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Abstract: Hydrogen as an energy carrier holds promising potential for future power systems. An excess of electrical power
from renewables can be stored as hydrogen, which can be used at a later moment by industries, households or the
transportation system. The stability of the power system could also benefit from electrolysers as these have the potential
to participate in frequency and voltage support. Although some electrical models of small electrolysers exist, practical
models of large electrolysers have not been described in literature yet. In this publication, a generic electrolyser model is
developed in RSCAD, to be used in real-time simulations on the Real-Time Digital Simulator (RTDS). This model has been
validated against field measurements of a 1-MW pilot electrolyser installed in the northern part of the Netherlands. To
study the impact of electrolysers on power system stability, various simulations have been performed. These simulations
show that electrolysers have a positive effect on frequency stability, as electrolysers are able to respond faster to frequency
deviations than conventional generators.

support. For this purpose, appropriate controllers need to be

Abbreviations developed and the potential of ancillary services support by
AEM  Anion Exchange Membrane electrolysers must be analysed and demonstrated in studies.
aFRR Automatic Frequency Restoration Reserve Currently, a 1-MW pilot electrolyser is installed in
BoP Balance of Plant the northern part of the Netherlands. A larger electrolysis
RoCoF Rate-of-Change-of-Frequency plant of 300 MW is planned to be installed in this area later
FCR  Frequency Containment Reserve on. The feasibility of the installation of this large-scale plant,
PEM  Polymer Electrolyte Membrane its impact on the stability of the electrical transmission
PEM  (Proton Exchange Membrane) network covering the northern part of the Netherlands, and
RTDS Real-Time Digital Simulator the possibilities for ancillary services provision have been
SOE  Solid Oxide Electrolyser studied in the project TSO2020 [1], [2]. Various literature
describes the development of electrolyser models, as
1. Introduction discussed in the thorough literature review presented in

In the future energy system, the share of renewableS€ction 2.2. Nevertheless, the challenge is that electrical
energy sources is expected to increase continuously. Th&0dels of large-scale (>1 MW) electrolysers for the purpose
intermittent and variable nature of these renewable energy! 9rid studies have not been described in existing literature
sources lead to various challenges regarding the operation of¢: Therefore, a generic electrolyser model has been
the power system. One challenge is the decrease of the tot&i€veloped specifically for this project.
inertia and the resulting vulnerability to disturbances that Initial studies on the impact of hydrogen technology
can cause frequency instability. As renewable energy©" the operation of the power system ha}ve been presented in
sources slowly replace conventional generation andSOMe publications. For example, the impact of hydrogen
conventional generators traditionally support frequency lchnology on electricity and gas networks has been
stability by their inertia and frequency controls, alternative iNvestigated in [3]. The impact of electrolysers on
possibilities of power system stability support are being d|str|pu_t|on networks can|der|ng operatlongl I|m|Fat|on and
searched for. A promising soluton can be found in electricity cost scenarios has been descrlbeq_ in [4]. T_he
hydrogen technology. An abundance of electricity generateofesunfs show that electrolysers have the capab_lllty to provide
by renewable energy sources can be converted intgffective performance under dlfferer_lt scenarios. In [5], a
hydrogen by electrolysers and stored for a relatively longPEM fuel cell based power system is analysed in order to
period. The hydrogen can then be used by final consumer@rovide insight into PEM operating parameters an impacts.
like the transportation system or industries. Hydrogen can' € use of alkaline electrolysers to enhance frequency
also be converted back into electricity by fuel cells, therebyStability of power system has been investigated in [6], where
helping to solve the issue of long-term electricity storage.2n €lectrical power system combined of steam turbine
The flexibility of electrolysers (and fuel cells) offers generation units, glectrolysers, g:onventmna] quds and wind
promising opportunities for electrical grid support by the farms has been _|mplemented in Matlab/Simulink to §tudy
provision of ancillary services like frequency and voltage the effect of alkaline electrolysers on frequency stability of



power system considering high integration of wiratks.
An initial generic electrical model of a PEM eledyiser and
fuel cell to study the provision of ancillary seres via these
technologies was presented in [7]. Neverthelesg th
development of a generic model of large-scale (M)M
electrolysers, the design of appropriate contrslidéor
ancillary services provision and the study on theact on
the frequency stability of interconnected powenays has
not been described in literature yet.

