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EXECUTIVE SUMMARY  

ORE Catapult has developed a Power Hardware-in-the-Loop (PHIL) testing framework for electrolyser 
grid compliance, addressing a critical gap as electrolyser deployments scale rapidly across the UK and 
Europe. As electrolysers transition from passive loads to active grid participants, the need to validate 
their electrical behaviour under steady-state and transient conditions has become increasingly 
important. Conventional testing, which requires fully operational hydrogen-producing stacks, 
introduces significant cost, safety, and operational constraints at scale. To address these challenges, 
this project aimed to demonstrate a proof of concept of using PHIL to test electrolysers for grid 
compliance, thereby making testing more efficient and economical.  

This project developed and validated a computationally efficient Electrical Equivalent Circuit (EEC) 
model of an electrolyser stack, capable of real-time emulation within a PHIL environment. By emulating 
stack behaviour, this approach removes the need for hydrogen production during testing, reducing 
risk, cost, and complexity. It also enables grid compliance assessment under conditions that would be 
impractical or unsafe to reproduce with physical systems. The model was validated against 
experimental data, collected from ORE Catapult’s hydrogen system, at both cell and stack level, which 
demonstrated strong agreement across steady-state and transient operating conditions. 

Significant groundwork has been completed at ORE Catapult's Technology Development Centre in 
Blyth, including commissioning of the OPAL-RT and EGSTON CSU interface, development of 
configurable test models and a data acquisition system, and successful deployment of the EEC model 
within PHIL environment. Testing will be conducted in two phases, first using the physical 84 kW pre-
production membrane-less electrolyser, followed by an equivalent programme using the real-time 
emulated system. This capability positions ORE Catapult to support industry and network stakeholders 
in meeting evolving grid code requirements, and to play a central role in the safe, cost-effective, and 
scalable validation of electrolyser systems as hydrogen deployment accelerates. 
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1 INTRODUCTION  

The increase in deployment of variable renewable energy sources has introduced significant 
operational challenges for modern power systems, particularly in relation to grid balancing, stability, 
and long-duration energy storage. Therefore, there is a growing requirement for flexible, dispatchable 
technologies capable of absorbing excess generation and supplying energy during periods of deficit. 
Hydrogen is emerging as a strategically important medium within this context, offering the capability 
to support long-duration energy storage, grid balancing, and the provision of ancillary services across 
electricity networks. In parallel, decarbonisation of sectors widely classified as hard to abate, such as 
heavy industry, refining, chemical production, and long-distance transport applications are expected 
to drive significant growth in global hydrogen demand, particularly in applications where direct 
electrification using battery technologies remains technically constrained or economically unviable [1], 
[2], [3]. Therefore, electrolytic hydrogen production is increasingly being explored as a pathway for 
delivering low-carbon energy and feedstocks across industrial and power system applications [4], [5]. 

All electrolyser systems require a continuous electrical supply, and, in the near term, majority of 
installations are expected to remain connected to the electrical grid as their primary power source. 
The scale of proposed deployments has increased significantly in recent years, with multiple projects 
across Europe targeting capacities in the hundreds of megawatts to gigawatt range, and a growing 
pipeline of large-scale developments emerging within the United Kingdom [4], [6], [7].Electrolysers are 
classified as electrical demand within most grid code frameworks [8], and are subject to fewer 
regulatory and performance requirements than generators or High-Voltage Direct Current (HVDC) 
systems.  

However, ongoing developments of European Connection Network Codes, such as the Demand 
Connection Code (DCC), reflect the growing recognition that electrolysers cannot be treated as passive 
industrial loads. Instead, they are increasingly expected to demonstrate defined performance 
characteristics during both normal operation and abnormal network conditions. For instance, the DCC 
2.0 developments are introducing more explicit technical obligations for large demand facilities, 
including electrolysers, covering fault behaviour, dynamic response, reactive power capability, and 
frequency response performance. These requirements aim to harmonise the technical expectations 
placed on large demand assets across European transmission networks, ensuring predictable 
behaviour during disturbances and preventing destabilising interactions between large flexible loads 
and grid infrastructure [9]. 

Within Great Britain (GB), the National Energy System Operator (NESO) is actively evaluating the 
implications of evolving European grid integration frameworks. While European code revisions are not 
automatically transposed into the GB regulatory structure, NESO is undertaking parallel technical 
analysis to ensure that future GB grid requirements remain interoperable with emerging European 
practice and aligned with long-term system stability objectives. This includes ongoing work to develop 
structured guidance on the integration of large demand facilities such as electrolysers, with particular 
emphasis on modelling requirements, dynamic response performance, and compliance validation 
methodologies. 

From a project delivery perspective, grid compliance has emerged as a risk influencing deployment 
timelines and investment certainty. Failure to demonstrate compliance with applicable network codes 
can result in delayed project approvals, and engineering redesign requirements. In large-scale 
hydrogen projects, these risks translate directly into capital expenditure escalation, contractual 
uncertainty, and delayed revenue generation. As hydrogen deployment accelerates, the ability to 
demonstrate robust grid compliance early in the development lifecycle is becoming a strategic 
differentiator for project developers and system operators. Therefore, grid compliance and network 
integration testing are expected to become a critical phase in the lifecycle of electrolyser deployment. 
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This requires demonstration of grid code compliance prior to deployment, ensuring that grid-
connected systems behave predictably under both steady-state and transient operating conditions and 
do not compromise network stability or reliability.  

Compliance assessments are typically conducted with the full electrolyser stack physically present, 
resulting in the production of hydrogen during testing activities (Figure 1). This introduces safety 
considerations, operational constraints, and substantial cost implications, particularly as system 
ratings scale into multi-megawatt and utility-scale applications. Moreover, unlike generator and HVDC 
system testing, where electrical energy can be recycled during validation procedures, conventional 
electrolyser testing typically results in continuous energy consumption associated with hydrogen 
production, leading to significant operational costs. From a project delivery perspective, these 
constraints create bottlenecks that affect commissioning timelines, capital allocation strategies, and 
overall project risk profiles.  

 

Figure 1: Schematic of setup for electrolyser testing for grid compliance 

Addressing these challenges requires alternative testing methodologies capable of maintaining 
electrical realism while reducing dependence on physical stack operation. Previous studies have 
already been demonstrated across other grid-connected technologies, including solar photovoltaic 
systems, Battery Energy Storage Systems (BESS), and wind turbines, where Power Hardware-In-the-
Loop (PHIL) techniques are employed to replace physical energy sources or storage elements with real-
time emulated equivalents during defined compliance tests [10], [11]. These approaches enable the 
electrical interface of the plant to interact with a dynamically simulated component, preserving the 
closed-loop behaviour required for realistic validation. 

This project aims to investigate the application of PHIL-based emulation, as illustrated in Figure 2, to 
replace the physical electrolyser stack during selected grid compliance and integration assessments. 
To achieve this, an aggregated Electrical Equivalent Circuit (EEC) representation of the electrolyser 
stack was developed. The key electrochemical dynamics were represented through an equivalent 
network of resistive, capacitive, and inductive elements, enabling accurate reproduction of the 
electrical response of the stack under both steady-state and transient conditions. By enabling the grid-
facing power converter to operate against an emulated stack response, electrical energy can be 
recirculated within the test environment, reducing overall energy consumption and associated testing 
costs while preserving representative electrical behaviour. In this approach, hydrogen production is no 
longer required during these assessments, thereby introducing flexibility in evaluating fault scenarios 
and dynamic conditions that may be impractical or unsafe to test using live hydrogen-producing 
equipment. 
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Figure 2: Schematic for Power Hardware-In-the-Loop (PHIL) for electrolyser grid compliance testing 

Preliminary commissioning and testing of the systems were carried out using Offshore Renewable 
Energy (ORE) Catapult’s power amplifier and real‑time simulation facilities. Further details of the 
electrolysers tested, and the associated test systems are provided in Section 2. The development and 
validation of an EEC-based representation of electrolyser stacks for use in PHIL testing, discussed in 
Section 3, constituted one of the key workstreams of this project. This work was carried out for two 
electrolyser stacks: the HyFive system owned and operated by ORE Catapult, and a pre-production 
membrane‑less electrolyser stack developed by an electrolyser OEM. Section 4 describes the second 
workstream, which focused on electrolyser characterisation and grid compliance testing using the 
physical electrolyser, alongside the PHIL planned in the project. The impacts of the project are 
summarised in Section 4.4.  
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2 SYSTEMS DESCRIPTIONS  

This section provides an overview of the electrolyser systems, the Mini eGrid facility, and the in-house 
Data Acquisition (DAQ) and instrumentation system developed to support the monitoring, data 
logging, commissioning activities. 

 HyFive system  

The HyFive system comprises of two 2.5 kW Enapter Anion Exchange Membrane (AEM) electrolyser 
stacks alongside supporting subsystems, including a fuel cell, battery energy storage system (BESS), 
hydrogen dryer, water storage tank, and reverse osmosis unit, as illustrated in Figure 3. Each 
electrolyser unit is rated to produce up to 500 NL/hr of hydrogen and consists of an electrochemical 
stack integrated with a dedicated Balance-of-Plant (BoP). The BoP supports stable electrolyser 
operation through fluid handling, gas management, and operational control, including electrolyte 
circulation, gas–liquid separation, instrumentation sensors, and regulation of key operating 
parameters such as temperature, pressure, and current density. This modular architecture enables on-
site hydrogen production, storage, and utilisation within a single coordinated framework, providing a 
representative small-scale hydrogen energy environment for system-level testing and validation. 

