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Abstract

The increase of carbon dioxide in the atmosphere and the scarcity of rawmaterials lead
to the development of new forms of energy generation and storage. This document
studies the possibility of self-sufficient buildings using the sun’s energy for power gen-
eration and hydrogen as a storage source. The proposed system must be capable of
being self-sufficient, providing the necessary electrical and thermal energy for the com-
fort of a home located in the city of Munich, Germany. To obtain the necessary electrical
energy, the system will have a photovoltaic field and a combined heat power. In turn,
to supply the thermal demand, a heat pump and a boiler are included in the system.
The variability of renewable energy will be managed by the different forms of storage,
it is intended to include a battery system, a hot water tank and a hydrogen tank. For
the correct integration of hydrogen, the system includes an electrolyser which use the
excess of electrical generation to produce hydrogen, in addition, both the combined
heat power and the boiler will be able to use the stored hydrogen as a fuel. According
to the simulations, it is concluded that a house with an annual electricity consump-
tion of 5.400 kW and a thermal load of 15.651 kWh can be self-sufficient using the
proposed model an even more allows a total of 6.238 kWh to be delivered to the grid.
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Chapter 1

Introduction

In the residential sector, the energy consumption of homes is concentrated in two ma-
jor agents, electricity appliances and air conditioning [8]. Currently the most common
ways of providing the energy needed for comfort in homes comes from fossil fuels, the
most commonly used being oil and gas. In 2020, 59% of the european union’s energy
was generate by these two fossil fuels [9]. The use of fossil fuels for energy generation
has drawbacks such as the emission of greenhouse gases and the variability of supply
and demand [10]. This last aspect is an issue of great relevance nowadays worldwide
and particularly at European level. The Russia-Ukraine war has created a sustained in-
stability in recent months that has driven up commodity prices. Russia as one of the
main exporters of fuels in the region has put in check the economies of the countries
of the European Union, because of this the affected countries have had to adopt new
strategies to supply their needs, in this aspect highlights Germany which is the largest
consumer of energy per capita of the European Union and its energy depends heavily
on the supply of Russia [11]. In 2020, 66,1% of Germany’s gas imports came from Rus-
sia. The war situation has forced the European country to take extreme measures and
it has set a 15% reduction in consumption between August 2022 and March 2023, to
avoid gas shortages and spiraling prices. All these economic and environmental issues
lead the scientific community to point to different forms of energy generation. Among
the new technologies with greater use and development for energy generation are
wind and solar power. According to the International Energy Agency (IEA) [12], solar
power growth has been above forecasts in recent years, with 2021 figures revealing
a capacity installed of 160 GW just this year. utility-scale solar projects continue to
be the sector with the greatest development, contributing 60% of the total installed
capacity. This is mainly due to the fact that in most cases it is the most profitable op-
tion to increase energy production for many countries. On the other hand, countries
such as China, India and the EU continue to promote policies for the development of
photovoltaic installations in the residential and commercial sectors.On wind energy, in
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2021 the installed wind energy capacity was 110 GW and it is expected that in the
next few years the installed capacity will be 75 GW per year.

Even when the generation problem seems to be resolved, the scientific commu-
nity is facing a new challenge that comes from the variability of natural resources and
leads to the investigation of storage forms that allow the management of the gener-
ated energy. There are several forms of energy storage [13] among which are: pumped
hydroelectric, compressed air, flywheels [14], batteries, thermal energy storage just to
mention a few. These forms of storage allow the accumulation of energy and with this
to be able to manage it efficiently. Of the storage technologies mentioned, the most
common in the residential sector are batteries [15], however, they are still expensive
and are considered to be short term storage. This particular point has prompted the
search for different technologies that allow for long term storage, this is where hydro-
gen plays an important role [16], [17]. In recent decades, the development of hydrogen
as an energy vector has suffered ups and downs, however, the latest summits for cli-
mate change point to it as a key element for the integration of renewable energies.
Currently, world hydrogen production is around 70 million tons per year being most
of this produced and consumed in the same place [18]. Even though hydrogen is a
widely developed technology, it still has problems that prevent it from fully expanding.
Within the low points is the cost, storage and transport.

The integration of a system composed of photovoltaic generation and mixed stor-
age of batteries and hydrogen represents a challenge that could cover the energy
needs of homes and make them self-sufficient.

In this document, an analysis of the aforementioned integration is carried out. In
addition, the system will integrate a heat pump for heating and a combined heat
power unit for electricity generation powered by hydrogen [19].



Chapter 2

Problem Statement - Natural Gas
(NG) Dependency

The global energy scenario continues to be led by fossil fuels. According to IEA figures,
global energy production in 2019 (see Fig.2.1) was led by oil with 187.364.800 TJ,
second was coal with 163.375.732 TJ and third was natural gas with 140.784.380
TJ. These three fossil fuels are responsible for more than 70% of the world’s energy
production, making them indispensable for most of the countries.

Figure 2.1 Total energy supply (TES) by source, World 1990-2019 [1].
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With this in mind, the main objective of this work is to find a way to eliminate or
at least reduce the dependence on these fossil fuels. For this purpose, the European
continent and more specifically Germany will be taken as a case study.

The current energy situation in Germany is very similar to the worldwide trend with
a supremacy of fossil fuels as energy source followed by wind, nuclear power, solar,
biomass (wood and biofuels) and hydro. Among fossil fuels, oil produced 3.954.458
TJ of energy in 2020 and natural gas generated 3.118.859 TJ in the same year (See
Fig.2.2).

Germany’s energy plan underwent a major change at the end of 2010, when it
launched the Energiewende meaning ”energy turnaround” or ”energy transformation”,
a major plan to make its energy system, which is mainly supplied by renewable energy
sources, more efficient. The country has adopted a strategy for an energy pathway to
2050, which includes an accelerated phase-out of nuclear power by 2022.

