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Summary

The present master thesis presents a comprehensive investigation of the sizing ,
simulation, energy flow optimisation and economic feasibility of hybrid energy
storage hydrogen microgrids powered by solar energy. The study begins by estab-
lishing the motivation and the problem formulation that underpin this research,
setting the stage for a detailed exploration into the current state of hydrogen mi-
crogrid technology.

The research meticulously examines essential model components such as Pho-
tovoltaic panels (PV), batteries, electrolyzers, hydrogen storage, and fuel cells, aim-
ing to encapsulate the latest advancements and technologies in the field. Subse-
quently, the study elucidates the assumptions for the system modelling and de-
lineates the methodology adopted for the corresponding calculations. This in-
volves an in-depth review of solar irradiation libraries, load curves, fuel cell and
electrolyzer models, as well as economic models. In addition, the computational
methods for the sizing and energy flow optimisation are also examined in order to
identify the most suitable algorithm for each method.

The study then presents the results derived from system sizing and the eval-
uation of economic indicators. It juxtaposes four cases to discern the most eco-
nomically viable and sustainable options for hybrid hydrogen microgrids. Those
cases being a communal facility in Kenya, a house in the Netherlands, a resort
in the Maldives and a data centre in Greece. Progressing further, the research
compares non-optimised and optimised energy management systems, delineating
energy flows within the system and examining the performance outcomes of the
optimisation process.

Finally, the thesis concludes by synthesising the key findings and offering clos-
ing remarks. Potential areas for additional study and a comprehensive discussion
on the implications of the research are also provided. The present work explores
the intersection of renewable energy, Al, and economic viability, contributing sig-
nificantly to the understanding and application of hybrid hydrogen microgrids.

vii






Preface

This master thesis is the cumulation project for the HYTEC specialisation in the
Energy Engineering department. Presented is the exploration of the economic
feasibility of hybrid hydrogen microgrids powered by solar energy.

In the face of growing energy demands and increasing environmental concerns,
the development of reliable and sustainable energy systems has become a global
priority. Harnessing solar energy, coupled with hydrogen technology for energy
storage, provides a promising approach. To advance this technology, a compre-
hensive understanding of its economic viability is crucial.

In this research, we propose an automated tool that assesses the economic fea-
sibility of hybrid hydrogen microgrids. The tool features a novel interface for
generating consumption data across commercial and residential sectors, and an
Al-based algorithm for determining optimal component sizing and predicting the
economics for a 20-year operation period. Lastly, the thesis elucidates an energy
ow optimisation strategy within the system, mirroring a real-world microgrid
operation.

It is the author's sincere hope that this work contributes to the eld of energy
engineering, particularly in the understanding and application of hybrid hydrogen
microgrids. Hereby we attach the GITHUB repository containing the code that was
developed for this project.

URL.: https://github.com/Heraclitus2/Heraclitus2

We would like to express our gratitude to Torsten Berning and Samuel Simon
Araya, whose guidance and insights have been instrumental in the execution of
this project.

Aalborg University, June 2, 2023
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Chapter 1

Introduction

1.1 Background and motivation

In recent years, there has been an ever growing pursuit of energy independence,
both for residential and industrial applications. The main reason behind this is the
ability to avoid both sudden and continuous increases in electricity prices, along
with gas for heating, and the regulations and restrictions that may come to energy
usage due to different circumstances.

Some factors, like the Russia-Ukraine con ict that began in 2022, prove that
these changes can come unexpectedly, with great impact in the everyday life of
families and businesses all over the world, namely in Europe in the case of the
aforementioned con ict. These events with global impacts can create power and
resource shortages that not only affect prices, but also availability, with certain
governments and organizations threatening to limit the allowed electricity con-
sumption and gas usage [86]. These energy price changes can be seen in graph 1.1,
where 100 represents the index value for oil, coal, gas and electricity on the 23rd
of February, 2022.

Furthermore, even though countries are making an effort to move the global
energy grid towards the use of renewable energy sources, a great share of the total
energy use is still non-renewable and extremely polluting. A great example of this
is Denmark, which, despite being on the forefront of energy development and a
big advocate for renewable energy sources, still uses a large percentage of oil, coal
and natural gas on their energy supply, as can be seen in gure 1.2.

Considering this, a lot more energy users are beginning to look into transi-
tioning into more environmental friendly energy sources, not only for the obvious
bene ts that brings to the world, but also in order to be eligible to receive some
of the nancial assistance that governments all over the developed world are be-
ginning to offer to businesses and individuals willing to invest in less polluting
technologies.
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Figure 1.1: Changes in energy prices with the Russia-Ukraine con ict [41]

Figure 1.2: Total energy supply (TES) by source, Denmark 1990-2021 [69]
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Combining both the needs previously mentioned, the solution that can be
studied and applied are hybrid micro-grids. These consist of extending a solar
grid(consisting of a solar panel and battery) with further storage in the form of
hydrogen. To accomplish this objective, the excess energy not used by the micro-
grid once the battery is fully charged, is diverted into an electrolyzer in order to
produce hydrogen gas that is then stored in a storage tank. This hydrogen is then
used by a fuel cell to produce electricity whenever it is needed by the system. The
hydrogen components of this micro-grid are now under great development and its
use is fast increasing, making its application a great investment in the future.

By applying solar/hydrogen hybrid micro-grids, the direct emissions of energy
production are zero, and with the correct sizing of its components, its possible to
achieve full energy independence. However, in order to obtain this accurate sizing,
full consideration of the energy needs of the application, the solar irradiation on
the location selected, ef ciencies of the different components at different work
conditions and many more factors need to be taken into account, while also trying
to minimize the cost of such a system.

1.2 Problem formulation

As the world shifts towards renewable energy sources, it's becoming increasingly
important to design ef cient and cost-effective microgrids that can provide reli-
able power to small communities and remote areas. However, current renewable
microgrid technologies are limited by their short-term energy storage capabilities.

The hybrid microgrid comprises of solar, battery, hydrogen, and fuel cell tech-
nologies, to create a sustainable and long-lasting energy solution for small-scale
microgrids. This project aims to develop a software that simulates the operation of
such microgrids. By modeling and simulating a hybrid energy storage system that
includes hydrogen, this software will provide valuable insights into the feasibility
and economic viability of using hydrogen as a long-term storage solution for solar
microgrids

Furthermore, it will enable researchers and engineers to optimize the design
and operation of such systems, thereby facilitating the wider adoption of renewable
energy technologies and helping to mitigate the impacts of climate change.

1.3 Project objective

In this project, a software will be developed from the ground up, using the pro-
gramming language Python with the purpose of sizing a hybrid micro-grid while
minimizing its costs. In order for the code to run the desired simulation and
provide results for the sizing of the components, it will require user inputs. The
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type of application (residential, commercial, industrial, etc.), previous or expected
average energy consumption and peak power used by said application, and the
location are used as inputs. The location will allow the extraction of the solar
irradiation information from an online Application Programming Interface (API),
while the average energy consumption and peak power will allow for the energy
load pro le to be approximated.

Following this rst step, an initial guess for the sizing of the components of
the hybrid micro-grid can be made. Using the values from this initial guess, an
hourly simulation of the Energy Management System (EMS) can be made, in order
to verify the given sizing achieves the technical needs of the micro-grid, in terms of
obtaining energy from the environment using solar panels, and storing it with the
use of both a lithium-ion battery and a hydrogen system consisting of electrolyzer,
hydrogen storage and fuel cell. This simulation will also allow the calculation of
the degradation of the components and necessary replacement of said components,
giving the total cost of the energy system after the 20 simulated years. Considering
that the goal of the sizing made by this software is to minimize the total cost of
the components while maintaining the technical validity of the energy system, the
simulation will be run again with different sizings of the micro-grid, to obtain the
most cost ef cient, functioning energy system for each application.