 

Figure 3: HyFive System 
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2.1.1 Enapter electrolyser  

2.1.1.1 System description  

The Enapter AEM electrolyser stack contains 23 individual electrolysis cells electrically connected in 
series through bipolar plates. The bipolar plates maintain uniform current distribution across the stack 
and provide mechanical support. Each individual electrolysis cell within the stack is divided into two 
electrochemical half-cells by an AEM, which functions as an ionic conductor and a gas separator 
between the electrodes, as illustrated in Figure 4. The half-cell contains three primary components: an 
electrode where the electrochemical reactions occur, a Gas Diffusion Layer (GDL) that enables uniform 
distribution of reactants and removal of generated gases, and a Bipolar Plate (BPL) that provides 
electrical conductivity, mechanical support, and flow-field channels for fluid management. The AEM 
selectively transports hydroxide ions (OH⁻) between the electrodes while preventing direct mixing of 
the product gases, thereby maintaining separation of the hydrogen and oxygen streams during 
operation. 

 

Figure 4: Schematic of an Anion Exchange Membrane (AEM) electrolyser cell 

A key operational feature of the AEM electrolyser architecture is the ability to operate the two half-
cells at different pressures. Typically, hydrogen is produced at elevated pressures of approximately 35 
bar, while oxygen is generated near 1 bar. This pressure differential across the membrane plays an 
important role in maintaining gas purity, as it suppresses oxygen crossover from the low-pressure 
oxygen side into the high-pressure hydrogen compartment. As a result, the produced hydrogen can 
reach very high purity levels: the Enapter EL 4.1 produces hydrogen at approximately 99.9 % purity at 
35 barg and capable of exceeding 99.999% purity with the dryer. This makes the system suitable for 
downstream applications such as energy storage, fuel cells, and industrial hydrogen supply. 

2.1.1.2 Principle of operation 

The operation of an AEM electrolyser is governed by electrochemical reactions occurring at the two 
electrodes, driven by an externally supplied electrical potential. At the cathode, hydrogen production 
takes place through the Hydrogen Evolution Reaction (HER). In this process, water molecules that 
migrate from the anode side through the AEM are reduced by electrons supplied from the external 
power source. This reduction reaction generates hydrogen gas while simultaneously producing 
hydroxide ions (OH⁻). The reaction can be expressed as: 
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 4𝐻2𝑂 + 4𝑒− → 2𝐻2 + 4𝑂𝐻− Equation 1 

The hydrogen gas produced at the cathode is typically of low moisture content and can be collected 
for storage or downstream applications. The generation of hydroxide ions at the cathode is a key 
aspect of the AEM electrolysis mechanism, as these ions serve as the primary charge carriers within 
the membrane. Following their formation, the hydroxide ions migrate through the AEM towards the 
anode, where the Oxygen Evolution Reaction (OER) occurs. At the anode, the hydroxide ions undergo 
oxidation, releasing electrons back into the external circuit and forming oxygen gas and water as 
products. The anodic reaction is given by: 

 4𝑂𝐻− → 𝑂2 + 2𝐻2𝑂 + 4𝑒− Equation 2 

Because hydroxide ions are produced at the cathode and consumed at the anode at equivalent rates, 
the overall ionic concentration within the electrolyte loop remains stable during operation. 
Consequently, the system primarily requires the replenishment of pure water rather than continuous 
electrolyte replacement. The electrolyte, commonly a dilute potassium hydroxide (KOH) solution of 
~1% KOH circulates on the anode side to support ionic conductivity, maintain hydration of the 
membrane, and facilitate effective transport of reactants and products within the electrochemical cell. 

 Pre-production membrane-less electrolyser system 

2.2.1 System description  

The pre-production Genii MKI electrolyser provided by an electrolyser OEM, uses a Membrane-Free 
Electrolyser (MFE) architecture designed to generate separate hydrogen and oxygen gas streams 
without the use of polymer membranes, platinum group metals catalyst, or expensive equipment costs 
associated with cryogenic separation processes.  

The system has a nominal electrical rating of 125 kW, with a typical configured operating capacity of 
84 kW, producing hydrogen at a maximum rate of 26360 NL/h, or approximately 17630 NL/h under 
the configured operating condition. Hydrogen and oxygen are produced at atmospheric outlet 
pressure, with hydrogen purity levels typically ranging from 99.8 % to 99.999 % after drying. 

The electrolyser system is arranged as four independent electrochemical stacks, each rated at 
approximately 21 kW, allowing modular operation and improved operational flexibility. Each stack 
consists of multiple electrochemical cells housed within a mechanically robust enclosure designed to 
withstand elevated internal temperatures and pressures associated with membrane-free operation. 
Unlike conventional membrane-based electrolysers, where ion-selective membranes physically 
separate the electrodes, the membrane-free architecture uses an electrically non-conductive porous 
separator positioned between conductive electrodes. This separator allows electrolyte transport 
between the electrodes while maintaining physical separation of the generated gases through 
controlled flow paths and dedicated outlet manifolds. 

2.2.2 Principle of operation 

The operation of the MFE is governed by electrochemical reactions occurring at the cathode and 
anode, driven by an externally supplied Direct Current (DC). In this system, an alkaline electrolyte, 
typically an aqueous KOH solution, is circulated through the electrochemical cells to provide ionic 
conductivity and facilitate transport of reaction species. During operation, water within the electrolyte 
undergoes electrolysis, resulting in the generation of hydrogen at the cathode and oxygen at the anode 
through reactions equivalent to those presented in Equation 1 and Equation 2 for alkaline electrolysis 
systems. 

At the cathode, water molecules are reduced through the HER, producing hydrogen gas and hydroxide 
ions within the electrolyte. The generated hydroxide ions migrate through the electrolyte-filled porous 
separator toward the anode, where the OER occurs. At the anode, hydroxide ions undergo oxidation, 
releasing electrons back into the external circuit and forming oxygen gas and water as reaction 
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products. The generated hydrogen and oxygen gases are collected separately through dedicated outlet 
channels associated with each electrode compartment. The use of an alkaline electrolyte such as KOH 
supports stable ionic conductivity and allows efficient reaction kinetics while maintaining separation 
of the product gases through controlled fluid dynamics rather than membrane-based ion transport. 
This operational approach enables robust electrolysis performance while reducing reliance on 
membrane materials and associated durability limitations. 

 Mini eGrid system  

Mini eGrid is a modular and configurable 1.2 MVA grid emulator/power amplifier with bidirectional operation capabilities that was 
commissioned at ORE Catapult in late 2024. The Mini eGrid system is composed of six EGSTON’s 200 kVA COMPISO System Units (CSUs) 

[12], which are galvanically isolated emulation and test systems with six independent four-quadrant amplifiers as seen in Figure 5. The six 

CSU 200 units can be combined in several ways to test multiple devices simultaneously. mini eGrid units can be used to test parts of a wind 
turbine powertrain or other equipment like electrolysers, can emulate missing parts of any system, through PHIL testing, and can create 

complex Alternating Current (AC) and DC electrical networks.  

Table 1 shows the main technical specifications of mini eGrid. One 200 kVA CSU was used for the tests 
conducted in this project. Figure 6 shows an image of the CSU in the Technology Development Centre 
(TDC) at ORE Catapult. More details of how the CSU was configured are described in Section 4.2.1. 

 

Figure 5: Configuration of each CSU 200 power amplifier [13] 

 

Figure 6: The EGSTON CSU installed in the TDC facility 
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Table 1: Technical specifications of Mini eGrid 

Parameter Value 

Continuous power rating 1.2 MVA 

Nominal voltage (3-phase AC) 978 V 

Max DC voltage 1500 V 

Frequency range 0 – 2 kHz 

Total harmonic distortion <0.15% 

Harmonic injection Up to 5 kHz 

 

 Data acquisition (DAQ) system  

2.4.1 Introduction 

A significant part of the project work was the development of an in-house Data Acquisition (DAQ) and 
instrument measurement system to support monitoring, logging, commissioning and future 
development work on the facility. 

The system was developed around a Speedgoat real-time target, MATLAB, Simulink and Simulink Real-
Time. The intention was to move away from a fixed or supplier-led DAQ arrangement and build a 
flexible system that can be modified and expanded in-house as the facility requirements develop. 

The wider system includes the real-time DAQ model, MATLAB display and logging tools, a dedicated 
DAQ cabinet, voltage transducer (VT) and current transducer (CT) instrument panel, signal 
conditioning, uninterruptable power supply (UPS) support, terminal interfaces and commissioning 
checks. This gives a complete measurement chain from the device under test (DUT) signals through to 
live display, file logging and post-test review. The high-level DAQ and instrumentation workflow is 
shown in Figure 7. 

 

Figure 7: High-level DAQ and instrumentation workflow from measured signals through to Speedgoat real-time acquisition, MATLAB tools, 

monitoring, logging and outputs 

2.4.2 DAQ system 

The DAQ system was built around the Speedgoat real-time target, with the measurement and 
monitoring logic developed in Simulink and deployed using Simulink Real-Time. This allows the system 
to acquire facility signals in real time, display key measurements, and support future development of 
warning, alarm and control functions. 

