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Abstract:

Denmark has set to a full renewable
energy system for electricity and heat-
ing in the coming years where RE
share in Denmark has reached 68% in
2020. However, there are challenges to
realize the green transition as the re-
newable energy sources may prompt
to disturbances in the system com-
pared to conventional energy plant.
One of the ideas is by deploying en-
ergy storage that converts electricity
into other form of energy. This is
known as power-to-x (PtX) technology.
However, the deployment of PtX in the
grid system may affect the stability in
case disturbances occur in the system.
Thus, this project is intended to model
the PtX technology and its dynamic
behaviour to investigate the impact of
the PtX integration in the grid system.
Several schemes to study the response
of the system due to the integration of
PtX is simulated, such as symmetrical
fault and asymmetrical fault injection
and loss of generation unit. The re-
sults obtained show that the developed
PtX model could provide services to
the system and improve the frequency
and voltage performance.
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Readers’ Guide

This thesis report is written systematically, meaning that the chapters and sections
are in order for the readers to understand the topic clearly. Citations used in this
report is based on the IEEE format where the bibliography is placed after the last
chapter of the report. The figures, tables, and equations are named chronologically30

based on its appearance in the report. DIgSILENT PowerFactory software is used
to model and simulate the test cases in this project.
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Chapter 1

Introduction

1.1 Background

The energy transition to carbon-neutral system has attracted the world's attention140

in the past few years and will continue in the coming years. The European Union
(EU) aims to reduce 80% of its domestic emissions in 2050 compared to 1990 [1].
In line with the EU goal, Denmark through its government and parliament set
an ambition to lower the carbon emission by 70% below the 1990 level at 2030 as a
step to reach carbon-free in 2050 [2]. To support this action, the Danish government145

is targeting a 100% renewable energy (RE) system for electricity and heating [3],
where already RE share in Denmark's electricity supply has reached 68% in 2020
[4].

The transition to green energy sources will result in a better environment for
mankind to live; however, this also requires technical support as it faces challenges,150

mainly due to the varying power of RE sources, such as wind and solar, making
it hard to predict the output power [5]. This phenomenon happens because RE
varies depending on the weather and season leading to the mismatch between the
demand and supply of energy. Thus, it would be bene�cial to deploy different
type of energy storage, taking into consideration the advantageous and disadvan-155

tageous of each type, to enable higher penetration of RE on the system. This action
helps in realizing green and sustainable energy systems.

Pumped hydro energy storage (PHES), compressed air energy storage (CAES),
batteries, �ywheel, Power-to-X (PtX) are the example of energy storage applica-
tions. Focusing on the PtX, the technology could satisfy energy demand, not only160

for electricity, but also for heating, transport, and industry. As a promising technol-
ogy to store energy for long term solutions, PtX has several characteristics such as
high storage capacity, high volumetric storage density, ability to provide grid ser-
vices, and storage duration compared to the traditional energy storage, like PHES
[6].165
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Chapter 1. Introduction Aalborg University

Denmark, in particular, has been focusing on PtX technologies as part of its
future energy system implied by the strategies for PtX and hydrogen and also
the number of PtX projects, where PtX is seen crucial to further de-carbonize the
energy system [7–10]. The report from Danish Government stated that Denmark
could potentially become a global player in PtX technology as many Danish in- 170

dustries working on the research and development of PtX and carbon capture,
utilisation, and storage (CCUS) technology involving universities and institutions.
This collaboration could lead to inventions and innovations at the study of the re-
spective technology and make the technology mature rapidly. Also, the abundant
amount of wind resources in Denmark bene�ts the condition of PtX implementa- 175

tion, that could be used for producing green hydrogen and other gasses, which
requires large amount of electrical energy [11].

One of the on-going projects utilizing PtX technology in Denmark is the energy
island projects located in the North sea and Baltic sea with total capacity of 5GW
initially. Denmark plans to create these arti�cial energy islands exploiting the wind 180

energy resources to power the grid and also transform the electricity produced
from renewable energy to other energy carriers with the help of PtX technology
[12].