Energiewende sets as objectives for 2030 that half of the country’s energy produc-
tion comes from natural resources and in 2038 the elimination of the use of coal as
an energy source. On the other hand, it intends to install 20 GW of offshore wind by
2030 and 40 GW by 2040. Added to this is 5 GW in green hydrogen.

Figure 2.2 Total energy supply (TES) by source, Germany 1990-2020.

Even though energy policies have set ambitious and strict targets, Germany is still
dependent on fossil fuels and, moreover, most of its energy is imported. According to
EUROSTAT [20], in 2021, the energy imported by Germany was 63,7%.
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In the year 2016 Germany was the fourth-largest consumer of coal in the world
[21]. The low prices of coal imports led to the total closure of the mines of this mineral
in 2018. This fact has led to Germany importing all its coal, reaching 31,8 MT in 2020.
The main suppliers were Russia (45,4%), North America (18,3%) and Australia (12,3%)
[20].

In addition to coal, natural gas is another of Germany’s important imports. This
fossil fuel was responsible for a quarter of the energy production in 2020 and 95% of
the total NG was imported from another country. The figures form 2020 shows that
66,1% of gas imports come from Russia, 20,8% from Norway and 11,6% from The
Netherlands (See Fig. 2.3).

Figure 2.3 Imports of natural gas, Germany 2020.

Germany depends on Russia for about 33% of its total energy consumption. Sub-
stituting Russian imports of coal and oil is not the major challenge. Sufficient world
market capacity exists from other oil and coal exporting countries to make up the
shortfall. The greater challenge is to find short-run substitutes for Russian gas, which
accounts for about 15% of Germany’s total energy consumption. Owing to the ex-
isting pipeline network and limited terminal capacities, a short-term substitution via
LNG is challenging, while raising pipeline imports from other countries is also subject
to limitations [22].

Natural gas is a very important energy source in Germany for both electricity gen-
eration and heat production. Electricity generation by natural gas in 2020 reached
99.540 GWh and was the third largest source of electricity generation after coal and
wind (See Fig. 2.4). On the other hand, natural gas was Germany’s largest heat pro-
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Figure 2.4 Electricity generation by source, Germany 1990-2020 [1].

Figure 2.5 Heat generation by source, Germany 1990-2020 [1].
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ducer in 2020, generating twice asmuch heat as coal with an annual output of 202.913
TJ (See Fig.2.5). It is important to point out that gas consumption in the residential sec-
tor exceeds gas consumption in the industrial sector, which could be explained by the
fact that within residential use, natural gas was the largest producer of heat in 2020,
with almost 50% of homes heated by this fuel (See Fig. 2.6).

Figure 2.6 Distribution of household heating sources in Germany in 2020 [2].

According to figures from the German Energy Agency (DENA) [23] the three main
energy consumers in Germany are trailing transport, industry and in third place with
a 26% from the total the residential sector. DENA also points out that almost 84%
of the energy consumed by the residential sector is for heating and hot water needs
(Fig. 2.7). With this information, it is considered appropriate to propose a change in
the forms of energy generation for residential use and more specifically to aim at the
elimination of natural gas from homes through other forms of electricity generation,
heat production and energy storage. Themodification of residential energy production
would bring significant changes in the overall result due to its large influence on the
overall balance of energy consumption. The following chapter proposes an alternative
to achieve these objectives.
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Figure 2.7 Share of final energy consumption in residential buildings in Germany in
2020, by end use [3].



Chapter 3

Methodology

In order to reduce dependence on fossil fuels, a system that eliminates the use of
natural gas heaters and replaces them with heat pumps is proposed. In this way the
residential sector, which is one of the largest consumers of natural gas, could drastically
reduce its consumption. An overview of the proposed system can be seen in Figure 3.1.
The system would be mainly composed of a photovoltaic field, heat pump, batteries,
combined heat power and hydrogen generation and storage system. The diagram also
proposes a small boiler that would act as an emergency system. Figure 3.1 also shows
the presence of the electrical grid and the gas network, however, these would only be
used in case of emergency and to discharge excess electricity or hydrogen.

The following is a description of the different components of the proposed system,
which will be responsible for the generation of heat and electricity.

3.1 Electricity and Heat Generation
3.1.1 PV field
Edmond Becquerel in 1839 was the first scientist to discover the photovoltaic effect
and is credited with the discovery of electricity generation by solar panels [24]. The
photovoltaic effect is produced in semiconductor materials that in contact with the
sun generate electric current. The process of energy generation takes place in the
solar cells, the solar panel is formed by a set of cells. Silicon is the most widely used
element for the manufacture of solar cells. Silicon is the 14th non-metallic element in
the periodic table and has the quality to generate electricity by converting captured
sunlight into electricity. There are several types of semiconductors, but silicon is still
the most widely used, accounting for 95% of the cells manufactured today [24].

A typical solar cell design consists of two layers each doped with either phosphorus,
positive doping, or boron, negative doping. The junction of the doped layers generates
an electric field that forces the electrons to move, they flow through the solar cell until
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Figure 3.1 System configuration.
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they leave the junction generating the electric current. The normal design of solar cells
includes metal plates that have the function of capturing the electrons emitted by the
cell and guide them to the connecting wires. It is at this point where the energy begins
to flow to the inverter (most common design) or any other equipment depending on
the configuration of the photovoltaic system.

Although silicon is the most widely used semiconductor for the creation of solar
panels, there are other types of semiconductors that have been developed and studied
due to their unique characteristics. Among them it can bemention: Multijunction cells;
Single-junction gallium arsenide cells; Crystalline silicon cells; Thin-film technologies
and Emerging photovoltaics [4]. The research to find more efficient solar cells does not
stop, currently the efficiency of solar cells in the laboratory has reached a maximum of
47,1% efficiency for multijunction cells with 4 or more junctions (See Fig. 3.2).
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Figure 3.2 Best Research-Cell Efficiencies [4].

