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Summary ii

Summary

The primary goal of this investigation is to minimize the harmonic current emissions of
electrolyzer plants. This will be achieved by focusing on the optimal design and layout
of the electrolyzer units and their grid components under different operating conditions
related to their loading capacity. Harmonics pose a significant challenge in power systems,
especially in renewable energy setups, as they can impact system efficiency and stability.

The methodology for this investigation involves modeling the green hydrogen plant and its
components responsible for generating harmonics in DigSILENT PowerFactory and per-
forming simulations in the frequency domain using the Harmonic Load Flow tool. The rec-
tifiers of the electrolyzer units, which are significant sources of harmonic current emissions,
are modeled as balanced harmonic current sources. The current emissions are provided
with their magnitudes and phase angles for the fundamental frequency and each harmonic
order. The harmonic voltages and harmonic currents at the different busbars and cables
are calculated with the harmonic impedances at the respective busbars.

Four main scenarios were developed regarding the electrolyzer units and internal configura-
tion of the plant. Additionally, a more significant number of operational cases considering
the electrical operational limits of available electrolyzers were elaborated.

For all four scenarios, the electrolyzer plant has a nominal capacity of 80 MW, consisting of
different numbers of electrolyzer units rated either 1 MW or 5 MW. The electrolyzer plant
is located within a short distance from a 120 MW wind farm. Both plants (electrolyzer and
wind farm) are connected to the HV distribution network via Point of Common Coupling
(PCC).

A large number of simulations run for the different scenarios, and operational cases using
12-pulse bridge rectifiers have clearly identified one configuration in each scenario with
minimal harmonic current emissions on the transmission line to the PCC. This configura-
tion also appears optimal when using another rectifier technology with a different harmonic
current spectrum.

This investigation demonstrated that the harmonic current emissions of the electrolyzer
plant could be significantly reduced using an optimal design and layout of the electrolyzer
units and their grid components. This may lead to better performance, reduced losses, and
easier connection to the public grid.
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1 Introduction

Climate change is widely recognized as a pressing issue that requires urgent action by
major economies and developing nations alike. Many countries are working on plans and
initiatives to reduce greenhouse gas emissions and transform their energy systems and
infrastructure in the coming decades. They aim to achieve this transformation through
renewable energy sources, advanced energy storage, improved energy efficiency, and smart
grid technologies. The goal is to reduce carbon emissions from various uses of energy
significantly. As countries intensify their efforts towards carbon reduction, green hydrogen,
produced sustainably through water electrolysis using renewable energy, is anticipated to
play a central role in the transition towards clean energy, acting as a vital component in
the more significant effort to combat climate change.

To address the growing demand for green hydrogen, it is essential to increase the production
and utilization of electrolyzers substantially. These electrolyzers should run on renewable
energy sources to ensure a clean process. By 2030, the target should be an installed capacity
of around 350 gigawatts for water electrolyzers worldwide. This projection highlights a
significant and remarkable growth in the electrolyzer market. Electrolyzers are set to
have a vital role in achieving widespread decarbonization across various sectors. Many
countries have set specific targets for deploying electrolyzer capacity in their hydrogen
strategies. Water electrolysis, using electricity and water, is fundamental for producing
hydrogen. However, it is essential to expand its adoption to bring down production costs.
Achieving cost reduction in electrolyzer systems is crucial, and technology innovation will
be vital to attain this goal [15].

The rate at which hydrogen is produced in a water electrolyzer is directly linked to the
average DC current flowing through the electrodes. Consequently, the electricity expense
usually forms the primary component of the cost involved in producing electrolytic hy-
drogen gas. In large-scale water electrolyzers, the DC voltage typically ranges up to 1000
V, resulting in current levels reaching the kilo-ampere range. Electrolyzers are DC de-
vices, which necessitates using rectifiers based on power semiconductors, which produce
harmonics corresponding to the supplied voltage and current [19].

Harmonics can directly affect the stability of the power system. So, it is essential to identify
the primary source behind harmonic generation and the components that impact harmonics
by analyzing the grid components. This research presents a comprehensive review of green
hydrogen technologies and responsible components behind the harmonics generation [9].
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1.1 Objectives

• To develop simulation models in Power factory: Create a comprehensive sim-
ulation model of a green hydrogen production plant including electrolyzers, rectifiers,
renewable energy sources (PV, Wind), and entire network infrastructure.

• Simulation Scenarios: Prepare models with four scenarios of electrolyzer configu-
ration with renewable energy generation and compare the outcomes. These Scenarios
will involve electrolyzer connections in such a way that some will have a small num-
ber of high-rated electrolyzers, and others will have a large number of low-rated
electrolyzers.

• Modelling of harmonic sources: Inject the harmonic current spectrum into the
system for renewable energy generation, rectifiers, and electrolyzers in the model.
The harmonic current spectrum will be derived from available harmonics measure-
ment values of electrolyzer plant. harmonic current spectrum will be derived from
available harmonics measurement values of electrolyzer

• Performing a harmonics load flow: Perform harmonics load flow in each of the
four scenarios and asses the harmonics emissions by the electrolyzer configurations,
including rectifiers.

• To assess the effect of harmonics: Evaluate the effect of harmonic current emis-
sions on the green hydrogen plant and determine which out of four scenarios has
fewer harmonics emissions.

• The compliance of Harmonics generation of the plant according to relevant
grid standard: After performing a harmonics load flow of the plant, the generated
harmonics with the relevant grid standards to ensure they fall within acceptable
limits.
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2 Literature Review

This section provides a comprehensive review of relevant literature, encompassing various
facets essential to this thesis. It delves into topics such as the production of green hydrogen,
focusing on electrolyzers and the electrolysis process. Additionally, it explores the criti-
cal aspect of power quality, particularly addressing harmonics. Furthermore, it examines
recent and upcoming green hydrogen initiatives in Germany, shedding light on notable
projects. The discussion extends to auxiliary components necessary for hydrogen plant
operations. Moreover, it investigates harmonic load flow and relevant harmonic indices.

2.1 Hydrogen

Hydrogen is an invisible gas, and the colour of hydrogen depends on the way hydrogen
is produced. There are different colour codes for hydrogen, such as green hydrogen, blue
hydrogen, brown hydrogen, yellow hydrogen, turquoise hydrogen, and pink hydrogen.

2.1.1 Green Hydrogen

Green hydrogen is created using electricity from renewable energy sources like solar or wind
power. Electrolyzers perform a particular chemical process, splitting water into hydrogen
and oxygen. The significant advantage of this process is that it does not release any
harmful carbon dioxide into the air. However, making green hydrogen is more costly than
fossil-based hydrogen. It is like when wind power was expensive initially, but the price
dropped as it became more widespread. The same is expected with green hydrogen as it
becomes more popular [14].

2.1.2 Blue Hydrogen

Blue hydrogen primarily comes from natural gas and is produced with steam reforming.
This process combines natural gas with heated water in the form of steam, resulting in
hydrogen as the main product. However, it also produces carbon dioxide as a side effect.
What sets it apart is the inclusion of Carbon Capture and Storage (CCS) to capture and
store this carbon [14].



2 Literature Review 4

2.1.3 Grey Hydrogen

The most widely used way to make hydrogen right now is through a process that starts
with natural gas or methane. This process is called steam methane reformation. When
hydrogen is produced this way, it is known as grey hydrogen. The main difference between
grey hydrogen and blue hydrogen is that grey hydrogen is made without capturing and
storing the greenhouse gases produced during the process [14].

2.1.4 Black and Brown hydrogen

When it comes to producing hydrogen, using black coal or brown coal (lignite) is at the far
end of the spectrum from green hydrogen and is highly detrimental to the environment.
These forms of hydrogen, known as black and brown hydrogen, are the opposite of green
hydrogen regarding environmental impact. Using these coal types for hydrogen production
is highly damaging to the environment and contributes significantly to carbon emissions
[14].

2.1.5 Pink Hydrogen

Pink hydrogen is created using electrolysis, but with a twist—it is powered by nuclear
energy. Essentially, nuclear-produced hydrogen can be called purple or red hydrogen, too.
Besides generating hydrogen directly through electrolysis, the intense heat from nuclear
reactors can also be utilized in hydrogen production [14].

2.1.6 Turquoise hydrogen

Turquoise hydrogen is a new method of hydrogen production and has not been thoroughly
tested on a large scale yet. It is crafted through a technique known as methane pyrolysis,
resulting in both hydrogen and solid carbon. In future, turquoise hydrogen could be seen
as a favourable option for low-emission hydrogen, primarily if the thermal process is run
on renewable energy and the carbon produced is either stored securely or put to practical
use [14].
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So, the electrolysis process starts at the cathode, where reduction takes place. Two
molecules of alkaline water solution convert into one molecule of hydrogen (H2) and two
hydroxyl ions (OH−). Hydrogen is generated at the cathode surface and then combines in
a gaseous state, while hydroxyl ions move through a porous diaphragm to reach the anode,
driven by the applied electrical potential. In this case, a similar chemical process takes
place in the electrolyzer: two molecules of water undergo oxidation, resulting in the cre-
ation of a single oxygen molecule (O2) and four hydrogen atoms. The individual reactions
are illustrated below.

Cathode : 2H2O + 2 e− → H2 + 2OH− (2.2)

Anode : 2 OH− → H2O +
1

2
O2 + 2 e− (2.3)

The temperature range for these kinds of electrolyzer is around 30-80 °C and use an aqueous
solution as the electrolyte. The diaphragm is usually made of asbestos and electrode made
of nickel: this diaphragm in the middle of the cell separates the cathode side and anode side,
which helps to prevent mixing of the produce gases. This technology has some limitations,
such as restricted current densities, low operating pressure, and poor energy efficiency, that
is why this electrolyzer is suitable for constant power while connected to the grid [23].

2.2.2 Proton-Exchange Membrane Electrolysis

The first PEMEL was introduced in the early 1950s, after it was further developed by
General Electric Co. in 1966. The working principle of PEM electrolyzer is very similar
to PEM fuel cells but being exact reverse. PEM electrolyzer uses solid polysulfated mem-
branes as an electrolyte, through which the ionic agents move during the process. In the
end, the protons and electrons come together once again at the cathode, leading to the
generation of hydrogen, as indicated in the half-reactions provided below.

