly demonstrated the apparent benefit of the proposed model in identifying the source of the problem 
and saving the time, the maintenance cost, the financial losses through the hydrogen vented in the atmosphere, as well as the safety hazards.



Fig. 12. Source of leakage identified after detailed inspection.

Fig. 11. Divergence of pressures indicating suspected system leak.

The proposed thermally compensated model has been able to reveal a hydrogen gas leak of about 10.89 g. This loss equated to a 2.3% reduction 
in the overall system efficiency. If extrapolated to a large scale system, this could result into a large amount of hydrogen being leaked to 
atmosphere, costing substantial amount of money to the owner. Moreover, considering the safety of the system, the leak was so small that the leak 
detection system was not able to detect it. Therefore, in a large scale system with several stacks installed in parallel, many small leaks could occur 
at different locations without being detected by the safety alarm system and this could lead to financial losses and potentially a hazardous 
environment. Therefore, utilizing the proposed model couldprovide an early warning of leakages or other issues and thus provide an extra layer of 
safety and potential for increasing the financial return by developing a predictive maintenance system.
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9. Conclusion
This paper presents the development of a thermally compen-sated HES model and demonstrates its innovative application in defining the 

integrity of operating real world hydrogen installations. The developed model has been verified and validated by comparing its simulation output 
results to real world operational data.

The developed Matlab/Simulink model has proven to be able to accurately simulate H2 generation and storage systems, which is a key output 
finding for the hydrogen industry as it allows completion of a real world system performance investigation prior to embarking into expensive 
capital investment. The developed model has also proved to be useful in simulating operational installed hydrogen systems and assist in the 
identification of their performance issues accurately.

Modelling the electrolyser with pressurised hydrogen storage has revealed some limitations that must be taken into account in future work. It 
has been found out that the model developed within this paper is not suitable at high pressures, and therefore future work should consider 
defining the most appropriate modelling technique at high pressures. Future work should also look into the application of the developed 
thermally compensated model in quantifying the hydrogen deficit during cold start when using large scale electrolysers, and investigating the 
associated financial loss and what can be done to reduce or moderate it.
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