Solar cells are the most important part of the solar panel, however not the only one.
Solar panels are made up of different elements that give solar cells insulation, greater
durability and improve the efficiency of the panels. A solar panel is typically made up of
the junction box, backsheet, encapsulant, solar cell array, encapsulant, tempered glass,
and an aluminum frame. Each of these is vital to the life and function of the solar panel.
For example, tempered glass offers protection and durability; the encapsulant and the
backsheet prevents moisture inside the panel and allows better heat dissipation which
improves the efficiency of the board.

Silicon cells can be divided into three large groups depending on their formation:
monocrystalline, polycrystalline and amorphous silicon cells. Monocrystalline cells are
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made from a single silicon crystal, which allows a greater mobility of electrons, improv-
ing the efficiency of the cell. Monocrystallin cells are the most expensive cells and also
the most efficient. Polycrystalline cells are made of silicon fragments, their efficiency is
lower than single crystal cells but their cost is lower.Amorphous silicon is used for the
manufacture of thin film solar cells, its efficiency is low, however it is useful in certain
applications. The efficiency of monocrystalline panels at commercial level is between
15% and 20%, yet SunPower [25] has panels of 21,5%. Polycrystalline silicon panels
have lower efficiencies of around 13-14%, however, some commercial polycrystalline
panels have been designed with efficiencies of up to 18,3%

For this study, a variable peak power field will be used in order to perform different
simulations and generate a wider range of results. The generator configuration will be
of the static type on a pitched roof. The panels to be used will be ”TR 78M 555-575
Watt Mono-facial” from Jinko. These panels have a peak power of ”570 W” and are
made of crystalline silicon. The data sheet can be found in Appendix A.

3.1.2 Heat Pump (HP)
A HP is a machine that takes heat from one point and moves it to another through
an absorption process. It can generate cold or heat depending on the thermal needs
of the site to be conditioned. When the process is heating, it takes the heat from the
outside and takes it to the interior of the place to be heated. In the case of refrigeration,
the process is the opposite, the HP takes the heat from the interior and takes it outside.
Typically, the thermal absorption process is carried out by the refrigerant fluid, which
circulates through a circuit made up of an evaporator, a compressor, a condenser and
an expansion valve [26].

Depending on its configuration there are different types of HP, they can be classified
as Air Source HP or Ground Source HP (Fig. 3.3).

Air source heat pump
This type of HP can be subdivided into two categories: Air-Air HP and Air-Water HP,
the first are those typically used in air conditioners and their operation is based on
collecting heat from the air in one space and depositing it in the air in another place.
The Air-Water HP, on the other hand, take the heat from the air in a space and transfer
it to a water circuit connected to radiators and/or to the domestic hot water system.

Ground source heat pumps
This category can also be subdivided into two categories, Water-Water HP and Ground-
Water HP. The Water-Water HP use underground water from which they extract heat
and transfer it to the water circuits of the house. The Ground-Water HP works through
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pipes buried in the ground from where they extract heat to move it to the water pipes
of the houses.

Figure 3.3 Air and ground sourced heat pump [5].

For this project the air source heat pump or also called air-to-water source heat
pump will be the main component for heating and cooling and will be feed by the
energy generated in the system. This component will allow the generation of cold
in the summer months and heat in the winter months. It should be noted that this
technology was chosen due to its high efficiency. HP typically has a performance ratio
between 3 and 5, this means that by providing 1 kW of electricity for its operation, they
can produce between 3 kW and 5 kW of thermal energy. The efficiencies of common
conditioning methods do not come close to the efficiency values of HP, electric boilers
have an efficiency of 10% and fossil fuels boilers do not exceed 95% efficiency [27].

3.1.3 Combined Heat Power - CHP
CHP, as its name indicates, is a technology that allows the generation of both elec-
tricity and heat. The use of heat allows this type of technology to achieve very high
combined efficiencies depending on the type of machine. Another important char-
acteristic is the diversity of fuels that it admits, being possible the use of hydrogen in
some cases. CHP is a versatile technology capable of providing electricity and heat to
different sectors from individual facility to utility resource for multiple end-users [28].
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CHP can be used as an emergency equipment in case of power outages, acting unin-
terruptedly, in addition, it has the possibility of acting jointly with other types of energy
such as battery storage and solar panels. Conventional forms of electricity genera-
tion have low efficiencies around 50%, however, when including heat as a product of
energy generation, the equation changes, delivering efficiencies of the order of 80%.
Consequently, the increased efficiency achieved by CHPs brings with it a reduction in
carbon emissions [28].

Currently, the leading CHP technologies are 5: reciprocative engines, steam tur-
bines, gas turbines, microturbines and fuel cells. All the mentioned technologies have
unique characteristics and key performance indicators, Table 3.1 obtained from NREL
[29] shows a comparison between the different technologies and their performance.

Fuel Cell
In this work the study will focus on only one of them, the fuel cell. Fuel cells allow
the generation of electricity and water from the hydrogen through an electrochemical
process. The type of fuel cell and the temperature of the process are very important as
they determine the quality of the heat that can be recovered, the heat is recovered in
the form of steam or hot water. Themost common types of fuel cells depending on the
electrochemical process they involve are: proton exchange membrane (PEMFC), phos-
phoric acid (PAFC), molten carbonate (MCFC), solid oxide fuel cell (SOFC) and alkaline
fuel cell (AFC). Despite a high capital cost, CHP technology remains in high demand
due to its important qualities such as power versatility, high efficiency, low carbon
emissions, and low noise [30].