Power-to-X as energy storage

PtX is a technology converting molecules, such as water, into other energy carriers 185

with the help of electrolysis process. The products of this chemical reactions from
electrolysis acts as energy storage where it can be deployed to meet the energy
demand of electricity, transport, heating and helps in further decarbonization of
energy systems [13]. The "X" term stands for the product obtained from electrol-
ysis, like hydrogen and ammonia. Figure 1.1 illustrate the schemes of PtX tech- 190

nologies in several applications. To help the transition of energy into green energy,
the electricity used in the process may be generated from renewable power plants,
such as wind and solar. The feedstock used in the electrolysis process can be water
or carbon dioxide or nitrogen dioxide captured from the environment.

PtX technology offers many possibilities as it can produce hydrogen, synthesis 195

gas, ammonia, and hydrogen peroxide depending on the feed stock. Furthermore,
the produced chemical molecules in the primary stage could be used for other re-
actions to obtain another form of energy carriers. The produced hydrogen could
be used for process of methanation, hydrogenation, Fischer-Tropsch for hydrocar-
bon production, and Haber-Bosch for generating ammonia. The same also goes for 200

the produced synthesis gas where it is used for chemical reaction for producing
methane and Fischer-Tropsch process.

The main component of PtX system is the electrolysis which can be used for
water electrolysis, methanol electrolysis, and other applications of electrolysis. Sev-
eral types of electrolyzer have been developed, such as alkaline electrolyzer, proton 205
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Figure 1.1: Power-to-X possible schemes [13]

exchange membrane electrolyzer, and solid oxide electrolyzer [13, 14]. The perfo-
mance of these technologies also differ depending on the feedstock, e.g water and
methanol [15]. The detail explanation of these technologies are presented in chap-
ter 2.

The PtX system requires an AC-DC converter to be integrated to the grid as210

PtX operates at DC power [16]. Thus, the whole PtX system can be considered as
converter-based technology where it is used to store electricity into other energy
carriers and for particular electrolyzer technology, it can also be used to power
the grid back. Integration of such technology to the power systems is challenging
as from the system perspective, the concern is related to the inertia, voltage and215

frequency �uctuations, fault current contribution, to ensure the grid stability and
security of supply [17, 18]. Thus, controllers are necessary for the energy storage
to be connected so that it could operate at the allowable operation range as reg-
ulated by the system operator. Also, the controls of energy storage would help
the equipment to remain connected to the system without losing synchronisation220

if disturbances occur in the system. Studies also mentioned that PtX or hydro-
gen storage could provide ancillary service, such as voltage support and frequency
response, and enhance the �exibility of the grids [19–22]. Figure 1.2 shows the reg-
ulation from Energinet for balancing power where the energy storage should be
able to have such functionality to activate and deactivate an increase or decrease of225

power from and to the energy storage system [20].
In electrical modelling, the electrolyzer could be modelled as load connected

to the converter interfacing the electrolyzer to the grid where the controllers, such
as power and current control, are included as in [23–26]. The electrolyzer model
representation would be explained more in detail in Chapter 2.230
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Figure 1.2: Frequency containment reserve regulation from Energinet [20]

Grid code requirement

To deploy the PtX facilities to the electrical grid, the developer needs to ful�l
the grid code requirement regulated by the transmission system operator (TSO),
i.e. Energinet. PtX technology is considered as energy storage facility and thus,
it would have different requirements to be ful�lled compared to other types of 235

power-generating plants [27].
There are several requirements needed to satisfy for the energy storage to be

able to get connection to the grid where more detail information can be accessed
in [27]. The requirements needed to be ful�lled by the energy storage's owner
depend on the energy storage's site area, whether it is located at western or eastern 240

Denmark. This is because Danish's electrical grid system consists of two grids:
DK1 (western) and DK2 (eastern). The requirements for both grid, in principal,
are the same where the difference is on the value range criteria. Below is the
requirement from Energinet for voltage deviation for energy storage facilities.