When the optimal solution is obtained, nancial indicators can be calculated
and included with the nancial metrics already calculated in the simulation to
provide a complete economical overview of the micro-grid given.

1.4 Project outline

The structure of the project is as follows:

In Chapter 1 the background and motivation are layed out, as well as the prob-
lem formulation.

Chapter 2 presents the state of the art regarding hydrogen microgrids and the
selected modeled components. Those components are Photovoltaic panels (PV),
batteries, electrolyzer, hydrogen storage and fuel cells.

Chapter 3 presents the assumptions used for the modeling and methodology of
the calculations. Included are the solar irradiation libraries, load curves, fuel cell
and electrolyzer models and economic models. In addition, the algorithms used
for the sizing and the energy management system are presented. The selected case
studies are also presented in Chapter 3.

Chapter 4 presents the results of the system sizing and the economic indicators.
A comparison between the 4 selected cases is presented with a discussion about
the performance.

Chapter 5 presents the comparison between the non optimised energy man-
agement system and the optimised energy management system. Included is a
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presentation of the energy ows and a discussion of the performance.
Finally, Chapter 6 concludes the project. Concluding remarks, additional study
and discussion are presented.






Chapter 2

State of the art

In this chapter the different technologies simulated in the report are outlined.
Firstly, the components of the microgrid and the underlying mechanisms are out-
lined, starting with solar irradiation and battery storage. Secondly, hydrogen com-
ponents are described in detail, including different fuel cell and electrolyzer tech-
nologies, followed by hydrogen storage. Lastly, the implementation of microgrids
using hydrogen storage and the methods for designing and simulating said sys-
tems is presented.

2.1 Microgrids and components

Microgrids have quickly grown in popularity over the years due to the rise in
renewable energy technologies, and easier accessibility to said technologies, which
can be seen, for example, in the large decrease in price of power originated via
photovoltaic panels in comparison to other technologies, as represented in gure
2.1. This has lead to the implementation of solar and wind power micro grids
in housing and industrial applications, allowing for off-grid living and energy
storage. Due to the limitations when it comes to energy storage in batteries, hybrid
microgrids have started to surface as a great alternative, offering the storage of
energy in the form of hydrogen.

The use of micro grids presents several advantages over the use of regular grid
energy. The rst advantage is the complete independence from the centralized
power grid, which protects the users from sudden increases in prices, power out-
ages and power limits introduced by centralized authorities, whether it is to limit
consumption for environmental reasons, or for natural/human catastrophes. At
the same time, moving from a centralized process of power generation and stor-
age to independent and local power production reduces the great power losses
that come from the electricity being pushed over longer distances from the large
scale power plants to the end user. This process of energy transmission can even
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Figure 2.1: Variation in cost of electricity [95]

have energy losses of up to 10%, which in the grand scheme of things represents
an enormous loss of energy [23]. Finally, even though energy grids around the
world, and specially in the developed countries, are starting to move towards in-
tegrating more and more renewable energies as their power sources, a large scale
of energy gets produced from non renewable, highly polluting energy sources. As
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such, users interested in reducing their carbon footprint and reducing their impact
on the environment may nd the prospect of having a fully renewable micro grid
highly enticing.

A good example of the value of microgrids can be seen in the United States
of America, where natural disasters are usually followed by wide and prolonged
power outages, which lead to not only major inconveniences for the user, but also
enormous economical losses. Microgrids could assist in protecting the economy
and the users from these power outages [83].

Staying with the USA as an example, during the year 2022 in Texas households
saw electricity prices go up by 50% when compared to the same period of the pre-
vious year. This was due to shortages in natural gas because of the Russia-Ukraine
war, which lead to Texas having to export a lot of their natural gas production
[111]. With price uctuations this extreme and unexpected, grid independence can
prove to be an invaluable asset provided by microgrids.

When it comes to what constitutes the power grid, it depends on what type of
micro grid is considered. Independently, there are still three different groups that
constitute a micro grid: rstly, the applications that consume the power. Secondly,
the source of power generation that allows the micro grid to be off grid and de-
centralized, along with the energy storage. Lastly, the energy management system
that controls the energy usage and functioning of the micro grid [37].

The application varies depending on the case study, it can be a house, a village
or a factory. The main sources of power in renewable microgrids are solar energy
through photovoltaic panels and wind power using wind turbines. As for the
energy storage, for solar and wind power micro grids, usually batteries are used
for storing power. However, these are very limited, so hybrid systems started being
implemented, with alternative storage systems. One of these storage alternatives is
the use of hydrogen, in which there is still a battery present for short term energy
storage and peak shaving, but now there is an electrolyzer that uses the excess
energy produced by the solar panels/wind turbines to produce hydrogen which is
then stored in an hydrogen tank. When there are energy requirements that cannot
be met by the solar panels or the battery, a fuel cell uses the hydrogen stored and
transforms it to electricity.

2.2 Photovoltaic panels and battery

2.2.1 Solar irradiation

Solar irradiation analysis is essential for the proper design, study and sizing of an
hybrid microgrid. The hours at which its available and power that it is capable of

providing are key to not only the sizing of the solar panels, but the entire system as
well, with limitations in area for solar panels possibly even leading to a technical
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limitation of the microgrid.

Irradiation is the process of receiving electromagnetic radiation from a source,
and it represents the energy per unit of area of surface. In the speci c case of solar
irradiation, the source is the sun, and the recipient is judged as the earth, with a
particular location being chosen dependant on where the microgrid is. There are
3 different components of solar irradiation [17], and the total coming from these
components:

» Direct Solar Irradiance: radiation that travels from the sun to the surface
of the earth unaffected by obstacles, without scattering or absorption. It is
dependent on the atmosphere and the angle of incidence.

« Diffuse Solar Irradiance: resultant of the diffusion as the radiation crosses the
atmosphere and the electromagnetic waves are scattered. Relatively uniform
across the sky and with no speci ¢ direction.

* Re ected Solar Irradiance: radiation re ected on other surfaces that eventu-
ally affects the surface being considered.

The sum of these 3 components that are represented in gure 2.2 is the global
solar irradiance, and is what is considered when studying the microgrid.

As mentioned before, the calculation of the irradiation is essential in order to
properly size the photovoltaic system that powers the entire energy grid, with the
patterns and pro le of solar irradiation throughout the year being very important
to control the rest of the microgrid.

2.2.2 Solar panels

The purpose of a solar panel is to use solar irradiation to obtain electricity, by using
semi conductive materials, such as silicon that allow for the photovoltaic effect to
happen. This photovoltaic effect happens when light shines upon a semiconductor,
causing the electrons to be freed from their atoms and therefore generating a ow
of electricity. Since this effect can only happen with the photons (fundamental
particles of light and electromagnetic radiation) that are adsorbed by the semi
conductor, the material surface of the solar panel is built with the goal of making
the front surface of the cell more receptive to dislodged electrons, so the ow of
electricity happens towards the surface [34].