The use of a fuel cell as a co-generation unit is particularly interesting because of
the favorable ratio of electrical energy to thermal energy. Thus, a design for covering
the basic load of the building is possible in the electrical as well as in the heating sector
[31].

Proton exchange membrane fuel cells (PEMFC) have emerged as a leading energy
conversion technology for stationary, transportation, and portable electronic applica-
tions. The wide popularity of PEMFC as an alternative power source is owing to its low
temperature operation (<100°C), remarkable efficiency (theoretical efficiency of 83%),
quick start-up and shut-down cycle, and near-zero emission of environmentally malign
greenhouse gases [32].

A PEMFC will be added to the system to ensure both electrical and thermal sup-
ply using hydrogen generated by the system itself as fuel. The efficiency and the
heat/electricity ratio used will be extracted form the data available on NREL [29].
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Table 3.1 Efficiency for different CHP technologies.

Efficiency Electrically Overall

Internal Combustion 34% 79%
Gas Turbine 30% 69%
Microturbine 25% 67%
Fuel Cell 47% 68%
Steam Turbine 23% 80%

3.1.4 Hydrogen Boiler
A gas-fired boiler provides hot water to taps throughout the home and also to radiators
in the central heating system. Gas is an extremely efficient fuel and modern condens-
ing boilers have large heat exchangers that collect and use almost all the heat created
when the gas burns for heating and hot water, making the boilers 90% or more effi-
cient [33].

To ensure the heat supply in the colder months, a boiler will be used which, like
the CHP, will be fueled by hydrogen. Many brands are now offering a mix on gas and
hydrogen in the ratio 4/1. It is expected that 100% hydrogen-fired burners will be
available by 2025 [34]. The reasons for this slow progress are mainly due to the fact
that hydrogen is not yet available to everyone. For this work, it is gonna be assume that
the gas boiler could run with 100% hydrogen .

3.1.5 Electrolyzer
The proposed system will be configured in such a way that the electrical energy gener-
ated by the photovoltaic field that is not used will be converted into hydrogen through
an electrolyzer. The electrolyzer is a device that allows the production of hydrogen
through a chemical process (electrolysis) capable of separating the hydrogen and oxy-
genmolecules of whichwater is composed using electricity. Like fuel cells, electrolyzers
consist of an anode and a cathode separated by an electrolyte. Different electrolyzers
function in different ways, mainly due to the different type of electrolyte material in-
volved and the ionic species it conducts. The three most common technologies today
are alkaline water electrolysis (ALK), Proton Exchange Membrane (PEM), and Solid Ox-
ide Electrolyzer cell (SOEC). ALK is the more studied technology with more than a
century of research, but PEM are rapidly reaching maturity and are of particular inter-
est for power-to-gas applications, while solid oxide electrolyzers are transitioning from
the laboratory to the demonstration phase [35].
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PEM
For this work the technology proposed will be PEM. According to IRENA [6], the char-
acteristics of its membranes and electrodes allow it to achieve greater efficiency than
other types of electrolyzers. The cost of components used for its manufacture make
PEM higher in price comparing to alkaline electrolyzers. PEMs have a compact and
simple system designs, a typical PEM design can be seen in Fig. 3.4. The technical
information also shows that the heat available form the electrolyzer is the 20%, all this
data will be use to carried out the simulation.

Currently, there are some companies in Germany that integrate PEM electrolyzers in
the residential sector, some of themost used electrolyzers are the ”ME100/350”model
from the manufacturer H-TEC with a nominal power of 225 kW and which ensures an
efficiency of 74% under standard conditions [36].

Figure 3.4 Typical design PEM electrolyzer [6].

3.2 Storage System
The system will be composed of 3 different storage systems:

• Batteries. To store the electric energy generated by the PV system.

• Hydrogen Tank. To store the hydrogen generated by the electrolyzer.

• Hot Water Tank. To store hot water.
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The three systems mentioned above will be briefly described in the following sec-
tions.

3.2.1 Batteries
An electric battery, also called a battery or electric accumulator, is a device composed
of electrochemical cells capable of converting the chemical energy inside it into elec-
trical energy. Thus, batteries generate direct current and, in this way, serve to feed
different electrical circuits, depending on their size and power. Battery systems have
been developed and are present at different levels of electric power such as transmis-
sion, distribution and customers level. One way to classify these systems is the defini-
tion made by the Energy Storage Association of North America, which divides them
in two types: in-front-of-the-meter (FTM) and behind-the-meter (BTM). FTM batteries
works on a larger scale and generally provides services to the operators of the elec-
trical system, they are usually connected to the transmission system, distribution and
also to generation sources. BTM batteries They are used by end users, they are found
inside homes or businesses and their main function is to reduce the electricity bills of
consumers.

For this particular job, BTM battery storage systems will be used. BTM battery stor-
age systems, also called small-scale stationary batteries can range between 3 kW to 5
MW. Typically, residential consumer batteries can reach 5 kW /13,5 kWh, while a bat-
tery for a commercial or industrial system is typically 2 MW/4 MWh. In Germany, for
example, according to IRENA data [37], 40% of the photovoltaic systems are equipped
with this type of storage. The constant increase in the use of these systems is mainly
due to the fall in their price, they are becoming more economical and accessible to
a greater number of electricity users. Electric vehicles as well as the increase in self-
consumption have raised the demand for batteries, this fact has resulted in a decrease
in their prices. Battery storage systems deployed at the consumer level are typically
BTM batteries, because they are placed at a customer’s facility. The installation of
these battery systems allows to reduce the variability of renewable energies such as
solar energy, storing energy when the solar resource is high and consumption is low,
and then supplying this energy when it is needed. Connected to the grid, they also
allow to play with the price of electricity, storing energy when electricity prices are low
and delivering energy when prices rise.