Anode : H2O → H2 + 2H+ +
1

2
O2 + 2 e− (2.4)

Cathode : 2 H+ + 2 e− → H2 (2.5)

The important properties of proton exchange membranes include low gas permeability,
high proton conductivity, small thickness, and the ability to operate at high pressure and
room temperature. When it comes to sustainability and its effect on the environment,
PEMEL stands out as an excellent method for transforming renewable energy into very
clean hydrogen; this is mainly due to the advantages like its compact design, high current
density that results in higher efficiency, fast response, and small footprint. The material
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Project
Name Date Online Status Technology Announced

Size

HydroHub-
Fenne 2026 Construction PEM 53 MW

Wilhelmshaven 2025 Feasibility
study

Other
Electrolysis 70 MW

BASF
Ludwigshafen 2025 Feasibility

study PEM 54 MW

ArcelorMittal
Hamburg 2025 Construction Other

Electrolysis 50 MW

H2@Hydro 2026 Concept PEM 50 MW

Lhyfe, Perl 2028 Feasibility
study

Other
Electrolysis 70 MW

Table 2.1: Hydrogen Projects Overview [11]

2.5 Power Quality

Rectification is essential for managing power consumption effectively in water electrolyzer
systems connected with the primary AC electricity grid. Water electrolyzers operate as
DC loads under current control, particularly in industrial use where they draw high DC
currents at comparatively lower voltages. Usually, rectifiers using thyristors and diodes
have been prevalent in high-power scenarios for such applications. Utilizing appropriate
rectifier technology enhances both the efficiency of the plant and the quality of power
supplied.

Thyristor based rectifier produces more harmonics into the system, which results into the
heat losses. Moreover, to mitigate the presence of these harmonics within the system,
filters become necessary, that will result in high cost due to the low frequency and high
amplitude characteristics of the harmonics. Another drawback for thyristor-based rectifier
is that it decreases the AC power factor and that must be compensated with the reactive
power compensator which can increases the overall cost of the system.

Whereas IGBT based rectifier has better power quality performance that results in low
losses in power supply. Moreover, using IGBT topology may offer the broadest safe control
range for maintaining the mean value of the electrolyzer DC current, as it effectively
minimizes current ripple. In contrast, thyristor-based power supplies may face limitations
in safely powering the electrolyzer, particularly during partial load operation. But it has
high investment compared to thyristor rectifier [12].
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2.5.1 Power System Harmonics

Harmonics in power systems refer to additional frequencies that occur in the waveform of
voltage or current, beyond the fundamental frequency. These frequencies are whole number
multiples of the fundamental frequency. Harmonics can arise due to nonlinear loads in the
system, such as electronic equipment and power converters. The harmonics causes the
following problems to the grid:

• Harmonics reduces the overall efficiency of the grid by adding harmonics losses into
the system.

• Harmonics affect the normal operation of the electrical equipment. For example in
electric motor it just not cause additional losses but also generates mechanical vi-
bration, noise and over-voltage, which results in transformer overheating. Harmonics
are also responsible behind overheating of capacitors, cables.

• Harmonics generate parallel and series resonance in the main grid.

• Harmonics leads to malfunction or protecting devices and also affect the results of
electric measurements devices.

• Harmonics can interfere with other communication lines [9].

Figure 2.5 shows the simple example of the how fundamental frequency waveform and 3rd

order harmonic waveform adds up and results into complex waveform. Managing harmonics
is essential in power systems to ensure efficient and reliable operation.

Harmonics are one of the major concerns for power quality. This necessitates a thorough
examination of how harmonics are produced and measured and an investigation into the
harmful consequences. It also involves exploring ways to control and limit harmonics to
keep them at acceptable levels [2].

Renewable Energy sources such as wind and photovoltaic technology can help reduce CO2

emissions. However, the power output of these sources is highly fluctuating compared to
conventional power generation sources like thermal power plants [17]. The inconsistent
availability of renewable energy sources, like solar and wind power, affects how the power
systems function. It impacts various aspects, such as voltage, frequency, harmonics, and
overall power quality. This, in turn, affects the overall performance of the power grid and
the distribution network. Inverters linked to renewable energy sources, non-linear loads
from customers, and power electronic devices introduce disruptions in the distribution net-
work known as harmonics. These disturbances lead to issues like transformers overheating,
circuit breakers tripping, and a decrease in the lifespan of connected equipment. There-
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Zh = Impedance at hth harmonic
Vthd = Voltage total harmonic distortion
ZTh = Impedance of the transformer
ZCh = Impedance of the cable
ZGh = Impedance of the grid

At load,
Vh = Ih ∗ (ZCh + ZTh + ZGh) (2.8)

At transformer,
Vh = Ih ∗ (ZTh + ZGh) (2.9)

At grid,
Vh = Ih ∗ (ZGh) (2.10)

Normally, the Impedance of the grid is very low, and because of that, the harmonics
voltage at the grid is also low. But in the case of the load side, impedance may be higher
as they are subjected to the whole system impedance there.

2.5.3 Harmonics Load Flow

Harmonic load flow is used for evaluating the steady state performance of the power sys-
tem. Various software can be used for harmonic load flow, like DIgSILENT, ETAP, and
MATLAB/Simulink. A Harmonics load flow study is used to analyze the harmonics, which
measures the distortion caused by nonlinear loads in the power system, such as converters.
The analysis of the results is helpful for the engineers to get a better understanding of
the performance of the power system and find out the issues relating to power quality and
harmonics [22].

With the increase of renewable sources in the power system, nonlinear devices like convert-
ers also increase, and harmonic penetration in the grid also increases. So, harmonic study
and harmonic load analysis of the power system have become essential. Harmonics studies
give details about current and voltage harmonics at different points of the network, and
they are also used to determine the resonant conditions in the power network.

Harmonic analysis can be done either in the time or frequency domains. Traditional simu-
lation methods, like the Electromagnetic Transients Program (EMTP), rely on numerically
solving the differential equations based on electric power systems. These approaches di-
rectly handle Nonlinear Load (NLL) equations but demand high computational resources
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to reach steady-state solutions. Additionally, managing power consumption loads can be
challenging within these frameworks due to their computational intensity. The latter,
referred to as harmonic load flow formulations, represents a traditional fundamental load
flow method modification. In Harmonic Load Flow (HLF), harmonic voltages and the state
variables of nonlinear loads are included as additional parameters alongside fundamental
voltages. However, a notable challenge of HLF is adapting NLL equations to the frequency
domain, which introduces complexity. These frequency domain procedures entail solving
nonlinear equation systems to directly determine the fundamental and harmonic voltages
of the network, as well as the variables defining the NLL state [18].

2.5.4 Harmonics Indices

The most common harmonic index, which corresponds to a voltage waveform, is Total
Harmonic Distortion (THD), which is defined as the root mean square of the harmonics
expressed as a percentage of the fundamental component. i.e.

THD(V oltage) =

√∑N
n = 2 V

2
n

V1
(2.11)

THD(Current) =

√∑N
n = 2 I

2
n

I1
(2.12)

Where Vn and In are the single frequency r.m.s voltage and current respectively at harmonic
n, N is the maximum harmonic order to be considered, and V1 and I1 are the fundamental
line to neutral r.m.s. voltage and current respectively.

It is often enough to focus on harmonics ranging from the 2nd to the 25th for practical
purposes. However, IEEE 519 standards recommend considering harmonics up to the 50th

for thorough analysis. The distortion in the current can be described using a THD value,
but this measure can be misleading when the fundamental load current is low. A high THD
value for the input current may not be a significant concern if the load is light because
the harmonic current’s magnitude is low, even though its relative distortion compared to
the fundamental frequency is high. A Total Demand Distortion (TDD) factor is utilized
to avoid this ambiguity. This factor is defined as follows:

TDD(Current) =

√∑N
n = 2 I

2
n

IR
(2.13)



2 Literature Review 16

Where In is the single frequency r.m.s current at harmonic n, N is the maximum harmonic
order to be considered, and IR is the rated current.

This factor is like THD, but it presents distortion as a percentage of a rated or maximum
load current magnitude rather than a percentage of the fundamental current. Electri-
cal power supply systems are engineered to endure the rated or maximum load current.
Therefore, evaluating the impact of current distortion on the system is more realistic when
considering designed values rather than a reference that varies with load levels [1].

2.5.5 Harmonics Sequence

To grasp which harmonics may lead to issues, they can be categorized into what is known as
sequences. Harmonic sequence pertains to the rotation of harmonic voltages and currents
about the fundamental waveform, specifically in a balanced, 3-phase, 4-wire system. The
three sequences are Positive, Negative, and Zero sequence harmonics. The issues arising
from harmonics are connected to their sequence. Table 2.2 illustrates selected harmonics
and the respective sequence they belong to.

Name Fundamental 2nd 3rd 4th 5th 6th 7th 8th 9th
Freq. 50 100 150 200 250 300 350 400 450
Seq. + - 0 + - 0 + - 0

Table 2.2: Harmonics and their respective sequence

Positive sequence harmonics

Positive sequence harmonics start with the fundamental and then occur every third har-
monic thereafter. Specifically, the 1st, 4th, 7th, 10th, 13th, and so on, are referred to as
positive sequence harmonics. These harmonics rotate forward, aligning with the funda-
mental direction. Their presence can lead to overheating of conductors and transformers
due to the combined effects of these waveform. If a substantial amount of such harmonics is
present, conductors and transformers must be appropriately sized to handle the additional
magnitude, or some form of harmonic mitigation needs to be implemented.

Negative sequence harmonics

Negative sequence harmonics initiate with the 2nd harmonic and recur every third harmonic
thereafter, such as the 2nd, 5th, 8th, 11th, and so forth. Unlike positive sequence harmonics,
negative sequence harmonics circulate among the phases, moving in the opposite direction
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to the fundamental. This counter rotation leads to the weakening of magnetic fields in
motors, particularly induction motors, causing a reduction in mechanical torque.

Zero sequence harmonics

Zero sequence harmonics, commonly known as “triplens,” originate with the third harmonic
and repeat every third harmonic thereafter (e.g., 3rd, 6th, 9th, 12th, 15th). All zero har-
monics are multiples of 3, hence the name “triplens.” These harmonics have zero rotation
sequence and move between the phase and neutral conductors. The cumulative effect of
these harmonics, along with currents from the other three phases, can lead to an increase
in temperature in the neutral conductor, potentially causing overheating. The neutral
current can sometimes exceed three times the phase current, depending on the level of
harmonic current, resulting in wire overheating and reduced overall efficiency [16].
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3 Harmonics modelling

This chapter overviews methodologies employed to model harmonic sources within Pow-
erFactory. It outlines various techniques for introducing harmonics into the model and
discusses the harmonic current/voltage spectrum and superposition principle.

3.1 Modelling of Harmonic Sources

3.1.1 Introduction

Simulations are used to analyse the impact of harmonics on the network. Simulations
use time-domain and frequency-domain methods. Time-domain methods involve under-
standing how a system behaves by using differential equations. By applying the Fourier
transformation, specific harmonic components can be identified and analyzed. While these
techniques offer precise models for nonlinear devices and their control algorithms, they
face challenges in calculating system impedance and modelling parameters that vary with
frequency.