This publication describes the development of a

model of the 1-MW pilot electrolyser in RSCAD, te bsed
in real-time simulations on the Real-Time Digitén8lator
(RTDS). The developed model has been extended avith
control system that enables the electrolyser tpaed to
grid and market conditions in order to participate
ancillary services provision like frequency suppofhe
developed model has been validated against
measurements from the pilot electrolyser and has bened
accordingly. Then, the developed model has beed ts
study the impact of smaller and larger electrolysem the
stability of power systems and to analyse the pdiss to
participate in the provision of ancillary servicds. this
analysis, it is studied whether large-scale elégdsrs could
be utilised to support power system frequency aod h
effective this is in comparison with frequency sogipby
conventional generators.

This paper is organised as follows. First, Sec#ion
describes the modelling of the electrolyser. ThHalation of
the model against field measurements of the 1-MWt pi
electrolyser is discussed in Section 3. Sectioredcdbes
several simulations in which the contribution
electrolysers to frequency support is analysed.allin
general conclusions and future work are discussed i
Section 5.

of

2. Modelling of the Electrolyser

This section describes the modelling of
electrolyser. After introducing the various elettser
technologies in Section 2.1, a detailed literattediew is
given in Section 2.2. The electrolyser model whigh be
used in this research is then presented in Se2tkn

the

2.1. Electrolyser Technologies

Four main types of electrolysers exist at the mdmen
Polymer Electrolyte Membrane (PEM) electrolysers,
alkaline electrolysers, Anion Exchange Membrane NAE
electrolysers and Solid Oxide Electrolysers (SOB). [
Presently, PEM and alkaline electrolysers are akéel for
commercial purposes. The number of applicationfBi
electrolysis is limited, while SOE electrolysers astill in
their first development stage. Of these four etdgter
technologies, the most developed one is alkalieetilysis,
while PEM s in its initial commercial phase. Altmgh
alkaline technology is well suited for smaller apations,
PEM electrolysis is a promising technology for fetuarge-
scale applications [9], [10]. It is expected thdtist
technology has the lowest capital cost, a higheweavo
density, a smaller electrolyser size, a scalabigdeand a
larger dynamic range. Therefore, the models desdrin
this paper are developed for PEM electrolysersaitiqular.

An electrolyser plant basically consists of threets@
(i) the electrolyser stack, in which the electridysakes
place; (ii) the Balance of Plant (BoP), supportthg stack
operation (e.g. circulation/feedwater pumps); aiijl the
power conversion system, which connects the stadhé
electric power system (e.g. rectifier, DC/DC congerand
transformer).

2.2. Electrolyser Models in Literature

Although several models of small electrolysers texis
practical models of large (>1 MW) electrolysers amet
existent in literature yet [11]. Research on PERt#blysis
during the last ten years has resulted in modeds #ne
increasingly detailed and complicated [12]. Impotta
studies have been performed to improve the reifglkaind

fieldefficiency of PEM electrolysers, for example, ahisthas

resulted in models that improve the electrolysed s
integration with other components. The developediei®
also differ depending on the physical parameteiigtefest.
As an example, electrical models concentrate omagek
and currents in the system, whereas temperaturernopy
flow are considered in thermal models. Some exstin
models focus on variables like pressure, temperatund
thermal energy on performance of the PEM stack,reds
other models consider all phenomena that occur.[13]
Nevertheless, simplifications of these electrigadl ¢hermal
models are often used in practice [14]. Simplifiwat of
electrolyser models often includes the omissiotos$es in
the model. The losses of a single cell PEM elegsesl have
been considered in [15], whereas an equivalenttredat
circuit model for PEM electrolysers to study the
electrochemical effects has been presented in [16].

A linear dynamic thermal model and a steady-state
electrical model have been presented in [14]. The
parameters of the electrical model have been détedn
using a non-linear least square method, while Hrampeters
of the thermal model have been determined baseth®n
characteristics of a first-order linear model. Thagudy
concentrated on the design of a model to supponitoring
of PEM cells, such that this model considers tleeteblyser
at the PEM stack layer. Of course, this model doet
include the power conversion and other parts of the
electrolyser, such that this model is less suitédlestudies
of the interaction with the power system. The etdgser
model developed in [17] was created following a ilEim
approach, and this model can represent various sife
PEM electrolysers and also series/parallel celllmaations.
The developed model can be used to study the ielkictr
response of PEM electrolysers. However, becausedels
the electrolyser at the stack layer, the possipl@ieations
of this model are limited.

