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Abstract—This paper introduces the modelling foundations to 

study the fast frequency response (FFR) from utility-scale 

hydrogen electrolyzers (HEs). Specifically, we propose a dynamic 

model of the HE electrolysis stack, power-electronics interface, 

and downstream hydrogen process operational constraints, 

which is suitable for system-level frequency dynamics studies. We 

then model and study HE FFR dependency on pre-contingency 

operating point, size, converter’s overloading capability, network 

location, and active power-frequency controller. Different case 

studies are run on the Australian multi-area test system via 

dynamic simulations of a 2030 scenario with 50% renewables and 

in the context of the August 2018 separation event. Our 

modelling and results illustrate how grid-scale HEs could support 

a more secure and resilient operation of low-carbon systems for 

both credible and extreme outages and the role of different 

design setups and operating conditions and constraints.  

Index Terms—Fast frequency response, Frequency resilience, 

Hydrogen, Low-inertia power systems, polymer electrolyte 

membrane (PEM), Utility-scale hydrogen electrolyzers. 

NOMENCLATURE 

T HE stack temperature 

Vrev Electrolysis stack reverse voltage 

Ri HE stack internal resistance 

p Stack pressure 

erev0 Reference value of stack reverse voltage 

Rio Reference value of stack internal resistance 

dRt Temperature coefficient of resistance 

T0 Initial stack temperature 

p0 Initial stack pressure 

k Fitting polarization curve parameter 

F Faraday constant 

𝐶𝑇𝐻𝐸
 HE stack thermal capacity 

Qgen Generated heat in electrolysis stack 

Qcool Stack cooling flux 

kcool Stack cooling coefficient 

Qloss Stack heat loss 

kloss Stack heat loss coefficient 

ηe HE electricity efficiency  

n Ideal gas mole 

i HE stack current 

COP Over-potential capacitor in EDL branch 
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Rm Mass transport resistance in EDL branch 

PEZ HE active power input 

𝑉𝐶𝑜𝑝
 EDL branch voltage 

ηF Faraday efficiency 

z Number of electrons per hydrogen molecule 

N Number of electrolysis stack cells 

kC Conversion factor 

𝑉𝐻2
 H2 content in buffer 

𝐶𝐻2
𝐵  Buffer maximum capacity 

𝑉𝐻2
𝑚𝑖𝑛 Predefined H2 minimum level in buffer 

𝑚𝐻2
 H2 production rate  

𝑚𝐻2
′  H2 consumption rate 

t0 Contingency time 

ts Simulation time horizon of interest 

𝑉𝐻2
0  Pre-contingency H2 level in storage buffer 

P* Reference value of HE active power input 

Ll HE terminal filter inductance 

Rl HE terminal filter resistance 

ud, uq d-q components of grid voltage 

ucd, ucq   d-q grid-side converter voltage at the AC-side 

ωs System angular speed 

Id, Iq d-q components of HE input current at AC-side 

I HE input current at AC-side 

Pcs Stack-side converter power input 

PDC DC-link capacitor power 

E0 Initial HE DC-link voltage level 

iDCs HE stack-side DC-DC converter current 

iDCcl HE DC-link capacitor current 

C HE DC-link capacitor 

E HE DC-link voltage level 

d Duty cycle of HE stack-side converter 

ut Electrolysis stack terminal voltage  

D HE active power-frequency droop value 

imax Converter maximum current transfer capability  

i* Interaction detector block output 

(kps,kis) Coefficients of stack-side converter controller 

(kpv,kiv) Coefficients of DC-link voltage controller 

(kpd,kid) Coefficients of d-axis current controller 

(kpq,kiq) Coefficients of q-axis current controller 

P0 HE pre-contingency operating point  

Pmax HE maximum active power capacity 

Prated Electrolyzer’s converter rated power 

Poverload HE converter overloading capacity 

[-FD, FD] Deadband of active power-frequency curve 

frated System nominal frequency 

-FM, FM Frequencies at which HE FFR is maximum 

Eth Thevenin equivalent voltage source 

𝐿𝑡ℎ𝜔𝑠 Thevenin equivalent reactance 
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Zth Thevenin equivalent impedance 

Rth Thevenin equivalent resistance 

θ0 Pre-contingency value of HE terminal angle 

u HE terminal voltage behind its filter 

u0 Pre-contingency value of u 

Δθ Angle variation following a contingency 

Δu Voltage variation at the HE terminal 

Δf Frequency variation following a contingency  

Id0, Iq0 Pre-contingency values of d-q currents  

FFRHE Electrolyzer’s fast frequency response 

t Time index 

I.  INTRODUCTION 

HERE are major discussions worldwide (e.g., [1-2]) and 

particularly in Australia [3] as to how production of clean 

fuels, such as hydrogen, from renewable energy sources (RES) 

could facilitate whole-energy system decarbonization and 

create positive cross-sector synergies [4]. However, RES are 

also driving power systems towards low-inertia conditions and 

frequency stability challenges [5], with potential consequences 

such as under-frequency load shedding (UFLS) [6], secondary 

photovoltaic (PV) trip (SPVT) [7], over-frequency generation 

shedding (OFGS) [8], and even interconnectors’ trip and 

system split due to extreme power flows across tie lines [9].  

Several alternative solutions have been suggested to 

provide frequency control ancillary services in RES-

dominated systems, e.g., RES participation [10], and utility-

scale battery storages [11]. However, there is also great, 

untapped potential in providing post-contingency frequency 

response, and particularly Fast Frequency Response (FFR), 

within 1-2 seconds, in the form of rapid active power input 

change, from emerging polymer electrolyte membrane (PEM) 

hydrogen electrolyzers (HEs) [12-13] in integrated electricity-

hydrogen systems. In this respect, previous works have 

investigated techno-economic aspects of hybrid power 

systems (e.g., [14]), but with no reference to system-level 

frequency studies. Few papers discussed the use of small-scale 

PEM electrolyzers next to RES, in particular wind generators 

and PV panels, to mitigate renewables curtailment and 

variability [15-16], but again without frequency analysis. 