In engineering practices, methods like frequency scans, harmonic penetration studies, and
harmonic load flows are commonly used in frequency-domain analysis to anticipate the an-
ticipated harmonic distortions in a network. Using frequency-domain analysis, engineers
can calculate distortions in harmonic current and voltage within a network and identify
resonances. This approach facilitates an evaluation of compliance with standards and, if
necessary, provides information on the specifications for designing filters. A frequency scan
involves calculating the impedance of a network at different frequencies to understand how
the power system responds to various frequencies and identify potential resonance condi-
tions. A harmonic penetration study involves analysing each harmonic order independently
using nodal analysis, assuming no interaction between fundamental and harmonic compo-
nents. In a harmonic load flow, a Newton-Raphson or Gauss-Seidel algorithm is employed
to solve unified power flow equations encompassing fundamental and harmonic aspects. It
is crucial to note that in real-world applications, the terms ’harmonic load flow’ and ’har-
monic penetration studies’ are sometimes used interchangeably, even though they can yield
distinct outcomes. Therefore, it is essential to comprehend the assumptions embedded in
the software and the solver being utilized.
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Frequency-domain analysis can be applied to both balanced and unbalanced systems. In
real-world power systems, phase imbalances are typically minimal due to asymmetries in
transmission systems. The loads and power sources often exhibit inherent imbalances.
Consequently, a balanced frequency-domain analysis is usually satisfactory. Nonetheless,
unbalanced harmonic analysis offers more accurate results for a more precise examination
of asymmetrical systems, especially regarding network configuration.

Aside from phase imbalances, the combination of harmonics originating from various
sources and the modelling of harmonic sources significantly influence the accuracy of the
results. When summing harmonics, two primary approaches are commonly employed: (1)
considering the magnitude and phase for each harmonic component individually, or (2)
using the summation rule outlined in the IEC 61000-3-6 standard (IEC TR 61000-3-6,
2008). A summation exponent is factored in in the second scenario to consider harmonic
phase angles at higher harmonic orders. Although the IEC summation rule is grounded
in practical considerations, it may lead to an imprecise evaluation of the harmonic level
at the Point of Common Coupling (PCC), which is the location where multiple loads or
sources connect to the system. This difference can arise because harmonic components may
add or cancel each other differently due to harmonic phase angle variations. With many
power converters in the system, it will likely have different phase angles varying within a
reasonable range. So, it would be more appropriate to conduct a harmonic analysis with
different harmonic phase angles that will help provide a more realistic assessment.

DigSILENT PowerFactory – is widely used for conducting power quality evaluations and
offers a range of features for performing harmonic analysis. These features include harmonic
source models, such as IEC source and Unbalance Phase Correct source, summation rules,
and solvers. When these options are not applied correctly to represent the equipment,
the outcomes can differ substantially, potentially resulting in inaccurate assessments of
harmonics [4].

3.1.2 Definition of Harmonic Injections and Harmonics Calculation Methods

Harmonic feeding can be achieved through one of three options when defining the spec-
trum via the Harmonic Sources type object: Balanced, Phase Correct; Unbalanced Phase
Correct, or IEC 61000. The method chosen for harmonics injection will determine how the
harmonic distortions are calculated.

Phase Correct Harmonic Sources

With the Balanced, phase-correct harmonic sources option, there is the capability to specify
the magnitudes and phases of harmonic injections at odd integer harmonic orders for both
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Alpha Exponent value Harmonic Order
1 h < 5

1.4 5 <= h <= 10
2 h > 5

Table 3.1: IEC 61000-3-6 Summation Exponents According to Harmonic Order

positive and negative sequences. This feature is applicable in both balanced and unbalanced
harmonic load flows. It enables an accurate representation of the common odd-order
harmonics found in power systems, excluding the inclusion of triplen harmonics.

Under the unbalanced, phase-correct harmonic sources option, there is flexibility to specify
the magnitudes and phases of harmonic injections at integer and non-integer harmonic
orders. If balanced harmonic flow is performed, harmonic injections in the zero sequence
are not considered, and harmonic injections at non-integer harmonics are considered only
in the positive sequence. While performing an unbalanced harmonic load flow, harmonic
injections in zero sequence and at non-integer harmonic orders are taken into the account.

IEC 61000 Harmonic Sources injection

The IEC 61000-3-6 standard explains about “second summation law,” which can be applied
to voltage as well as current, which is described mathematically as:

Uh = α

√√√√ N∑
m=0

|Um,h|α (3.1)

Under the IEC 61000-3-6 harmonic sources option, you must specify Ih/I % at integer
and non-integer orders. Where Uh is the resultant harmonic voltage magnitude for the
considered aggregation of N sources at order h, and α is the exponent as given in Table 3.1
[5].

As mentioned, the harmonic distortions are calculated based on the chosen harmonic source
injection method. In this thesis, the balanced phase correct harmonic source was selected
because the electrolyzers are in a balanced condition. Therefore, during the harmonic load
flow analysis in PowerFactory, the balanced harmonic load flow option was used, resulting
in balanced total harmonic distortions.

In PowerFactory, to configure a balanced phase correct harmonic source, the Type of har-
monic source must be set to Balanced, Phase Correct as illustrated in Figure 3.1. The
harmonic current spectrum should then be uploaded, ensuring the load functions as a bal-
anced harmonic injection within the system. After performing the harmonic load flow, the





3 Harmonics modelling 22

3.1.4 Superposition Principle

Harmonic current and harmonic voltages have different amplitudes and phase angles, and
because of the variability in both magnitude and phase angle, combining various sources of
harmonics may yield values lower than the arithmetic sum of their maximum amplitudes.
If the harmonic analysis only relies on the arithmetic sum as the total harmonic, it may
lead to unnecessary costs and mitigation efforts. Therefore, considering the diversity of
harmonic phase angles, it is essential to examine the cancellation effect. Estimating the
resulting summation accurately could pose a challenge.

Figure 3.2: Current waveform as the sum of fundamental frequency component and its
multiples [13].

This research focused on the summation or superposition effect on harmonic generation
within an electrolyzer farm. As depicted in Figure 3.2, waveform 1 represents the funda-
mental waveform, depicting an ideal condition. Conversely, waveform 2nd and 3rd illustrate
the 2nd and 3rd order harmonic waveform, respectively. Each waveform differs in both angle
and magnitude. Waveform 4, depicted as the resultant waveform, represents the combined
effect of the 1st, 2nd, and 3rd waveforms. Waveform four does not arise from simply adding
the other three waveforms together due to their differing phase angles. The calculation of
the resultant waveform is outlined in Equation 3.2 [20].

f(t) =
∞∑
h=1

(Ch sin(hω0t+ φh)) (3.2)

Where,
Ch = Magnitude of the hth order harmonics
φh = Phase angle of hth order harmonics
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of the unit because if the measurement is performed on the DC side, so the data
cannot be used. In PowerFactory, the DC component is not considered in harmonic
load flow. Also, taking the measurements from the AC side measurement will have
an effect on the converter as well as the electrolyzer. From that collected data,
current and voltage harmonics spectrum can be extract as required. The harmonic
current source can be modeled by uploading that current spectrum to PowerFactory.
Harmonic source modelling using this method was not feasible in this research as
there was no data to model the harmonic source.

2. Using the harmonics current spectrum from DIgSILENT library.
The DIgSILENT PowerFactory has built-in libraries that contain the current har-
monic spectrum for a 12-pulse bridge rectifier. So, while modelling an electrolyzer as
a harmonic current source, this 12-pulse bridge rectifier can be used. A few assump-
tions have to be considered, such as neglecting the effect of harmonic generation on
the electrolyzers. Also, the current spectrum is the same for all the electrolyzers as
there is just one current spectrum available in the library of PowerFactory, and it is
also important to have the same spectrum for all electrolyzers to compare the results.

Out of the mentioned possibilities, this thesis uses the second method to model electrolyzer
units where the general load acts as a current harmonic source for an electrolyzer. Upload-
ing the current spectrum of the 12-pulse bridge rectifier electrolyzer acts as a harmonic
current source in the model.

The harmonic current spectrum used in the model is shown in Table 4.1. This spectrum
has been taken from the PowerFactory library. The spectrum has the amplitude and phase
angle for 12n± 1 harmonic order.

4.3 Transformer and Harmonics

Transformers play a crucial role in power systems by adjusting voltage levels for efficient
transmission and utilization of electricity. Understanding their impact on harmonics re-
quires accurate modeling.

For instance, step-up transformers elevate voltage levels in power generation, which is es-
sential for transmitting power over long distances. In this model for wind turbine setup,
each turbine typically has its transformer, converting generated power from 400V to 20kV.
These turbines are organized into groups, with each group connected to a larger trans-
former, stepping up voltage from 20kV to 110kV for transmission to the Electrolyzer farm.
The layout of the whole wind farm is shown in Figure 4.8. The step-up transformer asso-
ciated with the generation side is shown in Figure 4.6.
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Harmonics Ih/I1 φh − hφ1 (degree)

f/fn = 5 0 180

f/fn = 7 0 0

f/fn = 11 9.0909 180

f/fn = 13 7.6923 0

f/fn = 17 0 180

f/fn = 19 0 0

f/fn = 23 4.3478 180

f/fn = 25 4 0

f/fn = 29 0 180

f/fn = 31 0 0

f/fn = 35 2.8571 180

f/fn = 37 2.7027 0

f/fn = 41 0 180

f/fn = 43 0 0

f/fn = 47 2.1277 180

f/fn = 49 2.0408 0

Table 4.1: 12 pulse bridge rectifier harmonic current spectrum [Ref.- PowerFactory]

Upon reaching the load side, voltage levels must be lowered for safe consumption. Initial
transformers step down voltage from 110kV to 20kV. Electrolyzers, which operate at 6kV,
require further voltage reduction. Hence, additional transformers step down the voltage
from 20kV to 6kV for connection to 6kV buses. The step-down transformers associated
with the load side are shown in Figure 4.7.

Specific technical data is essential to accurately model various transformers. DigSILENT
PowerFactory offers a range of transformer templates in its library, tailored to different
sizes and specifications. These templates are selected based on the characteristics and
ratings of the transformers being used in the system.

A practical method for mitigating harmonics is through a strategy called “phase shifting.”
This technique entails dividing the electrical supply into multiple outputs and adjusting
the phase of each output relative to the others by an appropriate angle. By doing so, the
aim is to displace the harmonic currents, aligning them in such a way that they undergo
a 180°phase shift and thus cancel each other out. This approach involves displacing the
harmonic components to achieve cancellation, reducing their impact on the system.

