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Summary

This master thesis covers the studies of the design and operation of a Hybrid Power Plant that consists
of wind power generation and green hydrogen production. The focus is on the interaction between the
two technologies and how the introduction of Electrolyzers can benefit the overall operation of a Wind
Power Plant.

The political goals are to reduce carbon dioxide emissions across several sectors. Therefore, the interest in
Power to X technologies is growing. This technology utilizes renewable energy production in decarbonizing
other sectors, such as the road transportation sector, which accounts for a large part of the CO2 emissions.
One of the most promising methods is to exploit Electrolyzers that enable conversion from renewable
electricity to green hydrogen, which can be used for creating other mediums such as Ammonia and
Methanol. Across Europe, many countries commit to incorporating Power2Hydrogen in their energy
mix. Therefore, many projects, which investigate the use of renewable energy to produce green hydrogen,
are being supported. Some projects are even investigating the usage of Electrolyzers in the power system
stability reserves.

However, the main focus has been on the technological aspects of the Electrolyzer, and not on the
interaction between the systems and their operational strategies. Moreover, the current Electrolyzer
modules will need to be connected in clusters to obtain the desired capacity. Therefore, it is crucial to
investigate the design of Electrolyzer Plants and how the operational control of such Hybrid Power Plants
can be utilized in the current power systems. In this project, the system in scope is an already operating
WPP consisting of eight 3.6MW turbines, where it is proposed to install 6 MW of Electrolyzer Capacity.

The initial parts of the studies focus on the Design of the Electrolyzer Plant Layout and how to obtain
a desirable setup considering the physical footprint and the power losses. The Electrolyzer Plant is
configured based on the plant voltage level and voltage type and is evaluated in power loss studies. As a
result of this ascertained that an adequate layout configuration depends on the plant application and the
specified system requirements. The two main consideration parameters are the geographical location and
the acceptable system losses. Moreover, it showed that the main contributor to the losses is converters
and transformers. The selected layout for this study is a DC configuration with a system voltage of 6kV.

As a feasible Electrolyzer Plant Layout is obtained, a representative model of the Hybrid AC & DC Power
System was developed to determine the electrical quantities and power flow in all nodes and cables within
the Plant. In this way, the Hybrid Power Plant could be monitored when the production and consumption
of the WTGs and Electrolyzers change, respectively. The power flow changes due to frequent wind
fluctuations and Power-Demands from TSO/DSO. Following the changes in power flow, several operation
strategies are developed to account for different scenarios and schemes. The balancing of plant strategy
is utilized either by a Wind Power Plant Following operation or a Wind Power Curtailment operation.
The operational strategies are based on how the production of green hydrogen or power injection to the
utility grid should be prioritized. Lastly, the system is required to have the capability to participate
with ancillary services in the form of FCR Operations, where this strategy is developed by using the
Electrolyzer Plant as a demand response.



WPS10 Master Thesis Report May 28, 2022

The Hybrid Power Plant is tested through realistic scenarios to show the benefit of different operational
strategies and outline the advantages of incorporating green hydrogen production in Wind Power Plants.
The scenarios are based on actual events, such as a specific high wind day on which the Wind Power
Plant may be curtailed. Thus, with green hydrogen production, the Wind Power Plant capacity can be
better utilized. Another tested scenario is the FCR operation where fluctuating frequency measurements
from the Danish national grid are applied, and thereby the demand response of the Electrolyzers is
utilized. Common for all the test scenarios is that the green hydrogen production is computed, giving the
foundation for various revenue improvements. The results obtained by performing the scenarios prove
that incorporating an Electrolyzer Plant into the Wind Power Plant makes it possible to increase the
exploitation of its capacity.
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Preface

This report is conducted by the group WPS4-1050 as a Master Thesis project from the Department of
Energy and Technology at Aalborg University. The project is developed based on interest and curiosity
about the transition towards carbon-neutral energy production and the utilization of renewable power
production with other energy forms. It investigates the Design of an Electrolyzer Plant Layout consisting
of numerous Electrolyzer modules to obtain an adequate configuration considering power losses and phys-
ical footprint. Moreover, the overall system modeling and accompanying operational control strategies
are developed. The model is then utilized for various realistic test scenarios to indicate the usability of
the Hybrid Power System and the benefit of introducing green hydrogen production into the power plant.

Reading Guide

The knowledge in this project is extracted from literature, technical reports, and Web Pages. Throughout
the report, the sources are cited and can be found in the bibliography using the IEEE standard citation
style. Moreover, the developed figures and tables are numbered based on the corresponding chapter. All
figures that the report writers develop are not referenced. All graphs are developed using MATLAB, and
diagrams using diagrams.net. The report is alone submitted digitally in PDF format.
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Nomenclature

Abbreviation

De nition

AFE
ACLF
BoP
DCLF
DEA
DMI
DSM
DSO
HPP
MBD
NRLFA
P2H2
P2X
PCC
PEM
PoC
PPC
REDDAP
RES
SCR
SLD
STP
WPA
WPP
WTG
12-TR

Active Front End

AC Load Flow Algorithm

Balance of Plant

DC-Load Flow Algorithm

Danish Energy Agency

Danish Meteorologic Institute
Demand Side Management
Distribution System Operator
Hybrid Power Plant

Model-Based Design

Newton Raphson Load Flow Algorithm
Power-to-Hydrogen

Power-to-X

Point of Common Coupling

Proton Exchange Membrane

Point of Connection

Power Plant Controller

Renewable Dynamic Distributed Ammonia Plant
Renewable Energy Sources
Short-Circuit Ratio

Single Line Diagram

Standard Temperature and Pressure
Wind Power Array

Wind Power Plant

Wind Turbine Generator

12-Pulse Thyristor Rectifier
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Symbol De nition Unit
€rev Reversible Potential Voltage Vv
forid Measured Grid frequency Hz
fref Reference Frequency Hz
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P Pressure bar
Pep:cap Active Power capacity of Electrolyzer Plant MW
Pep Electrolyzer Plant Loading Reference -
PEP:Loading Electrolyzer Plant Loading MW
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Chapter 1

Introduction

1.1 Background and Motivation

Many di erent initiatives have been made to decarbonize the electrical grid to transition toward a renew-
able power system. One of the most promising renewable energy sources (RES) is Wind Turbines. Large
manufacturers compete in the Research and Development of Wind Turbines to take leading positions,
so the size and technology become more advanced in turbine topologies and system components. As a
result, the controllability of the turbines has improved, thus enabling them to contribute to the power
system challenges. Increased implementation of RES in the power system will contribute signi cantly to
achieving the political goal in the Paris Agreement of 40% reduction of carbon emissions [2].