Figure 1.3: Requirements of tolerance to voltage dips (left) and supply of fast fault current (right)
[27]

Figure 1.3 shows the requirement needed for energy storage when the voltage 245

4



Chapter 1. Introduction Aalborg University

dips occurs. The energy storage should maintain its normal operation inside area
A, while it also should be still connected to the grid system by providing voltage
support. Voltage support is realized by supplying reactive current to the grid and
the minimum criteria for supplying reactive current is shown on the right �gure of
Figure 1.3. If the voltage at the POC falls to area C, it is allowable for the energy250

storage to disconnect from the grid.
Another requirement from the TSO is the frequency response regulation where

the energy storage should be able to increase its output power if the frequency
drops below its minimum frequency setting (under-frequency condition) and also
decrease its output if the frequency increases higher than its maximum setting255

(over-frequency). Moreover, there is a requirement for energy storage to have fre-
quency control (FSM) function implemented. Reactive power control and power
factor control should also be implemented with an addition of automatic power
factor control or voltage control functionality depending on the classi�cation of
energy storage.260

The simulations required to be done in general are static, root-mean-square
(RMS), and harmonic simulation while for larger capacity of energy storage should
also provide transient simulation. Fault injection or the change of frequency in the
system could be taken to show the response of the energy storage towards such
conditions. The energy storage facility should be able to perform these studies and265

comply with the requirements [27].
This study project only discusses the simulation for dynamic (RMS) simulation

and investigate the response of such storage due to the integration to the power
grid system.

1.2 Problem statement270

As the electrical grid is experiencing a transition towards a dominant RE system
from the dominant conventional power plants, the technologies employed should
be able to have grid support services to support the grid in order to still operate
at the allowed operation ranges. These operation regulations are regulated by the
transmission system operator. One of the promising green technologies is PtX275

technology which can store energy by transforming electrical energy into other
energy carriers and later be used in many applications, such as transport, heating,
and electri�cation. In order to integrate the PtX system to the power systems, the
PtX needs to ful�ll the grid code requirements determined by the system operator.
Hence, it is necessary to develop a general plant model that is able to show the280

behavior of the PtX plant. In this project, the model developed is intended to
be able to show the dynamic (RMS) response, such as the voltage deviations, by
performing grid stability studies.
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1.3 Project objectives and methodology

The aim of the thesis project can be described as to build a PtX dynamic simulation 285

model and later perform grid stability study to investigate the impact of the inte-
gration of the developed model on grid system, focusing on the voltage stability.

To achieve the objectives of the project, the following actions need to be taken:

1. Investigate and describe the state-of-the-art for PtX technology with respect 290

to the grid integration with a focus on a dynamic model for studying the
impact on the power system stability

2. Design a generic dynamic PtX model based on the functional and model
requirements

3. Implement the model in PowerFactory 295

4. Perform stability studies to see the response of the system towards the inte-
gration of PtX for different selected study cases

5. Discuss and evaluate the generic dynamic PtX model and draw general guide-
lines on PtX impact on system stability

The software used for the electrical simulation studies is DIgSILENT Powerfactory. 300

1.4 Scope and limitations

There are some limitations taken into consideration in working on this project. As
the project only aims to see the dynamic response (RMS) on the system due to the
integration of PtX plant, the physical chemical reactions of the plant is not a matter
in this project. The limitation of the project includes: 305

• Electrolyzer of the PtX system is modelled as generic load with its corespond-
ing dynamic model

• The loads modelled in the PtX system are passive loads

• Converter parameters are taken from existing data/template

• The grid system used for test study is generic grid 310
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1.5 Outline of project report

The outline of this report is structured as follows:

Chapter 1: This chapter gives the introduction of the project, motivation, and its
scope and constraints.315

Chapter 2: This chapter describes the state of the art of PtX technology and the
power electronics used to interface the electrolyzer to the grid syste. Besides, back-
ground theory of the stability the simulation techniques are discussed.

320

Chapter 3: In this chapter, the explanation on the modelling of the system test in
this project, IEEE 9-bus system, is explained. This includes the modelling of the
dynamic behaviour of the generators.