Reference [17] presented a dynamic model of combined fuel 

cell and electrolysis plant to assess their contribution to 

frequency response. However, the focus was limited to fuel 

cells, without any detail in the HE dynamic model (i.e., its 

differential-algebraic equations) and no study was performed 

on the dependency of HE frequency response capabilities on 

its converter-level control loops (e.g., active power-frequency 

characteristic parameters, and converter’s overloading 

capability), operating point, and system location. In [18], a 

simplified dynamic model of electrolyzer was presented and 

simulated via connection to an infinite bus to evaluate the HE 

response to load changes. However, the simplified model in 

[18] is not suitable for system-level dynamic studies since the 

HE converter is assumed to be uncontrolled and ideal. Under 

this assumption, the possible interactions of HE response with 

power system dynamics (i.e., voltage, frequency, angle 

dynamics) cannot be captured, thereby missing its accurate 

dynamic behavior and interactions with other frequency-

responsive components (e.g., synchronous machines, PV units, 

etc.) and frequency-dependent control mechanisms (e.g., 

UFLS). It can thus be concluded that, in spite of the growing 

interest on the topic, the potential ability of HEs to provide 

FFR is still lacking fundamental analysis, including 

consideration of the role of operational constraints in 

hydrogen production (e.g., associated with hydrogen buffer). 

Also, the potential benefits in providing frequency resilience 

to extreme events that may lead to cascading phenomena and 

system split in multi-area networks are totally unexplored. 

Such investigations call for suitable modelling of the 

electrolysis stack, energy conversion and control systems, 

hydrogen buffer storage and downstream H2 processes, as well 

as the external multi-area power system with its all frequency-

dependent components and controls. 

On the above premises, this paper introduces a dynamic 

model of grid-scale PEM-type HEs that can be used for short-

term frequency response analysis in large-scale power 

systems. Starting from an electrolysis stack’s physical model 

[19], and considering the simulation time-step and time-

horizon suitable for short-term frequency response analysis, 

we first develop a dynamic model of electrolysis stack suitable 

for system-level studies. The proposed stack model captures 

the possible interaction of operational constraints in the 

downstream hydrogen process, for example associated with 

the H2 buffer, with HE FFR capabilities. Since previous 

studies in this area have focused on small-size electrolyzers, 

mostly next to PV and wind units, DC-DC converter of 

various topologies have been proposed to connect such HEs to 

a DC source or DC-link of RES units [20]. However, 

considering our focus on utility-scale hydrogen production 

which is gaining great interest in near-term scenarios, we 

employ a back-to-back converter (i.e., DC-DC-AC) topology 

to interface the AC grid with a large-scale electrolysis plant. 

Moreover, the HE operational electricity and hydrogen 

constraints are proposed and modelled in the converter control 

loops. The HE is set to respond to frequency changes based on 

the proposed active power-frequency characteristic embedded 

in its reference signal generation strategy. The impact of 

active power-frequency controller on HE FFR capability is 

then investigated by comparing different control schemes, 

such as droop-based control, sustained droop control [7] 

(currently utilized for converter-interfaced technologies in 

Australia), and rate of change of frequency (RoCoF)-based 

control. Finally, the interactions of HE converter-level 

controls (d-q current controls) with integrated electricity-

hydrogen system dynamics are mathematically introduced and 

discussed. 

The HE FFR benefits are first studied in the context of the 

Australian National Electricity Market (NEM) system with 

50% penetration of RES [21], including studying the impacts 

of active power-frequency controllers and converter’s 

overloading capability on HE FFR and the system frequency 

dynamics. We also demonstrate how HE operational and 

converter constraints may negatively interact with its FFR 

provision. Then, we investigate how FFR could contribute to 

frequency resilience following an extreme, non-credible event. 

T 
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This is illustrated in the context of the August 2018 separation 

event in Australia [9], [22], also demonstrating the impact of 

HE capacity on potential frequency-driven cascading events.  

The main contributions of the paper are as follows:  

• Proposing a dynamic electrolysis stack model, including 

stack current constraints associated with downstream H2 

buffer;  

• Modelling and studying the possible interaction of HE FFR 

with its operational constraints in downstream H2 process 

and its corresponding impacts on HE converter control 

loops;  

• Investigating how different factors such as active power-

frequency controller, pre-contingency operating point, 

converter’s overloading capability, and size and location in 

the grid can, in some cases very significantly, impact the 

capability and benefits of an HE in providing FFR; 

• Assessing the FFR capabilities of hydrogen electrolyzers 

and their potential benefits in multi-area power systems; 

• Investigating the potential resilience benefits from HE FFR 

during extreme events with realistic representation of 

system cascading effects and protection mechanisms. 

II.  DYNAMIC MODELLING OF UTILITY-SCALE HYDROGEN 

ELECTROLYZER FOR FREQUENCY RESPONSE ANALYSIS 

A.  Electrolysis stack modelling 

We first propose a sketch of PEM electrolyzer stack model, 

which includes HE stack sub-models (electrical, H2 

production, and thermal sub-models), along with H2 buffer 

storage and downstream H2 process, as illustrated in Fig. 1. 

 
Fig. 1.  Proposed sketch of PEM electrolyzer stack model, including its three 

sub-models, along with downstream H2 buffer storage/process. 

 

Key points need to be considered in developing a dynamic 

model of electrolyzer stack for frequency response analysis, 

while capturing possible interactions associated with HE 

operation in electricity grid and hydrogen production. These 

points are: (i) The simulation time-horizon of interest is from 

sub-second to several seconds; (ii) The time-step must be 

small enough to capture fast frequency transients, especially 

under low-inertia conditions with high RoCoF. As the 

electrolyzer’s thermal sub-model has a time constant in the 

order of hours [16], [23], it is legitimate to ignore the thermal 

sub-model dynamics by assuming that the electrolysis stack 

temperature (T) is constant during a frequency study. 

Moreover, there is no feedback signal from the H2 production 

sub-model to either the electrical or thermal parts, which 

means that dynamics of H2 production part does not impact 

the electrical sub-section’s dynamics. The model of hydrogen 

electrolysis stack for frequency response analysis can 

therefore be represented by its electrical sub-model, as shown 

in Fig. 2 and described below, which is connected to the grid 

through a power-electronics interface. 

 
Fig. 2.  Proposed electrolyzer stack model and grid interface. 

 

The HE stack model is composed of a voltage source (Vrev), 

representing the electrolysis stack reverse voltage, an internal 

resistance (Ri), and an electrical double layer (EDL) branch 

which can be obtained from the polarization curve/response 

curve fitting by measurement tests. The reverse voltage and 

internal resistance are functions of the stack pressure (p) and 

stack temperature (T), as per (1)-(3), and can then be 

considered constant in frequency studies, as discussed earlier. 