By adjusting the angular displacement
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farm are both 1000 meters. All transmission line types are selected based on their voltage
ratings using templates from the PowerFactory library. Length of all transmission lines are
shown in Figure 4.6 and Figure 4.7.

4.5 Simulation Scenarios

In the simulation, the green hydrogen plant has a generation capacity of 120 MW, while the
electrolyzer farm has a capacity of 80 MW. General loads are being used to represent the
electrolyzer as a current harmonic source, which injects current harmonics into the system.
Specifically, 1 MW and 5 MW of general loads are used to model the current harmonic
source for the electrolyzers. Four scenarios have been developed in PowerFactory, each with
different series and parallel connections of the electrolyzers. Scenarios 1 and 2 involve 1
MW of electrolyzers, while Scenarios 3 and 4 involve 5 MW of electrolyzers. A combination
of low-rated (1 MW) electrolyzers in large numbers and high-rated (5 MW) electrolyzers
in small numbers is possible. The generation capacity of the wind farm remains the same
across all scenarios, with excess electricity being fed back into the primary grid. These
scenarios aim to assess how the connections of the electrolyzers affect the generation of
harmonics and determine which combination produces the lowest harmonic values at the
point of standard coupling (PCC) and has low THD for harmonic currents. For example,
the layout of the green hydrogen plant is shown in Figure 4.8. The left side of the figure
shows the wind farm and the right side of the figure shows the electrolyzer farm. Figure 4.8
represents Scenario 3 of the model.

In all scenarios, there are various operational points due to fluctuations in electricity gen-
eration from renewable sources, and we often encounter situations where the electrolyzer
plant cannot run at total capacity due to this variability. Thus, we must sometimes operate
them at half load or adjust them based on the available power. Four scenarios have been
defined to study that effect. Each scenario includes operational points such as 25%, 50%,
and 75% loading. At each operational point, electrolyzers have several possible connec-
tions, such as operating a few at total capacity or all at half load or 75% loading. The aim
is to determine out of 65 operational points which operational point results in fewer har-
monics in the network or which combination is suitable to run electrolyzer farms when they
are not operating on full load. One important assumption is that one single electrolyzer
cannot operate under 50% loading. Electrolyzers operate either at 50% capacity or higher
or do not function at all. While performing the harmonic load flow on simulation, when
the Electrolyzer is out of service, it is disconnected from all the network infrastructure.
So, the other components of the electrolyzer, like the transformer and transmission line,
have no impact on harmonic emissions.
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Case 2A

The Second case for 25% loading will be to operate electrolyzers from one 110/20 kV
transformer on half loading and to put the other 110/20 kV transformer out of service.
This case will eliminate the network effect in harmonics calculation, which comes under
the second transformer. The loading distribution of the electrolyzers that are in working
condition is shown in Table A.1.

Case 3A

In this case, only 20 electrolyzers will be operating on full load, which makes the 20 MW
loading. Ten electrolyzers are selected from each 110/20 kV transformer. The layout of
this scenario is shown in Figure A.1.

Case 4A

Case 4 is like Case 3. Here, 20 electrolyzers are running on full load; the only difference
is that all electrolyzers are selected from one single 110/20 kV transformer, and the other
110/20 kV transformer is out of service. The loading distribution of the electrolyzers that
are in working condition is shown in Table A.1.

Case 5A

Case 5 is like Case 3 and 4, but 110/20 kV transformers are in service here, and four groups
with five electrolyzers in series are running at total capacity. The loading distribution of
the electrolyzers that are in working condition is shown in Table A.1.

Case 6A

In Case 6, are 30 electrolyzers turned on. Out of them, ten are running at total capacity,
and the rest, 20, are running at half of their capacity. So, in total, the operating capacity
of the plant will be 25%. The loading distribution of the electrolyzers that are in working
condition is shown in Table A.1.
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4.5.4 Scenario 1 at 50% loading

Case 1A

For 50% of electrolyzer loading, four possibilities have been developed. In case 1, from
all 80 electrolyzers running on half load, the total loading of the electrolyzer farm is 50%.
The loading distribution of the electrolyzers that are in working condition is shown in
Table A.5.

Case 2A

In Case 2 of 50% loading, 40 electrolyzers are running on 100% of their capacity and the
rest of them are out of service. The connection of this case is similar 25% loading case 2.
The layout of this scenario is shown in Figure A.5.

Case 3A

This case is like case 2 where 40 electrolyzers are running and rest 40 are not. The difference
is 20 electrolyzers from each 110/20 kV transformer are running. The loading distribution
of the electrolyzers that are in working condition are shown in Table A.5.

Case 4A

In Case 4 consists of 60 electrolyzers are running out of which 20 are running on their full
capacity and rest 40 are running on half of their capacity. In total the loading will be 40
MW. The loading distribution of the electrolyzers that are in working condition are shown
in Table A.5.

4.5.5 Scenario 1 at 75% loading

Case 1A

For 75% of loading of electrolyzer there are 4 cases have been developed. Case 1 will be
all the electrolyzer will be running on 75% of their capacity. Which means the connection
of the electrolyzer will be the same as in 50% loading Case 1. The loading distribution of
the electrolyzers that are in working condition are shown in Table A.7.
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Case 2A

For case 2 in 75% loading 60 electrolyzers are in running condition and they are running
on full load so the loading of electrolyzer farm will be 75%. The connection of electrolyzers
is like 50% case 4. The layout of this scenario is shown in Figure A.9.

Case 3A

This case is like case 2 where 60 electrolyzer are running on their full capacity but the
only difference is that each transformer will have same loading. 30 electrolyzer from each
transformer are connected to the grid. The loading distribution of the electrolyzers that
are in working condition are shown in Table A.7.

Case 4A

In this last case of 75% loading all the electrolyzer are running out of all 40 electrolyzer
are running on full load and the rest of them are running on half load. The connection
is similar to 75% loading case 1. The loading distribution of the electrolyzers that are in
working condition are shown in Table A.7.

4.5.6 Scenario 2

In Scenario 2, there are 80 electrolyzers with a total capacity of 80 MW same as in Scenario
1 the only difference here is the connection of electrolyzers. This setup is configured in
such a way that there are ten electrolyzers are connected in series. There is total 8 groups
of 10 electrolyzers connected in series, and these 8 groups are connected to each other in
parallel. The connection of these electrolyzers is shown in Figure 4.10. All the operational
points concerning Scenario 2 has referred as Case 1B to Case 6B.

4.5.7 Scenario 2 at 100% loading

In full load condition all the electrolyzers are running on 100% capacity. So all the network
infrastructure will be in the simulation study. The layout of this configuration is same as
shown in Figure 4.10.
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Case 2B

Case 2 is like Case 1 where half of the electrolyzers are working on half load. The only
difference is that in case 2 that the electrolyzers are turn on which are from one 110/20
kV transformer and the other 110/20 kV transformer is out if service with all the network
infrastructure. The loading distribution of the electrolyzers that are in working condition
are shown in Table A.1.

Case 3B

Case 3 where only 20 electrolyzer are in running condition. These 20 electrolyzers are
operating on full load. Total loading will be 20 MW. The other 60 electrolyzers are out
of service along with all networking infrastructure. In this case 10 electrolyzer from each
110/20 kV transformer are selected. The layout of this scenario is shown in Figure A.2.

Case 4B

Here 20 electrolyzers are working on full load. The only change here compared to Case 3
is that all the electrolyzers relate to one 110/20 kV transformer while other transformer is
out of service. The loading distribution of the electrolyzers that are in working condition
are shown in Table A.1.

Case 5B

In case 5 there are 20 electrolyzers are operating on full load. But the distribution of
the electrolyzers is in such a way that 10 electrolyzers are running from each 110/20 kV
transformer. The selection of the electrolyzers are different than the case 3. The loading
distribution of the electrolyzers that are in working condition are shown in Table A.1.

Case 6B

In last case of 25% total 30 electrolyzers are in the service. The load distribution of the
electrolyzers is in such a way that 10 electrolyzers operating in full capacity whereas the
other 20 electrolyzers are working on half load. The loading distribution of the electrolyzers
that are in working condition are shown in Table A.1.
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4.5.9 Scenario 2 at 50% loading

Case 1B

For 50% loading there are four cases. In case 1 all the electrolyzers are in running condi-
tion and all of them are operating on half load which will make plant capacity 40 MW.
The loading distribution of the electrolyzers that are in working condition are shown in
Table A.5.

Case 2B

In case 2 there are 40 electrolyzers are operating on full load. In this case all the elec-
trolyzers are working relate to the common transformer, whereas the other transformer is
disconnected. The layout of this scenario is shown in Figure A.6.

Case 3B

Case 3 is like case 2 where 40 electrolyzers are working as well. Bur the only difference
is here is the distributions of loading. Each transformer has related to 20 electrolyzers.
So THD will have effect of both transformer’s network. The loading distribution of the
electrolyzers that are in working condition are shown in Table A.5.

Case 4B

In last case of 50% loading 60 electrolyzers are loaded. However, the loading distribution is
different. Here 20 electrolyzers are working on full load, where as the rest 40 electrolyzers
are running on half load. The loading distribution of the electrolyzers that are in working
condition are shown in Table A.5.

4.5.10 Scenario 2 at 75% loading

Case 1B

For 75% of loading of electrolyzer there are 4 cases have been developed. Case 1 will be
all the electrolyzer will be running on 75% of their capacity. Which means the connection
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of the electrolyzer will be the same as in 50% loading case 1. The loading distribution of
the electrolyzers that are in working condition are shown in Table A.7.

Case 2B

For case 2 in 75% loading 60 electrolyzers are in running condition and they are running
on full load so the loading of electrolyzer farm will be 75%. The connection of electrolyzers
is similar to 50% loading case 4. The layout of this scenario is shown in Figure A.10.

Case 3B

This case is like case 2 where 60 electrolyzer are running on their full capacity but the
only difference is that each transformer will have same loading. 30 electrolyzer from each
transformer are connected to the grid. The loading distribution of the electrolyzers that
are in working condition are shown in Table A.7.

Case 4B

In this last case of 75% loading all the electrolyzer are running out of all 40 electrolyzer
are running on full load and the rest of them are running on half load. The connection is
like 75% loading case 1. The loading distribution of the electrolyzers that are in working
condition are shown in Table A.7

4.5.11 Scenario 3

In Scenario 3 there are 16 electrolyzers with the total capacity of 80 MW. This set up is
configured in such a way that there are two electrolyzers in series and there are total 8
groups of two electrolyzers in series and these eight groups are connected to each other in
parallel. There are total four 110/20 kV transformers. The connection of these electrolyzers
is shown in Figure 4.11. All the operational points concerning Scenario 3 has referred as
Case 1C to Case 6C.
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the service. The loading distribution of the electrolyzers that are in working condition are
shown in Table A.10.