As mentioned in the previous paragraph, an example of semiconductor is sil-
icon, which is the component chosen to make the majority of solar panels in the
market. This chemical element is the second most present in the Earth's crust,
however, obtaining it in order to produce solar panels is still a dif cult process due
to silicon being bound to other elements in its natural state, meaning it requires
a thorough process of separation in order to obtain it in its purest form. This
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Figure 2.2: The three types of solar radiation [17]

separation process is where most of the cost of silicon production accrues from
[105].

Having obtained the silicon, the way it is implemented can vary depending
on its crystal structure, where it can be monocrystalline or polycristalline. Poly-
cristalline panels have the great advantage of being signi cantly cheaper than
monocrystalline panels. However, this price difference has steadily decreased over
the years, making the technical differences between these crystal arrangements
all the more relevant. Since monocrystalline panels have higher ef ciency values,
when this is taken into account along with the smaller price difference, this technol-
ogy ends up being the most cost-effective. Besides this, when it comes to off-grid
micro-grid usage, the solar panels provide all the energy the system will use, while
having area limitations depending on the application (for example, the size of the
roof on a house). As such, the extra ef ciency that monocrystalline solar panels
bring to the table when compared to polycristalline represent a valuable asset in
several applications [105].
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Another important factor that affects the ef ciency and power output of pho-
tovoltaic panels is temperature. Even though increase in temperature affects the
current output of the solar system positively, there is a larger scale linear decrease
in the voltage output, leading to lower power output [79]. This can be seen in
gure 2.3, where the higher the temperature, the lower the power the solar panel
can provide.

Figure 2.3: Variation in power output of photovoltaic panels with temperature [124]

2.2.3 Battery

Batteries are one of the most prevalent methods for storing energy nowadays.
From smartphones and headphones to cars and stationary applications, batter-
ies are found everywhere. The ef cient storage of energy in batteries as chemical
energy and their ability to convert this energy into electrical energy with a fast
time response, make them crucial devices in facilitating the green transition. By
charging during high renewable electricity production and discharging when pro-
duction drops, as it does suddenly for renewables, batteries are decisive in the
decarbonization of the energy markets [70]. On the other hand, batteries are not
the perfect solution. They require big quantities of raw materials and degradation
diminishes their capacity to store energy. In the next paragraphs, the two main
battery technologies will be presented and a brief overview of the promising ow
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batteries will be provided.

Lead-Acid batteries

This was the rst genre of battery to be developed and brought to the public, dating
as far back as the 1850's, which explains why it's present in the most applications
out of all the battery types and it's easiness to obtain, being cheap and widely
available. It's limitations in the current delivery lead to a poor energy/weight
ratio when compared to other technologies, adding to its low energy storage, reg-
ular maintenance requirements and the smallest lifespan due to the very limited
ammount of charge/discharge cycles it can handle [18].

Li-ion batteries

As opposed to the aforementioned Lead-Acid batteries, Lithium-lon batteries are
very recent and have seen enormous development in recent years due to shear
amount of applications they have, from portable electronics to electric cars. This
particular battery technology is extremely suitable for these applications due to its
very high energy density, the possibility to be fully discharged without completely
ruining further performance, quick recharge speeds and big lifespans due to its
high tolerance in terms of charge/discharge cycles. However, since it's still early in
its development cycle and its a relatively recent technology, with high demand in
very big markets, it has very high prices when compared to the Lead-Acid batteries
[18].

Flow batteries

This technology is extremely early in its development, and it consists of a recharge-
able battery that uses two liquid electrolytes to store energy. The electrolytes then
ow through a cell stack in order to electrochemically release or adsorb energy,
therefore charging or discharging the battery. This cell stack the electrolytes ow
through lead to one of the advantages of this technology, which is its ability to
scale, allowing for increase in the stack in order to have higher power output, and
increase in the size of the electrolyte tanks to have higher energy storage. Besides
this, they have a longer lifespan and the materials used in its production are safer
and more environmentally friendly than materials present in other technologies,
like lithium. This new technology also has its disadvantages however, such as
lower ef ciencies, in the range of 50% to 80%, higher costs due to being early in
its development and having low availability, and nally its low energy density.
This last disadvantage can pose as an advantage in microgrid applications, as low
energy density excludes the use of this technology in mobile applications, there-
fore reducing demand and possibly reducing prices and increasing availability
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[104][106].

2.3 Hydrogen

With the rise in usage and availability of renewable energies, the search for new
and improved ways of storing energy has increased. This is due to the innate
inconsistency and unreliability of renewable energy sources, which are heavily de-
pendant on nature and weather conditions in particular. In the particular case of

the energy source used for the microgrid in question in this report, solar power

varies with many circumstances. Firstly, the night and day cycle immediately ex-

cludes, on average, half of the hours in a day for power generation. Adding to this,

there's the seasonal factor, which leads to higher power generation in the summer
when compared to winter, with a gradient in between them. Finally, the weather

can heavily affect the power generation of photovoltaic panels, with a series of
cloudy days being able to completely undermine the power generation of a solar
energy system in a microgrid [102].

To combat the aforementioned inconsistency and unreliability, batteries of dif-
ferent technologies and sizes were used, but those quickly proved to be very lim-
ited and incapable of handling several applications. As such, one alternative stor-
age method that began being studied and used is energy storage in the form of
hydrogen. This element has several advantages that make it very favorable for
usage in the energy storage industry:

« Hydrogen is the most abundant element in the universe and, namely, in the
Earth's atmosphere;

* It has a very high energy density, meaning it holds an incredible energy to
weight ratio, having nearly 3 times more energy content than gasoline for the
same mass [116];

» Hydrogen has a variety of production methods, from natural gas and biomass,
to water electrolysis. The versatility of hydrogen expands to its storage meth-
ods, ranging from compressed gas to cryogenic liquid, and also to its appli-
cations, being used to power fuel cell vehicles, as energy storage or industrial
processes [116];

 Finally, hydrogen possesses a much higher capability of storing energy for
a longer period of time without losing its energy potential, making it a pos-
sible solution for large scale energy storage, as can be the case in a hybrid
microgrid [116].

Although hydrogen possesses characteristics that make it very favorable for
energy storage, it also comes with its disadvantages:
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» Even though it has very high energy density, it has extremely low mass den-
sity, so even though it holds great amounts of energy for a low mass, that
same mass takes up a very large volume, making its storage a bigger problem.
This volumetric density problem also affects transportation, while adding to
the large volume needs the problem of high ammability [116];

» The use of hydrogen as a form of energy storage represents large losses due
to the ef ciency of the several technologies involved, with the ef ciency of
the electrolyzer, compressor and fuel cell leading to a round trip ef ciency of
approximately 35% [116];

» Hydrogen as a form of energy storage and all the technology related to its
transformation to and from energy are still in early stages of development,
making it expensive at the time of writing, with expectations of prices low-
ering with further development and with the technology becoming more
widespread and available [116];

» Safety wise, hydrogen presents several concerns, whether they are its high
ammability or the very high pressures at which it is frequently stored, bring-
ing forth a risk of explosion. These problems are, again, heavily present both
in storage and transportation [116].

For the purpose of the application in question in this report, the hydrogen can
be produced through the use of electrolysis, using the energy obtained through the
photovoltaic panels.