In (1)-(3), erev0 and Rio are reference values of reverse voltage 

and internal resistance at temperature T0 and pressure p0, k is 

the fitting curve parameter, dRt is the temperature coefficient 

of resistance, and F is the Faraday constant [23]. 

𝑢𝑡(𝑡) =  𝑉𝑟𝑒𝑣(𝑝) + 𝑅𝑖(𝑝) × 𝑖(𝑡) + 𝑉𝐶𝑜𝑝
  (1) 

𝑉𝑟𝑒𝑣(𝑝) = 𝑒𝑟𝑒𝑣0 +
𝑅𝑇

2𝐹
× 𝐿n (

𝑝

𝑝0
)  (2) 

𝑅𝑖(𝑝) = 𝑅𝑖𝑜 + 𝑘𝐿𝑛 (
𝑝

𝑝0
) + 𝑑𝑅𝑡(𝑇 − 𝑇0)   (3) 

The EDL branch, as shown in Fig. 2, is associated with 

physics of PEM electrolysis cell. The non-uniform distribution 

of negative and positive charges creates the EDL at the 

interface of electrode and electrolyte. The EDL phenomenon 

acts as an energy barrier against flowing electrons when there 

is a need for sudden current (i(t)) change, thereby resulting in 

a response delay. However, it has been demonstrated that the 

EDL-related response delay is negligible in PEM electrolysis 

stacks [17]. As shown in Fig. 2, the EDL phenomenon is 

represented by the over-potential capacitor (COP) in parallel 

with the mass transport resistance (Rm) [17]. It should be noted 

that there are two main novel features which make the 

proposed HE stack model in this work (Fig. 2) unique to 

electrolyzer units and different from models of other 

renewable and energy storage technologies such as PV and 

batteries. First, the parameters in the proposed electrolyzer 

stack model depend on the stack pressure and temperature as 

from (1)-(3). Second, the EDL-branch comes from the specific 

physics of the electrolysis cells. 

B.  HE stack power, temperature, and pressure relationships 

The thermodynamics of the stack thermal sub-model can 

be expressed as in (4) [23]: 

𝐶𝑇𝐻𝐸

𝑑𝑇

𝑑𝑡
= 𝑄𝑔𝑒𝑛 − 𝑄𝑐𝑜𝑜𝑙 − 𝑄𝑙𝑜𝑠𝑠  (4) 

where  

𝑄𝑔𝑒𝑛 = 𝑁 ∙ 𝑢𝑡 ∙ 𝑖 (1 − 𝜂𝑒)  (5) 

Under the assumption of lossless switching in the power 

electronics, the active power flow at the stack side equals the 

active power at the grid side, namely, ut·i=PEZ. Therefore, the 

FFR provided by the HE in the form of PEZ changes the 

generated heat (Qgen) and so it can also potentially affect the 

stack temperature (T). However, it takes a long time for the 

generated heat to change the stack temperature due to high 
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thermal capacity of electrolysis cells [17,23]. In addition, 

large-scale HEs are equipped with advanced cooling systems 

which regulate the stack temperature via adjusting the cooling 

flux (Qcool) [24]. That the stack temperature can be considered 

roughly constant can also be derived from the transfer function 

of the thermal sub-model. In fact, the stack heat loss is 

proportional to the stack temperature and it can be linearized 

around an equilibrium point T0, i.e., Qloss=kloss·T. Similarly, 

the cooling flux is also proportional to the stack temperature: 

Qcool=kcool·T. Using (4) and (5), the transfer function of the 

stack thermal sub-model with respect to HE active power can 

then be obtained in Laplace domain as in (6). 

𝑇(𝑠)

𝑃𝐸𝑍(𝑠)
=

𝑁 (1−𝜂𝑒)

𝐶𝑇𝐻𝐸
∙𝑠+(𝑘𝑐𝑜𝑜𝑙+𝑘𝑙𝑜𝑠𝑠)

=

𝑁(1−𝜂𝑒)

𝑘𝑐𝑜𝑜𝑙+𝑘𝑙𝑜𝑠𝑠
𝐶𝑇𝐻𝐸

𝑘𝑐𝑜𝑜𝑙+𝑘𝑙𝑜𝑠𝑠
 𝑠+1

  (6) 

The transfer function in (6) is a first-order transfer function 

with time constant 𝜏𝑡ℎ =
𝐶𝑇𝐻𝐸

𝑘𝑐𝑜𝑜𝑙+𝑘𝑙𝑜𝑠𝑠
. For example, if we 

consider typical values 𝐶𝑇𝐻𝐸
=625 kJ/°C, kloss=0.01 kJ/°C, 

kcool=0.11 kJ/°C, then 𝜏𝑡ℎ=5034 s (1.4 h) [24].  Given such a 

high thermal time constant, it is legitimate to ignore the impact 

of HE FFR (that is, a change in PEZ) on the stack temperature 

T and its consequent impact on model parameters. 

The stack pressure can roughly be assumed to be constant 

too. In fact, this must be kept at a desired level (particularly 

for high-pressure levels in PEM HEs) to guarantee: i) stable 

H2 production process, and ii) stack’s safety and security (e.g., 

to avoid stack explosion) [25]. Moreover, the change in the 

stack’s gas pressure can be approximately captured via the 

ideal gas law [24-25], 𝑝𝑉 = 𝑛𝑅𝑇. As the stack temperature is 

almost constant during the simulation time horizon, as shown 

above, the same can be assumed for the stack pressure too. 

C.  FFR constraints from hydrogen production buffer 

The FFR from the HE is in the form of a rapid change in its 

active power input PEZ(t) which results in a rapid change in 

electrolyzer stack current i(t). Indeed, the electrolyzer unit 

rapidly reduces its stack current to respond to an under-

frequency event or increases its stack current for an over-

frequency response. The stack current control and FFR 

provision are handled by the converter-level control loops (see 

next section). Furthermore, the dynamics of the electrolysis 

stack current i(t) affects the output of the H2 production sub-

model instantaneously, since: 

𝑚𝐻2
(𝑡) = 𝑘𝐶 ∙ 𝜂𝐹

𝑁∙𝑖(𝑡)