Case 3C

This case has four electrolyzer in running condition. All four electrolyzers are running on
full load but all of them are from different branches. The layout of this scenario is shown
in Figure A.3.

Case 4C

Case 4 is like Case 3 where four electrolyzer are working and all of them are on full load.
But the only change here is that distribution of load is given to the only one 110/20 kV
transformer where the rest three transformer are out of service. The loading distribution
of the electrolyzers that are in working condition are shown in Table A.10.

Case 5C

Case 5 contains different loading condition for different electrolyzers. Here five electrolyzers
are in the service. Three of them have 4 MW of loading and the other two have 3.5 MW
and 4.5 MW of loading. The loading distribution of the electrolyzers that are in working
condition are shown in Table A.10.

Case 6C

This case has five electrolyzers in running condition and each of them has 4 MW of load. So,
the total loading of the plant will be 20 MW. The loading distribution of the electrolyzers
that are in working condition are shown in Table A.10.

4.5.14 Scenario 3 at 50% loading

Case 1C

For 50% loading there are five cases. In case 1 all the electrolyzers are in running condi-
tion and all of them are operating on half load which will make plant capacity 40 MW.
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The loading distribution of the electrolyzers that are in working condition are shown in
Table A.11.

Case 2C

In this case eight out of sixteen electrolyzers are in working conditions and they are running
on full capacity. The layout of this scenario is shown in Figure A.7.

Case 3C

Case 3 has the same loading condition as Case 4, the only change is distribution of loading.
Here only two of the four transformers have been loaded. Total eight electrolyzers are
running on full load condition. The loading distribution of the electrolyzers that are in
working condition are shown in Table A.11.

Case 4C

This case has ten electrolyzers are in running condition and each of them has the loading
of 4 MW. The loading distribution of the electrolyzers that are in working condition are
shown in Table A.11.

Case 5C

In case 5, thirteen electrolyzers are in the running condition. Out of them 12 electrolyzer
are running on 3 MW loading and the one electrolyzer is running on 4 MW of loading.
The loading distribution of the electrolyzers that are in working condition are shown in
Table A.11.

4.5.15 Scenario 3 at 75% loading

Case 1C

For 75% of loading of electrolyzer there are 5 cases have been developed. In Case 1 will
be all the electrolyzer will be running but the distribution of loading is different. Half of
the electrolyzers are running on full load and the rest of the half are running on half load.
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Here each branch of electrolyzer has total of load of 7.5 MW. The loading distribution of
the electrolyzers that are in working condition are shown in Table A.12.

Case 2C

Case 2 is like case 1 where half of electrolyzer on full load and other half of them are on
half load. The only difference is that two of four 110/20 kV has all electrolyzer runs on full
load and the other two transformer has all the electrolyzers runs on half load. The layout
of this scenario is shown in Figure A.11.

Case 3C

In this case 12 electrolyzers are operating and the rest 4 are out of service. The one which
are running they are on full load capacity making the total load of 60 MW. The loading
distribution of the electrolyzers that are in working condition are shown in Table A.12.

Case 4C

Case 4 has only one electrolyzer out of service. And the other 15 electrolyzers has the
loading of 4 MW each. The loading distribution of the electrolyzers that are in working
condition are shown in Table A.12.

Case 5C

Here all the electrolyzers are working the difference from case 1 and this is distribution of
loading. Here 10 electrolyzers has load of 3 MW each. Where the remaining 6 electrolyzers
are running on full capacity. The loading distribution of the electrolyzers that are in
working condition are shown in Table A.12.

4.5.16 Scenario 4

In scenario 4 there are 16 electrolyzers with total capacity of 80 MW same as in Scenario 3
the only difference here is the connection of these electrolyzers. Here all 16 electrolyzers are
in parallel with each other. The connection of these electrolyzers is shown in Figure 4.12.
All the operational points concerning Scenario 3 has referred as Case 1D to Case 6D.
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Case 3D

This case has four electrolyzer in running condition. All four electrolyzers are running on
full load but all of them are from different branches. The layout of this scenario is shown
in Figure A.4.

Case 4D

Case 4 is like Case 3 where four electrolyzer are working and all of them are on full load.
But the only change here is that distribution of load is given to the only one 110/20 kV
transformer where the other transformer is out of service. The loading distribution of the
electrolyzers that are in working condition are shown in Table A.10.

Case 5D

Case 5 contains different loading condition for different electrolyzers. Here five electrolyzers
are in the service. Three of them have 4 MW of loading and the other two have 3.5 MW
and 4.5 MW of loading. The loading distribution of the electrolyzers that are in working
condition are shown in Table A.10.

Case 6D

This case has five electrolyzers in running condition and each of them has 4 MW of load. So
the total loading of the plant will be 20MW. The loading distribution of the electrolyzers
that are in working condition are shown in Table A.10.

4.5.19 Scenario 4 at 50% loading

Case 1D

For 50% loading there are five cases. In case 1 all the electrolyzers are in running condi-
tion and all of them are operating on half load which will make plant capacity 40 MW.
The loading distribution of the electrolyzers that are in working condition are shown in
Table A.11.
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Case 2D

In this case eight out of sixteen electrolyzers are in working conditions and they are running
on full capacity. Here only one out of two 110/20 kV transformer is in service. The layout
of this scenario is shown in Figure A.8.

Case 3D

Case 3 has the same loading condition as Case 4, the only change is distribution of loading.
Here both transformers have been loaded. Total eight electrolyzers are running on full load
condition. The loading distribution of the electrolyzers that are in working condition are
shown in Table A.11.

Case 4D

This case has ten electrolyzers are in running condition and each of them has the loading
of 4 MW. The loading distribution of the electrolyzers that are in working condition are
shown in Table A.11.

Case 5D

In case 5 thirteen electrolyzers are in the running condition. Out of them 12 electrolyzer
are running on 3 MW loading and the one electrolyzer is running on 4 MW of loading.
The loading distribution of the electrolyzers that are in working condition are shown in
Table A.11.

4.5.20 Scenario 4 at 75% loading

Case 1D

For 75% of loading of electrolyzer there are 5 cases have been developed. In Case 1 will
be all the electrolyzer will be running but the distribution of loading is different. Half of
the electrolyzers are running on full load and the rest of the half are running on half load.
Here each branch of electrolyzer has total of load of 7.5 MW. The loading distribution of
the electrolyzers that are in working condition are shown in Table A.12.
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Case 2D

Case 2 is like case 1 where half of electrolyzer on full load and other half of them are on
half load. The only difference is that only one 110/20 kV has all electrolyzer runs on full
load and the other two transformer has all the electrolyzers runs on half load. The layout
of this scenario is shown in Figure A.12.

Case 3D

In this case 12 electrolyzers are operating and the rest 4 are out of service. The one which
are running they are on full load capacity making the total load of 60 MW. The loading
distribution of the electrolyzers that are in working condition are shown in Table A.12.

Case 4D

Case 4 has only one electrolyzer out of service. And the other 15 electrolyzers has the
loading of 4 MW each. The loading distribution of the electrolyzers that are in working
condition are shown in Table A.12.

Case 5D

Here all the electrolyzers are working the difference from case 1 and this is distribution of
loading. Here 10 electrolyzers has load of 3 MW each. Where the remaining 6 electrolyzers
are running on full capacity. The loading distribution of the electrolyzers that are in
working condition are shown in Table A.12.

Case 6D

In this last case all the electrolyzers are running on 3.75 MW and that makes the whole
plant capacity around 60 MW. The loading distribution of the electrolyzers that are in
working condition are shown in Table A.12.

A harmonic load flow analysis was conducted for all the mentioned operating points. The
total harmonic distortion of current (THD) values were recorded at the bus adjacent to
the electrolyzer farm and at the point of common coupling (PCC).
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5 Analysis and Results

This chapter presents an analysis of the results and validation of the model. Ideally, verifi-
cation of the model should be done by comparing the results with the actual measurements.
Due to the lack of real-time data from an electrolyzer plant, the validation of the model has
been completed by taking a different set of data for the harmonic current spectrum from
the PowerFactory Library. Specifically, a 6-pulse bridge rectifier spectrum is employed,
and the resulting data are compared to assess the robustness of the model.

In the primary simulation, 12 pulse bridge rectifier spectrum has been used, and results
have been recorded. The results for the 6-pulse bridge rectifier spectrum have also been
recorded. The results of the 12-pulse bridge rectifier will be discussed further. So after
performing the harmonic load flow on four simulation scenarios with 65 different operational
points, the current and voltage THDs values are shown in Table 5.1, Table 5.2, Table 5.3
and Table 5.5. In the table, Line 20 is the line between PCC and External Grid. And
Electoylzer Farm (ITHD) is the current THD at the line between electrolyzer farm and
PCC.

5.1 Results

The results show the current and voltage THD at different positions in the model. The
THD values for the electrolyzer farm and PCC were recorded after performing harmonic
load flow and compared for each operational point to find the operational point that emits
the fewest harmonics in the system.

5.1.1 Harmonic load flow results for 25 % loading

For the 25 % loading case, the operational points across all four scenarios were compared
and summarized in Table 5.1. In Scenario 1, among the six operational points, Case 3
exhibited the lowest current and voltage harmonics at the transmission line at the PCC.
Similarly, in Scenario 2, Case 3 showed the lowest current and voltage THDs at the PCC
for the 25 % loading condition. This trend persisted in Scenarios 3 and 4, where Case 3
consistently had the lowest current THD at the PCC. Overall, it was concluded that for the
25 % loading condition, Scenario 3 - Case 3 resulted in minimal harmonic emissions, with
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Scenarios Location Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

S1A (1 MW) PCC (VTHD) 5.74 5.74 2.86 2.88 2.88 4.13

Line 20 (ITHD) 13.42 13.4 6.78 6.8 6.81 9.76

Elect. Farm
(ITHD) 26.75 26.38 13.39 13.2 13.39 19.67

S2B (1 MW) PCC (VTHD) 5.8 5.8 2.3 2.9 5.8 4.1

Line 20 (ITHD) 13.21 13.21 5.31 6.72 14.6 9.53

Elect. Farm
(ITHD) 26.65 26.5 13.26 13.1 13.24 19.42

S3C (5 MW) PCC (VTHD) 3.8 3.8 1.9 1.9 2 1.9

Line 20 (ITHD) 5.21 5.21 2.69 2.69 2.97 2.9

Elect. Farm
(ITHD) 3.71 3.71 1.86 1.86 2.18 2.15

S4D (5 MW) PCC (VTHD) 3.8 3.8 1.9 1.9 2.4 2.4

Line 20 (ITHD) 10.23 10.21 5.28 5.27 6.47 6.49

Elect. Farm
(ITHD) 27.3 26.94 13.4 13.21 16.62 16.65

Table 5.1: Total Harmonic Distortion (THD) at 25% loading for different scenarios.

a current THD of 2.69 % and a voltage THD of 1.9 % at the PCC. So, an electrolyzer with
1 MW capacity optimal point for the connection of the plant in 25 % loading condition
according to the result is Scenario 2, Case 3 as shown in Figure A.2. According to the
results, an optimal connection for a 5 MW electrolyzer is Scenario 3, Case 3, as shown in
Figure A.3, which has the lowest harmonic emissions among all 25 % loading cases.