There are 3 types of hydrogen depending on the way its produced. Grey, blue
and green hydrogen [33]. The majority of hydrogen produced at the time of writ-
ing is grey hydrogen, where hydrocarbons are processed with the use of Steam
Methane Reforming, partial oxidation or Autothermal reforming. However, de-
spite being the most economically advantageous option, this production method
emits high quantities of carbon emissions, making it environmentally unfriendly.
The use of carbon capture can make this production method more sustainable,
while also allowing for other usages, for example combining the hydrogen with
this carbon in order to produce methanol. The production of hydrogen with this
inclusion of carbon capture, that can lead to a reduction of up to 90% in the carbon
emissions, is called blue hydrogen (IEA. The future of hydrogen. 2019.). Lastly,
the green hydrogen, which will be the focus of study in this particular case, is
produced using electrolysis. This method consists in using the electricity deriving
from renewable energy sources, namely solar power in the case of the hybrid mi-
crogrids studied in this report, to induce an electrochemical process that separates
the oxygen and hydrogen present in the water. This method produces zero direct
carbon dioxide emissions and currently represents approximately 2% of the global
hydrogen production [66].
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The sustainability aspect of green hydrogen production has made it a serious
focus of research and development, with several pushes and incentives being made,
not only by companies but also government bodies. This has lead to great enough
security in the technology that allows for commercially available products in the
market, creating the current goal of making an hydrogen system more affordable
and readily available, with the example of the US Department of Energy, which
seeks to reduce the cost of clean hydrogen by 80% to 1$ per kilogram by 2030 [31].
This process can be compared to that of photovoltaic systems, that over the years
greatly reduced their cost and became a more widespread technology.

2.3.1 Electrolysis

As mentioned before, electrolysis consists of the process of using electrical energy
to split water molecules into H; and O,. This is done with the assistance of two
electrically charged electrodes, called anode (positively charged) and cathode (neg-
atively charged), and an electrolyte material, which varies depending on the type of
electrolyzer in question. These components, while in contact with an acidic water
solution or pure water lead to the aforementioned decomposition [61]. There are
several types of electrolyzers, however 3 are vastly more developed and currently
available in the market, and can be seen in gure 2.4.

 Alkaline Electrolysis Cell (AEC)
* Proton Exchange Membrane Electrolysis Cell (PEMEC)

« Solid Oxide Electrolysis Cell (SOEC)

Figure 2.4: Conceptual set-up of three electrolysis cell technologies [101]

Alkaline Electrolysis Cell

This type of electrolyzer is the oldest, dating back to the 1920s. As such, it's also the
simplest, consisting of the two aforementioned electrodes submerged in a liquid
electrolyte solution, such as potassium hydroxide (KOH) and sodium hydroxide
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(NaOH), although potassium hydroxide tends to be the preferable choice, as it
has higher solubility in water, therefore creating a more conductive electrolyte
solution. Besides this, KOH also has the advantage of leading to lower operating
temperatures and longer service life compared to its alternative solution [67].

In this type of electrolyzer setup, the water molecules ( H,O) enter at the cath-
ode and go through a reduction process, where they react with 2 electrons, produc-
ing an hydrogen molecule ( Hy) and 2 negatively charged hydroxide ions (2 OH ).
This reaction can be seen more clearly in equation 2.1[11].

2H20(|) + 2e | H(g)+ ZOH(aCD (2.2)

The hydrogen product that was desired can then exit without leaving the same
side of the electrolyzer, while the hydroxide ions go through the separator between
the electrodes, reaching the anode. The separator must allow for the transport of
these ions, while preventing the crossover of hydrogen and oxygen gases, ideally
having good chemical resistance, high porosity and low electrical conductivity.
Asbestos was a great example of the correct type of material, was one of the most
commonly used materials for this purpose. However, due to health and safety
concerns, alternatives revolving around polymer-based separators are starting to
become more common, such as polytetra uoroethylene (PTFE), polyethylene, or
polypropylene [11].

After passing through the separator, the hydroxide ions go through a reaction
at the anode known as oxidation, where the excess electrons are released from the
ions, leading to the formation of water and oxygen molecules. This reaction is
better described in equation 2.2[11].

Anode: 20H ! 0.50,(g) + HoO(Il) + 2e (2.2)

The resulting oxygen and water can then be taken from the anode side of the
electrolyzer, nalizing the electrolysis process.

This electrolysis method comes with the advantage of having availability in the
market, due to being an older technology, while having lower costs due to the non-
noble materials it uses for electrodes, such as Nickel, and having high durability,
allowing for up to 30 years of usage. Despite all this, the alkaline electrolyzer cell
presents some disadvantages that make non eligible for use in a hybrid microgrid,
such as limitations when it comes to the current density, which can be limiting
in applications that require a higher power electrolyzer, it has a low operating
pressure, which creates the need for either a larger storage tank or a compressor,
which leads both to more expenses and higher energy losses, and nally, and most
importantly, the alkaline technology has severe limitations when working with
intermittent power supplies, which does not go along well with the inconsistency
and unreliability of renewable energies [101][11].
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Proton Exchange Membrane Electrolysis Cell

This type of technology is more recent that the Alkaline Electrolysis Cell, having
surfaced in the 1960s. This type of cell is much more structurally complex, includ-
ing two plates that em compass the membrane electrode assembly, which includes
two gas diffusion layers, two electrodes (the anode and cathode) and a solid poly-
mer electrolyte, which allows for the separation of the gases, the conduction of the
protons and the electrical insulation of the electrodes [101].

The operation of this type of electrolysis cell begins with the water being fed to
the anode side of the cell, where a bi-polar titanium plate is in place. This material
is chosen due to its strength and resistance to corrosion, but other material can be
used, although leading to more corrosion and a lower lifespan of the cell, while
reducing costs.

The water then goes through the titanium mesh and gets in contact with the
anode, where a reaction takes place, taking the water molecules and transforming
them into oxygen molecules and hydrogen ions, along with a set of 2 electrons.
This reaction is described in equation ?720].

The oxygen molecules are then released through the same side of the elec-
trolyzer where the water was introduced. The remaining products of the equa-
tion go through the membrane and reach the cathode, where another reaction
takes place combining the electrons with the hydrogen ions, forming hydrogen
molecules. These molecules then pass through a carbon mesh, which requires less
corrosion resistance, as the reaction that takes place on this side of the membrane
is less corrosive, and are expelled through the cathode side of the electrolyzer. The
cathode side reaction is described in equation 2.3.1[20].

2H* + 26 | Ha(g) (2.3)

Just like the previous electrolysis technology, Proton Exchange Membrane elec-
trolysis comes with its advantages and disadvantages. Immediately, it is more
tting for hybrid microgrid applications as it has a fast response time, being able
to quickly respond to the demand. However, it functions with lower energy losses
and less degradation if it is constantly fed power, even at lower values, since on-off
cycles can become very demanding on its lifespan, which can be problematic with
irregular feed power from renewable power sources. It also requires substantially
less space than the former technology, although this can be considered negligible
in a lot of the cases, since most, if not all, microgrid applications are stationary and
the space requirements aren't demanding enough for the change in volume of the
fuel cells to be relevant. However, in the cases where space is restricted, PEMEC
technology takes up 100 times less area than AEC. The ef ciencies are comparable
between both technologies, however, in the case of Proton Exchange Membrane, it
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comes at a cost, with the use of metals such as platinum, iridium, ruthenium and
others as catalyst signi cantly raising prices [20][11].

Within the realm of studies of PEMEC, there is a very similar technology called
Anion Exchange Membrane that takes the basis of the Proton Exchange Membrane
technology but uses an alkaline solid polymeric membrane instead, heavily reduc-
ing the prices by not using the expensive metals previously mentioned. This newly
developed technology also shows great promise by adding very good ef ciency
values and directly compressed hydrogen to its reduction in price [49].