However, a decentralized grid with signi cant RES penetration has some drawbacks. Due to the nature
of these sources, a more uctuating and uncertain supply to the power grid occurs, which complicates
the control and management of these sources to meet the system requirements. Moreover, renewable
sources do not have the same power quality contribution capabilities as centralized power plants, so
additional storage solutions are essential to maintain high power quality. Among the wide range of
storage possibilities, electricity-based hydrogen production has gained in popularity[3][4] [5] since it is a
springboard to electrify other energy-intensive sectors and stabilize uctuating power production. The
green hydrogen technology will play an essential role in the balance of plants (BoP) in the wind power
plant (WPP) or other renewable power plants in the future power system. The Electrolyzer can be
used to balance uctuations between the production and demand in the power plants by regulating the
green hydrogen production according to any imbalances and ensuring high power quality. It, therefore,
introduces some nancial bene ts, as the park operators can avoid negative electricity prices for surplus
energy but instead prot from green hydrogen production. However, this solution may create challenges
in the existing grid since green hydrogen plants are predicted to be scaled up to Gigawatt size and require
expansions of the existing electrical infrastructure.

However, electrical production only accounts for a part of the total carbon dioxide emission, so a spring-
board to other sectors is needed to ful ll the political emission goal. In Figure 1.1 the distribution of
the carbon dioxide emissions in the European Union based on various sectors and industries is indicated.
Therefore, it is evident that a considerable CO2 reduction can be obtained by combining electrical energy
with other energy forms.

11
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Figure 1.1: Distribution of Carbon Dioxide Emissions in the European Union in 2019[6]

The other sectors, such as manufacturing and transport, are signi cant emitters of carbon dioxide. There-
fore, it is necessary to research solutions to replace traditional fossil fuels with more sustainable alter-
natives. A much-debated topic is the Power-to-X (P2X) technologies in which renewable electricity is
converted to another medium, e.g., Hydrogen, Ammonia, and Methanol.

Hydrogen is expected to be one of the key drivers in the de-carbonization of the transportation, industrial,
and electricity sectors. Therefore, various con gurations and layouts have been discussed concerning this
technology. The basic principle is that water electrolysis technology allows the exploitation of surplus
power from RES to convert electricity to green hydrogen[7]. This increased popularity is because hydrogen
as a medium possesses various favorable attributes in the current energy mix. Hydrogen is comparable
with electricity because both are not energy sources but energy carriers. Both are versatile and can be
used in various applications. No greenhouse gasses, particles, etc., are produced from the use of either.
However, both mediums can have a signi cant intensity of CO2 produced from fossil fuels like coal, oil,
or natural gas[3].

The Danish Energy Agency (DEA) evaluated that in order to comply with the 2030 and especially the
2050 goals, it is critical to incorporate Power-to-Hydrogen (P2H2) in the energy mix[8]. Therefore, DEA
indicates in Figure 1.2 the expected use-cases of the green hydrogen and how to incorporate di erent
sectors. Likewise, the Danish government has ambitions for 4-6 GW of Electrolyzers by 2030. In order
to accommodate those ambitions, several projects are supported nancially as a measure to promote
technological development within the industry[9].

Page 12 of 96
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Figure 1.2: Expected Green Hydrogen Applications[9]

The green hydrogen market is characterized by two main topologies, the Proton Exchange Membrane
(PEM) and the Alkaline Electrolyzers, respectively. Historically the Alkaline Electrolyzer has been the
preferred topology in the production of green hydrogen because of its price advantage. However, the
PEM-Electrolyzer is gaining popularity due to its superior current density and thus a reduced physical
footprint. Therefore this topology is expected to become dominant in the coming years [10]. Common for
both technologies is that the development has contributed to more compact and space-e cient solutions.

In the future energy mix, it is believed that both the technologies will coexist, and the application will
play a signi cant role in the selection of topology. The production company, NEL Hydrogen, foresees
that large Alkaline Electrolyzer plants will be most suitable for the industries that require a steady and
signi cant hydrogen intake, such as the fertilizer industry or the steel industry. On the other hand,
the PEM-Electrolyzers probably are more suitable for either decentralized production of small plants or
system stability contribution due to dynamic procedure and faster response times [10].

Figure 1.3: Share of Electrolyzer topology 2019 [11]

An example of a Danish Hybrid Power Plant(HPP) project including green hydrogen production is the
Renewable Dynamic Distributed Ammonia Plant (REDDAP) project. It collaborates with the Danish
Wind Turbine manufacturer Vestas Wind System and the catalysis company Haldor Tops e. The project
aims to use electricity produced by Wind Turbines and convert it into green hydrogen and further into
ammonia. [12] [9]. Another danish example that will utilize renewable energy production with an
on-site Electrolyzer is the Brande Hydrogen project. The renewable energy production is provided by
Siemens Gamesa and the Alkaline Electrolyzer from Everfuel, which is planned to utilize the entire energy
production from the turbine for hydrogen production to the Road Transportation sector, speci cally to
fuel Copenhagen Taxis [13]. Typical for many initial projects is that the Electrolyzers are retro tted

Page 13 of 96
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to existing Renewable Energy Systems. This means one of the main objectives in these hybrid projects
is within the interconnection of technologies and signi cantly in the operation and control of the entire
plants.

Integrating Electrolyzers into the energy mix of the power grid is expected to become economically feasible
in the coming years [14]. Currently, the technical conditions and the support policies that are fundamental
for the technological development of hydrogen technologies are limited [15]. A study investigating the
economic impact of introducing a green hydrogen storage system into the Italian grid concluded that the
current subsidies would not enable 20-year investment feasibility. However, it also concludes that with an
expected increase in support subsidies and technological development, the investment economy improves
[14] [16].