In general, the most commonly used solar batteries are by lead-acid and lithium-
ion battery technologies. The difference between both batteries is visible in their name,
while lithium-ion batteries are made with lithium, lead-acid batteries are made with
lead. Both batteries have been shown to offer good energy storage performance, how-
ever, each has its own characteristics .Next, a comparison is made between both tech-
nologies [38]:
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• Cost. Lead-acid batteries are consider cheap while lithium-ion batteries are more
expensive.

• Capacity. Lithium-ion technology has a higher energy density than lead acid
batteries, which means it packs more power and takes up less space.

• Depth of discharge. The depth of discharge of a battery is the percentage of en-
ergy that can be extracted from it safely and without damaging its proper func-
tioning or affecting its useful life. In lead acid batteries, the depth of discharge
is usually low around 50%, this greatly influences the capacity of the battery.
Lithium ion batteries, on the other hand, allow depths of discharge greater than
85% without affecting their useful life.

• Efficiency.the efficiency of lithium ion batteries is far superior to lead acid bat-
teries, while the former reach efficiencies above 95%, lead acid batteries only
reach 85%, the efficiency value is also important in the effective capacity of the
batteries.

• Lifespan. Lithium batteries again represent a better option in terms of life cycle,
they endure a greater number of complete cycles compared to lead acid.

The system simulations will be carried out considering a lithium ion battery system
due to its excellent characteristics compared to lead acid batteries. The cost of the bat-
tery will not be one of the factors to be studied, so the one with the best performance
in terms of efficiency and depth of discharge will be chosen. The size of the battery
bank to be used will vary depending on the electricity generator, varying between one
and two times its peak power.

3.2.2 H2 Tank
The hydrogen produced by the electrolyzer and not consumed by the CHP unit must
to be stored. Nowadays, there are twomain ways to store hydrogen, it can be either gas
stored or liquid stored. To be stored as gas H2 need to be pressurized, tank pressure
normal are between 60 and 700 bar. If H2 is stored as a liquid the process is differ-
ent because requires a state change, this process involves cryogenic temperatures of
−252,8°C to meet the boiling point. Hydrogen can also be stored on the surfaces of
solids (by adsorption) or within solids (by absorption) [39].

Hydrogen is an excellent energy carrier with respect to weight. 1 kg of hydrogen
contains 33,33 kWh of usable energy, whereas petrol and diesel only hold about 12
kWh/kg. However, in terms of volume, the energy density of the hydrogen is much
lower than liquid fuels. At atmospheric conditions, petrol and diesel are around 8,8-10
kWh/liter, while under the same conditions hydrogen contains 0,003 kWh/liter. This
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condition changes when hydrogen is subjected to different pressures, for example,
pressurized hydrogen contains about 0,5 kWh/liter at 200 bar, 1,1 kWh/liter at 500
bar and 1,4 kWh/liter at 700 bar [40].

The best way of transporting hydrogen in terms of energy density is liquid hydrogen,
achieving more than 2,3 kWh/liter. However, this process involved a big amount of
energy due to the very low temperatures required to condense into its liquid state.
State of the art hydrogen liquefaction technology has a power consumption of 10
kWh/kg. This is equivalent to 30% of the usable energy contained in 1 kg of hydrogen
[41]. In addition, some amount of stored hydrogen will be lost through evaporation, or
”boil off” of liquefied hydrogen, especially when using small tanks with large surface-
to-volume ratios.

For the simulations, hydrogen tanks will be used for gas storage, due to the scale
of the system. The cryogenic process is more useful for larger storage volumes and its
efficiency is low.

Nowadays, companies such as the French company Mahytec [7] are dedicated to
commercialize small and medium scale solutions for hydrogen storage, on their web-
site they have storage tank models available including their datasheet. The models on
the website are 60 and 500 bar cylinders which are capable of holding 4,2 kg and
9,5 kg of hydrogen. The pressurized hydrogen cylinders can be connected together to
hold a larger amount of hydrogen (See Fig. 3.5).

Figure 3.5 500 bar hydrogen tank array by Mahytec [7].

3.2.3 Hot Water Tank
A hot water storage tank is comparable to a closed vessel in which there is a pipe coil
that acts as a heating coil. Drinking water flows around the pipe coil, which contains
heating water. The pipe coil now functions as a heat exchanger, transferring heat to
the service water. The cold water inlet is also heated whenever hot water is withdrawn.
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It is important that the hot water tank has very good insulation to minimize heat loss
and maintain a temperature of at least 60°C to prevent the formation of legionella
bacteria.



Chapter 4

Simulation Results

In this section the system’s viability will be evaluated, the idea is to make the build-
ings totally independent of fossil fuel energy, both electrical and thermal. For this, the
following case is presented.

Case of study. A simulation will be performed with electrical and thermal con-
sumption data for a house located in the city of Munich, Germany. The annual amount
of electrical and thermal consumption is obtained from the software Polysun [42].
Polysun is a powerful software range for simulation-based planning, design and opti-
mization of holistic energy systems for buildings and neighborhoods.

The simulation will be carried out on Excel software from Microsoft [43].

4.1 System Description
The system proposed to perform the simulations is the one shown in Fig. 3.1. In Fig.
3.1 it can be seen as a source of electricity the PV panels and the fuel cell that would
act as CHP unit. In the diagram it is also consider the grid as a source of electricity,
however, it is included in the system only as an auxiliary element in case of emergency
and to be able to commercialize the excess energy that could be generated by the
system.