𝑧∙𝐹
  (7) 

where 𝑚𝐻2
(t) is the H2 production rate [

𝑁𝑚3

𝑠
] (see Fig. 1), ηF is 

the Faraday efficiency, z is the number of electrons per 

hydrogen molecule (z=2), the kC coefficient converts mole/s to 

Nm3/s (kC=4841.4 

𝑁𝑚3

𝑠
𝑚𝑜𝑙

𝑠

) [26], and N is the number of 

electrolysis stack cells [16]. Relatively fast and uncontrolled 

variation in the electricity input, for instance from renewables 

or due to FFR provision, may result in relatively rapid changes 

in stack current and therefore H2 production rate. On the other 

hand, most downstream H2 processes (e.g., H2 vehicle 

refuelling stations [14], H2 power-to-gas applications [27], H2 

generic industrial applications [28]) have relatively slow 

dynamics and their operation requires relatively steady H2 

stream [28]. Therefore, an H2 buffer storage, characterized by 

the parameters 𝑉𝐻2
(𝑡), 𝐶𝐻2

𝐵  in Fig. 1, is often used to decouple 

the fast PEM electrolyzer dynamics with the electrical (input) 

and hydrogen (output) process dynamics [28]. The H2 content 

in the buffer 𝑉𝐻2
(𝑡) is constrained as follows: 

𝑉𝐻2
𝑚𝑖𝑛 ≤ 𝑉𝐻2

(𝑡) ≤ 𝐶𝐻2
𝐵   (8) 

where 𝐶𝐻2
𝐵  is the buffer maximum capacity and 𝑉𝐻2

𝑚𝑖𝑛 is a 

predefined minimum level to guarantee a stable hydrogen 

downstream supply [28]. The hydrogen content in the buffer 

𝑉𝐻2
(𝑡) will vary over time and depends on both the HE 

operation (via the flow rate at which H2 is being produced, 

𝑚𝐻2
) and the operation point of downstream H2 process (via 

the flow rate of H2 consumption, 𝑚𝐻2
′ ). Considering the 

simulation time-horizon of interest (ts) for frequency analysis 

of a given system, following a contingency occurred at time t0, 

the H2 volume in the buffer at time 𝑡𝜖 [𝑡0, 𝑡𝑠] (𝑉𝐻2
(𝑡)) can be 

calculated as: 

𝑉𝐻2
(𝑡) = 𝑉𝐻2

0 + ∫ 𝑚𝐻2
(𝑡)𝑑𝑡

𝑡

𝑡0
− ∫ 𝑚𝐻2

′ (𝑡)𝑑𝑡
𝑡

𝑡0
  (9) 

where 𝑉𝐻2
0  [𝑁𝑚3] is the hydrogen volume in the H2 buffer 

storage before the contingency. From (8) and (9), then:  

𝑉𝐻2
𝑚𝑖𝑛 − 𝑉𝐻2

0 + ∫ 𝑚𝐻2
′ (𝑡)𝑑𝑡

𝑡𝑠

𝑡0
≤ ∫ 𝑚𝐻2

(𝑡)𝑑𝑡 ≤ 𝐶𝐻2
𝐵 +

𝑡𝑠

𝑡0

 ∫ 𝑚𝐻2
′ (𝑡)𝑑𝑡

𝑡𝑠

𝑡0
− 𝑉𝐻2

0   

(10) 

Using (7) and considering that in the period of interest 𝑚𝐻2
′  

can be assumed constant, due to the slow dynamics of the 

downstream hydrogen process, eq. (10) can be rewritten as: 

𝑧∙𝐹(𝑉𝐻2
𝑚𝑖𝑛−𝑉𝐻2

0 +𝑚𝐻2
′ (𝑡𝑠−𝑡0))

𝑘𝐶∙𝜂𝐹∙𝑁
≤ ∫ 𝑖(𝑡)𝑑𝑡 ≤

𝑡𝑠

𝑡0

𝑧∙𝐹(𝐶𝐻2
𝐵 −𝑉𝐻2

0 −𝑚𝐻2
′ (𝑡𝑠−𝑡0))

𝑘𝐶∙𝜂𝐹∙𝑁
  

(11) 

The upper constraint in (11) indicates that the HE stack 

current is influenced by: (i) H2 buffer available headroom 

(𝐶𝐻2
𝐵 − 𝑉𝐻2

0 ), and (ii) operation of downstream H2 process 

(𝑚𝐻2
′ ). This stack current constraint may limit HE ability to 

provide over-frequency FFR, and may force the HE to reduce 

its current input/shut down for a certain duration. Similarly, 

the lower constraint in (11) matters when it comes to under-

frequency FFR from HE as the stack current reduction might 

not be sustainable for long enough before there is insufficient 

H2 content in the buffer. The constraints in (11) must be 

modelled in the converter-level control strategy of frequency-

responsive HEs, which will be explained in the next section. 

D.  HE power-electronic interface and controls 

We employ a two-stage transmission-connected back-to-

back converter (i.e., DC-DC-AC) topology, as shown in Fig. 

3, to interface HE with AC grid. In the proposed model, the 

DC-DC converter is responsible to maintain the operating 

active power output PEZ at the desired stable level (P*), while 

the DC-AC grid-side converter (GSC) accounts for DC-link 

voltage control as well as output reactive power management. 

The converter control is based on the widely used cascaded 

voltage-current control, which is discussed in detail in [29]. 

The electrolyzer synchronizes with the external system (the 

grid) by deployment of the phase-locked loop (PLL) 

synchronization unit. The DC-AC converter is connected to 
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the grid by an inductive filter. The voltage-current equations 

of GSC can be expressed in the d-q coordinate as: 

𝑢𝑞 − 𝑢𝑐𝑞 = 𝑅𝑙𝐼𝑞 + 𝐿𝑙

𝑑𝐼𝑞

𝑑𝑡
+  𝜔𝑠𝐿𝑙𝐼𝑑 (12) 

𝑢𝑑 − 𝑢𝑐𝑑 = 𝑅𝑙𝐼𝑑 + 𝐿𝑙

𝑑𝐼𝑑

𝑑𝑡
−  𝜔𝑠𝐿𝑙𝐼𝑞 (13) 

where Id, Iq are the d-axis and q-axis components of the 

electrolyzer’s input current (I), respectively. The GSC active 

power flow is expressed as: 

𝑃𝐸𝑍 =
3

2
(𝑢𝑑𝐼𝑑 + 𝑢𝑞𝐼𝑞)  (14) 

Then, if the internal active power loss of GSC is negligible, 

the DC-link capacitor power can be formulated as follows. 