1.2 Problem Formulation

A decentralized power grid with signi cant penetration of RES often introduces a necessity to curtail
production to meet the demand from the power grid. However, the process of curtailment leads to a loss
in potential energy production[17] and hence a ects the economical investment[18]. The integration of
Electrolyzers in WPP can limit the need for curtailment by producing green hydrogen instead and thus
maximize the total production of the plant.

When integrating a signi cant amount of RES with Electrolyzers in a renewable energy system, detailed
analysis and understanding of unit interaction are vital. Most prominently are the ways to overcome
the challenges regarding the interconnection of technologies leading to potential imbalances between
production and demand that result in grid congestion and power quality issues. [4].

When establishing a decentralized power plant, stringent grid connection requirements are to be complied
with [19] [20]. Namely, the requirements related to voltage stability are challenging due to the limitations
caused by the relatively long distance between the plant and the Point of Common Coupling (PCC).

The current studies of green hydrogen production in combination with a renewable production focus
on the technological aspect of the Electrolyzer. However, the in uence of integrating Electrolyzers into
HPP from the power system perspective and its combined operation has not been studied, meaning
there is limited knowledge within the industry on these perspectives. Therefore, there are currently no
clear control structures and dispatch algorithms for Hybrid plants consisting of Wind and Electrolyzers.
Likewise, the assessment of grid integration and control of the hybrid combination through dynamic
models is de cient.

1.2.1 Problem Statement

Electrolysis is widely discussed in the P2X technology eld, and several studies have been conducted
concerning this. However, in order to understand the requirements for implementation and connection
of this technology, it is necessary to research auxiliary electrical load balancing for maximizing the WPP
output and ensuring compliance with national/international standards[18]. Therefore, the project can be
divided into the following tasks:

1. Investigate and propose feasible collector systems for large P2H2 installation

2. Develop operation and control strategies for combined wind and H2 hybrid plants geographically
co-located

These control strategies aim to:

Provide system services to Distribution System Operators (DSO).
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" Enable power balancing capabilities for a mixed portfolio (Wind and Hydrogen plants) and thus
participation in frequency reserve markets

The developed control system and equivalent system models will play a signi cant role in researching
auxiliary electrical load balancing of wind and H2 hybrid plants. Therefore, this report aims to verify
the functionalities of developed system models and control strategies with dedicated tools/or laboratory
setups.

1.3 Methodology

Through the project, various methods are utilized to ful ll the tasks. Initially, an analytical approach

is applied to study the State of the Art concepts within the eld and the selection of models. Then,
exploring the dierent Electrolyzer Plant Con gurations is based on an analytical and mathematical
approach, which combines known electrical theory and previous analysis in a new composition. Finally,
the development of the Hybrid System Model and the control schemes is likewise based on an analytical
approach to studying existing sub-system models while using them in new con gurations. The primary
tool used within the project is MATLAB/Simulink. Scripts are developed in MATLAB to improve the
changeability in con gurations and unit behavior while acting as initiators of the developed models.
Initially, the scripts for determining the Electrolyzer Plant layout are characterized by focusing on the
visual representation of the most adequate con guration. However, the functionality of the overall HPP
model needs to be as fast as possible. Therefore, the functionality and calculation scripts are simpli ed
and combined into single scripts to obtain a suitable simulation time. Moreover, the analytical method
of the scripts is veri ed through simulation models designed in DIgSILENT PowerFactory.

1.4 Assumption and Limitations

The proposed representation models and control systems are based on phasor representations, so some
assumptions and limitations are considered. Furthermore, simpli ed equivalent models for representing
power system components/units will be utilized, as the development of overall operational strategies for
the Hybrid Plant and their veri cation, are the main objective of this project. Therefore, the following
assumption and limitations are considered:

High-Frequency transients and oscillations are not considered in the modeling.

RMS positive sequence modeling approach is considered for the AC part of the collector system
and external grid

Modeling of Wind Turbine Generators (WTG) is not considered in this project, and a validated
model developed prior in other research projects is used [21].

The modeling of Wind Turbines is simpli ed to a representation model of one turbine, the power
of which corresponds to all 8 turbines. the production of each turbine is therefore equal.

The modeling of Electrolyzer Modules is simpli ed to a representation model of one Module, the
capacity of which correspond to all Electrolyzer Modules. The distribution of power consumption
is therefore balanced equally between them.

Internal control loops and physical limitations related to chemical processes in the Electrolyzer mod-
ule are not considered. Thus it is assumed that Electrolyzer module is always operating optimally
and the technical constraints are not exceeded.
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1.5 Project Outline

Chapter 2: This chapter evaluates the State of the Art for Electrolyzer Modules. It provides insight
into the development within the eld of Electrolyzer systems and what development has already been
done. Furthermore, the gaps in the studies are de ned.

Chapter 3: In this chapter, the system speci cation for the project is de ned, including the WPP as
well as the other systems that will complete the HPP in scope. Moreover, the system requirements and
the investigated scenarios are de ned based on the desired capabilities and foreseen applications of the
system.

Chapter 4: This particular chapter contains the Design of the Electrolyzer Plant Layout, including an
investigation of the physical footprint of the Electrolyzer Plant. Moreover, it contains the development
and study of the most feasible layout for the collector system of the Electrolyzer Plant. The assessment
is done based on extensive testing of the dierent con gurations. Lastly, it summarizes the general
considerations to consider when designing an Electrolyzer Plant.

Chapter 5: The chapter contains a description of the System Modelling and Operational Control of the
HPP. It describes the Collector System in scope and analyzes the components that have to be utilized
in the HPP Model. Moreover, it introduces the proposed Operational Strategies for the Plant through
descriptive ow charts. This includes di erent modes of operation that can be utilized to obtain the
desired functionality.

Chapter 6: This chapter presents the Results and Tests of the System Model. Initially, the Logic and
Functionality of the operational strategies are veri ed to ensure the desired functionality. Ultimately the
developed model and control strategies are utilized to perform tests on the de ned scenarios, where the
di erent operational modes are combined to obtain a satisfactory operation.