A MATLAB-based real-time display graphical user interface (GUI) was also developed to provide a 
practical operator interface to the Speedgoat system. The GUI allows the user to connect to the target, 
load and run the model, view DAQ status, check logging status, monitor UPS status signals, and interact 
with the deployed model without needing to work directly in the Simulink environment during normal 
operation. 
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In addition to the real-time display, a User Datagram Protocol (UDP) Logger App was developed to 
capture streamed data from the Speedgoat model and save it into structured binary files. The logger 
includes key user functions such as start/stop logging, folder selection, file rotation, status indication, 
packet/byte counters and a command window-style log area. This makes the logger suitable for use by 
test engineers during commissioning and test activity. 

A separate High-Speed (HS) Plot Viewer App was also developed to allow the logged binary files to be 
opened and reviewed without needing the user to manually run plotting scripts. This supports quicker 
post-test checks and provides a more controlled route for reviewing HS logged data. 

Precision Time Protocol IEEE1588 (PTP) timing has also been included within the DAQ workflow. The 
PTP epoch channel allows the recorded data to be aligned to Coordinated Universal Time (UTC), while 
the PTP offset from master display provides a direct check of synchronisation performance. This is 
important for traceability, comparison with other logged systems, and future correlation of test events 
across multiple platforms. Examples of the developed DAQ software tools and PTP monitoring are 
shown in Figure 8. 

 
Figure 8: DAQ software example showing the MATLAB UDP Logger App and PTP offset monitoring 

2.4.3 DAQ cabinet 

A dedicated DAQ cabinet was built to house the Speedgoat system and associated interface hardware. 
The cabinet provides a structured installation for the Speedgoat target, Input/Output (I/O) modules, 
power supplies, UPS equipment, terminal blocks and internal signal wiring. The completed DAQ 
cabinet is shown in Figure 9. 

The cabinet approach was used to improve maintainability and reduce ad-hoc test wiring. Incoming 
signals are routed through labelled terminal interfaces before being connected to the Speedgoat I/O. 
This makes the system easier to inspect, fault-find and modify, while also giving the test team a more 
repeatable setup for future work. 

The cabinet also includes the supporting power infrastructure required for the DAQ system. This 
includes local power supplies and UPS support, allowing the system to remain powered through short 
supply interruptions and allowing UPS status conditions to be monitored within the DAQ model. 

Overall, the DAQ cabinet provides the main hardware platform for the real-time acquisition system 
and forms the central interface between the field instrumentation and the MATLAB/Simulink software 
environment. 
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Figure 9: DAQ cabinet containing the Speedgoat real-time target, I/O interfaces, terminal blocks, power supplies, UPS equipment and 

structured signal wiring 

2.4.4 VT/CT instrument panel 

A dedicated VT/CT instrument panel was also developed to provide a repeatable measurement 
interface for voltage and current signals. The panel includes the LEM IN 2000-S current transducers, 
LEM CV-3 2000 voltage transducers, ULTRASTAB unit, Phoenix Contact UPS equipment including logic 
outputs, local power supplies, terminal interfaces and external connection points. The instrument 
panel design and completed build are shown in Figure 10. 

The purpose of the panel is to provide a controlled and repeatable interface between the electrical 
DUT and the DAQ cabinet. Rather than wiring the CTs, VTs and signal conditioning equipment directly 
into the DAQ system each time, the panel provides a more standardised plug-and-play arrangement. 

This reduces installation time, improves wiring consistency and reduces the risk of setup errors during 
commissioning. It also makes the measurement chain easier to inspect, maintain and fault-find, as the 
transducers, power supplies, UPS logic signals and DAQ interface connections are contained within a 
defined panel arrangement. 

The VT/CT panel is therefore a key part of the measurement system, providing the front-end interface 
between the facility electrical measurements and the Speedgoat DAQ hardware.  
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Figure 10: VT/CT instrument panel design and completed build, showing the current and voltage transducer arrangement, UPS support, 
power supplies and interface connections used to simplify installation and commissioning 

2.4.5 Commissioning and verification 

Commissioning checks were carried out to verify the DAQ cabinet, VT/CT instrument panel and 
associated wiring before use in live test activity. This included AC and DC signal injection testing to 
confirm wiring continuity, amplitude scaling, polarity and measurement accuracy. Examples of the 
commissioning and verification checks are shown in Figure 11. 

DC step-input checks were used to verify individual channels and confirm that the DAQ response 
matched the applied bench supply input. This provided a simple method of checking wiring, scaling 
and polarity through the complete signal path. 

AC injection testing was also carried out using a signal source and oscilloscope to confirm the expected 
waveform, amplitude and frequency before checking the corresponding DAQ channel response. These 
checks helped confirm that the measured signal at the DAQ was consistent with the injected signal and 
that the measurement chain behaved as expected. 

UPS logic conditions were also tested to confirm the DAQ model correctly detected the relevant UPS 
states, including mains supply status, battery mode and alarm conditions. Battery duration checks 
were also carried out to understand the available backup time and confirm the UPS behaviour during 
supply loss. 

These commissioning checks provided confidence that the measurement chain was functioning 
correctly from the instrument panel through to the Speedgoat model, MATLAB GUI, logging app and 
viewer tools. 
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Figure 11: Commissioning verification using signal injection, showing UPS status conditions, oscilloscope confirmation of the applied 
waveform and DAQ response from a CT channel step-input test 

The work completed has produced a complete in-house DAQ and instrumentation measurement 
system for the project. This includes the Speedgoat real-time DAQ model, MATLAB display tools, UDP 
logging, high-speed file viewing, PTP time alignment, DAQ cabinet, VT/CT instrument panel and 
commissioning verification. 

The main benefit is that the project now has a flexible and maintainable measurement platform that 
can be modified in-house as requirements change. The system reduces setup time, improves 
repeatability, supports live monitoring and logging, and provides a clearer route for commissioning, 
fault-finding and future development. 
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3 ELECTRICAL EQUIVALENT CIRCUIT MODEL DEVELOPMENT 

This section presents the theoretical background and the Simulink implementation of the Electrical 
Equivalent Circuit (EEC) model developed for the HyFive electrolyser system. The section also describes 
the model validation process using data obtained from the HyFive system.  

 Modelling concept  

3.1.1 Total electric voltage  

The splitting of water molecules into hydrogen and oxygen is a non-spontaneous electrochemical 
reaction; therefore, an external energy input must be supplied to break the oxygen-hydrogen chemical 
bonds and drive the electrochemical reactions at the electrodes. The total energy required for 
electrolysis consists of two components: a thermal contribution and an electrical contribution. Under 
standard temperature and pressure (STP), the thermal portion of the reaction enthalpy is 
approximately 48.6 kJ mol-1, while the electrical component associated with the Gibbs free energy 
change is approximately 237.2 kJ mol-1 [14], [15], [16]. The electrical contribution corresponds to the 
theoretical minimum electrical potential required to split water and is commonly expressed as the 
reversible voltage of the electrolyser [17]. This reversible potential represents the equilibrium 
condition where the electrolysis reaction proceeds without any irreversible losses. 

In the electrolyser systems considered within this project, external thermal energy is not supplied 
directly to support the electrochemical reaction. Therefore, the electrical source must provide the 
entire reaction energy, corresponding to approximately 285.83 kJ mol-1 at STP. Under these conditions, 
the electrolysis process operates at the thermoneutral voltage, which is approximately 1.48 V. The 
thermoneutral voltage represents the electrical potential at which the reaction can proceed without 
net heat exchange with the surroundings, meaning that all required energy is delivered electrically. In 
practical operation, the operating voltage typically exceeds both the reversible and thermoneutral 
potentials due to irreversible losses within the electrochemical cell, including kinetic limitations at the 
electrodes, resistive losses in the materials, and transport limitations of reactants and products. 

From a modelling perspective, the total cell voltage of an electrolyser can be represented as the sum 
of the reversible voltage and the additional voltage contributions required to overcome irreversible 
losses during operation. These irreversible losses are commonly referred to as overpotentials and arise 
from activation, ohmic, and concentration-related effects. The activation overpotential is associated 
with the energy barrier required to initiate electrochemical reactions at the electrode surfaces; the 
ohmic overpotential results from ionic and electronic resistance within the membrane, electrodes, and 
current collectors; and the concentration overpotential occurs due to mass transport limitations 
affecting the supply of reactants and removal of products.  

The overall electrolyser cell voltage can be split into its individual contributions as follows: 

 𝑉cell = 𝑉rev + 𝜂act + 𝜂ohmic + 𝜂conc Equation 3 

where 𝑉rev is the reversible voltage (also referred to as the Nernst voltage), 𝜂act represents activation 
overpotentials associated with electrode reaction kinetic, 𝜂ohmic represents the ohmic overpotential 
that accounts for ionic and electronic resistive losses within the cell components, and 𝜂conc captures 
the voltage losses arising from mass transport limitations. 

In the present work, concentration overpotentials are implicitly included within the operating 
envelope of interest, as the focus is on grid-relevant operating regions rather than extreme current 
densities approaching limiting conditions. Consequently, the modelling framework primarily 
emphasises the reversible voltage, and the dominant activation and ohmic contributions that govern 
the electrical behaviour of the electrolyser under typical operating conditions. 
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3.1.2 Hydrogen production 

The hydrogen production rate can be directly linked to the electrical current flowing through the stack 
using Faraday’s law which states that the quantity of a substance produced at an electrode during an 
electrochemical reaction is proportional to the electric charge that passes through the system. Since 
hydrogen generation at the cathode occurs through the transfer of electrons during the HER, the 
production rate can be directly calculated from the stack current. Therefore, the molar flow rate of 
hydrogen is determined by:  

 
𝑛̇𝐻2

=
𝜂FE𝐼

2𝐹
 

Equation 4 

where 𝐼 is the stack current, 𝐹 is Faraday’s constant and 𝜂FE represents the Faradaic efficiency of the 
electrolyser. The factor of two arises from the electrochemical stoichiometry of the hydrogen 
evolution reaction, where two electrons are required to produce one molecule of hydrogen.  