Electrochemical Impedance Spectroscopy has been
applied in the creation of an electrical equivalehtn PEM
electrolyser in [18]. Although it models the PENdt layer
of the electrolyser in high level of detail, thisodel
excludes the power conversion. Reference [12] ptesa
PEM cell model created in SIMULINK. This model cists
of modules that reflect the response of the cathadede,
membrane and cell voltage in terms of physical patars
of the construction materials. The study conceattabn
enhancing the PEM electrolyser cell, while compdsidike
the BoP and power conversion were omitted. Enargeti
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Macroscopic Representation, which is a graphicalefimg
strategy that aims to model phenomena in varioumsaitas,
was used for the creation of the model presente 3h
The output of this model approximates real datal, viselt
the modelling of power conversion in this model nist

detailed enough. The power conversion system is of

particular interest for analysis of the interactionith power
systems and controllers, and this was modellechanargy
source following a black box approach. Thereforteg t
application of this model for analysis of the etebtser
behaviour regarding the provision of ancillary $eeg in
power systems is limited. Regarding the power csiga
system, a literature review about the topologyndérifaced
converters for PEM electrolysers can be found 8i,[[20].

The coupling to renewable sources is considered in
some of the electrolyser models, but the scaldillssmall
(i,e. <1MW). As an example, a model describing
atmospheric or low-pressure PEM electrolysers, isting
of three sub-models, has been presented in [2Kp #is
model considers the electrolyser at the PEM stagkrl A
model of a 500-kW electrolyser created in PSCAD is
described in [22]. This model has been developeshton
the capabilities of electrolysers in the supportvoftage
stability. Although this model represents an eldgser
smaller than 1 MW, this model probably is the nsate a
large-scale model available in literature.

The different electrolyser models described above
focus on various layers of the electrolyser, basadthe
objectives of the study, and mainly represent sdgcters
with a capacity smaller than 1 MW. The largest pathese
models can be used within the limited scope forcwhihey
are designed. However, to understand the intersctiof
large-scale electrolysers with the power systemremie
required. Therefore, a generic model needs to lelojeed
that considers the PEM stack together with key ystbans
like power conversion and BoP representing elegtark
with a capacity of several megawatts. Such a msketld
be equipped with a control system which is abledatrol
the active power consumption of the electrolysesebaon
the grid and market conditions. This is currentligging in
the existing literature models.

2.3. Electrolyser Model Development

For this study, a model of the 1-MW pilot
electrolyser has been specifically developed in RS3{i.e.
the simulation software of the RTDS) [23]-[25], bdson
existing literature describing the working prinagl of
electrolysers. Fig.1 shows the components of
electrolyser system, as modelled in this study.r&hare
various implementations of the DC-DC and AC-DC
converters possible,
application. In this paper, AC-DC conversion is eamith a
3-phase active rectifier in series with a DC-DC \cznter.
The DC-DC converter is implemented as an interldave
buck converter. The BoP components are modelledh by
constant load, as it can be assumed that mostséthave a
fixed power consumption.

Fig. 2 shows the electrical equivalent of the PEM
electrolyser stack. Electrolysis requires a DC seuthat

the

Power Conversion System

PEM
Electrolyzer
Cell/Stack

AC-DC pe-ne
Converter Converter |

Transformer

r
I
I
I
I
|
1
1
1

To Balance of
Plant
Components

Fig. 1. Electrolyser system components.
1

ocv Ract

Fig. 2. PEM stack equivalent.