Upon examining the results, it is evident that cases with fewer harmonics occur when all
the electrolyzers are operating at full load. This situation results in the exclusion of other
electrolyzers and their network infrastructure from the simulation, thereby reducing the
impact on harmonics. In 25 % loading cases, Case 2, Case 3, and Case 4 have 20 elec-
trolyzers, each working on full load, so only the network infrastructure of 20 electrolyzers
will impact harmonics emissions. That is why they have less current and voltage THD at
PCC than in other cases.

The same situation was observed in Scenario 2, Scenario 3, and Scenario 4 for 25 % loading.
The Cases where all the electrolyzers work at full load have less THD than others. So,
it is concluded that while operating on 25 % loading to fulfill the demand, the required
electrolyzers should be operated on full load, and the other electrolyzers should be turned
off with their networks.
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5.1.2 Harmonic load flow results for 50% loading

For the 50% loading case, a total of 18 operational points across four scenarios were an-
alyzed and summarized in a Table 5.2. In Scenario 1, both Case 2 and Case 3 yielded
similar results, but Case 2 demonstrated slightly lower current THD compared to Case 3.
A similar pattern was observed in Scenario 2, where Case 2 again showed marginally lower
current and voltage THDs than Case 3. This trend continued in Scenarios 3 and 4, with
Case 2 consistently achieving the lowest current THD at the PCC. Overall, for the 50%
loading condition, Scenario 3 - Case 2 and Case 3 exhibited the lowest harmonic emissions,
with a current THD of 5.21% and a voltage THD of 3.8% at the PCC.

Scenarios Location Case 1 Case 2 Case 3 Case 4 Case 5

S1A (1 MW) PCC (VTHD) 11.4 5.73 5.73 6.56 N.A.

Line 20 (ITHD) 29.64 14.55 14.79 18.18 N.A.

Elect. Farm
(ITHD) 26.03 12.54 13.01 18.02 N.A.

S2B (1 MW) PCC (VTHD) 11.6 5.8 5.8 6.3 N.A.

Line 20 (ITHD) 29.07 14.3 14.6 17.36 N.A.

Elect. Farm
(ITHD) 26.49 12.62 13.24 18.01 N.A.

S3C (5 MW) PCC (VTHD) 7.6 3.8 3.8 4.5 5.9

Line 20 (ITHD) 10.33 5.21 5.21 6.24 8.2

Elect. Farm
(ITHD) 7.42 3.71 3.71 4.54 5.95

S4D (5 MW) PCC (VTHD) 7.6 3.8 3.8 4.1 6.1

Line 20 (ITHD) 22.53 11.07 11.26 12.96 18.07

Elect. Farm
(ITHD) 29.71 14.05 14.56 17.19 23.81

Table 5.2: Total Harmonic Distortion (THD) at 50% loading for different scenarios.

For 50% loading results follows similar trend as 25% loading cases. In case 2 and case 3 40
electrolyzers have been working on full load where the other 40 have been out of the service
with their entire infrastructure. So only the network infrastructure of 40 electrolyzer will
have impact on harmonic emissions. In case 1, all the electrolyzers have been turned on
half load, and that means all the networks have been considered in harmonic load flow,
and that is why it has more THD compared to case 2 and case 3.
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5.1.3 Harmonic load flow results for 75% loading

For the 75% loading case, a total of 19 operational points across four scenarios were evalu-
ated through harmonic load flow analysis, and the results were summarized in a Table 5.3.
In Scenario 1, Case 2 exhibited the lowest current and voltage THD among the four op-
erational points. Similarly, in Scenario 2, Case 2 showed the lowest current and voltage
THDs. This trend persisted in Scenarios 3 and 4, where Case 2 consistently had the lowest
THDs compared to other operational points. Although Scenario 3 - Case 2 had the lowest
harmonic emissions with a current THD of 8.09%, its voltage THD was not the lowest
among all operational points. Nevertheless, Case 2 of Scenario 3 was selected based on the
criterion of having the lowest current THD.

The results in Table 5.3 indicate that for 75% loading cases also it is advised to operate the
required amount of electrolyzer on full load to full fill the demand. because while operating
all electrolyzers on partial load it has more harmonics in the system than the other. Case 2
and Case 3 has all the electrolyzers are on full load condition and they have less harmonics
emmissions compare to the other cases.

Scenarios Location Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

S1 (1A MW) PCC (VTHD) 11.4 7.35 8.57 6.93 N.A. N.A.

Line 20 (ITHD) 29.61 19.55 22.06 20.83 N.A. N.A.

Elect. Farm
(ITHD) 17.08 12.07 12.72 14.97 N.A. N.A.

S2B (1 MW) PCC (VTHD) 11.6 7.3 8.7 6.9 N.A. N.A.

Line 20 (ITHD) 29.08 18.98 21.67 20.29 N.A. N.A.

Elect. Farm
(ITHD) 17.29 12.16 12.86 15.26 N.A. N.A.

S3C (5 MW) PCC (VTHD) 7.6 4.8 5.7 6.9 6.2 N.A.

Line 20 (ITHD) 10.33 8.10 7.77 9.48 9.2 N.A.

Elect. Farm
(ITHD) 7.42 6.57 5.57 6.88 6.99 N.A.

S4D (5 MW) PCC (VTHD) 7.1 4.7 4.9 7.1 6.4 7.6

Line 20 (ITHD) 21.69 17.39 15.23 21.06 20.3 22.59

Elect. Farm
(ITHD) 17.08 15.25 12.27 16.32 16.49 17.49

Table 5.3: Total Harmonic Distortion (THD) at 75% loading for different scenarios.

5.1.4 Harmonics load flow results for 100% loading

When operating the electrolyzer farm at full load, all electrolyzers must run at their full
capacity. Harmonic load flow analysis was conducted for all four scenarios at 100% loading.
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The results were measured and summarized in Table 5.4. Among the all four scenarios,
Scenario 3 exhibited the lowest current THD at the PCC. However, Scenarios 3 and 4 had
similar voltage THD values at the PCC.

When operating the electrolyzer farm in 100% all the network infrastructure in the sim-
ulation so only the effect of superposition principle have impact on harmonic emissions.
However, high rated electrolyzers will also have less cables because the number of units
of electrolyzers in high rated electrolyzer will be less compare to low rated electrolyzers
and that will results in less network infrastructure. That will results in less harmonics at
PCC.

Location S1A (1 MW) S2B (1 MW) S3C (5 MW) S4D (5 MW)

PCC (VTHD) 11.4 11.6 7.6 7.6

Line 20 (ITHD) 26.07 25.84 10.33 20.08

Elect. Farm
(ITHD) 12.35 12.61 7.42 12.72

Table 5.4: Total Harmonic Distortion (THD) for different scenarios for 100% loading.

5.2 Validation of the model

Scenarios Location Case 1 Case 2 Case 3 Case 4 Case 5

S1A (1 MW) PCC (VTHD) 12.41 6.24 6.24 7.28 N.A.

Line 20 (ITHD) 43.88 21.56 21.91 29.59 N.A.

Elect. Farm
(ITHD) 55.14 26.56 27.57 40.21 N.A.

S2B (1 MW) PCC (VTHD) 12.8 6.4 6.4 7.2 N.A.

Line 20 (ITHD) 43.37 21.34 21.8 28.87 N.A.

Elect. Farm
(ITHD) 56.11 26.73 28.05 39.97 N.A.

S3C (5 MW) PCC (VTHD) 12.8 6.4 6.4 7.4 9.9

Line 20 (ITHD) 19.43 9.77 9.77 11.83 15.52

Elect. Farm
(ITHD) 15.72 7.86 7.86 9.73 12.7

S4D (5 MW) PCC (VTHD) 12.7 6.4 6.8 6.6 10.1

Line 20 (ITHD) 42.34 20.77 24.78 19.83 34.05

Elect. Farm
(ITHD) 57.04 26.97 34.14 24.69 45.95

Table 5.5: Total Harmonic Distortion (THD) at 50% loading for different scenarios (6 pulse
bride rectifier)
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The results presented in the previous section were based on the current spectrum of a
12-pulse bridge rectifier. Different data sets were utilized to test the robustness of the
model. Specifically, the harmonic current spectrum for a 6-pulse bridge rectifier, available
in PowerFactory, was used. Harmonic load flow analysis was then performed on one of the
cases using this spectrum, and the results were measured and summarized in Table 5.5.

To validate the model, only 50% loading case was analyzed, and harmonic load flow was
performed, with the results summarized in a table. In Scenario 1 and Scenario 2, Case 2
exhibited the lowest current and voltage THD, similar to the results when using the 12-
pulse bridge rectifier spectrum. However, the THD percentages differed due to the different
data sets. A similar pattern was observed in Scenarios 3 and 4, where Case 2 had the lowest
THDs compared to other cases. Among all 18 operational points, Scenario 3, Case 2, and
Case 3 showed the lowest current and voltage THD at the PCC. These consistent results
across different data sets confirm the robustness and reliability of the model.

5.2.1 Discussion

During the harmonic load flow analysis of the model, the generation capacity of the wind
farm was kept constant. This approach was taken to eliminate any influence from the wind
turbines on harmonic generation, ensuring that the results solely reflect the impact of the
green hydrogen plant on harmonic emissions. Varying the output of the wind farm could
also have effects on harmonic distortions at PCC but that is not part of this research.
While distributing the load, the electrolyzer must run a minimum 50 % load to simplify
the distribution.