Chapter 4: The main discussion of this chapter is the modelling of the PtX model325

which includes the modelling of the controller of the PtX.

Chapter 5: This chapter discuss the impact of the PtX integration on the IEEE 9-
bus system. Several simulation schemes are presented in this chapter to show the
response of the system towards the integration of the PtX.330

Chapter 6: This chapter summarizes and concludes the result obtained and also
the future work or study could be done based on this project.

7





Chapter 2335

State-of-the-Art

In this chapter, the development of PtX technologies is discussed where the control
strategy used for the converter connecting the electrolyzer stack to the grid system
is also presented. The control of the electrolyzer converter includes the power
and current control to give reference to the converter. The stability issue in the340

power system is covered in this chapter with a focus on voltage stability. Lastly,
the simulation techniques, like RMS and transient simulation, that can be used to
help showing the response of such technologies in large scale system is covered.

2.1 Power-to-X system

As energy system transitioning to green energy, energy storage plays an important345

role enabling higher renewable energy sources integration to the electrical grid sys-
tem. One of potential technologies to store energy for a long time is PtX technology
where the energy stored can be used for many applications, like heating, transport,
and re-electri�cation [28].

PtX system is consisted of two main parts: electrolyzer and power converter.350

Electrolyzer splits water into hydrogen and oxygen by electrolysis process. The
electrolyzer operates by taking DC power and thus it is necessary to have converter
interfacing the electrolyzer to the electrical grid system.

2.1.1 Electrolyzer

In principal, electrolyzer technology is similar to fuel cell but it works in its re-355

verse process. Fuel cell needs hydrogen and oxygen as the feedstock to generate
power while electrolyzer utilizes water as the source and with electricity, it pro-
duces hydrogen and oxygen. The feedstock of the electrolyzer does not have to
be water, it can also be hydrocarbon; however, the utilization of water electrolyzer

9
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could also help in avoiding the emission of carbon dioxide as the end product of 360

the electrolysis process [29].
There are various types of electrolyzer have been developed worldwide. Three

most-known electrolyzer tecnologies are alkaline electrolyzer, proton-exchange mem-
brane (PEM) electrolyzer, and solid oxide electrolyzer cell (SOEC) [30]. In the
following subsections, a brief explanation of the electrolyzer technologies is pre- 365

sented.

Alkaline electrolyzer

Alkaline electrolyzer has been used for decades for large-scale industrial applica-
tions and it is the most mature technology for hydrogen generation, operating at
low temperature and atmospheric pressure. The anode and cathode are separated 370

by diaphragm conducting hydroxide ions OH � with potassium hydroxide KOH
solution [31, 32]. The chemical process of the alkaline electrolyzer is described in
Figure 2.1 (a). In the cathode, the water is decomposed to hydroxide ions and
hydrogen while the hydroxide ions gain energy from the electron and compose to
oxygen and water at the anode. 375

Although its possibility to build large-scale hydrogen facility with this type
of electrolyzer, it has a downside where the diaphragm causes losses and thus
limits the current density. It also cannot fully separate the hydrogen and oxygen.
However, alkaline technology offer an affordable cost to construct the electrolyzer
[31]. 380

PEM electrolyzer

The development of PEM electrolyzer is still new compared to alkaline electrolyzer,
where PEM electrolyzer has an anode and cathode separated by a polymer elec-
trolyte membrane. Similar to alkaline electrolyzer, PEM electrolyzer also operates
at low temperature. The difference of PEM technology with other electrolyzers on 385

the electrolysis process is the water fed to the anode instead of the cathode. PEM
electrolyzer was developed to overcome the disadvantage of alkaline electrolyzer
as PEM electrolyzer has high power density and cell ef�ciency and �exibility oper-
ation. Nevertheless, the initial cost to utilize PEM technology becomes the obstacle
as it is quite expensive [32]. 390