Grid

Rmass Rohm

required voltage and are modelled as overpotentidie
representation by the electrical equivalent is Widesed in
current literature [26]. The reversible voltageepresented
by a fixed DC voltage, the open cell voltagy in Fig. 2).
Ract, Rmass and Rohm represent the activation, mass
transport and ohmic losses, respectively. The doldbfer
capacitance of the cell is represented by a capacit
Simplification of the PEM stack model is mainly
dependent on the decision which losses are incladet
based on several assumptions:
e The mass transfer losses are not significant far dad
moderate current densities if the flow field is ejpiate
for gas removal. Thus, the mass transfer overpatent
can be neglected for up to 3 A/lcm2.
Activation losses are dominant at low current digsi
while the ohmic overpotential becomes dominant at
medium current densities.
» Pressure and temperature are assumed constant.
Based on these assumptions, a further simplifinatio
of the model can be made by neglecting the actimatind
mass transport losses and the double layer capeeitdhe
electrical model then becomes a series connectiothe
open cell voltage and ohmic losses, which can be
determined from the gradient of the current-voltageve
between the upper and lower operating boundariesafo
given cell area. A possible impact of this simphtfiion
could be a small error in the conversion efficiefiog. ratio
of energy used in the hydrogen process to totatggne
consumed by the whole system). Also, the modelrassu
that interactions between units due to delays énadbntrol
system or the chemical process are negligible hasmodel
developed in this work is intended to be used fat studies,

which depends on the specificit does not model the electrochemical reactionsthrdmal

phenomena in detail and the aforementioned siroptifin
is expected to be sufficiently accurate. This wal verified
against field measurements in Section 3.

The electrolyser model developed in this projec ha
been equipped with a control system [23], [25], chhis
based on an architecture discussed in [27]. Cosysiems
in commercial electrolysers are mainly designedupport
plant automation for the production of hydrogen. To

must overcome a reversible voltage that leads ® th optimise the electrolyser to support additional ecbiyes
chemical reaction of water splitting into oxygendan such as ancillary services provision, an additiocmhtrol
hydrogen. Losses within the PEM stack increase the

3
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Fig. 3. Sructure of the high-level control (Front End Controller).
system is required. The Front End Controller is tontrol Measurements have been performed at all three mgsdif
system and communicates with low-level control$oton a the transformer, i.e. points 3, 4 and 5 in Fig. 4.
hierarchical controller with extended capabilitissich as The measurements at 33 kV were performed within

the capability to simultaneously respond to margete the substation. The current was measured in thendacy
signals, the condition of the power system andriate  circuit of the 33-kV installation with a currentachp of
signals like electrolysis process alarms. Fig. 8wsh the 1A/1V. The secondary current comes from a (2008220,
structure of the high-level control. A detailed cigstion of 10VA) current transformer. The voltage was measatetie
the high- and low-level controls of the electrolysan be secondary side with a (33kV3/100VA3) voltage trans-

found in [23], [25]. former. The 33-kV measurements were performed uaing
Dewetron measurement system, equipped with a DAGP-V

3. Validation of the Developed Model against measurement card for the current measurements and a
Field Measurements DAQP-HV measurement card for the voltage measurésnen

The developed electrolyser model has been validated! N current measurements were performed using thale
against field measurements of the 1-MW pilot eldyser Technic M1.UB 1A/1V and Chauvin Arnoux 20-200A/2V
installed in the northern part of the Netherlands i MN 38 current clamps.

Veendam-Zuidwending. The parameters of the elgctenl The measurements at 450V and 400V were
model have been adjusted to the field measuremsuts) performed directly at the secondary and tertianydivigs of
that the model is able to replicate the behavidua seal ~ the transformer, respectively. For these measuresyen
electrolyser. This section discusses the network Fluke 435 series 2 power quality and energy anedysere
configuration and measurement setup (Section 318, used. For thg current measurements, 1430-FLEXHTF-I
measurement procedure (Section 3.2), the measutemeri@gowski coils were used, while the voltages were
results (Section 3.3), and the adjustment of thesidped ~ Measured directly.

electrolyser model to the measurements (Section 3.4

3.1. Network Configuration and Measurement 110kV Veendam-Zuidwending 110kV Meeden
Setup @ —r @
The simplified network configuration at Veendam- £5km
Zuidwending is illustrated in Fig. 4. A 5-km (doehtircuit)
cable connects the 33-kV substation Veendam-Zuidingn A A 1A/1V (L1, 12,13)
to the 110-kV substation Meeden. At Veendam- ~m—3) 33KV o
Zuidwending, two 110/33-kV transformers are ingtall @ * v / ;}.,.