The lines in orange represent the thermal energy flows. In this case, the sources
shown on the diagram are the HP (main player on heating), the CHP, the electrolyzer
and the hydrogen boiler. The system also shows the electrical and thermal storage
systems. The electrical storage system is composed of two parts, the BTM batteries
that constitute the short term electrical storage and the hydrogen tank which allows
long term electrical storage. A hot water tank will be used for thermal storage. The
surplus electricity can be injected into the grid and the surplus hydrogen is considered
suitable for injection into the natural gas pipeline network.
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(a) Electrical consumption 15-01-2020. (b) Electrical consumption 15-06-2020.

Figure 4.1 Daily electrical consumption from a residential building.

4.2 Case of Study
As mentioned above, the case of study will be based on a 270 m2 single-family house
located on Munich, for this case Polysun delivers an annual electrical consumption of
20 kWh/m2, however, the program does not allow downloading the profile associated
to this consumption, so the profile available in ”Stadtwerke Böhmetal GmbH” will be
used [44]. This web has different annual load profiles depending on the type of build-
ing, in this case the house holder profile will be choose. On the other hand, the energy
consumption for heating is also obtained from Polysun , in this case the program al-
lows the download of the annual profile. The annual heating energy consumption for
a 270 m2 house is 15.651 kWh.

4.2.1 Energy Loads
Electricity Consumption
According to the data provided above, the annual electricity consumption of the house
is 5.400 kWh and the daily profile of winter and summer can be seen in Fig. 4.1a and
Fig. 4.1b. In Fig. 4.1a, it can be seen the electricity consumption for a residential home
on January 15, 2020 and in Fig. 4.1b it can be seen the electricity consumption for a
residential home on June 15, 2020. The difference between the daily profile in winter
and summer is directly related to the hours of sunlight for each season.

Heating energy consumption
Although there is a transition to the use of electric energy for home air conditioning,
the use of fossil fuels, mainly natural gas, is still predominant. In order to homogenize
the calculation, the annual consumption of a residential dwelling in kWh will be used
to compare it with the rest of the variables necessary for the calculation of the system.
The gas consumption for winter and summer can be seen in Fig. 4.2, it can be observed
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(a) Natural Gas consumption 15-01-2020. (b) Natural Gas consumption 15-06-2020.

Figure 4.2 Daily natural gas consumption from a residential building.

that in summer the consumption drops to a minimum, leaving only the hot water as
a load.

4.2.2 Simulation Parameters
PV Array
The available surface of the house allows the installation of 44 panels with an area of
120 m2 approx., using the panel mentioned in the previous chapter (570 Wp), this
would allow a peak power of 25,08 kWp. The orientation of the panels will be towards
the South with an inclination of 30º and the house is located in the city of Munich,
Germany. With this data and using the meteorological information from the PVGIS
website [45], the annual energy production of the panels is obtained, which totals
22.160 kWh/y.

Battery Storage
The size of the BTM battery bank will be slightly larger than the peak power of the
generator, in this case a battery bank of 1,2 times the peak power of the generator
will be used. Thus, the size of the battery bank will be 30 kWh. For the simulation, it
is considered a lithium ion battery bank with a round trip efficiency of 98% and the
state of charge (Soc) of the batteries should not be less than 10%.

Electrolyzer
The size of the electrolyzer is directly related to themaximumpower of the photovoltaic
field, this is proposed so that when there is no consumption and there is maximum
irradiation, the electrolyzer is able to take advantage of all the energy coming from the
panels. For this reason, the power of the electrolyzer is set at 25 kW . The efficiency of
the electrolyzer is defined as 74% and the conversion factor between electrical energy
and usable heat is 20%. With this it can be said that the thermal capacity of the
electrolyzer is 5,02 kW.
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H2 Tank
In order to meet self-sufficiency requirements, long-term storage is needed, and this
is where hydrogen plays a key role. It is decided to store hydrogen as gas at 500 bar.
According to the simulations, 180 kg of hydrogen of capacity would be needed, which
is equivalent to 5.999 kWh and would occupy a volume of 5.454 Lt. It is determined
that the initial level of the tank is 55% and the efficiency of this storage system is set
on 85%.

Fuel Cell
The fuel cell will allow the system to be supplied with energy when the batteries are
discharged and there is insufficient electricity supply from the photovoltaic panels.
This is why the power of this equipment is determined according to the maximum
electrical consumption resulting from the sum of the heat pump consumption and
the electrical consumption of the house. With this, it is determined that the fuel cell
should be 10 kW. Asmentioned above, the electrical efficiency of the fuel cell is around
47%, while the combined cycle efficiency is 68%, with this data it can be calculated a
ratio of 0,45 between heat and electricity production. Thus the heat that the fuel cell
could contribute to the system is 4,5 kW.

Heat Pump
The size of the heat pump is determined by themaximum thermal demand generated
in the house. In this case, an 8 kW heat pump would meet the needs of this building.
The heat pump is simulated with an efficiency of 350%.

Boiler
The system will also include a hydrogen-fueled boiler with a capacity of 1 kW, which
will be included in the system as a redundant system in case of heat pump failure or
power failure. An efficiency of 97% is estimated for this equipment.

Hot Water Tank
The hot water tank will be designed with a capacity of 2 m3. Assuming a temperature
difference of 10°C, the total energy supplied will be 23,2 kWh. The hot water tank
will be the heat regulator of the system, i.e. from here the thresholds will be set with
which the operation of the heat pump and boiler will be controlled. For this simu-
lation, a value of 10 kWh is set for the heat pump and 0,1 kWh for the boiler, if the
available energy in the tank reaches levels below those mentioned, these systems will
be activated.
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Table 4.1 Thermal energy generated from the system.

Thermal Results
Equipment Annual Energy kWh % from Total Demand
Heat Pump 13.070 81%
Fuel Cell 1.156 13%
Electrolyzer 1.847 7%
Boiler 10 0%
Total 16.084 102,76%

Table 4.2 Electricity generation from the system.