Chapter 7: In this chapter, the conclusion of the project concerning the stated objectives is evaluated.
Furthermore, future improvements and further developments are discussed.
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Chapter 2

State of the Art

2.1 Collector Systems for Large Electrolyzers Plants

When integrating a large Electrolyzer in WPP for the production of green hydrogen, it is crucial to
consider the layout of the plant. The infrastructural layout will play a signi cant role in project invest-
ment. As the location of the Electrolyzer becomes a trade-o between gas pipes and wires hence electrical
losses due to transmission. For example, in reference [22] they mention thdtn a scenario constrained

by transmission networks, hydrogen facilities are more likely to be connected to single groups of energy
plants situated in an area of high power density, thus limiting electricity exports."

The existing projects and studies focus primarily on optimizing production/demand response, ancillary
services, and energy arbitrage; however, they are not covering the performance and optimization of the
electrical layout and design of the collector grid. For example, in reference [23] regarding Operational
Experience, Performance Testing, and Systems Integration of a Wind-to-Hydrogen Project, the developed
model for the plant is not considered a representation of electrical cables and tests of various voltage-
levels and types for streamlining the power ow. Similarly, in reference [24] regarding power quality
control in Electrolyzer Hybrid Systems, the proposed simulation model in this paper represent only the
production units and connection points in the system, which is why the research of the collector grid is
neglected.

Although there is a lack of attention related to optimal collector grid designs, some key components to
be included in the system are covered in the state-of-the-art research, which can be helpful for the overall
design. An example of this is the converter topologies. In reference, [25] an overview of power electronic
converter topologies enabling large-scale hydrogen production via water electrolysis, is discussed. All
con gurations include a DC/DC converter to control the current injection to the Electrolyzer. However,

the system consists of two main rectifying topologies, 12-pulse Thyristor Recti er (12-TR) and the Active
Front End (AFE). An illustration of the 12-TR topology can be seen in Figure 2.1.
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Figure 2.1: Circuit diagram of a 12-TR.

The Electrolyzer current can be regulated by adjusting the ring angle. However, a large ring angle
can, for the low-power operating condition, lead to an increase in harmonics and a decrease in power
factor [26]. Therefore, it may be necessary to compensate for these harmonics through Iters and install
VAR compensation to maintain a satisfactory power factor in the connection point. Compared to the
12-TR, the AFE does not require any VAR compensation. The AFE-converter consists of three IGBT
half-bridges stacked in parallel to achieve a higher power rating. In the AFE recti er system, the AC-
current can be controlled sinusoidal by shaping the duty cycle, which results in lower harmonic emissions.
Furthermore, a higher power factor can be achieved as the phase shift between the AC-current, and the
grid voltage can be manipulated by adjusting the modulation signal. An illustration of the AFE circuit
diagram can be seen in Figure 2.2.

Figure 2.2: Circuit diagram of an AFE recti er.

The 12-TR- and AFE-converter topology have advantages and disadvantages related to cost, power
quality, reliability, and control complexity. The 12-TR is considered very resilient and cost-e ective in
comparison to the AFE-converter. However, it requires Iters and VAR compensation for the large ring
angle to improve power quality, which is relatively costly. On the other hand, the AFE-converter has a
more complex control strategy but a very high power quality, so lters and VAR compensation are not
required in most cases.

The State of the Art research covers studies of critical components within the collector system. However,

a complete design has been neglected, which leaves a gap in the research. Therefore, it is essential to
consider the speci cation and layout of the Electrolyzer Plant and hence the collector system, includ-
ing geographical location, voltage type and levels, production and demand, existing installation, and
connection points to the utility grid to get the most e cient plant.
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2.2 Power Control Strategies for Electrolyzers Plants

Integration of large-scale renewable power production introduces challenges due to the nature of such
sources. For example, weather-dependent production leads to uctuations and uncertainty, complicating
operational management and grid balance. In addition, wind power production also poses the challenge
of not having rotational inertia directly coupled to the grid. As a result, it requires a faster response
and longer duration ramps for balancing the grid. A promising solution to this challenge is utilizing
Electrolyzers to overcome power imbalances by varying the loads due to their fast-response, and ramping
capabilities [27] [16]. In Figure 2.3 the control structure of an HPP utilizing Electrolyzers is shown.

Figure 2.3: Block Diagram of an overall control scheme for HPP with Electrolyzers [28]

The capabilities of Electrolyzers concerning frequency stabilization and control have been investigated
successfully within the industry. In reference, [29] it was demonstrated that by utilizing Alkaline Elec-
trolyzers, the overall system frequency is kept within its acceptable limits. Moreover, it showed that the
frequency uctuations are reduced signi cantly when the system undergoes a signi cant change in system
loading. The studies suggest that up to ve times fewer spinning reserves are required to maintain the
frequency within the acceptable range when Electrolyzers act as demand-side management(DSM).

Another reference [30] utilized green hydrogen as a balancing service. It indicated that in a pilot project
with Independent Electricity System Operator Ontario, a PEM-Electrolyzer has the capabilities to sta-
bilize the system frequency after a sudden change in loading. However, the project only utilized a 2 MW
Electrolyzer unit, while it is expected that larger units will be added in the future, and thus a more
extensive Electrolyzer penetration. A more considerable penetration will have a more signi cant impact
on the frequency balancing, so there is a need for further analysis of the control strategies of hybrid
systems consisting of wind power production and Electrolyzers.
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2.3 Operational Strategies for Combined Wind and Electrolyz-
ers Plants

Integration of Electrolyzers into the energy mix of a renewable power plant enables further exibility to the
revenue streams while increasing the demand for operational strategies. Currently, the revenue streams
when combining wind and Electrolyzers are limited to point-to-point and project-based infrastructure
and to bidding in the electricity spot market, as a hydrogen spot market is expected to be decades away
[31].

The electric spot market is characterized by uctuating prices based on the electricity demand. When the
power production to the electric grid is high, it is re ected in the electricity prices, which decrease or even
become negative [32]. Therefore two operational strategies are applicable, increase in self-consumption or
energy arbitrage. The increase of self-consumption is obtained by, at times of low or negative electricity
prices, renewable production is prioritized to the Electrolyzer, and thus hydrogen production is obtained.
Thereby need for curtailment of wind production is reduced, which improves the total energy production

of the plant. A typical layout for a Hybrid Wind Electrolyzer System that combines the electricity and
hydrogen loads is given by Figure 2.4.