The last objective of the thesis for the compliance of harmonics generation of the plant
according to the relevant grid standard could not be fulfilled because the current spectrum
which was used in modeling the electrolyzer as the harmonic source was taken from the
PowerFactory library with some assumptions like neglecting the electrolyzer behavior on
harmonic generation. Suppose the current spectrum was taken from the real-time mea-
surement and represents the harmonics emissions of the real-life electrolyzer. In that case,
it can be compared with the relevant grid standard.
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6 Conclusion and Outlook

6.1 Conclusion

This investigation takes a novel approach to minimize the harmonic current emissions of
electrolyzer plants. It focuses on the optimal design and layout of the electrolyzer units
and their grid components under various operating conditions related to their loading
capacity. Harmonics, a significant challenge in power systems, particularly in renewable
energy setups, can adversely affect system efficiency and stability. By modeling the green
hydrogen plant and its harmonic-generating components in DigSILENT PowerFactory, and
performing simulations using the Harmonic Load Flow tool, the research aims to identify
configurations that minimize harmonic disturbances.

In this study, the rectifiers of the electrolyzer units were modeled as balanced harmonic
current sources, providing current emissions with specific magnitudes and phase angles for
the fundamental frequency and each harmonic order. The simulations calculated harmonic
voltages and currents at various busbars and cables, considering the harmonic impedances
at these points. Four main scenarios were developed regarding the electrolyzer units and
the plant’s internal grid configuration, with a more extensive range of operational cases
elaborating on the electrical limits of available electrolyzers.

This thesis has investigated the impact of electrolyzer configurations on harmonic emissions
within an electrical system. Specifically, a 12-pulse bridge rectifier spectrum was utilized
to model electrolyzers as harmonic sources. Harmonic load flow analyses were conducted
across 65 operational points, comprehensively understanding harmonic behavior under
various loading conditions.

The findings indicate that high-rated electrolyzers deployed in smaller quantities generate
fewer harmonic emissions compared to an equivalent capacity of low-rated electrolyzers de-
ployed in more significant numbers. This discrepancy is attributed to the reduced network
infrastructure, such as cables, required to operate fewer high-rated units. Consequently,
the streamlined infrastructure associated with high-rated electrolyzers reduces harmonic
disturbances in the electrical system.

Furthermore, the operational strategy of the electrolyzer plant significantly influences har-
monic emissions, particularly under partial loading conditions. When the plant operates
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at 25 %, 50 %, or 75 % capacity, the configuration yielding the lowest harmonic emis-
sions is one where the demand is met by fully loading the necessary electrolyzers while
the others remain inactive. In contrast, distributing the load across multiple electrolyzers
operating at partial capacity leads to higher harmonic emissions. This is likely due to the
sub-optimal efficiency and increased harmonic generation characteristic of partially loaded
electrolyzers.

In summary, the study concludes that to minimize harmonic emissions in an electrolyzer
plant, employing a smaller number of high-rated electrolyzers and operating them at total
capacity when meeting partial load demands is advantageous. This operational approach
reduces the complexity and extent of the network infrastructure and mitigates the ad-
verse effects of harmonic emissions, enhancing the overall stability and performance of
the electrical system. These insights are crucial for the design and operational planning
of electrolyzer plants, particularly in applications aimed at integrating renewable energy
sources and promoting sustainable energy solutions.

6.2 Outlook

After successfully performing harmonic load flow analysis on 65 operational points across
four different scenarios, there are numerous additional aspects to explore with the model
to assess their impact on the harmonic emissions of the green hydrogen plant. Previously,
only changes on the load side were considered. However, modifications on the generation
side, such as varying the generating power, could also affect the plant’s harmonic emissions.
Additionally, transmission lines influence harmonics, so altering their lengths might impact
harmonic levels. Furthermore, the model includes multiple transformers; changing their
sizes or modifying the vector group of the transformers could potentially compensate for
harmonic distortions.

Further research topics seem reasonable by:

• Modification in the rectifier typologies and type used in the electrolyzer units.

• Implementing measured current harmonic spectra of natural electrolyzer plants.

• Improving the electrolyzer model by adding its auxiliary equipment (BoP).

• Utilization of a dynamic instead of a static electrolyzer model.
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A Attachments xi

A Attachments

A.1 Scenario Possibilities

As discussed in Chapter 4, a total of four scenarios were developed using 1 MW and 5
MW electrolyzers. By varying the loading capacities of these electrolyzers, 65 different
operational points were defined. These operational points represent various combinations
of loading possibilities for the electrolyzers, which are detailed in the following tables
from Table A.1 to Table A.12. While designing these operational points, two assumptions
were made: first, electrolyzers cannot operate below 50% loading capacity; second, when
an electrolyzer is out of service (indicated as 0 in the table), it means that not only
the electrolyzer but also all associated network infrastructure, such as transformers and
transmission lines, are out of service from the simulation. This ensures that the effects of
these networks on harmonic emissions are not considered during the harmonic load flow
analysis.

A.2 Figures

Figure A.1 to Figure A.12 are the figures of the operational points in each scenario shown,
which have fewer harmonics in the system compared to another operational point. In all
the figures, the part of the load in the simulation is seen as dark shade, and the part that
is not, part of the simulation is shown as light shade.



A Attachments xii

Electr.
no.

Full
load

(MW)

Case
1A &
1B

(MW)

Case
2A &
2B

(MW)

Case
3A &
3B

(MW)

Case
4A &
4B

(MW)

Case
5A &
5B

(MW)

Case
6A &
6B

(MW)

1 1 0.5 0.5 1 1 1 1

2 1 0 0.5 0 1 1 1

3 1 0.5 0.5 0 1 1 1

4 1 0 0.5 0 1 1 1

5 1 0.5 0.5 1 1 1 1

6 1 0 0.5 0 1 1 1

7 1 0.5 0.5 0 1 1 1

8 1 0 0.5 0 1 1 1

9 1 0.5 0.5 1 1 1 1

10 1 0 0.5 0 1 1 1

11 1 0.5 0.5 0 1 0 0.5

12 1 0 0.5 0 1 0 0.5

13 1 0.5 0.5 1 1 0 0.5

14 1 0 0.5 0 1 0 0.5

15 1 0.5 0.5 0 1 0 0.5

16 1 0 0.5 0 1 0 0.5

17 1 0.5 0.5 1 1 0 0.5

18 1 0 0.5 0 1 0 0.5

19 1 0.5 0.5 0 1 0 0.5

20 1 0 0.5 0 1 0 0.5

21 1 0.5 0.5 1 0 1 0.5

22 1 0 0.5 0 0 1 0.5

23 1 0.5 0.5 0 0 1 0.5

24 1 0 0.5 0 0 1 0.5

25 1 0.5 0.5 1 0 1 0.5

26 1 0 0.5 0 0 1 0.5

27 1 0.5 0.5 0 0 1 0.5

28 1 0 0.5 0 0 1 0.5

29 1 0.5 0.5 1 0 1 0.5

30 1 0 0.5 0 0 1 0.5

Table A.1: Scenario 1 & 2 25% load distribution across electrical units (Cases A and B)
(Part 1)
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Electr.
no.

Full
load

(MW)

Case
1A &
1B

(MW)

Case
2A &
2B

(MW)

Case
3A &
3B

(MW)

Case
4A &
4B

(MW)

Case
5A &
5B

(MW)

Case
6A &
6B

(MW)

31 1 0.5 0.5 0 0 0 0

32 1 0 0.5 0 0 0 0

33 1 0.5 0.5 1 0 0 0

34 1 0 0.5 0 0 0 0

35 1 0.5 0.5 0 0 0 0

36 1 0 0.5 0 0 0 0

37 1 0.5 0.5 1 0 0 0

38 1 0 0.5 0 0 0 0

39 1 0.5 0.5 0 0 0 0

40 1 0 0.5 0 0 0 0

41 1 0.5 0 1 0 0 0

42 1 0 0 0 0 0 0

43 1 0.5 0 0 0 0 0

44 1 0 0 0 0 0 0

45 1 0.5 0 1 0 0 0

46 1 0 0 0 0 0 0

47 1 0.5 0 0 0 0 0

48 1 0 0 0 0 0 0

49 1 0.5 0 1 0 0 0

50 1 0 0 0 0 0 0

51 1 0.5 0 0 0 0 0

52 1 0 0 0 0 0 0

53 1 0.5 0 1 0 0 0

54 1 0 0 0 0 0 0

55 1 0.5 0 0 0 0 0

56 1 0 0 0 0 0 0

57 1 0.5 0 1 0 0 0

58 1 0 0 0 0 0 0

59 1 0.5 0 0 0 0 0

60 1 0 0 0 0 0 0

Table A.2: Scenario 1 & 2 25% load distribution across electrical units (Cases A and B)
(Part 2)
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Electr.
no.

Full
load

(MW)

Case
1A &
1B

(MW)

Case
2A &
2B

(MW)

Case
3A &
3B

(MW)

Case
4A &
4B

(MW)

Case
5A &
5B

(MW)

Case
6A &
6B

(MW)

61 1 0.5 0 1 0 0 0

62 1 0 0 0 0 0 0

63 1 0.5 0 0 0 0 0

64 1 0 0 0 0 0 0

65 1 0.5 0 1 0 0 0

66 1 0 0 0 0 0 0

67 1 0.5 0 0 0 0 0

68 1 0 0 0 0 0 0

69 1 0.5 0 1 0 0 0

70 1 0 0 0 0 0 0

71 1 0.5 0 0 0 0 0

72 1 0 0 0 0 0 0

73 1 0.5 0 1 0 0 0

74 1 0 0 0 0 0 0

75 1 0.5 0 0 0 0 0

76 1 0 0 0 0 0 0

77 1 0.5 0 1 0 0 0

78 1 0 0 0 0 0 0

79 1 0.5 0 0 0 0 0

80 1 0 0 0 0 0 0

Table A.3: Scenario 1 & 2 25% load distribution across electrical units (Cases A and B)
(Part 3)
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Electr.
no.

Full
load

(MW)

Case
1A &
1B

(MW)

Case
2A &
2B

(MW)

Case
3A &
3B

(MW)

Case
4A &
4B

(MW)

1 1 0.5 1 1 1

2 1 0.5 1 0 1

3 1 0.5 1 1 1

4 1 0.5 1 0 1

5 1 0.5 1 1 1

6 1 0.5 1 0 1

7 1 0.5 1 1 1

8 1 0.5 1 0 1

9 1 0.5 1 1 1

10 1 0.5 1 0 1

11 1 0.5 1 1 1

12 1 0.5 1 0 1

13 1 0.5 1 1 1

14 1 0.5 1 0 1

15 1 0.5 1 1 1

16 1 0.5 1 0 1

17 1 0.5 1 1 1

18 1 0.5 1 0 1

19 1 0.5 1 1 1

20 1 0.5 1 0 1

21 1 0.5 1 1 0.5

22 1 0.5 1 0 0.5

23 1 0.5 1 1 0.5

24 1 0.5 1 0 0.5

25 1 0.5 1 1 0.5

26 1 0.5 1 0 0.5

27 1 0.5 1 1 0.5

28 1 0.5 1 0 0.5

29 1 0.5 1 1 0.5

30 1 0.5 1 0 0.5

Table A.4: Scenario 1 & 2 50% load distribution across electrical units (Cases A and B)
(Part 1)
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Electr.
no.