Mostly, PEM electrolyzer is applicable for small applications; however, in recent
years, Siemens have developed hydrogen generation facility with PEM technology
operating at MW-scale power, called Silyzer 300 [33]. The chemical reactions of
PEM electrolyzer is shown in Figure 2.1 (b). The anode decomposes the water into
hydrogen ions H + and due to the conducting characteristic of the electrolyte used 395

in the process, it enables the ions to travel to cathode side and forms hydrogen.
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SOEC electrolyzer

Solid oxide electrolysis (SOEC) electrolyzer is the latest developed electrolyzer
compared to alkaline and PEM electrolyzer as SOEC is still in the research stage.
The difference between SOEC and other electrolyzers is it operates at high temper-400

ature [29]. The electrolyte used as the medium in the electrolysis process might be
oxygen-ion conducting electrolyte and proton-conducting electrolyte where these
electrolytes are expected to have a high conductivity and enable the electrolyzer
to operate at high temperature [34]. The reaction process of SOEC electrolyzer is
shown in the Figure 2.1 (c).405

The cathode of SOEC is feed with gas water where it gets ionized and split
into hydrogen and oxide ions. While the hydrogen is formed in the cathode, the
oxide ions goes to the anode and forms oxygen molecules. The advantages of this
type of electrolyzer is it has high electrical ef�ciency, lower material cost and the
�exibility to operate reversely as a fuel cell, where other electrolyzers do not have410

this functionality [32]. However, as its high-temperature operation, it may have
some challenges, such as longer start-up/break-in times, mechanically unstable
due to thermal stress, and also degradation of the equipment [34].

Figure 2.1: Chemical reactions of (a) Alkaline (b) PEM (c) SOEC electrolyzers [30]

Overview of electrolyzer technologies

According to [32], experts believe that the use of PEM electrolyzer will increase415

and shift out the alkaline electrolyzer due to the reduction of cost coupled to its
operations �exibility and higher ef�ciency. Whereas, SOEC can be also the promis-
ing technology utilized in the coming years as it offers possibility to operate as
both electrolyzer and fuel cell where the other two technologies cannot provide
this functionality.420

Dynamic characteristics of electrolyzer for providing grid services are load �ex-
ibility and the response time under sudden change conditions.The electrolyzer
should also be able to provide grid services with certain response time. Normally,
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the response time of the electrolyzer is determined by the power electronic's ca-
pability interfacing the electrolyzer to the electrical grid as it is not limited by the 425

stack capability [35]. This means the power electronic used for the electrolyzer
should be adequate characteristic of the electrolyzer.

The report of [35] also stated that PEM technology would have quicker response
time compared alkaline electrolyzer. Table 2.1 summarizes the characteristics of the
three electrolyzer technologies based on report from [30, 32]. It shows that recent 430

developments of electrolyzer technologies (PEM and SOEC) are able to have faster
response and also having higher ef�ciency compared to alkaline electrolyzer.

Table 2.1: Characteristics of Alkaline, PEM, and SOEC electrolyzer

Characteristic Alkaline PEM SOEC

Charge carrier OH � H+ O2�

Current density [A cm � 2] 0.2 - 0.4 0.6 - 2.0 0.3 - 2.0
Cell voltage [V] 1.8 - 2.4 1.8 - 2.2 0.7 - 1.5
Operating temperature [ � C] 60 - 80 50 - 80 650 - 1000
Operating pressure [bar] <30 <200 <25
System ef�ciency [%] 55 - 67 60 - 70 90 - 95
Minimum load [%] 30 - 40 0 - 10 0 - 10
Dynamic response Slow Fast Fast
Phase Mature Commercial Demonstration

The equivalent electrical circuit of electrolyzer can be modelled as in Figure 2.2.
This model can represent electrolyzer in general as each technologies mentioned
are similar for their electrochemical model. There is a bit difference for SOEC 435

electrolyzer as it operates at high temperature enabling it to have lower voltage
and thus have a better ef�ciency [30].