Solid Oxide Electrolysis Cell

This type of electrolysis generates hydrogen in a manner different from the previ-
ously mentioned technologies, and that begins with the conditions created by the
temperature at which Solid Oxide Electrolyzers function. Functioning at temper-
atures between 650 and 1000°C compared to the 50-90°C of PEMEC and AEC, the
Solid Oxide Electrolyzer works with water vapor instead of liquid. This steam is
fed to the cathode, where a reduction happens, leading to the formation of hy-
drogen molecules and oxygen ions. The hydrogen is released through the cathode
side again, while the oxygen ions go through a ceramic material that serves as
electrolyte, reaching the anode side where they oxidise forming oxygen molecules.
These two chemical reactions can be seen in equations 2.4 and 2.5[73][11][101].

HoO(g)+ 2e ! Hy(g)+ 0% (ag (2.4)

207 (ag) ! Oy(g)+ 4e (2.5)

This electrolysis technology comes with its advantages and disadvantages, as
did the previous ones. For starters, Solid Oxide Electrolyzers can reach a theo-
retical ef ciency of up to 90%, however, this is only if heat from other sources
is reused in order to help the electrolyzer reach the extremely high temperatures
necessary, otherwise, ef ciency revolves around values of 50-60% . Another theo-
retical advantage that is setback by the high temperature needs of the electrolysis
is the durability of the solid oxide electrolyzer. Its components are highly durable
and resistant, however, due to working under extreme thermal stress for very long
periods of time, there are a lot of degradation problems still left to be studied and
solved. These same highly durable and resistant materials, specialized in func-
tioning under such straining thermal conditions lead to a high capital cost of the
electrolyzer. To add to this, SOEs have very high start up times in order to achieve
the temperatures of 600-1000°C in order to function, which makes them unable to
respond in sudden changes in the demand, which can be a big obstacle in hybrid
microgrid usage, namely less consistent demand patterns. The very high tempera-
tures and extreme complexity of the system can also make this technology harder
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to implement, with a lot of applications not being able to accommodate this type
of electrolyzer and its temperature values. The last disadvantage is its limited hy-
drogen purity, with values of around 98-99%, which although high, can present a
problem in applications that require higher purity values.

2.3.2 Fuel cell

A fuel cell uses a fuel to produce electricity and heat, thus functioning as the
reverse of an electrolyzer. As such, the anode is now negatively charged and the
cathode positively charged. In an hydrogen fuel cell, the electricity ow derives
from the natural tendency of hydrogen to combine with other elements, in the case
of fuel cells its oxygen, forming water. Just like in the electrolyzers, there's also an
electrolyte material separating anode and cathode.

There are several types of hydrogen fuel cells, with different working condi-
tions and different advantages and disadvantages. These will be mentioned in the
following paragraphs.

Alkaline Fuel Cells(AFCs)

Just like the Alkaline Electrolyzers, these are some of the oldest fuel cell technol-
ogy, meaning its also one of the most widely available and reasonably priced. It
also keeps its parity with its electrolyzer equivalent by having a similar process
but inverted. As such, hydrogen is fed at the anode, with oxygen or air being fed
at the cathode. The hydrogen is then oxidized and electrons and hydroxide ions
are the result, The electrons ow through an external circuit, generating the de-
sired electricity ow, while the ions ow through the electrolyte material, reaching
the oxygen in the cathode and forming water. These fuel cells have a very high
electrical ef ciency (50-60%) and use low cost materials. At the same time, they
have longer start up times which can be problematic while trying to follow the
demand of an hybrid microgrid, are very sensitive to the amount of CO, and other
impurities in the air fed into the cathode and can be victim of its high operating
temperature and pressure [108].

Proton Exchange Membrane Fuel Cells(PEMFCs)

These fuel cells have a similar system to its electrolyzer counter part, but working
in the different direction, with the hydrogen being fed into the anode and oxygen

into the cathode. The electrons are then separated and ow towards the cathode,
generating electric current, while the hydrogen ions are allowed to travel through

the membrane, reuniting with the oxygen and electrodes on the cathode side and
forming water. These fuel cells work at relatively low temperatures (80°C), have a
higher power density, can have a small form factor and have a very fast start-up
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time, which is ideal for hybrid microgrids. However, they are very sensitive to
impurities in the fuel and use very expensive materials, such as platinum [108].

Solid Oxide Fuel Cells(SOFCs)

Yet again, the Solid Oxide fuel cell works in a similar, yet opposite way compared
to its electrolyzer counter part. Considering this, the hydrogen is, again, fed into
the anode side with oxygen in the cathode side, with the oxygen being oxidized
again and electrons owing to generate an electric current. The ions combine with
the oxygen, and form water both at the anode and the cathode. This technology
is often used in large scale applications, with high electrical ef ciency of approx-
imately 60%, with these values being able to rise if the heat is reused on other
applications. It can also have a very long lifespan, being vulnerable however to
thermal stress and cracking problems, while its very high operating temperature
(2000°C) requires longer start up times and more insulation, with these tempera-
tures also requiring very expensive ceramic materials [108][50].

Phosphoric Acid Fuel Cells(PAFCs)

AS the name indicates, this type of fuel cell uses phosphoric acid as its electrolyte.
Just like in the previous technologies, hydrogen gas is fed into the anode, while
air or oxygen is fed into the cathode. The catalyst in the anode helps oxidize the
hydrogen, with the electrons following an external circuit and generating an elec-
tric current, and the hydrogen ions owing through the electrolyte to the cathode,
where they will react with the oxygen to form water. This technology has a de-
cently high ef ciency of 40-50%, which is still lower than some other fuel cells,
and has a lifespan similar to solid oxide fuel cells. However, it functions at tem-
peratures double the ones needed by the Proton Exchange Membrane Fuel Cell,
implying longer start up times, it uses expensive materials, such as platinum, like
the PEMFC, and has a low power density, requiring larger form factor cells in order
to produce the same power [108][50].

Molten Carbonate Fuel Cells (MCFCs)

In this type of fuel cell, not only is hydrogen fed into the cathode, but also carbon
monoxide or carbon dioxide. At this nickel composed electrode, oxidation occurs,
releasing electrons that then follow, yet again, an external circuit. The remainder
of the components combine to form water, while the remaining ions ow through
the electrolyte, which is an alloy made out of lithium, sodium and potassium car-
bonates, into the cathode side. There they combined with the in ow of oxygen and
form water, along with other carbon by products such as carbon dioxide. Just like
SOFC, this technology works at very high temperatures (650°C) and presents high
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electrical ef ciencies of around 60%, which can be increased with heat reintegra-
tion, while having a lifespan similar to the aforementioned technology. However,
and keeping the similarities, the high temperature also requires an longer start
up time, expensive materials for the construction and leads to a susceptibility to
corrosion and degradation over time [108][50].

2.3.3 Hydrogen storage

Due to the aforementioned characteristics of hydrogen, its storage is very partic-
ular. Since it has very high energy density, but very low volumetric density, it
requires compression to higher pressures in order to be able to store high amounts
of energy within reasonable volumes in gas form, or otherwise to be stored in an
alternative manner. The other two storage methods are in cryogenic liquid form,
or solid state storage [57][22].