 Simulink system architecture 

To translate the electrochemical behaviour of the electrolyser into a form suitable for PHIL operation, 
the system is represented using an EEC composed of voltage sources and passive electrical elements. 
In this approach, components such as resistors and capacitors are arranged to emulate the physical 
processes occurring within the electrolysis cell. The parameters of the circuit are derived from 
experimentally obtained polarisation curves, allowing the electrical model to reproduce the voltage–
current characteristics observed in the real device. Within this framework, each component of the 
electrolyser voltage breakdown is mapped to an electrical element representing the corresponding 
physical mechanism responsible for the voltage drop. 

In EEC models, the reversible voltage (𝑉rev) is typically represented by a constant DC voltage source, 
corresponding to the thermodynamic potential required for water splitting. Although the reversible 
voltage depends on operating temperature and pressure, these effects are relatively small within the 
normal operating range and are commonly approximated as constant [17]. The ohmic overpotential 
(𝜂ohmic), which represents resistive losses through the membrane, electrodes, current collectors, and 
electrical connections, is modelled using a linear resistor [17]. The activation overpotential (𝜂act), 
associated with charge-transfer resistance at the electrode surfaces, can be represented using a non-
linear resistive element [17]. Additionally, charge accumulation at the electrode–electrolyte interfaces 
produces the double-layer capacitance effect (C), which introduces transient dynamics in the cell 
response. This behaviour is typically captured using a capacitor connected in parallel with the 
activation resistance, forming a resistor-capacitor branch that reproduces both the voltage drop and 
the associated dynamic delay during changes in current [17], [18]. Inductance (L) is included in the 
equivalent circuit to represent the electromagnetic effects of the current path, including stack 
connections, busbars, wiring, and power-electronic interfaces [18], [19], [20]. The inductor opposes 
rapid changes in current and produces a transient voltage proportional to the rate of current change. 

Based on these principles, the initial EEC implemented in the Simulink model represents the 
electrolyser stack using three main components as illustrated in Figure 12. The reversible voltage (𝑉rev) 
is modelled as a DC voltage source, the activation losses (𝜂act) are represented by a non-linear resistor, 
and the ohmic losses (𝜂ohmic) are represented by a linear resistor. A capacitor (C) is connected in 
parallel with the linear/non-linear resistor to account for the double-layer capacitance effect at the 
electrode interfaces. This structure allows the model to capture both the steady-state polarisation 
behaviour and the transient response associated with electrochemical charge accumulation. 
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Figure 12: Electrical equivalent circuit of the electrolyser stack, developed by repeating the single-cell circuit representation across the 
number of series-connected cells in the stack. Here, L is the equivalent inductance, 𝑉rev is the reversible voltage, 𝜂act is the anode and 

cathode activation overpotentials, respectively, 𝜂ohmic is the ohmic overpotential, and C represents the anode and cathode double layer 
capacitances 

For the operating conditions considered in this work, the EEC stack representation was aggregated to 
reduce computational complexity while preserving the dominant electrical behaviour. The aggregated 
model consists of the reversible voltage source combined with the activation overpotential in series 
with a single linear resistance, as shown in Figure 13. This simplification is justified because the 
electrolyser operates within a current density range located beyond the activation-dominated region 
and primarily within the ohmic region of the polarization curve. In this region, the voltage–current 
relationship is approximately linear, allowing the activation effects to be absorbed into an equivalent 
resistive parameter without significantly compromising model accuracy. To retain the dominant 
transient behaviour associated with the electrochemical interface, a capacitor is placed in parallel with 
the resistor. This reduced-order representation significantly lowers model complexity while 
maintaining sufficient fidelity for system-level simulations and PHIL operation. The Current-Voltage (I-
V) characteristics of the simplified aggregated model and the full EEC representation were 
subsequently compared to assess the impact of the model reduction, with the results presented and 
discussed in Section 3.3.1. 

ηohmic Vrev + ηactL

C

 

Figure 13: Aggregated electrical equivalent circuit of the electrolyser stack. Here, L is the equivalent inductance, 𝑉rev is the reversible 
voltage, 𝜂act is the combined anode and cathode activation overpotentials, 𝜂ohmic is the ohmic overpotential, and C represents the 

combined anode and cathode double layer capacitances 

The dynamic behaviour of the model is informed by transient experiments, such as step changes and 
ramp tests, which are used to identify the dominant system time constants. These experimentally 
observed dynamics are mapped to equivalent Resistance-Capacitance (RC) elements, allowing the 
model to reproduce voltage lag, overshoot, and relaxation behaviour during rapid changes in operating 
conditions. By anchoring the dynamic parameters in measured system responses, the model ensures 
that the simulated behaviour reflects the physical characteristics of the electrolyser rather than relying 
solely on theoretical assumptions. 

To ensure compatibility with real-time PHIL execution, the following assumptions were used:   

• Electrical and electrochemical properties are uniform throughout the stack. 

• Isothermal operation within the tested operating envelope. 
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• Negligible gas crossover and pressure dynamics during electrical transients. 

• The validity of the model is restricted to the experimentally characterised current and 

voltage ranges. 

These assumptions are appropriate for grid integration and electrical performance studies, where the 
primary objective is to accurately capture the terminal electrical behaviour and dynamic response of 
the electrolyser system. 

 EEC model validation  

3.3.1 Steady state electrolyser model  

The steady-state model was first developed at the cell level, consistent with the majority of published 
electrochemical characterisation studies, which report performance metrics in terms of single-cell I–V 
relationships [21], [22], [23], [24], [25], [26], [27], [28], [20], [29]. Literature-derived parameters were 
used to establish the baseline electrochemical representation, with subsequent calibration against 
experimentally derived data to ensure operational relevance. 

The cell voltage was separated into its main components: the reversible voltage, activation 
overpotentials at the electrodes, and ohmic losses. This breakdown allowed each contribution to be 
represented individually and compared with values reported in the literature. The resulting I–V 
characteristics show the expected behaviour, with activation losses dominating at low current 
densities and ohmic losses becoming dominant as current increases, as shown in Figure 14A. 
Comparison with published datasets in Figure 14B shows good agreement in both the trend and 
magnitude of the voltage response, confirming that the selected parameter values provide a 
reasonable representation of the AEM electrolyser cell behaviour within the investigated regime. 

  

Figure 14: Steady-state cell-level model results. (A) Current density versus cell voltage highlighting the stacked contributions from the 

reversible voltage, activation overpotentials, and ohmic losses. (B) Comparison of the total model cell voltage with published literature 
references [21], [22], [23], [24], [25], [26], [27], [28], [29] 

Following validation at the cell level, the model was scaled to stack level through multiplication by the 
total number of cells in series. This scaling approach assumes uniform cell behaviour across the stack, 
which is consistent with standard stack-level modelling methodologies under steady-state conditions 
[17], [30], [31]. The resulting stack-level voltage was compared against experimentally measured stack 
performance (from the HyFive system) to calibrate the effective reversible voltage and equivalent 
resistance values.  

Two modelling approaches were investigated for representing activation overpotentials: a non-linear 
resistor representation, as shown in Figure 12 and an aggregated linear resistor representation, as 
shown in Figure 13. Both approaches produced similar steady-state performance results, as shown in 
Figure 15A. However, the non-linear resistor increased the computational time and added model 
complexity without providing a significant improvement in accuracy. Moreover, the operating range 
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considered in this work is at relatively high current densities, where ohmic losses are the dominant 
contribution to the total voltage. Due to this, the activation overpotentials and reversible potential 
were combined into a single voltage offset, while the remaining stack voltage variation with current 
was represented using an equivalent linear resistance. From the linear fit to the experimentally 
measured HyFive stack I–V data, the combined reversible voltage (𝑉𝑟𝑒𝑣) and activation overpotential 
𝜂𝑎𝑐𝑡  was identified as 36.15 ± 0.15 V and the equivalent ohmic resistance (𝑅𝑜ℎ𝑚), associated with the 
ohmic overpotential 𝜂ohmic, as 0.157 ± 0.003 Ω. These values were used as the steady-state electrical 
parameters for the simplified aggregated stack model. 

Figure 15B compares the modelled and measured hydrogen production as a function of stack current. 
The close agreement confirms that the simplified stack model captures the expected current-
dependent hydrogen generation behaviour in accordance with Faraday’s law, while preserving the key 
steady-state relationship between electrical input and hydrogen output without unnecessary model 
complexity. 