Figure 2.4: Typical Layout of HPP with Green Hydrogen Production [33]

As various units are connected, operational control schemes must be obtained to ensure the high perfor-
mance of the plant. In Figure 2.5 a typical control structure of a HPP utilizing Electrolyzers is given.
Each of the assets has a designated controller that de nes its behavior. The overall HPP controller de nes
the dispatch functions and power distribution.
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Figure 2.5: Typical Control Structure of HPP with Green Hydrogen Production [33]

The operational principle of the control structure is that a production set-point to the hybrid plant
is de ned externally, which gives the operational strategy to be followed. Then the dispatch function
de nes the share to be transferred to the Electrolyzer and the utility grid. Thus it divides based on the
operational priorities (i.e., producing Hydrogen through the Electrolyzer instead of producing electricity).
Subsequently, each sub-plant controller will again perform a reference distribution among the individual
assets (i.e., individual turbines, Electrolyzer Modules).

Hydrogen storage and fuel cells need to be implemented to obtain energy arbitrage capabilities and enroll
in the electricity spot market. Thereby, it introduces the possibility of selling electricity when the demand

is high, thus increasing revenue. Currently, this approach introduces additional energy losses due to the
added conversion in energy and thus lowers the energy e ciency, making it less competitive. As a result,
the value of producing and selling Hydrogen to the speci ¢ industries and o -takers surpasses the business
case of storage and energy arbitrage [34] [27].

2.4 Participation in Ancillary Service Markets

Ancillary services are a mechanism that provides additional generation, transmission, and consumption
in order to ensure high power quality [35]. There are several di erent ancillary services the Operators can
be paid for, which depend on response time, power reserves, and generation/demand control. Demand
response is a technique where the consumption is up or down-regulated when the frequency deviates from
the reference value.

Therefore, the essential question is whether this can be adapted to Electrolyzers? In reference, [36] the
Ancillary services from Hydrogen-based technologies for supporting Power system frequency stability
were studied through o ine simulations. It concludes that a PEM Electrolyzer can provide frequency
support by participating in the Frequency Containment Reserves (FCR) markets, which require that the
reserve can be activated within 15-30 seconds and stay active for up to 15 minutes[37]. Furthermore, the
studies indicated that this arrangement improved the frequency nadir and reduced oscillations compared
to conventional frequency support utilizing synchronous generators.

In addition to frequency regulation, an increasing incentive of demand response for grid services is globally
demanded. Distribution grids are sized for peak demands, but new power lines must be installed when
the electrical demand grows. It can be very costly or challenging to build and can be partly avoided by

storage units. Therefore, the requirement of these services is limited to a time scale operation of minutes
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to hours in response times[38]. In reference, [27] several Electrolyzer applications and technologies were
tested concerning their response times and ramp rates during both ramping up and ramping down. The
testing was done experimentally on both Alkaline and PEM stacks from Teledyne Technologies [39]. Since
the studies alone focused on the behavior of the Electrolyzer stacks, further investigation is needed to
assess the capabilities in interconnection with Wind Turbines.

2.5 Summary of Gaps in State of the Art

The existing projects regarding large Electrolyzer Plants primarily focus on optimizing production/de-
mand response, ancillary services, and individual components. However, the performance and optimiza-
tion of the electrical collector grid in an HPP are not covered. Therefore, it is essential to study relevant
topics related to this, including geographical location, voltage levels, voltage type, connection point, etc.,
in order to obtain an e cient collector system layout.

Since the indicative analysis showed that Electrolyzer utilization could reduce frequency deviations com-
pared to wind turbines alone, it was also evident that it demands faster response and duration of ramps
for grid balancing. Therefore, these power control attributes must be investigated further on a larger
scale and with even more signi cant interaction between technologies due to the higher foreseen impact
on power balancing.

The revenue streams of introducing Electrolyzers into the energy mix are broadened due to the possibility
of further utilizing renewable production. However, it is achieved by increasing self-consumption during
low or negative electricity prices instead of producing green hydrogen. Moreover, using it for energy
arbitrage is considered non-feasible due to the lowering of energy e ciency, thus making it less competitive
in the current market. However, the studies are not covering future scenarios where the market and
e ciency of Electrolyzers are di erent.

Studies on ancillary services to the power grid using an HPP of wind power and green hydrogen produc-
tion show that Electrolyzers can participate in FCR markets, thus improving the frequency nadir and
oscillations. Moreover, the incentives for demand response of Electrolyzers are successful in an experi-
mental setup where the response rates and ramps are assessed. However, the current studies investigate
Electrolyzers from an overall viewpoint without considering the challenges in interaction with connected
Wind Turbines and a larger-scale setup.
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Chapter 3

System Speci cation

3.1 System De nition

The system in scope is an existing WPP called Tagmark Wind Park placed in Northern Jutland. This site
is opted for since it is representative for Danish onshore wind power plants in terms of size and layout.
Therefore, it is applicable as a starting point for the studies. Onshore WPPs generally consist of an
interconnection of several Wind Turbines that are connected to the national power grid. The particular
park includes eight V117-Vestas Turbines with a rating of 3.6 MW each and a collecting substation,
WPP Substation, that accumulates the produced power from the assets. An overview of the geographical
site and the WPP layout can be seen in Figure 3.1. The voltage level from the turbines to the WPP
Substation is medium voltage, 10kV [40].

Figure 3.1: Geographical location of Tagmark WPP

It is proposed to integrate a 6MW Electrolyzer Plant consisting of 12 PEM-Electrolyzer Modules of 500
kW each to balance the system through green hydrogen production. However, the WPP is not located
near any existing gas pipelines or direct consumers, so Hydrogen needs to be transported by vehicles.
Therefore, when the Electrolyzer Plant has to be implemented in the original power plant, its placement
must be determined. It is a trade-o, as the losses of the wind power plant will increase with distance, so
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from an e ciency point of view, it is more favorable to locate the Electrolyzer Plant closer to the Wind
Turbines. Furthermore, the system in scope is illustrated in the single line diagram (SLD) in Figure 3.2.