Full
load

(MW)

Case
1A &
1B

(MW)

Case
2A &
2B

(MW)

Case
3A &
3B

(MW)

Case
4A &
4B

(MW)

31 1 0.5 1 1 0.5

32 1 0.5 1 0 0.5

33 1 0.5 1 1 0.5

34 1 0.5 1 0 0.5

35 1 0.5 1 1 0.5

36 1 0.5 1 0 0.5

37 1 0.5 1 1 0.5

38 1 0.5 1 0 0.5

39 1 0.5 1 1 0.5

40 1 0.5 1 0 0.5

41 1 0.5 0 1 0.5

42 1 0.5 0 0 0.5

43 1 0.5 0 1 0.5

44 1 0.5 0 0 0.5

45 1 0.5 0 1 0.5

46 1 0.5 0 0 0.5

47 1 0.5 0 1 0.5

48 1 0.5 0 0 0.5

49 1 0.5 0 1 0.5

50 1 0.5 0 0 0.5

51 1 0.5 0 1 0.5

52 1 0.5 0 0 0.5

53 1 0.5 0 1 0.5

54 1 0.5 0 0 0.5

55 1 0.5 0 1 0.5

56 1 0.5 0 0 0.5

57 1 0.5 0 1 0.5

58 1 0.5 0 0 0.5

59 1 0.5 0 1 0.5

60 1 0.5 0 0 0.5

Table A.5: Scenario 1 & 2 50% load distribution across electrical units (Cases A and B)
(Part 2)
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Electr.
no.

Full
load

(MW)

Case
1A &
1B

(MW)

Case
2A &
2B

(MW)

Case
3A &
3B

(MW)

Case
4A &
4B

(MW)

61 1 0.5 0 1 0

62 1 0.5 0 0 0

63 1 0.5 0 1 0

64 1 0.5 0 0 0

65 1 0.5 0 1 0

66 1 0.5 0 0 0

67 1 0.5 0 1 0

68 1 0.5 0 0 0

69 1 0.5 0 1 0

70 1 0.5 0 0 0

71 1 0.5 0 1 0

72 1 0.5 0 0 0

73 1 0.5 0 1 0

74 1 0.5 0 0 0

75 1 0.5 0 1 0

76 1 0.5 0 0 0

77 1 0.5 0 1 0

78 1 0.5 0 0 0

79 1 0.5 0 1 0

80 1 0.5 0 0 0

Table A.6: Scenario 1 & 2 50% load distribution across electrical units (Cases A and B)
(Part 2)
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Electr.
no.

Full
load

(MW)

Case
1A &
1B

(MW)

Case
2A &
2B

(MW)

Case
3A &
3B

(MW)

Case
4A &
4B

(MW)

1 1 0.75 1 1 1

2 1 0.75 1 1 1

3 1 0.75 1 1 1

4 1 0.75 1 1 1

5 1 0.75 1 1 1

6 1 0.75 1 1 1

7 1 0.75 1 1 1

8 1 0.75 1 1 1

9 1 0.75 1 1 1

10 1 0.75 1 1 1

11 1 0.75 1 1 1

12 1 0.75 1 1 1

13 1 0.75 1 1 1

14 1 0.75 1 1 1

15 1 0.75 1 1 1

16 1 0.75 1 1 1

17 1 0.75 1 1 1

18 1 0.75 1 1 1

19 1 0.75 1 1 1

20 1 0.75 1 1 1

21 1 0.75 1 1 1

22 1 0.75 1 1 1

23 1 0.75 1 1 1

24 1 0.75 1 1 1

25 1 0.75 1 1 1

26 1 0.75 1 1 1

27 1 0.75 1 1 1

28 1 0.75 1 1 1

29 1 0.75 1 1 1

30 1 0.75 1 1 1

Table A.7: Scenario 1 & 2 75% load distribution across electrical units (Cases A and B)
(Part 1)
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Electr.
no.

Full
load

(MW)

Case
1A &
1B

(MW)

Case
2A &
2B

(MW)

Case
3A &
3B

(MW)

Case
4A &
4B

(MW)

31 1 0.75 1 0 1

32 1 0.75 1 0 1

33 1 0.75 1 0 1

34 1 0.75 1 0 1

35 1 0.75 1 0 1

36 1 0.75 1 0 1

37 1 0.75 1 0 1

38 1 0.75 1 0 1

39 1 0.75 1 0 1

40 1 0.75 1 0 1

41 1 0.75 1 1 0.5

42 1 0.75 1 1 0.5

43 1 0.75 1 1 0.5

44 1 0.75 1 1 0.5

45 1 0.75 1 1 0.5

46 1 0.75 1 1 0.5

47 1 0.75 1 1 0.5

48 1 0.75 1 1 0.5

49 1 0.75 1 1 0.5

50 1 0.75 1 1 0.5

51 1 0.75 1 1 0.5

52 1 0.75 1 1 0.5

53 1 0.75 1 1 0.5

54 1 0.75 1 1 0.5

55 1 0.75 1 1 0.5

56 1 0.75 1 1 0.5

57 1 0.75 1 1 0.5

58 1 0.75 1 1 0.5

59 1 0.75 1 1 0.5

60 1 0.75 1 1 0.5

Table A.8: Scenario 1 & 2 75% load distribution across electrical units (Cases A and B)
(Part 3)
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Electr.
no.

Full
load

(MW)

Case
1A &
1B

(MW)

Case
2A &
2B

(MW)

Case
3A &
3B

(MW)

Case
4A &
4B

(MW)

61 1 0.75 0 1 0.5

62 1 0.75 0 1 0.5

63 1 0.75 0 1 0.5

64 1 0.75 0 1 0.5

65 1 0.75 0 1 0.5

66 1 0.75 0 1 0.5

67 1 0.75 0 1 0.5

68 1 0.75 0 1 0.5

69 1 0.75 0 1 0.5

70 1 0.75 0 1 0.5

71 1 0.75 0 0 0.5

72 1 0.75 0 0 0.5

73 1 0.75 0 0 0.5

74 1 0.75 0 0 0.5

75 1 0.75 0 0 0.5

76 1 0.75 0 0 0.5

77 1 0.75 0 0 0.5

78 1 0.75 0 0 0.5

79 1 0.75 0 0 0.5

80 1 0.75 0 0 0.5

Table A.9: Scenario 1 & 2 75% load distribution across electrical units (Cases A and B)
(Part 3)
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Electr.
no.

Full
load

(MW)

Case 1C
& 1D
(MW)

Case 2C
& 2D
(MW)

Case 3C
& 3D
(MW)

Case 4C
& 4D
(MW)

Case 5C
& 5D
(MW)

Case 6C
& 6D
(MW)

1 5 2.5 2.5 5 5 3.5 4

2 5 0 2.5 0 5 4 4

3 5 2.5 2.5 0 5 4 4

4 5 0 2.5 0 5 4 4

5 5 2.5 2.5 5 0 4.5 4

6 5 0 2.5 0 0 0 0

7 5 2.5 2.5 0 0 0 0

8 5 0 2.5 0 0 0 0

9 5 2.5 0 5 0 0 0

10 5 0 0 0 0 0 0

11 5 2.5 0 0 0 0 0

12 5 0 0 0 0 0 0

13 5 2.5 0 0 0 0 0

14 5 0 0 5 0 0 0

15 5 2.5 0 0 0 0 0

16 5 0 0 0 0 0 0

Table A.10: Scenario 3 & 4 25% load distribution across electrical units (Cases C and D)
(Part 1)
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Electr.
no.

Full
load

(MW)

Case 1C
& 1D
(MW)

Case 2C
& 2D
(MW)

Case 3C
& 3D
(MW)

Case 4C
& 4D
(MW)

Case 5C
& 5D
(MW)

1 5 2.5 5 5 4 3

2 5 2.5 0 5 4 3

3 5 2.5 5 5 4 3

4 5 2.5 0 5 4 3

5 5 2.5 5 5 4 3

6 5 2.5 0 5 4 3

7 5 2.5 5 5 4 3

8 5 2.5 0 5 4 3

9 5 2.5 5 0 4 3

10 5 2.5 0 0 4 3

11 5 2.5 5 0 0 3

12 5 2.5 0 0 0 3

13 5 2.5 5 0 0 4

14 5 2.5 0 0 0 0

15 5 2.5 5 0 0 0

16 5 2.5 0 0 0 0

Table A.11: Scenario 3 & 4 50% load distribution across electrical units (Cases C and D)
(Part 2)
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Electr.
no.

Full
load

(MW)

Case 1C
& 1D
(MW)

Case 2C
& 2D
(MW)

Case 3C
& 3D
(MW)

Case 4C
& 4D
(MW)

Case 5C
& 5D
(MW)

Case 6C
& 6D
(MW)

1 5 5 5 5 4 3 3.75

2 5 2.5 5 5 4 3 3.75

3 5 5 5 5 4 3 3.75

4 5 2.5 5 5 4 3 3.75

5 5 5 5 5 4 3 3.75

6 5 2.5 5 5 4 3 3.75

7 5 5 5 5 4 3 3.75

8 5 2.5 5 5 4 3 3.75

9 5 5 2.5 5 4 3 3.75

10 5 2.5 2.5 5 4 3 3.75

11 5 5 2.5 5 4 5 3.75

12 5 2.5 2.5 5 4 5 3.75

13 5 5 2.5 0 4 5 3.75

14 5 2.5 2.5 0 4 5 3.75

15 5 5 2.5 0 4 5 3.75

16 5 2.5 2.5 0 0 5 3.75

Table A.12: Scenario 3 & 4 75% load distribution across electrical units (Cases C and D)
(Part 3)
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Figure A.1: Case 3 for Scenario 1 at 25% loading
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Figure A.2: Case 3 for Scenario 2 at 25% loading
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Figure A.3: Case 3 for Scenario 3 at 25% loading

Figure A.4: Case 3 for Scenario 4 at 25% loading
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Figure A.5: Case 2 for Scenario 1 at 50% loading
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Figure A.6: Case 2 for Scenario 2 at 50% loading

Figure A.7: Case 2 for Scenario 3 at 50% loading
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Figure A.8: Case 2 for Scenario 4 at 50% loading

Figure A.9: Case 2 for Scenario 1 at 75% loading
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Figure A.10: Case 2 for Scenario 2 at 75% loading

Figure A.11: Case 2 for Scenario 3 at 75% loading
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Figure A.12: Case 2 for Scenario 4 at 75% loading
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