 

Figure 15: Steady-state stack-level model results. (A) Stack current versus stack voltage comparing the non-linear resistor model and 
aggregated linear resistor model with experimental stack data. (B) Hydrogen production rate versus stack current comparing model 

predictions with experimental data 

3.3.2 Dynamic electrolyser model  

The dynamic electrolyser model was developed using parameter values derived from steady-state 
analysis and supported by literature data.  The combined reversible voltage and activation 
overpotential, and equivalent ohmic resistance identified were carried forward as baseline 
parameters.  A parametric investigation was then carried out to assess how variations in the steady-
state parameters affect the dynamic stack response. The findings in Figure 16A show that increasing 
the combined reversible potential and activation overpotential reduces the current flowing through 
the stack for a given voltage input. This behaviour is expected, as a higher internal voltage requirement 
reduces the effective driving voltage across the electrochemical system. Similarly, Figure 16B shows 
that increasing the ohmic resistance reduces the stack current due to the increased resistive voltage 
drop across the system. Small variations within the defined parameter ranges result in noticeable 
differences in the predicted current response, highlighting the sensitivity of the model to these 
parameters. 
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Figure 16: Parametric investigation of model elements.  (A) Effect of varying combined reversible voltage and activation overpotential (𝑉rev)  

+ 𝜂𝑎𝑐𝑡) within the defined range on stack current response compared with experimental data.  (B) Effect of varying ohmic resistance (𝑅𝑜ℎ𝑚) 
within the defined range on stack current response compared with experimental data 

To capture the transient behaviour of the stack, equivalent capacitance and inductance values were 
introduced into the model. Available literature provides limited quantitative consensus on capacitance 
values, with reported values ranging between ~0.01 - 30 F, depending on electrode architecture, 
membrane properties, and stack configuration [14], [15], [18], [32], [33]. Fewer studies report 
inductance values; therefore, values reported for proton-exchange membrane (PEM) electrolysers 
were used as a reference [18], [34], with the final inductance value derived through empirical tuning 
to match the measured transient response. A parametric investigation was carried out to determine 
suitable capacitance and inductance values through comparison with experimental data, as shown in 
Figure 17. 

The results in Figure 17A show that the capacitance value has negligible influence on the current 
response during the voltage step-up, with the different capacitance cases producing almost identical 
ramp-up behaviour. The effect of capacitance becomes evident during the voltage step-down, as the 
ramp-down response is significantly faster than the ramp-up behaviour. For this reason, the step-down 
region was magnified to show the influence of capacitance on the transient response more clearly. A 
capacitance value of 2.2 F provided the closest match to the measured response and was selected for 
the dynamic model. For inductance (Figure 17B), minimal influence was observed when the inductance 
remained below 1 H, which is consistent with realistic electrical system behaviour. However, when the 
inductance exceeded 1 H, the response profile changed significantly, resulting in slower current rise 
and increased smoothing of the transient response. Such behaviour may occur in systems with long 
cable runs, large power electronic filters, or extended busbar layouts, where increased loop inductance 
limits the rate of current change. Based on the observed behaviour and published literature values 
[18], [34], an inductance value of 0.1 H was selected for the simulations. 



 

ORE Catapult Approved 19 

  

 

Figure 17: Parametric investigation of dynamic model elements. (A) Effect of varying capacitance on stack current response compared with 
experimental data. (B) Effect of varying inductance on stack current response compared with experimental data 

Using the selected parameter values (𝑉𝑟𝑒𝑣  +  𝜂𝑎𝑐𝑡  = 36.15 ± 0.15 V, 𝑅𝑜ℎ𝑚 = 0.157 ± 0.003 Ω, C = 2.2 F, 
L = 0.1 H), the final dynamic model response was compared with experimental measurements under 
step-change and ramped voltage input conditions, as shown in Figure 18 A and B, respectively. The 
applied voltage is presented as the input condition, while the stack current is used to validate the 
model. The model range represents the simulated current envelope derived from the upper and lower 
bounds of the identified steady-state parameters, highlighting the sensitivity of the current response 
to parameter uncertainty. The simulated current response shows good agreement with the measured 
data, confirming that the model reproduces the electrical dynamics of the electrolyser stack across 
both rapid and gradual voltage transitions. This provides confidence that the aggregated EEC 
representation is sufficiently accurate for system-level studies while remaining computationally 
efficient for PHIL deployment. 



 

ORE Catapult Approved 20 

  

 

Figure 18: Dynamic stack-level response under transient operating conditions. (A) Stack current and voltage (secondary axis) as a function 
of time for step-up and step-down voltage inputs. (B) Stack current and voltage (secondary axis) as a function of time for ramped voltage 

input 
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4 ELECTROLYSER TESTING: PHYSICAL EXPERIMENTS AND 

POWER HARDWARE-IN-THE-LOOP VALIDATION  

This section summarises the test preparations carried out and the planned testing activities to be 
conducted as part of the project. This section also considers the intended use of the developed 
electrolyser model within PHIL testing as a substitute for physical electrolyser testing in grid 
compliance assessments. Testing will be carried out in two phases on the 84 kW pre-production 
membrane-less electrolyser, first using the physical system and subsequently using a real‑time 
emulated electrolyser model. A brief overview of grid compliance and PHIL testing is provided prior to 
detailing the planned tests in this section. 

 Background 

4.1.1 Grid Code compliance testing and validation  

The Grid Code details all the technical requirements which must be complied with to connect to or use 
a nation’s transmission power grid. It sets out the rules governing how generation, demand, and other 
network assets should interact with the power grid. The Grid Code ensures a level playing field for all 
users of the electricity grid while ensuring reliability and resilience under both normal and disturbed 
conditions. In GB, the Grid Code is managed by the National Energy System Operator (NESO). 

Grid code compliance testing is the process that assets such as wind turbines must undergo to 
demonstrate adherence to the applicable Grid Code requirements prior to, and in some cases 
following, connection to the network. Compliance testing typically covers a range of functional and 
performance tests, including but not limited to: normal operating range, immunity to disturbances, 
active power response to frequency deviations, power response to voltage variations, power quality, 
interface protection, connection and starting generation, active and reactive power control etc.   

Failure to comply with the Grid Code can have significant consequences for multiple stakeholders: 

• Equipment Original Equipment Manufacturer (OEM): Risk being unable to sell their equipment and 
may face liability if assets are later found to be non-compliant. 

• Owner-operators: May be disconnected from the network or refused permission to connect and 
held liable for any damage caused. 

• End users: Increased risk of system disturbances and blackouts, such as the UK blackout on 9 
August 2019. 

Currently, electrolysers are classed as electrical demand within most grid code frameworks and are, 
therefore, subject to less stringent technical requirements. They have mostly been small to medium 
scale units connected to distribution networks. With several plans for larger electrolysers, connected 
to the transmission system, their inclusion for grid support provision is likely to be included in future 
versions of the grid codes both in the EU and the UK. This becomes even more challenging, particularly 
due to the unique operating characteristics and safety requirements of electrolyser systems. 

4.1.2 PHIL test approach   

The PHIL test approach comprises four main components as illustrated in Figure 19: a mathematical 
model of the system simulated in real-time within a digital real-time simulator, a power amplifier, and 
the hardware under test. The real-time simulator exchanges control signals with the power amplifier, 
which powers the hardware under test and establishes the connection to the electricity supply. 
Measurements from the hardware are fed back to the digital real-time simulator and subsequently to 
the numerical model being simulated. A power amplifier functions as a programmable power supply, 
capable of operating within a range of voltages and frequencies and absorbing or generating real and 
reactive power. PHIL tests integrate physical hardware and software models in a closed-loop manner. 



 

ORE Catapult Approved 22 

  

 Test programme  

The test program will be conducted at ORE Catapult’s TDC in Blyth. At the heart of the test system is a 
200 kVA EGSTON CSU. The CSU has six COMPISO Digital Amplifiers (CDAs), which can operate 
independently in current or voltage control modes, both for AC or DC operation, depending on the test 
requirements. The CDAs can be controlled according to reference setpoints received either through 
the dedicated EGSTON Control Centre (ECC) software or via the OPAL-RT real-time simulator.  

The electrolyser system is equipped with an internal AC-DC power converter that transforms the three-
phase AC supply into DC required for electrolyser stack operation. Furthermore, the electrolyser was 
fully integrated into the facility’s infrastructure, with input water supply, a hydrogen vent system, and 
connections to the facility’s DAQ system.   

The test programme is structured into two phases to evaluate the electrolyser's performance and grid 
compliance. Phase 1 focusses on electrolyser performance tests and power quality tests on the 
physical pre-production membrane-less electrolyser system. Phase 2 involves real-time emulation of 
the pre-production membrane-less electrolyser stack with only its AC-DC power converter and its 
controller being tested in hardware.  

4.2.1 Test system setup  

Figure 19 presents the PHIL test system that will be used for the Phase 1 tests. The electrolyser system, 

including its power converter, stacks and BoP, constitutes the hardware under test. The CSU of mini 

eGrid is the power amplifier in the system that provides the three-phase AC supply to the electrolyser. 

The mathematical model of a power grid will be emulated within the OPAL-RT real-time simulator. 

Various steady state and dynamic grid conditions will be emulated by controlling the CSU through 

OPAL-RT.  

Figure 20 presents the test system that will be used for the Phase 2 tests. Only the power converter of 

the electrolyser system and its controller will be tested in hardware. Three CDAs of the CSU will provide 

the three-phase AC supply to the power converter. The remaining three CDA’s will be used for the 

electrolyser stack emulation and will be operated as a DC system. The mathematical models of both 

the power grid and the electrolyser stack, described in Section 3, are emulated within the OPAL-RT 

real-time simulator.  

 

Figure 19: PHIL test setup for Phase 1 testing 
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Figure 20: PHIL test setup for Phase 2 testing 

4.2.2 Phase 1 tests with the physical electrolyser  

Phase 1 includes performance tests of the pre-production membrane-less electrolyser, at different 
power levels, while it actively produces hydrogen. These tests are performed to verify both the steady 
state and dynamic performance of the electrolyser and to validate the EEC model developed, 
presented in Section 3, against real-world electrical profiles.  

These tests include: 

• Functional startup/no load under varying power supply conditions to assess if network 
fluctuations affect electrolyser startup.  

• Key load points to assess hydrogen production, system efficiency, stability of system, power 
factor, and power quality. 