Cryogenic storage consists of storing hydrogen in liquid form, by lowering
its temperatures to extremely low values (-253°C). Hydrogen in this form has a
much higher volumetric density, lowering the volume needs. However, this storage
method comes with dif culties related to its extreme low temperature needs. The
materials and technology have very high costs, maintaining such low temperature
values requires very high energy consumption, reducing the round-trip ef ciency
of the hydrogen system even more, and it comes with safety concerns related to
leaks [57].

solid-state storage is another promising storage method that has been gain-
ing traction recently. It consists in storing the hydrogen with the assistance of a
solid-state material, namely metal hydrides, chemical hydrides and carbon-based
materials. The metal hydrides represent high storage capacity and variety in the
form they can present themselves in, from powder to plates. Chemical hydrides,
have the favorable property of being stable at room temperature, with the condition
of releasing hydrogen upon heating, which can represent complications in several
applications. Finally, carbon-based materials, for example graphene, have started
being considered as an option due to their high ability to store hydrogen. In gen-
eral, these materials present a more ef cient storage method, but the technology is
still very under developed, expensive and dif cult to produce [57].

Lastly, there is compressed hydrogen, which consists in compressing the hy-
drogen into higher pressures, typically between 200 and 700 bar, and storing it in
tanks. This method allows for higher volumetric energy densities the higher the
pressure is, its low maintenance, it only requires energy usage in the compression
part of the gas, it has a lot of preexisting technology already and compression is
already a very developed eld, reducing the costs and increasing availability. How-
ever, this method also has limited capacity, due to a maximum in the pressure that
can be achieved while keeping the hydrogen a gas and with the current technology,
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which then also leads to safety concerns, since the pressure wants to be maximized
in order to achieve higher energy densities, but the higher the pressure, the higher
the safety risks. Despite all this, this was the chosen method for the hybrid mi-
crogrid, as it is the only one that can be applicable due to safety issues, prices,
availability, etc [57][22][43][94].

The energy densities associated which each pressure and lique ed hydrogen
are in gure 2.5.

Figure 2.5: Energy density hydrogen [39]

2.4 Hydrogen microgrids

Energy storage will be a key issue in the future of decentralized and renewable
electrical production., such as grid stability and energy storage. The intermittent
nature of solar and wind energy presents inherent challenges for power systems.
Solar and wind production plants hardly ever match their production with the load
demand. A system which is capable of releasing and absorbing energy rapidly

is needed when integrating these renewable assets in any grid. Commonly, in

a country's national grid a Hydropower plants, Natural Gas Plants, Combined
Heat and Power Plants or Energy Storage Systems (ESS) provide these necessary
ancillary services to the grid.

As mentioned above, ESSs play a vital role in a grid or microgrid. Today,
different technologies are available for this purpose, however depending on their
capacity, response time and additional case-speci ¢ factors the optimal solution
usually is a combination of them. In gure 2.6, the most reliable or promising
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Figure 2.6: Typical discharge time and power ratings for energy storage technologies

energy storage solutions are depicted. The lower-left part of the graph is occupied
by technologies meant mainly for power quality while the upper-right side is lled
energy management solutions.

Hydrogen storage stands as a good alternative that targets the problems that
cannot be target by batteries nor pump hydro or compressed gas storage. Batter-
ies require a big quantity of materials, sometimes scarce and expensive to extract
from Earth's crust. This issue is also encountered in fuel cells and electrolyzers,
e.g. Iridium, which can become a bottleneck for the PEM technology [7]. However,
both devices are power-rated, meaning that they are not meant to store energy. In
contrast, they just perform an energy conversion, from chemical energy to elec-
tricity or vice versa. The quantity and cost of batteries for powering an average
European house for over a week are prohibited. Nonetheless, they are commonly
included in hydrogen microgrids, due to their fast response time and high round-
trip ef ciency. On the other side, pump hydro or compressed gas storage requires
a speci ¢ type of geography in order to be economically viable. [78]

Hydrogen is a highly promising energy carrier with inmense potential. The
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long-range freigh intensive transport sector is looking into biofuels or hydrogen
power vehicles. Electri cation in this case is not a good approach since batteries
have currently a higher speci ¢ energy. [2] Hydrogen also poses as an alternative
for stationary energy storage, especially in remote communities, as it is the focus
of this report. Fuel cells and electrolyzers will provide back-up power in off-grid
island microgrid con gurations, which will make it possible for small communities

to have access to electricity all year round, every hour of the day. In the case of grid-
connected micro or mini-grids, hydrogen storage can provide valuable ancillary
services and price arbitrage. This will reduce electricity prices and give higher
reliability to the main grid.

Hydrogen investment is increasing rapidly, yet, there is a necessity to complete
the proposed projects to nally demonstrate the possibilities of hydrogen and at-
tract more capital. In this report, we aim to provide a useful software solution that
can be used by different professionals and decision-makers. [71]

2.4.1 Prior research

In this section, a review of several relevant papers on hybrid hydrogen microgrids
is presented. These papers are focused on the minimization of cost via optimal
sizing, enhancement of lifetime, and the reduction of wasted power. Factors that
will enable a faster microgrid deployment and realisation. The microgrid studies
explored hereby are not grid-connected, mainly targeting rural areas or big hydro-
gen production plants located in deserts for instance. Different algorithms are used
in order to get the lowest cost, without forgetting the environmental perspective.
Monforti et al. [84] presented 4 different strategies for an HS (Hybrid System).
Only hydrogen, only batteries and two hybrid operation modes, one with hydro-
gen priority and one with battery priority. In this work, the different strategies are
compared in terms of Loss of Load (kWh, %) and Over Production (kwh, %), ac-
counting for the amount of energy not delivered to the load and the energy wasted,
respectively. The hybrid system outperformed the other two in Loss of Load, de-
termining that hybridisation is always bene cial to increase energy security. The
battery priority strategy was able to follow the load better than the hydrogen pref-
erent one, which is logical, as fuel cells have slower response times than batteries.
On the other side, the amount of energy loss was reduced when hydrogen devices
were chosen over the battery. This paper is based on a previously sized microgrid,
and the optimization is not taking into account the degradation of the components.
G.Bruni et al. [13] discuss the effect of sizing and energy management strategy
on the efciency of the overall system. The energy management used follows
a voltage control, the highest voltage is the one delivering the power. The system
discussed in this paper is a Fuel cell-battery-PV system, so it is hot a closed system,
hydrogen has to be shipped to the location from a production site. When the



26 Chapter 2. State of the art

system is unable to follow the demand, a diesel generator supplies the de cit. The
authors sized the system primarily according to the following:

« Solar Panels deliver 150% of the consumption of the house studied.
* FC power is equal to the maximum allowed consumption in an hour.
« The battery is able to provide energy for a day and a half.

Similarly to the conclusions from [85], the authors state that a microgrid with-
out long-term energy storage has a lower renewable energy exploitation. The main
contribution of this work is the sizing study of the components. 3-dimensional
graphs depicting a sensitivity analysis of the size of the components and plotting
the ef ciency or percentage of fossil fuels use of the microgrid.

Torreglosa et al. [114] developed a Hierarchical energy management system for
a stand-alone microgrid in Matlab - Simulink environment. Their model decides
where the power should be allocated evaluating the SOC of the battery, the oper-
ation mode (Charge or Discharge), and the H2 tank level. 10 different states are
described. The lifetime estimation of the components is done directly assigning a
lifetime to each of the components. This work includes a remarkable simulation at
a timescale of seconds. The so-called Slave control uses Pl controllers to balance
the bus voltage following the reference powers given by the master control. The
demand signal is modi ed introducing noise to simulate a real demand curve.