𝑃𝐷𝐶 = 𝑃𝐸𝑍 − 𝑃𝑐𝑠  (15) 

where 

𝑃𝐷𝐶 =
1

2
 𝐶

𝑑

𝑑𝑡
𝐸2  (16) 

𝐸 = 𝐸0 +
1

𝐶
∫ (𝑖𝐷𝐶𝑐𝑙 − 𝑖𝐷𝐶𝑠)

𝑡

0
𝑑𝑡    (17) 

 The DC-link voltage level must be kept higher than stack 

reverse voltage (Vrev) level, i.e., 𝐸 > 𝑉𝑟𝑒𝑣(𝑝), to guarantee the 

current flowing through the electrolysis cells. It should be 

noted that the aforementioned constraint does not exist in 

typical back-to-back interfaces of other technologies such as 

batteries [11] and PV units [7]. Assuming a constant DC-link 

voltage1, the converter dynamics can be captured through (18): 

𝐿
𝑑𝑖

𝑑𝑡
+ 𝑢𝑡 = 𝑑𝐸  (18) 

Using (12)-(18), a control strategy for back-to-back 

converter has then been designed, as shown in Fig. 3. In 

particular, we have introduced an interaction detector (ID) 

block integrated into the DC-DC converter control strategy to 

avoid possible interactions of HE FFR and operational 

constraints in hydrogen production, as in Section II-C. 

 

 
Fig. 3.  HE dynamic model with the proposed converter-level control loops 

including interaction detector scheme. 

 

 

 
1 It should be noted that DC-DC converter’s stable operation relies on 

stability of DC-link voltage, which in turn relates to external system’s 

strength, converter-level control loops, and external grid’s disturbances [30]. 

As shown in Fig. 3, the ID input is the integral of the stack 

current (i) following a given contingency at time t0. Also, its 

output i* equals the stack current (i) unless equation (11) does 

not hold. Considering the χth simulation time-step, it is 

assumed that HE unit stops operation and is forced to shut 

down for a certain duration if the upper constraint in (11) does 

not hold. Therefore, 𝑖(χ) = 𝑖∗(χ) = 0. Similarly, if the lower 

constraint in equation (11) does not hold, the HE is forced to 

work in full load, meaning 𝑖(χ) = 𝑖∗(χ) = 𝑖𝑚𝑎𝑥 where imax is 

the converter maximum current transfer limit. 

While the proposed dynamic model in Fig. 3 controls active 

power through a cascaded control of DC-DC converter and q-

axis component of current and reactive power/voltage through 

the d-axis current control, other control strategies might also 

be designed, which are out of the scope of this paper2.  

E.  Active power-frequency characteristic 

PEM electrolyzers are able to deliver FFR in a short period 

of time (e.g., in order of sub-second to one or two seconds) 

according to their active power-frequency droop (D) 

characteristic embedded in their active power reference signal 

generation strategy [32-33]. This work proposes an active 

power-frequency characteristic, as shown in Fig. 4, which 

takes into account the initial operating point of electrolyzer 

(P0≥0). In fact, the electrolyzer is able to provide both upward 

and downward frequency control if it is not working at its 

maximum capacity level (Pmax), which is equal to the sum of 

electrolyzer’s converter rated power (Prated) and the 

converter’s overloading capacity (Poverload), i.e., 𝑃𝑚𝑎𝑥 =
𝑃𝑟𝑎𝑡𝑒𝑑 + 𝑃𝑜𝑣𝑒𝑟𝑙𝑜𝑎𝑑. From Fig. 4, the HE does not change its 

power consumption if the frequency deviation is within [-FD, 

FD]. Following a frequency disturbance, the HE can provide 

over-frequency droop response (power input increase) ∆𝑃𝐸𝑍 

up to 𝑃𝑚𝑎𝑥 − 𝑃0 if the frequency deviation (∆𝑓 = 𝑓 − 𝑓𝑟𝑎𝑡𝑒𝑑) 

is larger than 𝐹𝐷 (i.e., ∆𝑓 > 𝐹𝐷); and under-frequency 

response (power input decrease) ∆𝑃𝐸𝑍  up to 𝑃0 (shown as 

negative additional power input in Fig. 4) if the frequency 

deviation is beyond −𝐹𝐷. The plant then participates in over-

frequency control with full technical capacity if the frequency 

deviation goes above 𝐹𝑀; and in under-frequency control by 

curtailing its total power consumption if the frequency 

deviation is below −𝐹𝑀. The HE response capabilities thus 

depend on its initial operating point, active power-frequency 

characteristic, and converter’s overloading capability, besides 

hydrogen production operational constraints. 

 
Fig. 4. Proposed active power-frequency characteristic for electrolyzer. 

 
2 The interested reader can refer to [31] for three-phase back-to-back 

converter controller design. 
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F.  Active power reference strategies 

The proposed active power-frequency curve is integrated 

into the active power reference generation strategy, as shown 

in Fig. 5 for different options. 

 
Fig. 5. Active power reference generation strategies. 

 

The reference signal could be generated in different ways, 

e.g., in the form of the typical droop response discussed above 

(Fig. 5(a)), or as “sustained” droop response (Fig. 5(b)), 

whereby the response is sustained while the frequency 

recovers (as required for PV units in Australia [7]). Other 

possible options could incorporate, for instance, RoCoF-based 

response in the active power signal strategy (Fig. 5(c)). 

G.  Converter controls, FFR, and H2 production interaction 

We have discussed above how HEs can control 

active/reactive power input via converter controls. Here we 

elaborate as to how these d-q current controls can affect HE 

FFR and HE hydrogen production rate. For this aim, we 

should write the HE input current dynamic equation while 

considering the external system model, as below: 

𝐿𝑡ℎ

𝑑𝐼

𝑑𝑡
= 𝐸𝑡ℎ − 𝑗𝜔𝑠𝐿𝑡ℎ𝐼 − 𝑅𝑡ℎ𝐼 − 𝑢 (19) 

where u and I are the HE terminal voltage behind its filter (see 

Fig. 3) and HE current respectively, and the external system is 

modelled by a voltage source (Eth) in series with an equivalent 

impedance (𝑍𝑡ℎ = 𝑅𝑡ℎ + 𝑗𝐿𝑡ℎ𝜔𝑠). It should be noted that u 

and I are vectors consisting of d-q components. Upon the 

occurrence of a frequency event, the angle at the HE terminal 

and eventually the system frequency may change. That is 𝜃 =
𝜃0 + ∆𝜃, where θ0 is the terminal voltage angle before the 

contingency. From Fig. 3, the HE will adjust its q-axis current 

component following the frequency contingency in response 

to the observed Δf. Under the typical situation of inductive 

system, we can neglect the changes in terminal voltage 

magnitude due to HE active power change, i.e., Δu=0. The 

adjusted q current, from converter control loops, can be 

written as 𝐼𝑞 = 𝐼𝑞0 + ∆𝐼𝑞, where Iq0 is pre-contingency steady-

state value of q current, which can be calculated as in (20) 

under the inductive grid assumption (i.e., 𝜔𝑠𝐿𝑡ℎ ≫ 𝑅𝑡ℎ): 