• Step response to evaluate the response time and the settling time of the system, as well as 
overshoots and hydrogen production lag.   

• Controlled ramp to explore the controllability of the electrolyser power/production ramp. 

• Profile following to examine the capability of the system to follow a variable power profile to 
simulate solar/wind data. 

In addition to these tests, the following grid compliance tests will also be performed. These included:  

•  Harmonics to ensure that the electrolyser system does not introduce excessive harmonics in 
the network. 

• Power factor to assess the reactive power demand of the electrolyser on the network.  

•  Voltage operating range to verify the safe operating voltage limits of the system. 

•  Frequency operating range to verify the safe operating frequency limits of the system. 

 

4.2.3 Phase 2 tests with the emulated electrolyser   

Phase 2 focuses on real-time emulation of the pre-production membrane-less electrolyser stack with 
only its AC-DC power converter and controller being tested in hardware. The EEC model of the 
electrolyser stack, described in Section 3, will be executed in real time on the OPAL-RT simulator to 
emulate the stack. Grid compliance tests often require the equipment under test to be operating at 
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specific power setpoints. The user interacts with the electrolyser’s controller through its Human 
Machine Interface (HMI), based on which the desired operating conditions and, in turn, the power 
converter’s output DC voltage are set. The DC voltage, measured at the output terminals of the power 
converter, is passed to the real time simulation where the electrolyser stack model computes the 
corresponding current demand based on the stack’s I-V characteristic. This calculated current is then 
issued as a reference signal to the CDAs, which draw the required current from the power converter, 
thereby emulating the electrical behaviour of the electrolyser stack. A closed-loop PHIL system is 
established through this arrangement. A subset of the grid compliance and electrolyser performance 
tests, selected for Phase 1 on the physical pre-production membrane-less electrolyser, will be repeated 
on the emulated electrolyser test bench shown in Figure 20.  

 Test preparation and commissioning 

Prior to the start of Phases 1 and 2 of the official test programme, a series of preparatory activities 
were carried out to commission and verify the different components of the PHIL setup. These activities, 
undertaken as part of this project, are briefly outlined here.   

4.3.1 Site safety and regulatory assurance 

Before physical testing commenced, site safety and regulatory assurance activities were completed to 
confirm that the electrolyser systems and associated test infrastructure could be operated safely. This 
was required because the test environment involved hydrogen production, storage, and venting, 
introducing fire and explosion hazards that required compliance with site safety procedures and the 
Dangerous Substances and Explosive Atmospheres Regulations (DSEAR). 

The assessment process included a Hazard Identification (HAZID) study, risk assessments, fire safety 
assessments, DSEAR assessments, and site acceptance testing. These activities confirmed that 
appropriate control measures were in place, including hazardous area classification and zoning, 
hydrogen detection and alarm systems, safety signage, hot-work controls, emergency response plans, 
hydrogen leak shutdown procedures, and integration of relevant sensors and alarms within the control 
room. Additional measures included lighting assessments and updates to personal protective 
equipment requirements, including the use of anti-static footwear to reduce potential ignition sources. 
All project personnel were briefed on the identified hydrogen hazards, operational controls, and 
emergency procedures before testing commenced. 

Overall, the safety strategy followed the ALARP (As Low AS Reasonably Practicable) principle, ensuring 
that hydrogen-related risks were identified, assessed, and reduced before commencement of testing 
activities.  

4.3.2 Commissioning of the OPAL-RT (real-time simulator) – EGSTON (power amplifier) interface 

In September 2025, the communication interface between the OPAL-RT real-time simulator and the 
EGSTON power amplifiers was commissioned and tested. The communication between these systems 
was via a standardised optical fibre connection, assuring high-speed communication. In these tests, 
multiple CSUs were connected in back-to-back mode, with one CSU acting as the power supply, and 
the other emulating a load. A grid impedance, which connects the supply to the load, was emulated in 
real-time in the simulator. These tests were used to commission the communication interface and to 
better understand PHIL test stability, as well as approaches to improve it.   

4.3.3 Development of models to test voltage and frequency operating range 

A Simulink model was developed to emulate voltage and frequency variations required for the planned 
voltage and frequency operating range tests. This model is highly configurable, enabling testing under 
nominal voltage and frequency conditions as well as at any point within the defined maximum and 
minimum operating range. The hold durations at the voltage and frequency set points are configurable 
as well, allowing compliance to be tested for multiple grid codes and standards. Although initially 
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developed offline, the model was subsequently integrated into the PHIL setup to provide voltage 
references to the EGSTON CSU. 

4.3.4 Operating the CSU in free amplifier mode   

The CDAs of the EGSTON CSU can be controlled in several configurations including, three-phase AC, 
single-phase AC, DC bipolar, DC unipolar, and free amplifier modes. To support Phase 1 and Phase 2 
tests planned in this project, the CDAs were configured to operate in the free amplifier mode. This 
mode enables each CDA to be controlled independently as either a voltage or current source. The 
control model to operate the mini eGrid CSU in the free amplifier mode was developed for execution 
on the OPAL-RT simulator. The model was subsequently tested and verified with the CSU.  

4.3.5 Electrolyser model simulation on the OPAL-RT simulator 

The electrolyser EEC model developed, described in Section 3, was successfully compiled and deployed 
on the OPAL-RT real-time simulator. The model was executed in real time with a simulation time step 
of 25 µs. No simulation overruns were observed, confirming that the model meets the real-time 
execution requirements. This validation indicates that the model is suitable for use in PHIL testing and 
ready for integration with the EGSTON CSU. 

4.3.6 Electrolyser emulation interfaced with mini eGrid  

The developed electrolyser EEC model was also implemented in a real-time emulation setup interfaced 
with the mini eGrid CSU. In this configuration, two CDAs were connected in the back-to-back 
arrangement. One CDA operated as a DC power supply, setting the stack voltage applied to the 
electrolyser stack, while the second CDA emulated the electrolyser stack behaviour by reproducing the 
current response based on the EEC model. The emulation was driven using the same voltage profile 
presented in Figure 18. The resulting measured voltage and the measured current response showed 
strong agreement with previously obtained results. This confirmed the correct implementation and 
behaviour of the electrolyser EEC model within the PHIL environment.  

 Future testing  

All preparatory activities and groundwork for the project have now been successfully completed, and 
work is set to commence on Phase 1 testing. This initial phase will be followed by the parameterisation 
and validation of the developed electrolyser EEC model using the obtained test data. Subsequently, 
Phase 2 testing will be undertaken, incorporating the real-time electrolyser model. The results from 
both phases will be used to perform a detailed comparison of steady-state and dynamic performance 
between the physical electrolyser and its emulated counterpart. In addition, the grid compliance 
performance of both systems will be assessed and benchmarked to evaluate the suitability of the 
emulated model as a substitute for physical testing. 
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5 PROJECT IMPACT  

The development of PHIL testing capability for electrolyser grid compliance at ORE Catapult represents 
a significant new offering for the hydrogen and energy sectors. As electrolyser deployments scale 
rapidly across the UK and Europe, the need for reliable, cost-effective, and safe grid compliance testing 
methodologies has become a critical bottleneck. This project directly addresses that challenge and 
positions ORE Catapult as a leading technical partner for the industry. 

Conventional grid compliance testing requires a fully operational electrolyser stack that continuously 
produces hydrogen throughout the test campaign. At scale, this introduces significant safety 
constraints, high energy costs, operational complexity, and extended project timelines. Delays in 
demonstrating compliance translate directly into delayed project approvals, capital expenditure 
escalation, and delayed revenue. The ability to demonstrate grid code compliance early, efficiently, 
and safely is rapidly becoming a strategic differentiator for developers, OEMs, and system operators. 

ORE Catapult's PHIL-based testing framework enables the electrical behaviour of an electrolyser stack 
to be emulated in real time using a validated EEC model, removing the need for the physical stack, and 
therefore hydrogen production, during grid compliance assessments.  

Key benefits this delivers to industry include: 

• Significantly reduced testing costs by eliminating continuous energy consumption associated 
with hydrogen production during testing. 

• Improved safety by removing the requirement to operate live hydrogen-producing equipment 
during fault condition and disturbance scenario tests that may be hazardous to conduct on 
physical systems. 

• Faster project timelines by enabling compliance validation earlier in the development lifecycle, 
reducing commissioning risk and regulatory uncertainty. 

• Greater test flexibility, including the ability to explore fault scenarios and extreme grid 
disturbances that would be impractical or unsafe to replicate with a live electrolyser. 

• Ability to apply the EEC modelling framework across a range of electrolysers technologies. 

Building on this capability, ORE Catapult can offer a suite of testing and support services to electrolyser 
OEMs, project developers, network operators, and technology innovators. This includes structured grid 
compliance test programmes, covering harmonic performance, power factor, voltage and frequency 
operating range, and dynamic response. PHIL-based stack emulation can be performed through the 
development and deployment of validated EEC models in place of physical hardware during 
compliance testing. ORE Catapult has established a national centre for electrolyser grid compliance 
testing, combining the 1.2 MVA Mini eGrid grid emulator, OPAL-RT real-time simulator, and HyFive 
hydrogen demonstrator in a fully integrated PHIL test environment not available elsewhere in the UK. 
This supports OEMs ahead of commercial deployment, helps developers navigate evolving grid code 
requirements, and enables project developers to de-risk grid connection approvals. Collaboration with 
standards bodies, universities, and other Catapults will further embed this capability within the 
broader innovation ecosystem. 