Garcia et al. [96] presented an energy management system for an islandic
hybrid microgrid including solar and wind generating assets. The system is able
to store energy in a battery and a hydrogen tank. The modeling technique is based
on a fuzzy logic. First, a charge power limit is de ned. This value sets the cutoff
power which provides a value to a variable that decides whether it is cheaper to
power a battery, electrolyzer, or fuel cell. Afterward, the fuzzy variable takes the
mentioned variable and the state of the microgrid to decide the amount of power
awarded to each component. The authors claim to save a 13°% of energy compared
to EMS which only use system states to allocate the power.

In this other piece of work done by Torreglosa et al. [113] sizing and EMS is ex-
ecuted. Despite the sizing method is not provided in the paper, the authors lead to
this other source developed by Castefianeda et al. [15]. The work from Torreglosa
et al. uses Linear Programming to minimize the objective function, which is based
on the cost per hour of operating each component. A degradation approach is
included in their model, decreasing the performance of the components according
to their usage. Thus, the authors claim that they can better estimate the replace-
ments of the components, increasing the accuracy of their results. Fuel cell and
electrolyzer manufacturers commonlly provide a warranty of the working hours
of their devices within allowable values of voltage and/or ef ciency. In this paper,
the authors calculated the equivalent working hours of the fuel cell as follows:
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The method to obtain the hourly cost of power per component is done as fol-
lows. It is presented for the battery, but the process is similarly done for the fuel
cell and the electrolyzer.
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Their innovative strategy decreased by more than 250% the power lost and
reduced the number of electrolyzers used from 4 to 3 in a 25-year span.

The sizing procedures are explained in [15]. Here the authors discuss 4 different
procedures in which a microgrid could be sized:

Coat = (2.7)

1. Basic technical sizing: This method sized the Solar farm by balancing the
generation and demand. The fuel cell was chosen in order to provide the
demand peak power alone. The electrolyzer was sized to absorb the maxi-
mum excess power, which is equal to the peak generating power minus the
minimum load. And the storage systems, battery and hydrogen tank were
able to cover the demand of a complete 24-hour day and 8 hours respectively

2. Simulink Design Optimization: Latyn Hypercube and Genetic Algorithm
are used in this study. This method is entirely technical and therefore it does
not account for any economic metrics.

3. HOMER: Homer is a software tool developed by NREL, capable of design-
ing power systems including multiple energy sources and storage options.
HOMER optimizes the stand-alone microgrid by running hourly simulations
and ordering them by economic criteria [38].

4. iIHOGA: This is a software developed by Unizar, University of Zaragoza,
Spain. The tool makes use of 2 genetic algorithms to minimize the sizing rst
and optimize the EMS for each proposed size [115].

In summary, most of the papers make use of a pre-de ned energy management
strategy for their simulations. Several strategies are exposed depending on the de-
cision mechanism, declaration of states, and priorities. Including the degradation
in terms of usage, stands as a more precise option to calculate the loss of perfor-
mance of the components. Different sizing methods are also explored throughout
these studies as well as sensitivity analysis. However, papers are hardly compara-
ble one to another due to the different sizes, locations and demand curves. There is
not a unique solution that will work everywhere, but the goal is to nd among the
available technology the best combination that provides low-cost energy bene ting
the exploitation of the accessible resources.
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2.4.2 Early adoption

Although hydrogen adoption is barely visible around the majority of us, there are
several cases of hydrogen-powered houses around the globe.

The rst commercial Hydrogen House was established in Pennington, New
Jersey, US. The system was developed by the engineer Mike Stricki in 2015 and it
includes a 40 kWp Solar installation and a 20 kW backup power plant. The house
will include a charging station in the future, for electrical or hydrogen cars [98].

Another engineer, Hans Olof Nilsson, developed his own hydrogen house in
South-west Sweden. He proved that it is possible to be completely off-grid even
with the cold and dark Swedish winters. 20 kWp of solar power generates all
the electricity needed by the house. 144 kWh of lead-acid battery energy storage
provides backup power during the night or to charge the electric vehicle driven
by the engineer. A 9 kW electrolyzer converts the excess electricity into hydrogen
during the summer, which is consumed by a 5 kW fuel cell, whose main task is
to recharge the batteries. A compressor is used in order to pump and increase the
pressure of the hydrogen coming out from the electrolyzer. The house is 160 m?
[24].

Greater energy demanding matters have also showcased the reliability of hy-
drogen powered generators. In 2021, the company Hydrologiq successfully pow-
ered the public transport hub at Boomtown Fair, a festival with over 65000 at-
tendees. The generator recharged the electric vehicle eet during 11 days with a
100 kVA fuel cell generator. 6



Chapter 3

Methodology

In this chapter, the methodology of the modeling of the components is outlined.
Starting with the case studies considered to test the code. The energy system is
outlined for the calculations regarding solar panels, battery and hydrogen com-
ponents, including the features calculated and considered in the code, such as
economics. Finally, the two optimisation methods chosen for the sizing and the
energy management of the system are outlined. All the modeling was done us-
ing Python programming language, with the additional packages speci ed in the
appendix A.1.1.

3.1 Selection of test studies

For the purposes of this study, speci c test cases had to be chosen in order to not
only determine the situations in which hybrid microgrids are most viable, but also
to fully test the software developed. As such, 3 different cases were chosen with a
wide range of applications, locations and power consumption. These are presented
as follows:

Village in Kenya

House in the Netherlands

Resort in the Maldives

Data center in Greece.

The reasoning behind this case selection and what their results could bring to
this study are presented in the following section.

29
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3.1.1 Selection criteria, discussion

The rst basis for the selection was the need for 3 different scales, both in dimen-
sion and in consumption, while also including an application that wouldn't be
residential. As such, the rst and most straight forward choice was an house in
isolation, with residential load curves and lower consumption values, in the order
of 3000 kW/year, as per the Germany average [29]. Following that, a real case
was taken, worked in association with United Village, of a village's common area in
Kenya, composed of fridges and washing machines, and consuming in the vicinity
of 8000 kW/year.

The larger cases were selected based on information found and realistic cases.
First, a particular case from with focus on bringing renewable energies and en-
ergetic independence to islands in the Maldives was studied.The speci c case in
hand is that of Park Hyatt Resortlocated in the Gaafu Alifu Atoll, with a peak pho-
tovoltaic power of 616 kW,, toned down to 10% of the value given by the source in
order to have a wider range of test cases [109]. An overview of this resort can be
seenin gure ?7?

The nal case was chosen with the purpose of being one of the largest scale
applications existent, with the nal decision falling on a data center. The location
was chosen based on the planned construction of a data center in Crete, Greece, by
Digital Realty's Lamda Hellix, and a total capacity of 6.5 MW [26]. As for obtaining
more numbers around data centers, the existing case of Foulum Data Center, by
Apple, and located in Viborg, was taken into consideration. The numbers that were
taken about this data center were the size, at 166.000 square meters, the 42 MW
solar farm that powers it, the 700GWh per year consumption and the investment
needed of 850 million to build it [122]. All these numbers can be used to calculate
the proportions of the energy needs and costs that go into a data center's energy
system.