Figure 3.2: SLD of the WPP with Electrolyzers

The SLD in the Figure shows the recon gured system. It consists of two similar Wind Power Arrays
(WPA1 & WPA2) as the physical system, injecting power into the Point of Connection (PoC) on Bus
4. The power is either transferred to the Electrolyzer Plant to produce green Hydrogen or into the
External Grid through the PCC. The PCC is located at the WPP Substation, and The External Grid
represents the High Voltage Substation, Nors. Since one of the objectives of this project is to investigate
a feasible collector system for a large P2H2 installation, the design of the Electrolyzer Plant will be
explained further in the later chapters. However, the characterization of the WPA will be explained in
the following subsection.

3.1.1 Wind Power Arrays

From the geographical site in Figure 3.1 and the SLD in Figure 3.2, it is indicated that the Wind Turbines
Generator (WTG) is placed in two feeder arrays of four turbines in each (WTG 1..WTG 4 and WTG
5..WTG 8). These feeders supply the accumulated power through underground cables to the PoC, Bus
4. Each feeder is built up as a radial daisy chain array. Consequently, there are di erent distances and
thus cable lengths between the turbines and the WPP substation. The speci ed cable distances and thus
cable lengths are given by Table 8.4 in Appendix C. In Figure 3.3 the SLD of the radially connected
WTGs of each feeder is shown.
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Figure 3.3: Internal Block Diagram of WPP

3.2 System Requirements Speci cations

The system consists of various sub-systems, so it is crucial to ensure accuracy and agreements between
them. Therefore, several system requirements need to be specied. The following section captures
the requirement speci cation and evaluation of the various sub-systems and overall system behavior
concerning its performance and accuracy.

1. The Electrolyzer Plant layout must be designed appropriately, accurately, and e ectively.

(a) Model shall be accurate with respect to the outputs in voltage magnitude and phase angle,
with a maximum allowable error of 1% compared to a load ow calculation performed in a
dedicated power system tool.

(b) Power Plant must be designed to maintain the accumulated power losses below 6% (360kW).

(c) Power plant must be designed to maintain the voltage in the system within 10% of the
nominal system voltage.

2. The Consumption of the Electrolyzer Plant must be designed to comply with the technical require-
ments for medium voltage connections.

(a) The Power Factor (PF) in the PoC must be between 0.95 and 1, calculated as an average value
measured over 15min[19].

(b) The Electrolyzer Plant must be designed so that it can maintain normal operation in the
voltage range  10% of normal voltage and in the frequency range of 49 Hz to 51 Hz in the
PoC [19].
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3. The system must be able to curtail the power to the utility grid based on injunctions from the
TSO/DSO.

(a) Control must start no later than 2 seconds after an injunction is demanded and must be
completed within 15 seconds [20]

4. The system must contribute ancillary services for frequency support (FCR).

(a) Control must start no later than 2 seconds after a frequency change is detected and must be
completed within 15 seconds [41]

(b) Frequency support must remain active for a minimum of 15 minutes [42].

(c) The system must provide FCR at a frequency deviation up to  200mHz in relation to the
reference frequency of 50Hz, with an allowable 20mHz deadband[42].

(d) The control must provide a symmetrical product of at least 1MW [42]. It must be able to
supply both up-and down-regulation in the interval from 0-100% of rated capacity.

The requirement speci ed in this section will be studied and tested with di erent scenarios specied in
the following section.

3.3 Scenarios

In order to assess the capabilities of the system against the requirements stated in Section 3.2 and the
gaps in the State of Art of Section 2.5, a set of test scenarios is established. The scenarios can be divided
into three overall scenarios that individually contribute to an assessment of the speci ed goals of the
project. These three scenarios are stated in Table 3.1, while a more detailed description of each scenario
is given below.

Table 3.1: List of Scenarios

0. Name
Electrolyzer Plant Module Layout
Energy Balancing
Ancillary Services

WN R =

3.3.1 Electrolyzer Plant Module Layout

As mentioned in the State of Art in Chapter 2, the utilization and integration of Electrolyzers in HPP
are in the novel stages, with exclusively pilot and demonstration projects with a small Electrolyzer
penetration. However, since this project considers a more signi cant penetration consisting of numerous
base modules, the original Electrolyzer layouts may be unsatisfactory in terms of the electrical power
ow. Therefore, scenarios that investigate alterations of the below aspects are to be performed to assess
a good layout.

1. Voltage Levels and Voltage Types may be altered to reduce the power losses within the system
associated with operating large Electrolyzers in a traditional layout.

2. An investigation of Feeder Con guration for modularity and exibility in the system must be
adapted to reduce the power losses and physical footprint.

Thus the aim is to clarify how the collector system for an Electrolyzer Plant can be designed to minimize
the losses concerning the speci ed requirements in Section 3.2 through adequate system speci cations
and structuring.
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3.3.2 Balance of Plant

As an Electrolyzer is added to an existing WPP, the demand for internal energy balancing increases, and
thus a change in the control structures is needed. The energy balancing demand can be divided into two
operational scenarios.

3.3.2.1 WPP Following

The role of this scenario is to obtain an assessment of the balancing capabilities of the HPP when the
green hydrogen production is prioritized over injection into the electrical utility grid. In order to ensure
this prioritization is feasible, the system must obtain balance quickly. This mode of operation is desirable
because the electricity prices can be low, and thereby it can be more feasible to produce green hydrogen
than to sell it to the power to the grid. Thus the scenario aims to obtain Electrolyzer capabilities to

o -take as much as possible and only inject the surplus power from the wind production to the main
utility grid.

An increase in wind speed and, thus, wind power production must increase green hy-
drogen production to avoid low prices in exchange with the main utility grid.

3.3.2.2 Wind Curtailment Restraint

The role of this scenario is to attain further an assessment of the balancing capabilities of the hybrid
power system, where the aim is to reduce the curtailment of Wind Turbines. Wind curtailment reduces
power production, resulting in signi cant economic losses for the operators. Due to the high penetration
of renewables, the Danish TSO, Energinet, claimed a continuous growth in the need for special regulation.
For example, in 2020, the German TSO, TenneT, paid the danish Wind Turbine owners 172kr/MWh for
curtailing 1.463GWh of wind power[43]. The statistic from Energinet for the special regulation for the
last couple of years can be obtained from Table 3.2.

Table 3.2: Annual Report for special regulation from 2017-2020 - Energinet [43].