The substation contains two busbars and severdad, hay 400\" 100/3
which the compressors and other systems of thealajas —
storage facility at this location are connected.eTh —— (1)
electrolyser has its own bay and is connected hiyree- 450V Electrolyser
winding transformer. The electrolyser itself iskigd to the
secondary winding of the transformer, while auxjlia

systems are connected to the

tertiary - winding. Fig. 4. Measurement setup at Veendam-Zuidwending.
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Fig. 5. Operation cycles during the electrolyser test.
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3.2. Description of the Measurement Procedure

During the test, the operation of the electrolysas
tested in two cycles, as illustrated in Fig. 5. S&heycles
consisted of starting up the unit, varying its @ien
setpoint between various levels (i.e. 10/50/70/1)0&hd
shutting down the unit. As the electrolyser needsuild up
pressure and perform some safety checks firstpleeation
level is limited to 50% directly after starting dpe unit.
After a certain time, the operation level goeshe tesired
setpoint. This is indicated in the graph by thehédslines.
During the test, measurements were recorded athtiee
mentioned voltage levels, where the main quantités
interest were: the voltage and current magnituttes total
active power and the total harmonic distortiontaf voltage
and current.

3.3. Experimental Measurement Results

The active power consumed by the electrolyser,
measured at the 450-V side of the transformetlustiated
in Fig. 6. It can be seen that the active powersumption
clearly follows the test cycles shown in Fig. 5adapfrom
the inrush currents when starting up the unit. e dctive
power consumed deviates from the operation levpoges
(i.e. 50/70/100% of 1 MW), it can be concluded tkiaé
setpoints of the pilot electrolyser are not verguaate.

The graphs shown in Figs. 7 and 8 zoom in on the
active power ramps during the setpoint changeschwhre
aligned at t = 0. For this graph, the measuremans3 kV
were used, as the Dewetron device has a highelutieso
than the Flukes. The graphs show that the actiwsepo
ramps are linear and quite similar during normagration
(i.e. between 10 and 100%). It can therefore becloded
that the response of the electrolyser is determimgdts
converter and its controls. The active power rarafisr
starting up the unit are typically slower. Fromsbearaphs,
the average ramp rate of the electrolyser can timaed. It
can be seen that the average ramp up rate is GtiMW/s
(0.5 pu/s) during normal operation, while it is abo
0.2 MW/s (0.2 pu/s) during startup of the electsely The
average ramp down rate is about 0.4 MW/s (0.4 pu/s)

: Power (450V)
08
2 o6l
s 0.6
g i
304l
o
02r
— -
0 L L 5 L L
0 200 400 600 800 1000 1200
Time [s]

Fig. 6. Active power of the electrolyser measured at the
450-V bus.

19 Power ramp up (33kV)
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Fig. 7. Response of the pilot electrolyser to operation level
setpoint changes (ramp up).
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Fig. 8. Response of the pilot electrolyser to operation level
setpoint changes (ramp down).

3.4. Comparison of the Developed Model with the
Field Measurements

Based on the field measurements, it is possible to
estimate the ramp rate of a larger electrolyset. uhiwas
found that the 1-MW pilot electrolyser shows a &ne
response to setpoint changes, and has a ramp frateot
0.5 MW/s (0.5 pu/s). Large electrolyser facilitiesnsist of
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many small electrolysers in parallel. This meanat th
300-MW electrolyser plant consisting of 300 unifsLaviw
can reach a ramp rate of 150 MW/s (0.5 pu/s). Téssilt
can, roughly, be compared with data available terditure.
In [28], the response of a 40-kW PEM electrolyseasw
tested. It was found that this electrolyser showsmlinear
behaviour, where the dependence of the response dim
the size of the setpoint change is only small. Ragpp or
down is generally completed within 0.2 s. A capachiange
of 50% within 0.2 s gives a ramp rate of 20kW/0.2s
=0.1 MW/s (2.5 pu/s). Under the assumption tha¢ th
response time does not increase significantly liecteolyser
capacities in the range up to a MW and the fact tha
300-MW electrolyser plant consists of many smallaits,
this would lead to a ramp rate of 750 MW/s (2.5sptior a
300-MW electrolyser plant. Although this comparisin
based on rough assumptions, it still gives an atiha of
the range of ramp rate to consider in further ssidi.e.
150-750 MW/s (0.52.5 pu/s).