Figure 2.2: Equivalent electrolyzer model [16]

12



Chapter 2. State-of-the-Art Aalborg University

Ure f and RW represent the reverse voltage and membrane resistance where these
variables are temperature and pressure dependent to electrolyzer stack [16, 25].
The minimum energy required due to the reaction on the electrolyte de�nes the440

reverse voltage Ure f. On the other hand, the irreversible voltage is the required
extra energy to make the electrolysis process occur, represented by other branches
in Figure 2.2 [30].

The charge transfer resistance and double layer capacitor, which are dependent
to temperature, are denoted with Cdl and Rct. These components cause delay in445

the response of the electrolyzer as they behave like a limiter to electron �owing
in the stack. However, it can be assumed that the delay in the control system or
the chemical process of the units is negligible [36]. This is due to the small time
constant leading to fast response of electrolyzer.

2.1.2 Power electronics450

Power converter is used to interface the electrolyzer stack with the electrical grid
system where the implemented power converter could be single stage (AC-DC
conversion) or two stages (AC-DC-DC conversion). The power converter should
include the control function of active and reactive power enabling the electrolyzer
to operate at its capability. The control of electrolyzer converter can be described455

with the power control and current control where the current reference is generated
from active and reactive power reference. Droop function also could be included
to enable reducing the power [24].

The active power of the electrolyzer could be controlled with droop character-
istics. As the electrolyzer is considered as a load, an inverse droop characteristic460

is used instead of the conventional droop characteristic for generation. Figure
??shows the active power-frequency relation based on the droop function for elec-
trolyzer applications. If the frequency increases, the electrolyzers will absorbs more
active power and if the frequency decreases, the electrolyzer reduces its power con-
sumption.465

In [25], the active power of the electrolyzer is controlled based on the active
power-frequency characteristics.

Several con�gurations of converter for electrolyzer applications have been de-
veloped. Report [16] studied the performance of 12-pulse thyristor recti�er (12-TR),
12-pulse diode recti�er with multi-phase chopper (12-DRMC), 12-pulse thyristor470

recti�er with active shunt power �lter (12-TRASPF), and active front-end (AFE)
recti�er for electrolyzer applications. The result shows that 12-TR has better per-
formance for ef�ciency, reliability, and less complex, and lower cost compared to
other topologies. However, 12-TR has an issue with the power quality, especially
for condition of large-�ring angle. 12-DRMC has better performance on the power475

quality compared to 12-TR but it still needs harmonic �lter to lower the input

13



Chapter 2. State-of-the-Art Aalborg University

harmonics. The 12-TRASPF is a hybrid concept of the previous mentioned topolo-
gies so it has better power quality, but the cost of this technology is higher with
lower ef�ciency. The AFE recti�er address the power quality issue as it has the
best performance on this matter. However, the control mechanism for AFE is more 480

complex with higher cost too [16].
The converter model for electrolyzer could be modelled as grid forming con-

verter or grid following converter [37]. The control strategy implemented for these
converters would be different as the grid forming converter has purpose to "form"
the grid by regulating the voltage and grid following converter regulates the out- 485

put power. In this project, the model considered is grid following converter where
the regulation of this type of converter could be help with the implementation of
reverse droop characteristic, shown in Figure 2.3.

Figure 2.3: Power characteristic based on reverse droop control

2.2 Power system stability

The increasing growth of renewable energy technologies in the grid system brings 490

challenges such as the stability issue. Power system stability is seen to be crucial
matter in order to secure the operation of the electrical grid systems. By de�nition,
power system stability means the ability of a system to remain operating at the
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equilibrium under normal condition and recover to the acceptable state after a dis-
turbance. The stability of power system can be classi�ed into rotor angle stability,495

frequency stability, and voltage stability [38].

Voltage stability

Voltage stability de�nes the ability to maintain steady voltage at all buses in the
system after disturbance from a given initial operating condition while rotor angle
stability is the ability of synchronous machine of an interconnected power system500

to remain in synchronism condition [38]. It can be said that voltage stability is load
stability while rotor angle stability is generator stability. There is a term known as
voltage collapse, a process following the voltage instability leading to blackout or
abnormal low voltage in the system. If the voltage collapses at the transmission
distant from the load area, it can assumed as the angle instability whereas if the505

voltage collapses in load area, it is determined as the voltage instability issue [38,
39].