Electrical Results
Equipment Annual Energy kWh
PV 22.160
Fuel Cell 2.560
Total 24.720

4.2.3 Simulation Results
According to the data provided above, the simulation of the system is carried out, ob-
taining the results shown in Tables 4.1, 4.2, 4.3 and 4.4.

At the Table 4.1, it can be seen that the thermal contribution is mainly due to the
heat pump with an annual total of 13.070 kWh, the electrolyzer has a heat contribu-
tion of 1.847 kWh and the fuel cell generate 1.156 kWh. The thermal contribution of
the boiler is 10 kWh, this element can therefore be disregarded.

Electric power generation is dominated by the PV field with an annual total of
22.160 kWh as per Table 4.2 and the hydrogen fuel cell achieves an output of 2.560
kWh. The energy imported from the grid is practically zero with 2 kWh for the whole
year. The surplus energy is 6.238 kWh, this electricity can be delivered to the grid.

On the hydrogen side, Table 4.3 shows how the electrolyzer generates a total of
6.926 kWh per year of hydrogen, this allows the final hydrogen reserves in the tank
to be 3.689 kWh. In summary, the amount of energy in terms of fuel and electricity
required from the grid is almost zero and would open up a total exportable energy
of 6.244 kWh (Table 4.4). All the parameters used for the simulation can be check in
more detail at Appendix B.1.

Figure 4.3 shows the heat balance of the system throughout the year, in this graph
it can be seen the contributions of each element as well as the demand in red and
the state of the water tank in light blue. In blue you can see the heat input of the
heat pump, it can be seen that during the summer months this decreases which is



26 Simulation Results

Table 4.3 Energy balance from hydrogen system.

H2
Fuel kWh

Electrolyzer Generation 6.926
Tank Level (EOY) 3.689

Table 4.4 Energy imported and exported from the grid.

Energy Balance
Electricity kWh Fuel kWh Total kWh

Imported 1 0 1
Exported 6.244 0 6.244

due to the lower need for heating and therefore to an adjustment of parameters that
was made to that equipment. While the months of January, February, March, October,
November and December the heat pump operates at 100%, the months of April and
September it operates at 50% and the months of May through August it operates
only at 10% of the total capacity of the heat pump. In green it can be seen the heat
contribution of the fuel cell, the graph shows that its performance is limited to the
winter months (November to February), this is due to two things: the first is a higher
demand for heating and the second is the lack of solar resource and therefore the lack
of electricity to feed the heat pump. In these months the hydrogen reserve plays a key
role in supplying the lack of electrical energy as it is used as fuel for the fuel cell. Finally,
in yellow it can be see the heat input generated by the electrolyzer. The figure shows
how it is only present during the beginning of the summer (April to June), this is due
to the presence of a greater solar resource during these months and to the level of the
hydrogen tank which lowered its reserves to the minimum during the winter months
and needs to be recharged. The presence of the heat coming from the electrolyzer
coincides with an almost null contribution of the heat pump, it should be remembered
that for these months the heating needs decrease and can be covered almost entirely
by the heat generated by the electrolyzer. The contribution of the electrolyzer ends
drastically in the month of July, this fact is due to the fact that the hydrogen reserve
tank is full and therefore the electrolyzer is not required to operate.

Figure 4.4 shows the daily thermal behavior of the house for a winter day (4.4a) and
a summer day (4.4b). As mentioned above, in winter the heating needs are higher,
which is clearly shown by the red lines in both graphs; in summer there is only a peak
in the morning, presumably attributed to the showers. This higher thermal demand
in winter causes the hot water tank to discharge faster and thus the heat pump to
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start up. The behavior of the heat pump is oscillating during the winter days since it
is the main responsible for supplying the thermal needs of the house. In summer its
contribution is very low and it is only used to cover the morning peak. In winter, the
lack of electrical energy causes the fuel cell to start operating, this fact also contributes
heat to the system, increasing the load of the hp. In summer the fuel cell is not used.
The electrolyzer is not in operation in winter, mainly due to the lack of solar resource,
however in summer it has a considerable performance providing heat to the system
and at the same time relaxing the load of the HP.

Figure 4.3 Thermal energy generation along the year.

Figure 4.5 shows the behavior of the hydrogen tank, it is observed that the initial
state is 3.300 kWh and has a significant decrease during the winter months, the lowest
month is March with 500 kWh, however, the amount of hydrogen in the summer
months increases considerably reaching the maximum of the tank, after the tank is
full the electrolyzer stops and the electricity surplus is injected into the grid. By the
end of the year the tank maintains an available energy of 3.689 kWh.

Figure 4.6 shows the electricity balance of the system, in green it can be seen the
electrical load of the house including the consumption generated by the heat pump,
the graphic shows how in the winter months this consumption is higher than in the
summer months due to the greater need for heating. The main generation of energy is
due to the solar panels that in the graph are represented by the lines in red, here it can
be seen a considerable increase in the generation of energy in the summermonths due
to the increase of the solar resource. The power generation from the fuel cell follows
the same pattern as explained in Fig. 4.3, where its presence is limited to the winter
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(a) Thermal energy generation 15-01. (b) Thermal energy generation 15-06.

Figure 4.4 Daily thermal balance.

Figure 4.5 H2 tank storage energy along the year.
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months. In violet it can be seen the state of charge of the batteries, graph shows that in
winter there are pronounced discharges, however in summer maintain a charge status
greater than 70% throughout the hole season. The graph also represents the surplus
energy, in this case it is illustrated on the negative axis indicating that it is energy that
is returned to the grid, this coincides with the period in which the hydrogen tank is
full.