2020 2019 2018 2017

Received From TenneT(GWh) 3.901 1914 1598 1.210
Down-regulated among Danish Operators(GWh) 3.048 1.312 1.114 781
Stop/Reduction of production of Thermal plant 35% 46% 53% 64%
Start of Electric Boilers 17% 22% 21% 22%
Stop/Curtailment of Wind Turbines 48% 32% 26% 14%

Avg. Price for all domestic down-regulation (kf/MWh) -172  -92 -69 -57

Since the curtailment of Wind Turbines accounts for 48% of the total special regulation in Denmark in
2020, a need for an alternative solution has to be considered. Therefore, instead of curtailing the turbines,
the excess produced energy can be fed into the Electrolyzer modules and thus contribute to hydrogen
production. Therefore, it is highly relevant to test a scenario where the energy is redistributed when
curtailment is needed to maximize production. Therefore, the following scenario will be tested:

A command to down-regulate the power production of the plant provided by the
TSO/DSO must result in up-regulating of green hydrogen production in order to reduce
curtailment of wind power and thus increase economic revenue for plant operators due
to the additional revenue stream.

Curtailment of Wind Turbines can, in addition to down-regulation, also be used for controlling the HPP
in order to avoid negative electricity prices. It often occurs due to extreme daily wind conditions, which
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leads to overproduction in the grid. The Park-Operators will have to pay for the power injected into the
grid, which is undesirable. Therefore, it is relevant to test the following scenario:

Negative prices in the electricity spot market must lead to maximum production of
green hydrogen while no wind power production is delivered to the utility grid.

3.3.3 Ancillary Service

This scenario is designed to assess the capabilities of contributing ancillary services to the connected
utility grid. The scenario is divided into two sub-scenarios. The power system shall reevaluate the power
ow to the utility grid, and Electrolyzer module as either a positive or a negative frequency change is
detected on the utility grid. Thus the aim is to contribute to demand response as a measure of ancillary
service. In order to de ne a realistic scenario, the expected frequency deviations must be investigated. In
Figure 3.4 the frequency for the Western Danish Electrical Grid, DK1 in 2019, is plotted to see normal
frequency uctuations.

Figure 3.4: Frequency Measurement in Western Danish Grid, DK1, Jan - Apr 2019 [44].

As obtained from the Figure, the frequency uctuates continuously, so the FCR needs to regulate the
changes, to stabilize the frequency at 50Hz. In order to observe the expected frequency of ancillary
services, the data is represented as a Boxplot in Figure 3.5.
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Figure 3.5: Boxplot of the data from Frequency Measurement in Western Danish Grid, DK1 - 2019

Therefore, the following scenarios related to Ancillary services should be tested.

As a result of an imbalance in power demand and production, frequency uctuation
occurs. The Electrolyzer Plant must regulate the production of green hydrogen in order
to provide FCR. The FCR service must operate in relation to speci ed requirements
in Section 3.2.

3.4 Summary

In this Chapter, the system speci cation is de ned. The proposed system is an existing onshore WPP
consisting of eight V117-Vestas turbines with a rating of 3.6MW each, connected to a distribution grid.
It is proposed to integrate a 6MW Electrolyzer Plant into the energy mix, to balance the HPP through
hydrogen production. As the HPP consists of various sub-systems, it is crucial to ensure accuracy and
agreements between them. Therefore, several system requirements have been speci ed.

To assess the capabilities of the system against the requirements, some scenarios have been established.
As the development of Electrolyzer integration in HPP is in the novel stages, the rst scenario aims to

nd a feasible layout for the Electrolyzer collector system. The role of the second scenario is to obtain

an assessment of the balancing capabilities when integrating an Electrolyzer in the HPP. Finally, in the
third scenario the capability of the Electrolyzer to participate in FCR-market is studied, to introduce
more potential revenue streams for the Park Operator.

In the following Chapter, the Electrolyzer Plant layout will be studied to nd a feasible design, which
can be utilized in further system development.
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Chapter 4

Design of Electrolyzer Plant Layout

4.1 Footprint of Electrolyzer Plant

As mentioned in the Background section in Chapter 1, the Electrolyzer technology has been optimized
and physically compressed during the last few decades. A complete single 500kW module has a footprint
of a 20ft container, and two can be tted in a 40ft container as shown in Figure 4.1 [45]. Moreover, the
technology is modular and scalable, meaning that coupling for higher capacity is possible, and thus, more
containerized modules can be connected in clusters [45].

Figure 4.1. Containerized Electrolyzer Module of 2 X 500kW[45]

A module consists of a 500 kW Electrolyzer stack that measures 2.1m X 1.3m X 2.4m and a power
converter module that likewise occupies space within the container. Conventionally, the power module
consists of a step-down transformer as the Electrolyzer require a relatively high current [45], an AC/DC
converter, which recti es the current into a controlled DC/DC converter. However, this particular plant
layout may be revised based on the applications, capacity, and electrical infrastructure.
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Converters

The Electrolyzer converters are essential units for controlling and rectifying the current in the Electrolyzer.
It consists of an AC/DC recti er and a DC/DC converter. The role of the DC/DC converter is to provide
control of the current through the Electrolyzer stack by varying the voltage across the system. It typically
has an e ciency of 98% [46]. AC/DC converters can have dierent topologies described in Chapter 2
- State of Art. The common type used for rectifying is the 12-TR or AFE. Both topologies have, as
previously mentioned, some advantages and disadvantages related to control complexity, power quality,
cost, and reliability. However, evaluation of their physical footprint is also important. The 12-TR
topology may need reactive power compensation, e.g., Static Synchronous Compensator (STATCOM)
and lters that increase the physical footprint compared to the AFE topology. However, both topologies

t into standard power converter cabinets [47].

Transformers

Two-winding or three-winding transformers are typical approaches to step down the AC voltage in Elec-
trolyzer Plants. When opting for the thyristor-based recti er, a method of mitigating the current har-
monics of the diode bridge recti ers is by incorporating a three-winding transformer connected in wye-
delta-wye con guration [25]. Alternatively, a two-winding transformer can be utilized, but designated
harmonic Itering may be added. The two-winding transformer is also utilizable for the AFE topology
because the harmonic contributions are less than its counterpart, and thus the ltering capabilities may
be unnecessary. The physical footprint of the transformers is expected to be similar to a pad-mounted
transformer. Thus, approximately 2m?2 space should be allocated [48]. Besides stepping down the voltage,
the role of the transformer is also to provide Galvanic isolation, which is often used to enhance system
safety. In addition, it protects the maintenance personnel by preventing ground potential di erences or
ground loops.