As part of this programme, ORE Catapult also organised a dedicated workshop bringing together 
representatives from industry and academia to explore the future of electrolyser grid integration and 
compliance testing. The event included presentations from a broad range of stakeholders, with 
particularly valuable contributions from the National Energy System Operator (NESO) and Siemens, 
both of whom highlighted the growing importance of grid compliance testing as electrolyser 
deployment scales. Their activities were recognised as highly complementary to ORE Catapult’s PHIL-
based approach, reinforcing the need for coordinated innovation across the sector. The workshop 
received very positive feedback from attendees, who consistently identified grid compliance testing as 
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a critical enabler for the large-scale deployment of green hydrogen production. The strong 
engagement from industry, network operators, technology developers, and researchers further 
validated the strategic importance of this capability and demonstrated clear demand for independent 
testing solutions that can accelerate electrolyser integration into future energy systems. 

The PHIL and EEC modelling framework can be applied beyond grid compliance, including validation of 
electrolyser systems integrated with hydrogen storage infrastructure, long-duration energy storage 
applications, offshore and islanded microgrid environments, and AC-DC power converter testing across 
battery storage and EV charging. As integrated energy hubs combining wind, electrolysers, and 
batteries emerge, ORE Catapult is well positioned to support the multi-asset integration testing these 
systems will require. 
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6 CONCLUSIONS AND FUTURE WORK  

This project has addressed the emerging need for robust grid compliance testing methodologies for 
electrolyser systems in the context of increasing renewable energy integration and the rapid growth 
of electrolyser deployment. As electrolysers transition from being treated as passive loads to active 
grid participants, the ability to accurately characterise and validate their electrical behaviour under 
both steady state and transient conditions has become important. Conventional testing approaches, 
which rely on fully operational electrolyser stacks, introduce significant cost, safety, and operational 
constraints, particularly at larger scales. 

To address these challenges, this work explored the development and application of a Power 
Hardware-In-the-Loop (PHIL) testing framework using an aggregated equivalent electrical circuit (EEC) 
model of the electrolyser stack. The proposed approach enables real-time emulation of electrolyser 
behaviour while maintaining electrical realism at the grid interface, thereby not requiring continuous 
hydrogen production during testing. This provides a flexible and cost-effective pathway for conducting 
grid compliance assessments, including scenarios that may be impractical or unsafe to test with 
physical systems. 

This project developed a computationally efficient EEC model of an electrolyser stack suitable for real-
time and PHIL testing. The modelling framework captures the key electrochemical behaviour, 
dominant loss mechanisms and accurately captures hydrogen production from the stack. The reduced-
order aggregated model, balancing fidelity and computational efficiency, was validated against both 
literature and experimental data at cell and stack level. The model demonstrated good agreement with 
measured steady-state and transient responses, confirming its ability to reproduce electrolyser 
behaviour. 

The report outlined the completed preparatory activities and the planned testing framework 
developed to evaluate electrolyser performance and grid compliance using both physical and emulated 
systems. A comprehensive PHIL-based approach was established, integrating real-time simulation, 
power amplification, and hardware testing. The planned test programme is structured in two phases: 
initial testing of the physical 84 kW pre-production membrane-less electrolyser, followed by testing 
using a real-time emulated electrolyser model. Significant groundwork has been completed, including 
the commissioning of the interface between the OPAL-RT real-time simulator and EGSTON COMPISO 
System Unit (CSU), development of configurable test models, implementation of free amplifier control 
of the CSU, and deployment of the electrolyser EEC model within the real-time PHIL environment. 

This project has established the foundation for implementing PHIL-based grid compliance testing of 
electrolysers. Future work will focus on completing the planned experimental campaigns, including 
Phase 1 testing using the physical electrolyser and Phase 2 testing using the PHIL-based emulated 
system. A key objective will be the parameterisation and validation of the EEC model against measured 
data to ensure accurate representation of electrolyser behaviour. Detailed comparative analysis will 
then be conducted to evaluate the equivalence between physical and emulated responses across a 
range of operating conditions. Engagement with network operators and standards bodies will be 
undertaken to assess how PHIL-based methods can be incorporated into future grid compliance 
validation procedures. 

The development of the PHIL-based grid compliance testing capability at ORE Catapult enables safe, 
cost-effective, and flexible validation of electrolyser systems by emulating stack behaviour in real time 
using validated EEC models. This approach removes the need for hydrogen production during testing, 
reducing risk, cost, and complexity while enabling earlier and more efficient compliance assessment. 
As electrolyser deployment accelerates across the UK and Europe, this capability positions ORE 
Catapult to support industry and network stakeholders in meeting evolving grid code requirements at 
scale.  



 

ORE Catapult Approved 29 

  

7 REFERENCES 

[1] Alycia Leonard et al., “Green Hydrogen Use-Cases: Global realism and Ukrainian relevance,” 2025. 
[Online]. Available: https://epg.eng.ox.ac.uk/media/osgptqy1/report-gh2-use-cases.pdf 

[2] Power to Hydrogen, “Hydrogen Applications: Real-World Uses of Hydrogen Today and Through 
2040.” [Online]. Available: https://www.power-h2.com/insights/hydrogen-applications-real-
world-uses-of-hydrogen-today-and-through-2040 

[3] S. Mazzoni, M. Vellini, and M. Gambini, “Decarbonization pathways of Hard-to-Abate sectors 
through hydrogen blending solutions,” Appl. Energy, vol. 409, p. 127420, Apr. 2026, doi: 
10.1016/j.apenergy.2026.127420. 

[4] IEA, “Electrolysers.” [Online]. Available: https://www.iea.org/energy-system/low-emission-
fuels/electrolysers 

[5] R. Cozzolino and G. Bella, “A review of electrolyzer-based systems providing grid ancillary services: 
current status, market, challenges and future directions,” Front. Energy Res., vol. Volume 12-2024, 
2024, doi: 10.3389/fenrg.2024.1358333. 

[6] Department for Energy Security and Net Zero, “New hydrogen power projects to boost growth.” 
[Online]. Available: https://www.gov.uk/government/news/new-hydrogen-power-projects-to-
boost-growth 

[7] J. Bolard et al., Water electrolysis and hydrogen in the European Union – Status report on 
technology development, trends, value chains and markets 2025. 2026. doi: 10.2760/7797181. 

[8] E. M. Barhoumi and S. Z. Almutairi, “Challenges in Integrating Electrolyzers into Power Systems: 
Review of Current Literature and Suggested Solutions,” Energies, vol. 18, no. 23, 2025, doi: 
10.3390/en18236258. 

[9] Frankfurt am Main, “VDE FNN warns: Delay in Connection Network Codes jeopardizes the stability 
of European power grids.” [Online]. Available: https://www.vde.com/en/press/press-
releases/fnn-position-paper-delay-in-connection-network-codes 

[10] R. Todd, H. J. Uppal, T. Feehally, A. J. Forsyth, and A. M. Pavan, “A Power Hardware-In-The-Loop 
Simulation Facility for Testing Grid-Connected Storage Systems,” in 2019 IEEE Power & Energy 
Society Innovative Smart Grid Technologies Conference (ISGT), 2019, pp. 1–5. doi: 
10.1109/ISGT.2019.8791608. 

[11] M. K. Khan, K. Kauhaniemi, H. Laaksonen, and M. A. Hassan, “Review of recent developments in 
grid codes: Focus on compliance testing and grid-forming inverter-based resources,” Renew. 
Sustain. Energy Rev., vol. 227, p. 116509, Feb. 2026, doi: 10.1016/j.rser.2025.116509. 

[12] Egston Power, “CSU 200 Power Amplifier.” Accessed: Jun. 27, 2023. [Online]. Available: 
https://www.egstonpower.com/portfolio/csu200/ 

[13] Egston Power, “CSU200–1GAMP6-HV Datasheet.” Egston Power. 

[14] D. Guilbert and G. Vitale, “Dynamic Emulation of a PEM Electrolyzer by Time Constant Based 
Exponential Model,” Energies, vol. 12, no. 4, p. 750, 2019, doi: 10.3390/en12040750. 

[15] D. Guilbert and G. Vitale, “Experimental Validation of an Equivalent Dynamic Electrical Model for 
a Proton Exchange Membrane Electrolyzer,” in 2018 IEEE International Conference on Environment 
and Electrical Engineering and 2018 IEEE Industrial and Commercial Power Systems Europe (EEEIC 
/ I&CPS Europe), Jun. 2018, pp. 1–6. doi: 10.1109/EEEIC.2018.8494523. 

[16] S. Toghyani, S. Fakhradini, E. Afshari, E. Baniasadi, M. Y. Abdollahzadeh Jamalabadi, and M. Safdari 
Shadloo, “Optimization of operating parameters of a polymer exchange membrane electrolyzer,” 



 

ORE Catapult Approved 30 

  

Int. J. Hydrog. Energy, vol. 44, no. 13, pp. 6403–6414, Mar. 2019, doi: 
10.1016/j.ijhydene.2019.01.186. 

[17] M. Khalid Ratib, K. M. Muttaqi, M. R. Islam, D. Sutanto, and A. P. Agalgaonkar, “Electrical circuit 
modeling of proton exchange membrane electrolyzer: The state-of-the-art, current challenges, 
and recommendations,” Int. J. Hydrog. Energy, vol. 49, pp. 625–645, Jan. 2024, doi: 
10.1016/j.ijhydene.2023.08.319. 