3.2 Microgrid features

The components of the microgrid are structured and modeled linearly. The com-
mencement of the calculations and the initial values considered are solar irradia-
tion or global horizontal irradiation (ghi), ambient temperature and the load curve
of the electricity depending on the application. Afterwards, the energy ows can be
approximated and the hourly calculations for the lifetime of the project calculated.
The energy ows are based on consumption that comes from the load curve and
production from solar panels. The energy is then transferred to charge a lithium-
ion battery. The battery is responsible for following the load and also powering the
electrolyzer. The electrolyzer is powered when excess energy is provided to the
battery and produces hydrogen gas, which, depending on the application, passes
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Figure 3.1: Components of residential microgrid with energy ows using solar power as input bat-
tery and hydrogen storage

through a compressor or is channeled directly to storage tanks. Depending on the
demand, supply, energy balance and state of charge (SOC) of the battery, the fuel
cell is powered and its energy output charges the battery. A simple schematic of
the energy system is illustrated in gure 3.1.

3.2.1 Calculation and modeling tools

In this subsection the calculations and modeling tools utilised to simulate the com-
ponent operation, interactions, sizing and optimisation will be discussed. The com-
putational framework is based on a combination of mathematical equations, data
analysis tools, empirical correlations, optimisation algorithms and nancial anal-
ysis. The implementation of the aforementioned framework was conducted using
the Python programming language, in Jupyter NotebooK§4] and Visual Studio Code
as the primary development environments.

Python in the last years has played the role of lingua franca amongst soft-
ware developers and data analysts [119]. Data analysis is integral to modeling
and optimisation processes, by facilitating the importation or creation, structure,
organisation, manipulation, visualisation and export of data. Arguably the most
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popular tool for data analysis, and the one used in for this thesis project, is the
Pandas Dataframelibrary [82]. The Pandadibrary provides an ef cient and stable
structure for interacting with large datasets. In the context of microgrid modeling,
the Pandas library enables the ef cient management of time-series data, an inte-
gral part in the modeling. Solar irradiance, load curves and ambient temperature,
which are the essential inputs for the simulation and optimisation of the system,
are all time-series data. Moreover, the comparison and visualisation of the simu-
lation results is facilitated by the Pandadibrary, thus assisting in the identi cation
of patterns and underlying trends that facilitate more ef cient and cost-effective
microgrid con gurations.

The optimisation is carried out in two layers: the rst layer is facilitated by the
use of genetic algorithms, which are a type of evolutionary optimisation that mimic
processes of natural selection in order to identify optimal solutions in a vast solu-
tion space [58]. In these algorithms, some initial candidate solutions are initialised
and then evaluated based on a tness function, with the best performing solutions
being combined with each other and mutated and new solutions are generated in
successive iterations, until an optimal combination of solutions is identi ed [53].
This approach avoids the algorithm solutions of being trapped in local optima
[27], identifying high quality solutions and thus making sure that the search for
the best microgrid con guration is robust and ef cient. Genetic algorithms have
been applied to a multitude of problem domains of microgrid optimisation, such
as optimizing distribution of energy resources, sizing and placement [19], energy
management [126] and the design of multi energy carrier and storage systems [9].
Leveraging the adaptability of genetic algorithms and based on the demonstrated
performance in solving complex, multi-objective and non linear optimisation prob-
lems in the aforementioned studies, they were implemented in the microgrid sizing
for the present thesis report.

The second layer of the optimisation was carried out for the simulation of the
energy management system (EMS). For this stage, linear programming methods
were utilised for the optimal allocation and management of the energy resources
between the different components of the microgrid [123], while taking into account
the constraints and objectives associated with the system, outlined in section 3.4.
Linear programming is an optimisation method that can identify solutions to prob-
lems by minimising or maximizing a linear objective function, which is subjected
to linear equality or inequality constraints [5]. Microgrid energy scheduling, re-
newable energy source integration and load balancing are problems that can be
handled particularly well with linear programming techniques [55]. The imple-
mentation of the linear programming methods was done using the Pyomolibrary
[54], an open-source optimisation package that provides a exible and customis-
able platform for the formulation and solution of optimisation problems, enabling
the ef cient modeling and management of the energy ows in the microgrid. The
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precise optimisation strategy and EMS algorithms are presented in section 3.4.

3.2.2 Solar irradiation

Solar irradiation data is the most essential input for the simulation of the microgrid
performance. In the calculations for the project, solar irradiation data is acquired
using the library PVIib [59] and speci cally, PVGIS [16]. The data provided from
PVGIS are global horizontal irradiation (GHI), direct normal irradiation (DNI),
diffuse solar irradiance (DSI) and ambient air temperature. GHI data is calculated
by summing the direct and diffuse solar irradiation. The inputs for the PVlib call
are latitude and longitude, the tilt and azimuth of the solar panels are calculated
and optimised automatically. The solar irradiation data, as well as the temperature
data are hourly and obtained for a 12 year time-span, between 2005 and 2016. A
PVlib call is presented in the Appendix A.7.

In order to ensure a more conservative approach to the microgrid design, the
worst case scenario in regards to solar irradiation is calculated, selecting the year
with the lowest average GHI in the available data range. The average GHI is also
calculated, then the two values are structured in a 20 year dataset. The script also
processes the loaded solar data by eliminating the data for the leap days (February
29th). The datasets are structured in a format where the average year is replicated
4 times, followed by the worst case, always in terms of GHI values. Then the 5 year
dataframe is replicated 4 times to form a 20-year blueprint that is used for sizing
and nancial assessment of the system.

Finally, the solar panel power output is calculated by multiplying the available
solar area with the GHI and the panel ef ciency, which is 22% [77]. The temper-
ature losses and gains were also accounted for, as mentioned in 2.2.2 solar panel
current is heavily dependent on temperature. For the calculations, the tempera-
ture of the solar panel surface when receiving solar irradiation, was assumed to
be 20 degrees higher than the ambient temperature [48]. The temperature of the
solar panel surface was then calculated in relation to the nominal operating cell
temperature (NOCT), which was 42 degrees, and an adjustment of 0.03% per de-
gree of performance loss or gain was adjusted. Both the solar panel ef ciency and
the temperature characteristics were calculated according to the LG NeOn bifacial
solar panel [77].

The equation for the solar power Psq4 input is outlined in 3.2.2. Where GHI
is the global horizontal irradiation, h the solar panel ef ciency, Tgis¢ the differ-
ence between the solar panel surface temperature and the nominal operating cell
temperature, a is 0.33 %/C°[77].

Psolar= GHI  h A (Tgisr  a  Psolay) (3.1)
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3.2.3 Interface

The interface developed for this report is designed to aid in the collection of solar
data and the creation of the load curve for each of the selected applications. The
Interface centered around AAU campus is illustrated in gure 3.2.

On the right side of the interface is an interactive map from which coordinates
can be selected. On the left side there are two checkboxes for selecting the type of
project, either residential or commercial. The residential option when expanded is
illustrated in gure 3.3. The options are the area of the house, the yearly electricity
consumption in kWh, the option of electric vehicle charging and the coordinates.
In gure 3.4 all the inputs are speci ed, the speci ed numbers are the ones used
for the calculations and modeling of the residential application in this report. The
values are then passed on a python dictionary. The calculations following are
outlined in sections 3.2.4 and 3.2.2.

Figure 3.2: Graphical User interface centered at Aalborg University east campus

3.2.4 Load curve

The load curve is the other fundamental aspect for the understanding of the mi-
crogrid energy balance and simulating and optimising the operation.

These curves represent the energy demand of an electrical system over a speci-
ed period of time and for repeated timesteps, capturing the energy usage patterns
and temporal uctuations [28]. Each different load curve for the test cases selected
in this report contains crucial information for the design, sizing, energy manage-
ment, operation and cost of the microgrids. Such parameters are peak demand, to-
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