Cables

Several modules are to be combined to obtain the desired Electrolyzer capacity. The modules must be
interconnected using power cables, a ecting the plant footprint.

When selecting power cables, the main limitations lie within the physical sizing of the cables due to the
demand for their current-carrying capability. Moreover, the bending radius of cables may become the
limiting factor as the cross-section increases. The cable manufacturers ScanKab and NKT agree on a
bending radius of up to 10 times the cable diameter [49] [50]. For low voltage applications below 1kV,
the largest commercially available cable is 50em? from ScanKab [49] and thus, for applications that
require bigger cables, specially manufactured cables are necessary. Alternatively, more parallel cables or
system voltage increases can mitigate these challenges.
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Electrolyzer Plant Footprint

In designing an overall Electrolyzer plant, some considerations must be considered. Firstly, the substation
layout must not introduce safety concerns to maintenance-personnel. In addition, the layout has to
provide adequate accessibility both to the hydrogen o -taking trucks and ensure that maintenance and
reparations on subsystems do not force a total shutdown of the station[51]. Moreover, it is vital to
consider the existing system to which the Electrolyzer substation is connected. This includes its location
and surrounding infrastructure, since extensive cabling connections may in uence the optimal placement.
Thus the following criteria should be considered when designing the Electrolyzer Plant layout.

~ Safety
” Maintenance
" Geographical location of Connection Point

In consideration of the module footprints and the transformers associated with them, an estimate of the
footprint of the Electrolyzer Plant for this project is presented in Figure 4.2. To obtain an overall rating

of BMW capacity, the plant consists of separate Electrolyzer Modules grouped in clusters. Moreover, the
distances between the neighboring modules and transformers are presented to comply with the mentioned
accessibility considerations, while the layout also indicates the expected distance to the WPP Substation.

Figure 4.2: Electrolyzer Plant Layout

In order to get an indication of a potential physical layout, an illustration of the Electrolyzer plant is
presented in Figure 4.3, where it is also shown how an operation Truck can pick up the produced green
hydrogen.
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Figure 4.3: lllustration of Electrolyzer Plant Layout

4.2 Electrolyzer Plant Con gurations

One of the main objectives is, as mentioned in Chapter 1, to investigate a feasible collector system layout
for large P2H2 installation. However, this can be a comprehensive task as many design considerations
must be taken into account. Therefore, it is highly relevant to test various con gurations to nd a
suitable design solution for the Electrolyzer plant layout. Common for the con gurations is that they
are developed to obtain desirable modularity and exibility as described in the Scenarios in Section 3.3.
The following section captures a description of various con gurations based on physical limitations and
opportunities covered in Section 4.1Footprint of Electrolyzer Plant. The con gurations are based on
di erent cases with varying voltage- types and levels. An overview and identi cation of the various
con gurations can be seen in Table 4.1.

Table 4.1: Design Cases for Electrolyzer Collector System

Case No. / Voltage 1D A B C

Case 1 (AC) 1kV  3.3kV  6kV
Case 2 (AC) 1kV  3.3kV  6kV
Case 3 (DC) 1kv  3.3kV  6kV
Case 4 (DC) 1kv  3.3kV  6kV

4.2.1 AC Con gurations

This subsection covers the AC con gurations of the Electrolyzer collector system. It consist of two main
cases, which can be seen in Figure 4.4 and 4.5, respectively. The purpose of the cases is to study the
behavior of the plant, when evaluating power system losses and physical footprint. In the rst case, Case

1, two Electrolyzer Modules are combined to t in a 40ft container. The voltage level is transformed
from 10kV in PoC to 1/3.3/6kV in the Electrolyzer plant. Then it is further stepped down to 400V at

each group of modules. The cables listed in Table 4.2 are sized to carry the load current equivalent to
two modules with respect to the voltage levels, A,B,C explained in Table 4.1.
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Figure 4.4: Electrolyzer Plant Layout for AC-con guration Case 1.

Table 4.2: List of Cables for AC-con guration Case 1

Cable Name Length[m] Cross Section[mm 2J/Ampacity[A]
A B C
L1314 50 240/679 95/240 50/170
L1317 60 240/679 95/240 50/170
L1320 70 240/679 95/240 50/170
L1323 70 240/679 95/240 50/170
L1326 60 240/679 95/240 50/170
L1329 50 240/679 95/240 50/170

In the second AC con guration, Case 2, the Electrolyzers are singularly connected to the Electrolyzer
Plant Module (EPM) Bus through cables, sized to carry current equivalent to one Electrolyzer module.

The modules are located in 12 containers distributed into two rows with 10 meters between them. It
contains a two-winding transformer, transforming the voltage from 1/3.3/6kV to the desired 400V. Com-
pared to Case 1, the cross-section of the cable size is smaller. However, more assets are needed. The SLD

of the layout can be seen in Figure 4.5 and values can be obtained by Table 4.3.
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Figure 4.5: Electrolyzer Plant Layout for AC-con guration Case 2.

Table 4.3: List of Cables for AC-con guration Case 2

Cable Name Length[m] Cross Section [mm ZJ/Ampacity[A]
A B C
L1314 50 120/346 25/115 25/115
L1316 60 120/346 25/115 25/115
L1318 70 120/346 25/115 25/115
L1320 80 120/346 25/115 25/115
L1322 90 120/346 25/115 25/115
L1324 100 120/346 25/115 25/115
L1326 100 120/346 25/115 25/115
L1328 90 120/346 25/115 25/115
L1330 80 120/346 25/115 25/115
L1332 70 120/346 25/115 25/115
L1334 60 120/346 25/115 25/115
L1336 50 120/346 25/115 25/115

4.2.2 DC Con gurations

This subsection covers the DC con gurations of the Electrolyzer Collector System. Similar to the AC
con gurations, it contains two cases where the purpose is to investigate a feasible design solution con-
cerning losses and footprint for future P2H2 installations. The physical con guration of the third case
(Case 3) is almost identical to the AC Con guration in Case 2. However, in this case, a large AC/DC
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