[18] N. Taranin, M. G. Dozein, O. Saborío-Romano, and N. A. Cutululis, “On the Ramp-Rate Limitation 
of Electrolysis Plants: Modeling Fundamentals and System-Level Impact Analysis,” IEEE Trans. 
Sustain. Energy, vol. 17, no. 2, pp. 1238–1249, 2026, doi: 10.1109/TSTE.2025.3611711. 

[19] I. Franzetti, A. Pushkarev, A.-L. Chan, and T. Smolinka, “Parasitic Effects in Impedance Spectrum of 
PEM Water Electrolysis Cells: Case Study of High-Frequency Inductive Effects,” Energy Technol., 
vol. 11, no. 12, p. 2300375, Dec. 2023, doi: 10.1002/ente.202300375. 

[20] I. Vincent, E.-C. Lee, and H.-M. Kim, “Comprehensive impedance investigation of low-cost anion 
exchange membrane electrolysis for large-scale hydrogen production,” Sci. Rep., vol. 11, no. 1, p. 
293, Jan. 2021, doi: 10.1038/s41598-020-80683-6. 

[21] R. K. Panda, G. Serre, F. Fouda-Onana, Y. Bultel, and P. Schott, “Performance evaluation of the 
Anion exchange membrane based Water electrolysis,” in 2022 10th International Conference on 
Systems and Control (ICSC), 2022, pp. 102–107. doi: 10.1109/ICSC57768.2022.9993826. 

[22] A. G. Vidales, N. C. Millan, and C. Bock, “Modeling of anion exchange membrane water 
electrolyzers: The influence of operating parameters,” Chem. Eng. Res. Des., vol. 194, pp. 636–
648, 2023, doi: https://doi.org/10.1016/j.cherd.2023.05.004. 

[23] P. Thangavel, G. Kim, and K. S. Kim, “Electrochemical integration of amorphous NiFe 
(oxy)hydroxides on surface-activated carbon fibers for high-efficiency oxygen evolution in alkaline 
anion exchange membrane water electrolysis,” J Mater Chem A, vol. 9, no. 24, pp. 14043–14051, 
2021, doi: 10.1039/D1TA02883A. 

[24] G. A. Lindquist et al., “Performance and Durability of Pure-Water-Fed Anion Exchange Membrane 
Electrolyzers Using Baseline Materials and Operation,” ACS Appl. Mater. Interfaces, vol. 13, no. 44, 
pp. 51917–51924, Nov. 2021, doi: 10.1021/acsami.1c06053. 

[25] M. Gunuru and M. Paravada, “Mathematical modeling of an AEMWE: Investigating optimum 
operating conditions of an alkaline-fed AEM electrolyzer,” Int. J. Hydrog. Energy, vol. 157, p. 
150320, 2025, doi: https://doi.org/10.1016/j.ijhydene.2025.150320. 

[26] S. Obut, “Mathematical modelling and performance analysis of an AEM electrolyzer,” J. Sci. Rep.-
A, no. 058, pp. 27–39, Sep. 2024, doi: 10.59313/jsr-a.1465104. 

[27] E. S. Wienken, J. Compart, J. A. Puszkiel, T. Klassen, and J. Jepsen, “Zero-dimensional 
electrochemical modeling of a market-ready anion exchange membrane electrolyzer,” J. Power 
Sources, vol. 665, p. 239086, 2026, doi: https://doi.org/10.1016/j.jpowsour.2025.239086. 

[28] E. Delp, R. Mishra, and E. Wagner, “Evaluation of complex multi-physics phenomena at gas 
diffusion electrodes during high-pressure water electrolysis with AEMs,” Sci. Rep., vol. 15, no. 1, 
p. 24866, Jul. 2025, doi: 10.1038/s41598-025-05216-5. 

[29] Christiane Mair, “Development of an AEM Electrolyzer Model in Matlab Simulink,” Graz University 
of Technnology Institute of Chemical Engineering and Environmental Technology, 2021. 

[30] N. Taranin, T. Grimsdottir, D. Müller, M. Nuhic, G. F. Gontijo, and N. A. Cutululis, “Power Balancing 
Services from Electrolyzer on Offshore Energy Hub,” in 2025 IEEE Kiel PowerTech, 2025, pp. 1–7. 
doi: 10.1109/PowerTech59965.2025.11180301. 



 

ORE Catapult Approved 31 

  

[31] Ø. Ulleberg, “Modeling of advanced alkaline electrolyzers: a system simulation approach,” Int. J. 
Hydrog. Energy, vol. 28, no. 1, pp. 21–33, 2003, doi: https://doi.org/10.1016/S0360-
3199(02)00033-2. 

[32] J.-H. Kim, C.-Y. Oh, K.-R. Kim, J.-P. Lee, and T.-J. Kim, “Parameter Identification of Electrical 
Equivalent Circuits including Mass Transfer Parameters for the Selection of the Operating 
Frequencies of Pulsed PEM Water Electrolysis,” Energies, vol. 15, no. 24, 2022, doi: 
10.3390/en15249303. 

[33] A. Monterroso-Muñoz, E. López-González, M.A. Ridao, D. Tejada, and A. Castro, “Experimental 
Analysis and Modelling of an AEM Electrolyzer,” presented at the 23rd International Conference 
on Renewable Energies and Power Quality (ICREPQ’25), 2025. 

[34] M. G. Dozein, A. M. De Corato, and P. Mancarella, “Virtual Inertia Response and Frequency Control 
Ancillary Services From Hydrogen Electrolyzers,” IEEE Trans. Power Syst., vol. 38, no. 3, pp. 2447–
2459, 2023, doi: 10.1109/TPWRS.2022.3181853. 

 

 

 



 

ORE Catapult Approved 32 

  

 

 

 

 

 

 

 

EMAIL US 

info@ore.catapult.org.uk 

VISIT US 

ore.catapult.org.uk 

ENGAGE WITH US 

Instagram: @ore.catapult 

LinkedIn: Offshore Renewable Energy Catapult 

Twitter: @ORECatapult 

YouTube: @orecatapult 

GLASGOW 

Inovo 

ORE Catapult 

121 George Street 

Glasgow 

G1 1RD 

+44 (0) 333 004 1400 

BLYTH 

National Renewable 

Energy Centre 

Offshore House 

Albert Street 

Blyth 

Northumberland 

NE24 1LZ 

+44 (0) 1670 359555 

LEVENMOUTH 

Levenmouth 

Development Turbine 

Energy Park Fife 

Links Drive 

Leven 

Methil 

Fife 

KY8 3RA 

GRIMSBY 

O&M Centre of 

Excellence 

ORE Catapult 

Port Office 

Cleethorpe Road 

Grimsby 

DN31 3LL 

ABERDEEN 

Floating Wind Innovation 

Centre (FLOWIC) 

ORE Catapult 

W-Zero-1 

Energy Transition Zone 

Altens Industrial Estate 

Hareness Road 

Aberdeen 

AB12 3LE 

CORNWALL 

Hayle Marine 

Renewables 

Business Park 

ORE Catapult 

North Quay 

Hayle 

Cornwall 

TR27 4DD 

PEMBROKESHIRE 

Marine Energy 

Engineering Centre of 

Excellence (MEECE) 

 

Bridge Innovation Centre 

Pembrokeshire Science & 

Technology Park 

Pembroke Dock 

Wales 

SA72 6UN 

LOWESTOFT 

Orbis Energy 

ORE Catapult 

Wilde Street 

Lowestoft 

Suffolk 

NR32 1XH 

mailto:info@ore.catapult.org.uk
https://ore.catapult.org.uk/
https://www.instagram.com/ore.catapult/
https://www.linkedin.com/company/offshore-renewable-energy-catapult/
https://twitter.com/ORECatapult
https://www.youtube.com/c/OffshoreRenewableEnergyCatapult

	EXECUTIVE SUMMARY
	1 Introduction
	2 Systems descriptions
	2.1 HyFive system
	2.1.1 Enapter electrolyser
	2.1.1.1 System description
	2.1.1.2 Principle of operation


	2.2 Pre-production membrane-less electrolyser system
	2.2.1 System description
	2.2.2 Principle of operation

	2.3 Mini eGrid system
	2.4 Data acquisition (DAQ) system
	2.4.1 Introduction
	2.4.2 DAQ system
	2.4.3 DAQ cabinet
	2.4.4 VT/CT instrument panel
	2.4.5 Commissioning and verification


	3 Electrical equivalent circuit model development
	3.1 Modelling concept
	3.1.1 Total electric voltage
	3.1.2 Hydrogen production

	3.2 Simulink system architecture
	3.3 EEC model validation
	3.3.1 Steady state electrolyser model
	3.3.2 Dynamic electrolyser model


	4 Electrolyser testing: physical experiments and power hardware-in-the-loop validation
	4.1 Background
	4.1.1 Grid Code compliance testing and validation
	4.1.2 PHIL test approach

	4.2 Test programme
	4.2.1 Test system setup
	4.2.2 Phase 1 tests with the physical electrolyser
	4.2.3 Phase 2 tests with the emulated electrolyser

	4.3 Test preparation and commissioning
	4.3.1 Site safety and regulatory assurance
	4.3.2 Commissioning of the OPAL-RT (real-time simulator) – EGSTON (power amplifier) interface
	4.3.3 Development of models to test voltage and frequency operating range
	4.3.4 Operating the CSU in free amplifier mode
	4.3.5 Electrolyser model simulation on the OPAL-RT simulator
	4.3.6 Electrolyser emulation interfaced with mini eGrid

	4.4 Future testing

	5 Project impact
	6 Conclusions and future work
	7 References