 𝐼𝑞0 =
𝑢0𝑐𝑜𝑠(𝜃0)−𝐸𝑡ℎ

𝜔𝑠𝐿𝑡ℎ
 (20) 

where u0 is the pre-contingency value of u. Using (19)-(20) 

and writing the equations in the d-q coordinate, the changes in 

q component of current can be formulated as a function of Δθ 

in s-domain as below:  

∆𝑖𝑞 = 𝑢0
𝜔𝑠𝐿𝑡ℎ𝑐𝑜𝑠(𝜃0)−(𝐿𝑡ℎ𝑠+𝑅𝑡ℎ)𝑠𝑖𝑛 (𝜃0)

(𝐿𝑡ℎ𝑠+𝑅𝑡ℎ)2+ (𝜔𝑠𝐿𝑡ℎ)2 ∆𝜃          (21) 

Also, the system frequency variation can be obtained using 

∆𝑓 =
𝑑∆𝜃

𝑑𝑡
, where it can be formulated in s-domain as ∆𝜃 =

∆𝑓

𝑠
. 

Since Δu=0 and u=u0, therefore 𝑢𝑑 = 0 and  𝑢𝑞 = 𝑢 = 𝑢0. 

Also, Δu=0 indicates that HE reactive power input is zero, 

thus Id=0, and Iq=I ≈i. Hence, the HE active power input (𝑃𝐸𝑍) 

in (14) can be rewritten as 𝑃𝐸𝑍 =
3

2
𝑢0𝐼𝑞 =

3

2
𝑢0𝑖 and a change 

in the stack current can be interpreted as a change in HE active 

power input variation. Thus,  

∆𝑃𝐸𝑍 =
3

2
𝑢0(∆𝑖) = 𝜌∆𝑖 (22) 

where 𝜌 =
3

2
𝑢0 is a constant in first approximation. Replacing 

(22) and ∆𝜃 =
∆𝑓

𝑠
 into (21), the HE FFR (FFRHE) to a 

frequency contingency can be formulated as follows: 

𝐹𝐹𝑅𝐻𝐸 = ∆𝑃𝐸𝑍

= 𝜌𝑢0

𝜔𝑠𝐿𝑡ℎ𝑠𝑖𝑛(𝜃0) + (𝐿𝑡ℎ𝑠 + 𝑅𝑡ℎ)𝑐𝑜𝑠(𝜃0)

(𝐿𝑡ℎ𝑠 + 𝑅𝑡ℎ)2 +  (𝜔𝑠𝐿𝑡ℎ)2

∆𝑓

𝑠
 

 

(23) 

FFRHE also interacts with H2 production rate (𝑚𝐻2) since 

𝑚𝐻2 is proportional to the HE input current, from (7), and then 

to the HE active power, from (22). Using (7), (22) and (23), 

the change in H2 production during FFR provision is: 

∆𝑚𝐻2 =
𝑘𝐶∙𝜂𝐹∙𝑁∙∆𝑖

𝑧∙𝐹
=

𝑘𝐶∙𝜂𝐹∙𝑁∙∆𝑃𝐸𝑍

𝜌∙𝑧∙𝐹
=

𝑘𝐶∙𝜂𝐹∙𝑁∙𝐹𝐹𝑅𝐻𝐸

𝜌∙𝑧∙𝐹
   (24) 

H.  HE FFR assessment metrics 

This work considers the following metrics for HE FFR 

assessment: 1) MW volume of response, 2) response delay, 

and 3) response duration. The MW frequency response can be 

calculated via HE active power-frequency droop value while 

its impact on system frequency dynamics/H2 production can 

be captured via (23)/(24). The response delay equals the sum 

of ramp delay, converter control delay, and frequency 

measurement delay, as from Fig. 3 and Fig. 5. The response 

duration depends on HE operational constraints in hydrogen 

production (Section II-D). In fact, HE can keep providing FFR 

as long as the constraints in (11) are not breached. The 

assessment metrics and their effect on system response have 

been captured via time-domain frequency stability analysis. 

III.  CASE STUDIES 

A.  Case study description 

The proposed HE physical model and its power electronic 

interface and control loops have been implemented in 

MATLAB/SIMULINK platform. The FFR benefits provided 

by HEs at the system level have then been demonstrated and 

evaluated via RMS-type time-domain simulations in the same 

platform. In particular, two case studies are presented here 

based on the 14-generators Australian test system [34]. Case-I 

studies how FFR capability from HEs could support RES-rich, 

multi-area power systems to respond to credible events. The 

dependency of electrolyzer’s FFR on its location, active 

power-frequency controller, converter’s overloading 

capability, pre-contingency operation, and hydrogen 

production constraints is discussed. Case-II explores potential 

resilience benefits from different sizes of HEs following non-
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credible contingencies that may lead to system split. The base 

parameters in HE dynamic models for the different cases are 

presented in Table I. It should be noted that the values of 

inductors in Table I have been calculated to guarantee that the 

HE input current ripple is less than 1% of its rated value. In 

terms of inductor sizing, we have employed the strategy 

presented in [35] to calculate the inductor value at the DC-DC 

stack-side converter (L) while the inductor value at the AC-

side (Ll) is obtained according to the strategy presented in 

[29]. Finally, inductors’ values are in the range of millihenry 

to be in line with the typical values used in grid-scale 

converter-based technologies (see e.g. [36]). Other parameters 

in Table I are fine-tuned to ensure a stable HE active power 

input in the range of [0, Pmax]. The parameters associated with 

HE converter-level control loops are calculated according to 

the approach presented in [29] to guarantee stable converter 

operation during FFR provision. 

The Australian test system (Fig. 6) represents a simplified 

dynamic model of the NEM grid and the States of Queensland 

(QLD), New South Wales (NSW), Victoria (VIC), and South 

Australia (SA) [34]. Synchronous machines are equipped with 

governors, excitation systems, and power system stabilizers 

[34]. For Case-I, the system was modified by replacing 

synchronous units with PV and wind units, to obtain 50% RES 

(2030 “step change” scenario [21]). For Case-II, the system 

was modified to emulate the frequency dynamic behaviour of 

the August 2018 separation event [9], [22]. We also assume 

the setting of Heywood protection scheme as in [37]. Table II 

shows the main data for the test systems used in the mentioned 

two cases. 