The parameters of the developed electrolyser model

have been adjusted, such that the electrolyser Inioddle
to follow the response of a real electrolyser. Hiféculty
here is that the control parameters of the piletteblyser
are not known because of confidentiality. It wasréfore
decided to extend the electrolyser model with apraate
limiter, which has been empirically tuned to follotlue
desired response. Figs. 9 and 10 show the respufne
1-MW electrolyser model. It can be seen that theetigped
model is able to replicate the electrical behaviolua real
electrolyser. There are however some differencesha
power ramps, because the control parameters ofreake
electrolyser were unknown. Furthermore, there armes
differences in the initial and final values of thetive power.
This is because the power setpoints of the piletteblyser
are not very accurate, whereas it was decided e hwre
accurate power setpoints in the developed model.
Nevertheless, the behaviour of the developed elystr
model is accurate enough for the purpose of stabili
analysis of power systems.

The response of a second, simplified and scaled-up,

version of the electrolyser model (without DC/DCheerter)
is shown in Figs. 11 and 12. This scaled-up modsumes
stacking many smaller (i.e. around 1 MW) electretysnits
to a large (i.e. 300 MW) electrolysis plant. It che seen
that this scaled-up model is able to follow the sueaments
as well. As the response of this simplified versiwas
already inherently linear, this scaled-up modelofes the
measurements more accurately than the detailedimode
Since different electrolyser manufacturers havér the
own parameters of electrolyser controls, it is expé that
the developed generic model needs to be tuned &oh e
specific electrolyser application. As shown in tkiction,
tuning of the parameters is practically possiblehsthat the
response of a specific electrolyser can be reglétat

4. Simulation of the Impact of Electrolysers on
Power System Frequency Stability

The developed electrolyser model is used to sthey t
impact of smaller and larger electrolysers on thbilty of
the power system. This section discusses the ocenesid
network topology and two study cases, namely tlss lof
generation capacity and the loss of demand.
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Fig. 9. Comparison between the detailed electrolyser model
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Fig. 10. Comparison between the detailed electrolyser
model and the field measurements (ramp down).
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v [

to Lelystad

Table 1 Operational scenarios considered in this study

Generator/HVDC Case 1. IO.SS Case 2:
link/electrolyser of generation loss of load
[MW] [MW]

GEMINI wind farm(EOS) 450 450
GEN1 (EOS) 3x430 3x430
GEN2 (EOS) 2x800 2x650
GEN3 (DzZW) 233 233
NorNed import (EEM) 700 700
COBRAcable import(EOS) -700 -500
Electrolyser demand (EOS) 300 190

4.1. Network Topology and Operational Scenarios

For this study, a model of the northern part of the
Dutch transmission network has been developed BATS
This part of the transmission network contains s&Evarge-
scale facilities which interact with electrolysengmely: the
700-MW HVDC NorNed connection (to Norway), the
700-MW HVDC COBRAcable (to Denmark), the 600-MW
GEMINI offshore wind farm, and almost 3 GW
conventional generation. The network topology ocdesd
in this study is illustrated in Fig. 13. The twoesgtional
scenarios considered here are shown in Table 1.tdthé
electricity demand of this area is 2075 MW for the
considered scenarios. The demand is divided owethtee
provinces within this area: Groningen-Drenthe (8M%),
Overijssel (800 MW) and Friesland (400 MW), and
distributed over the substations within the netwofke
demand has been projected based on the demandl8f 20
[29], while considering the estimated growth prdjmor and
distribution over the substations.

4.2. Simulation of Case 1: Loss of Generation
Capacity

In the first study case, a loss of generation caypac
considered. For this purpose, the generation at EOS
substation is reduced by 200 or 50 MW by decreatiieg
power generated by GEMINI wind farm. The impact on
frequency stability of the system is studied coesithy
Frequency Containment Reserve (FCR) support
generators. In this study, there is a total of BOW FCR
support in the system, divided over the generaitorthe
system (i.e. 190 MW DE EQ, 30 MW for each other
generator and NL EQ). To study the impact of etdgters,
the participation of electrolysers in FCR is varfeam O to
100% by replacing the FCR support of some genesatith
FCR support by the electrolyser. As the total am@fifrCR
reserve in the system remains the same, it is ¢agdbat
the steady-state frequency after a disturbance insnthe
same, but electrolysers will influence the dynafrécuency
response after a disturbance.