Voltage stability can be classi�ed into large disturbance and small disturbance
voltage stability. Large disturbance voltage stability is the ability to maintain steady
voltage due to large disturbance like system fault, loss of generation, or circuit510

contingencies. Small disturbance voltage stability indicates the ability to maintain
steady voltages after small disturbances, like an increase of system load. Based on
the time frame for voltage stability, it is divided into: short-term and long-term
voltage stability. The time interest of short-term is in the order of several seconds
involving fast acting load components, like controlled loads, induction motors,515

and converters. Whereas, the long-term is in the order of minutes involving slower
acting components, like tap-changing transformer and generator current limiters
[38].

The issue of voltage stability with dominant power electronic-interface tech-
nology in the grid system is mainly due to the limitation of reactive power and520

low short-circuit capacity following the curtailment of synchronous machines. The
grid system should have suf�cient reactive power to deliver to the load to maintain
its stable condition, otherwise the system runs unstable. Equation 2.1 shows the
relation of the reactive power supply to the demand [40].

Qs(v) =

s

[
EV
XL

]
2

� [PL(v)]2 �
V2

XL
(2.1)

Qs(v) is the reactive power supplied to the load through a line with reactance525

of XL where E is the voltage source and VL is the load voltage and active power
demand of the load denoted as PL.
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2.3 Simulation modelling technique

With the increasing number of converter-based technology integrated into the
power system, the network becomes more complex than ever. To secure a reliable 530

operation of the system under such conditions, advanced power system modelling
and techniques are required. For instance, the developed simulation model can be
used to show the dynamic response accurately. In general, power system transient
can be classi�ed into three time-frame categories [41]:

• Short-term (electromagnetic) transients 535

• Mid-term (electromechanical) transients

• Long-term transient

Figure 2.4 summarizes the phenomenon and control actions in the power sys-
tems based on its corresponding time-frame [42]. Lightning and switching events
in power system take very less time compared to other categories, making it con- 540

sidered as short-term transient. Transient stability is considered as mid-term tran-
sient as it involves the electromechanical capability of the system. In addition, the
measurement unit should be able to detect or measure the condition of the power
system fast enough so that the system do not fail.

Power system simulation model could be differentiate into static and dynamic 545

model where dynamic simulation helps in assessing stability and security of power
systems. There are two model types of dynamic model: RMS and electromagnetic
(EMT). RMS simulation is less time-consuming simulation compared to EMT mak-
ing it more convenient for simulation of large power system. However, it may be
insuf�cient to only conduct RMS simulation for dominant power electronics in the 550

power system as RMS may be unsuitable for low system strength and unable to
capture information for frequencies other than its fundamental [18].

The strength of a grid system can be described with short circuit ratio (SCR)
shown in equation 2.2 [43].

SCR=
SSC

PR
(2.2)

SSC refers to the short circuit power level at the point of connection where the 555

equipment with rated power PR will be integrated to the grid. Weak grid, indicated
with low SCR, becomes a concern as the control may not work properly (in stable
manner), leading to sub-synchronous phenomenon and control interactions among
neighboring power electronic devices. Thus, a low SCR means a high voltage
sensitivity due to disturbance occur in the system [44]. 560
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Figure 2.4: Time-frame classi�cation for various transient phenomena

2.4 Conclusion

Electrolyzer and converter are the vital equipment of the PtX system to be con-
nected to the electrical grid. There has been many studies and development on
the equipments to have higher ef�ciency with also reducing the cost. This chapter
presents the state-of-the-art of the most known electrolyzer technologies: alkaline,565

PEM, and SOEC electrolyzer. This chapter also discusses the converter that can be
used for interfacing the electrolyzer to the grid system. Furthermore, the stability
theory as the relevant topic of this study also be explained with a focus on the
voltage stability.
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