TABLE I. PARAMETERS USED FOR HE DYNAMIC MODELLING 

Parameter 
Case-I 

(1GW HE) 

Case-II 

(500MW HE) 

Case-II 

(1.5GW HE) 

D 1% 1% 1% 

𝐹𝐷 0.05 [Hz] 0.05 [Hz] 0.05 [Hz] 

𝐸∗ 2.2 [kV] 1.2 [kV] 3.3 [kV] 

𝐿𝑙 0.1 [mH] 0.1 [mH] 0.2 [mH] 

𝑅𝑙 1 [mΩ] 1 [mΩ] 1 [mΩ] 

𝐿 0.1 [mH] 0.1 [mH] 0.2 [mH] 

𝑉𝑟𝑒𝑣 10 [V] 8 [V] 15 [V] 

𝑅𝑖 4.3 [Ω] 2.4 [Ω] 6.65 [Ω] 

𝑅𝑚 1 [Ω] 1 [Ω] 1 [Ω] 

𝐶𝑂𝑃 1 [μF] 0.8 [μF] 1.5 [μF] 

(kps,kis) (0.005, 0.18) (0.01, 0.33) (0.007, 0.24) 

(kpv,kiv) (0.23, 1.08) (0.42, 1.98) (0.15, 0.72) 

(kpd,kid) (5, 300) (5, 300) (5, 600) 

(kpq,kiq) (5, 300) (5, 300) (5, 600) 

 

TABLE II. GENERATION AND LOAD DATA  

Case 

Study 
States 

Synchronous 

Generation [GW] 

Non-synchronous 

Generation [GW] Load 

[GW] 
PV  Wind  

Case-I 

QLD 3.34 1.44 1.77 5.5 

VIC-NSW 11.4 5.58 5.36 17.6 

SA 1.12 0.48 1.07 2.3 

Case-II 

QLD 7.5 1.5 0 6.4 

VIC-NSW 14.3 2.7 0 14.9 

SA 1.5 1.04 0 1.2 

 

 
Fig. 6. Single line diagram of the modified 14-generator model of the NEM. 

B.  Case-I: HE benefits in low-inertia multi-area systems 

    1)  Base-case: frequency response after largest generation 

outage, with no electrolyzer 

The test system was simulated for outage of the largest 

generating unit (667 MW) at bus-402 (in the State of QLD) at 

t=40s. The system frequency dynamics and instantaneous 

RoCoF in various States are illustrated in Fig. 7. In this base 

case, synchronous machines are the only frequency-responsive 

components. This case can thus be seen as the reference of 

traditional frequency control. The difference in instantaneous 

RoCoF curves in the different States, as per Fig. 7(b)(d)(f), is 

associated with non-uniform inertia distribution as well as the 

difference in their distances from the fault location [38]. From 

Fig. 7(a)(c)(e), it can also be seen that the credible 

contingency of tripping a generation unit in QLD results in 

significant frequency drop (i.e. below 49.4 Hz) in all States 

due to low-inertia conditions. At the same time, the frequency 

response from units located in SA increases significantly the 

active power flow through the Heywood interconnector, 

causing activation of its protection scheme, thereby resulting 

in trip and SA separation. After this, SA operates in islanded 

mode with 59% share of converter-based units. This means a 

very low-inertia condition in SA, which results in a high 

RoCoF value of 5 Hz/s (Fig. 7(f)).  

 
Fig. 7. Frequency and RoCoF in different regions after a credible contingency 

(no electrolyzer). 
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    2)  Benefits from hydrogen electrolyzers’ FFR 

In the next stage, the potential benefits from utility-scale 

electrolyzers in response to the same credible contingency is 

investigated. For this purpose, we model a hypothetical 1 GW 

HE using the parameters in Table I, Case-I, and set to operate 

at full rated power before the contingency (P0=1GW). The 

study is performed considering the following scenarios:  

1) HE at bus-307 (in VIC), droop-based control (Fig. 5(a));  

2) HE at bus-405 (in QLD), droop-based control (Fig. 5(a)); 

3) HE at bus-405, sustained droop control (Fig. 5(b));  

4) HE at bus-405, RoCoF-based control (Fig. 5(c)). 

The system frequencies and instantaneous RoCoF curves 

for the four scenarios are shown in Fig. 8. 

Fig. 8 shows that HE FFR could greatly assist in keeping 

the system frequency in all States above 49.4 Hz following the 

largest credible contingency. Being closer to the outage 

location, FFR from the HE installed in QLD is more effective 

in confining the frequency disturbance propagation throughout 

the grid, by arresting the frequency excursions immediately 

and locally. This leads to better system frequency response 

and RoCoF profiles in all States, compared to when the 1 GW 

HE is installed in VIC. Proper distribution of HEs could thus 

enhance their frequency control benefits. Also, simulation 

results show that the HEs equipped with the sustained droop 

response could result in better post-contingency system 

frequency response. This comes from the fact that HE FFR 

remains constant while the frequency recovers. Furthermore, 

the RoCoF-based control (Scenario-4) could considerably 

mitigate the instantaneous RoCoF in QLD by 0.25 Hz/s 

compared to other active power-frequency controllers. It can 

thus be concluded that HE contribution to frequency control 

could be enhanced by proper selection of their active power-

frequency controller. It should also be noted that HE FFR 

installed in either VIC or QLD could reduce the rate of change 

of active power flow through the Heywood interconnector, 

preventing its trip and the consequent SA separation. 

Fig. 9 depicts the HE FFR (change in power consumption) 

within one second, in response to the frequency excursions in 

different scenarios. The figure also illustrates how different 

active power-frequency controllers could impact the HE 

dynamic behaviour and FFR provision. 

 
Fig. 8. Post-contingency system frequency and RoCoF curves in all States for 

different cases of 1 GW electrolyzer connected in VIC or in QLD. 

 
Fig. 9. Post-contingency frequency response from 1 GW electrolyzer 

connected in VIC or in QLD for different scenarios. 

 

It should be noted that HE FFR has two main advantages 

over the existing frequency control from synchronous 

machines: 1) the HE FFR is much faster; 2) different types of 

FFR can be tested and purposely designed in the active power-

frequency controller owing to power electronics interface, 

with the possibility of further enhancing the overall system 

frequency response. 