The results of these simulations are shown in Hg.
(for a loss of 200 MW generation capacity) and Eig.(for
a loss of 50 MW generation capacity). An overviefattee
frequency nadirs is given in Table 2. It can bensthat the
replacement of FCR support by the electrolyser has
positive effect on the frequency response of theesy, as
the electrolyser has the ability to react fastedduiations of
the frequency. The oscillation of the frequency ptately

by
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Fig. 14. Frequency response of the system with different
shares of electrolyser FCR capacity for a loss of 200 MW
generation capacity.
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Fig. 15. Frequency response of the system with different
shares of electrolyser FCR capacity for a loss of 50 MW
generation capacity.



Table 2 Frequency nadirs for case 1: loss of generation

Table 3 Frequency nadirs for case 2: loss of load

Share of Loss of 200 MW Loss of 50 MW Share of Loss of 200 MW Loss of 50 MW
electrolyser  nadir difference nadir difference electrolyser  nadir difference nadir difference
FCR capacity [HZz] [mHZ] [HZ] [mHZz] FCR capacity [HZ] [mHZ] [HZ] [mHZ]
0% 49.831 0 49.959 0 0% 50.180 0 50.046 0
10% 49.836 5 49.961 1 10% 50.174 6 50.044 2
17% 49.839 8 49.961 2 17% 50.171 9 50.043 3
27% 49.845 14 49.963 3 27% 50.164 15 50.041 4
37% 49.852 21 49.964 5 37% 50.15¢ 23 50.04( 6
100% 49.872 41 49.969 9

disappears when the electrolyser takes over tHeFDR
support, as electro-mechanic oscillations of theegators
do not occur then. Simulations with different etebtser
ramp rates (i.e. 150 and 750 MW/s; 0.5 and 2.5 thdse
been performed, but this did not result in sigaifity
differently results as the Rate-of-Change-of-Fregye
(RoCoF) is slow in comparison to the minimum rarae rof
the electrolyser.

4.3. Simulation of Case 2: Loss of Load
In the second study case, a loss of load is coreside
For this purpose, the operational scenario has beanged
according to Table 1. The electrolyser operatis®point
has been reduced to 190 MW, to enable upwardsatguol

Response for different shares of electrolyser FCR capacity
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Fig. 16. Frequency response of the system with different
shares of electrolyser FCR capacity for a loss of 200 MW
demand.
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Fig. 17. Frequency response of the system with different
shares of electrolyser FCR capacity for a loss of 50 MW
demand.

of the electrolyser consumption and 37% of elegsel
FCR support. In this case, the loss of load is &ted by
reducing the load at MEE380 substation by 200 oi50.
The results of these simulations are shown in Hifs.
and 17. An overview of the frequency nadirs is shaw
Table 3. Similar to the loss of generation capaditgan be
concluded that electrolysers have a positive eftattthe
frequency stability as electrolysers are able spoad faster
than generators to deviations of the frequency.

5. Conclusions and Future Work

In this paper, a generic electrolyser model was
developed in RSCAD, to be used in real-time sinoiet on
the Real-Time Digital Simulator (RTDS). In ordep t
provide frequency support, the electrolyser moded been
equipped with a Front End Controller that respotadgrid
and market signals like frequency deviations. The
electrolyser has been validated against field nreasents
of a 1-MW pilot electrolyser installed in the nceth part of
the Netherlands. After adjustment of the modek &ble to
replicate the behaviour of a real electrolyser.qbBemcy
support by electrolysers was then studied in séwea-
time simulations, considering the northern parthef Dutch
transmission network. It was found that electrolgdgave a
positive effect on frequency stability after losiggneration
capacity or load, as electrolysers are able tooms$faster to
frequency deviations than conventional generatditsis
work is part of a larger project in which the teiah and
economic viability of power-to-gas solutions is éstigated.
For the electrical studies, various scenarios 18802 and
2040 are considered. The contribution of electeiysto
Automatic Frequency Restoration Reserve (aFRR) and
voltage support are considered in the studies al. we
Generally, the simulations show that electrolydease the
potential to support frequency stability more effifeay than
conventional generators.
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