    3)  Impact of operating constraints on HE FFR provision 

This section illustrates the impact of the initial operating 

point on the HE FFR and possible interactions of FFR with the 

converter’s maximum power transfer and operational 

constraints associated with H2 production. The test system is 

simulated assuming the outage of Heywood interconnector at 

t=40s, when 110 MW is being transferred from SA to VIC. In 

this section, we study four different cases: 

1) System with no electrolyzer; 

2) 1 GW HE in SA, with pre-contingency operating point 

P0=900 MW, no converter overloading capability;  

3) 1 GW HE in SA, P0=900 MW, 10% converter overloading 

capability [39] (Poverload=100 MW);  

4) 1 GW electrolyzer HE in SA grid, P0=500 MW, and 

modelling of hydrogen buffer and downstream H2 process 

(at the time of contingency: 𝑚𝐻2
= 0.2 

𝑁𝑚3

𝑀𝑊.𝑠
 [32], 𝑚𝐻2

′ =

 30 
𝑁𝑚3

𝑠
, 𝐶𝐻2

𝐵 − 𝑉𝐻2
0 = 4000 [𝑁𝑚3]). 

Fig. 10(a) illustrates how HE downward FFR contributes to 

decreasing the frequency overshoot and quasi steady-state 

frequency in SA following the interconnector outage: the SA 

frequency after separation reaches 50.74 Hz when there is no 

electrolyzer, while the frequency overshoot is limited to 50.44 

Hz with 100 MW FFR (Case-2). When 10% overloading is 

allowed (Case-3), the HE could deliver up to FFR=200 MW, 

which helps to keep the SA frequency below 50.3 Hz.   

Fig. 10(b) also shows how HE FFR capability might be 

limited due to the HE converter power transfer limit (Case-2).  

A point to note is that the overloading capability of the 

converter (Case-3) is only utilized for around 1.2 seconds (Fig. 

10(b)), but brings great system response benefits, as seen from 

Fig. 10(a).  
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Fig. 10. Response of HE in South Australia following the Heywood 

interconnector’s outage for different HE operating cases. 

 

Fig. 10(c) shows how, for Case-4 (FFR up to 500 MW), the 

HE delivers for 39 seconds substantial downward FFR that 

helps to contain the SA frequency below 50.1 Hz following 

the contingency (t=40s). This FFR, however, delivered by 

increasing the HE input power, also increases the stack 

current, the H2 production, and eventually the H2 buffer 

content level (Fig. 10(d)). The H2 volume in the buffer, 

finally, reaches the maximum available headroom at t=79s. 

Consequently, the electrolyzer is forced to shut down, 

demonstrating how the constraints (11) on downstream H2 

process/buffer could potentially prevent the electrolyzer from 

providing full frequency response. It is also interesting to note 

that the SA grid faces a significant frequency overshoot (50.56 

Hz) following the HE shut-down. 

C.  Case-II: Potential resilience benefits from different HE 

sizes in the case of multi-area system separation  

The August 2018 separation event was due to a non-

credible contingency that led to system cascading and split 

into three areas [9], [22]. To assess how FFR from HEs could 

enhance system resilience for similar events, we assume a 

utility-scale HE is located in VIC (bus-305), operating at the 

rated power (i.e., P0=Prated), and equipped with a droop 

controller (Fig. 5(a)). Fig. 11 shows the VIC-NSW frequency 

during the event while assuming two HE capacities (i.e., 500 

MW and 1.5 GW) and the parameters of Table I, Case-II. The 

results indicate that a 500 MW electrolyzer could have 

maintained the frequency well above the UFLS threshold (49 

Hz), thereby avoiding 977 MW UFLS activation in VIC and 

NSW. Furthermore, under-frequency droop response from 1.5 

GW electrolyzer in VIC could have lifted the frequency above 

the SPVT threshold (49.5 Hz), which could have allowed 190 

MW PV generation to stay connected in addition to preventing 

977 MW UFLS. This further demonstrates how HE FFR can 

positively cooperate with existing emergency frequency 

control mechanisms. Also, the Heywood interconnector’s 

sharp power flow rise [31] could have potentially been 

mitigated with the electrolyzer’s under-frequency response in 

VIC, possibly preventing interconnector’s protection 

activation and its subsequent trip. Overall, this analysis 

demonstrates how FFR from HEs could greatly enhance 

system resilience in multi-area systems with risk of separation.  

 
Fig. 11. Frequency resilience benefits from HE FFR for different sizes during 

the considered multi-area system separation event. 

IV.  CONCLUDING REMARKS  

This work has presented, for the first time, a detailed HE 

dynamic model which includes electrolysis stack 

thermodynamics, power-electronics interface and different 

options for the associated control loops, and downstream 

hydrogen process/buffer models. More specifically, a HE 

stack model has been developed including its current 

constraints associated with hydrogen buffer/downstream H2 

process. Then, a power-electronics interface and its related 

converter-level control loops have been designed while 

considering the aforesaid constraints. The potential benefits 

from HE FFR have been studied by dynamic modelling of the 

Australian test system, in a 2030 RES-rich scenario and in the 

context of the August 2018 separation event. It has been 

shown how electrolyzer’s pre-contingency operating point and 

its converter’s overloading capability determine the available 

footroom/headroom for upward/downward FFR provision. 

Two solutions have also been discussed to enhance HE 

contribution to system frequency control, namely, proper 

selection of i) HE location in the system, and ii) active power-

frequency controller. In particular, sustained droop controller 

has been found exhibiting better frequency control 

performance. Our discussions and results show that FFR from 

HEs that are envisioned in near/medium-term scenarios could 

greatly support stable and resilient system operation by also 

preventing further resource tripping as well as potential 

system cascading. It should, however, be noted that HE 

operational constraints associated with the downstream 

hydrogen buffer/process may at times limit its FFR provision 

and therefore pose a risk to system frequency control. 

In the context of the current technological transition 

towards low-carbon power and energy systems, and while HEs 

will be more and more deployed for green hydrogen 

production, our work has thus aimed to demonstrate the great 

potential, as well as the possible challenges, of electrolysis 

plants to also support frequency control in renewable-rich 

grids (alongside other dedicated technologies such as 

batteries). In this respect, as ongoing work, we are 

investigating in more detail how HEs could also contribute to 

regulation and secondary frequency control. 
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