Figure 4.7 shows the daily detail of electricity generation and consumption. Figure
4.7a represents January 15 (winter) and Figure 4.7b shows June 15 (summer). In these
images, it can be seen inmore detail what was previouslymentioned, the system load is
much higher in winter mainly due to the operation of the HP. In winter, the PV system
has very little contribution due to the lack of solar resource, however, in the middle
of summer its contribution is considerable. The charge of the batteries remains low
during thewinter, the systemneeds all possible sources to obtain electricity, in summer
the batteries are kept charged almost all the time. In winter, the fuel cell comes into
action when the batteries reach a discharge of 10% in order to provide electricity to
the system, on the contrary, in summer its action is null. In both days there is no surplus
of energy, in winter this condition is normal due to the low solar resource, however in
summer this is because the surplus energy is used in the generation of hydrogen, until
this day the hydrogen tank is not full yet.

Figure 4.6 Electricity balance along the year.
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(a) Electricity balance 15-01. (b) Electricity balance 15-06.

Figure 4.7 Daily electrical balance.



Chapter 5

Conclusions

The house used for the simulations meets the expectations of self-sufficiency and even
allows economic benefit by having the possibility of injecting the surplus energy to the
grid.

The initial plan of using batteries as short-term electrical storage system and hydro-
gen as long-term storage is fulfilled and can be clearly seen in Figure 4.5.

The inclusion of the boiler as an additional heating system can be dispensed with
as its contribution is almost zero.

The system needs excessive hydrogen storage to achieve energy self-sufficiency, ac-
cording to the design characteristics the tank would occupy a volume of almost 5,4
m3.

Economic analysis is not performed in part because regulations do not yet exist and
the hydrogen market for small consumers is still in its initial states. There is insufficient
information providing costs and characteristics for small scale equipment which limits
any economic study.

The work done is considered beneficial for the integration of hydrogen in the res-
idential sector and serves as a precedent for design software to implement in their
solutions systems like the one just proposed. In the search of bibliography and ma-
terial for this work was not found any software that would allow the integration of
electricity and heating with the detail achieved in this document.

The system presented in this report contributes directly to decarbonization and
independence from fossil fuels, the high prices of natural resources could make this
type of integrations competitive solutions not only technically but also economically.



Bibliography

[1] Iea – international energy agency. https://www.iea.org/. (Accessed on
06/10/2022).

[2] • germany: household heating sources 2020 | statista. https://www.statista.com/
statistics/1189752/household-heating-sources-germany/#statisticContainer.
(Accessed on 08/20/2022).

[3] Germany: household energy consumption, by use
| statista. https://www.statista.com/statistics/1297381/
final-energy-consumption-in-residential-buildings-in-germany-by-end-use/.
(Accessed on 09/04/2022).

[4] Best research-cell efficiency chart | photovoltaic research | nrel. https://www.nrel.
gov/pv/cell-efficiency.html. (Accessed on 07/20/2022).

[5] Air source vs ground source heat pump — green square. https://www.greensquare.
co.uk/blog/2017/11/13/air-source-heat-pump-v-ground-source-heat-pump.
(Accessed on 09/03/2022).

[6] Green hydrogen cost reduction. https://www.irena.org/publications/2020/Dec/
Green-hydrogen-cost-reduction. (Accessed on 06/03/2022).

[7] �mahytec | hydrogen storage solutions. https://www.mahytec.com/en/. (Accessed
on 09/03/2022).

[8] Virgilio Ciancio, Ferdinando Salata, Serena Falasca, Gabriele Curci, Iacopo Go-
lasi, and Pieter de Wilde. Energy demands of buildings in the framework of cli-
mate change: An investigation across europe. Sustainable Cities and Society,
60:102213, 2020.

[9] Where does our energy come from? https://ec.europa.eu/eurostat/cache/
infographs/energy/bloc-2a.html. (Accessed on 07/03/2022).

[10] Samuel Asumadu Sarkodie and Vladimir Strezov. Effect of foreign direct in-
vestments, economic development and energy consumption on greenhouse gas
emissions in developing countries. Science of The Total Environment, 646:862–
871, 2019.

[11] Christoph Halser and Florentina Paraschiv. Pathways to overcoming natural gas
dependency on russiamdash;the german case. Energies, 15(14), 2022.

[12] Executive summary – renewables 2021 – analysis - iea. https://www.iea.org/
reports/renewables-2021/executive-summary. (Accessed on 09/03/2022).

https://www.iea.org/
https://www.statista.com/statistics/1189752/household-heating-sources-germany/#statisticContainer
https://www.statista.com/statistics/1189752/household-heating-sources-germany/#statisticContainer
https://www.statista.com/statistics/1297381/final-energy-consumption-in-residential-buildings-in-germany-by-end-use/
https://www.statista.com/statistics/1297381/final-energy-consumption-in-residential-buildings-in-germany-by-end-use/
https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html
https://www.greensquare.co.uk/blog/2017/11/13/air-source-heat-pump-v-ground-source-heat-pump
https://www.greensquare.co.uk/blog/2017/11/13/air-source-heat-pump-v-ground-source-heat-pump
https://www.irena.org/publications/2020/Dec/Green-hydrogen-cost-reduction
https://www.irena.org/publications/2020/Dec/Green-hydrogen-cost-reduction
https://www.mahytec.com/en/
https://ec.europa.eu/eurostat/cache/infographs/energy/bloc-2a.html
https://ec.europa.eu/eurostat/cache/infographs/energy/bloc-2a.html
https://www.iea.org/reports/renewables-2021/executive-summary
https://www.iea.org/reports/renewables-2021/executive-summary


Bibliography 33

[13] T.M.I. Mahlia, T.J. Saktisahdan, A. Jannifar, M.H. Hasan, and H.S.C. Matseelar. A
review of available methods and development on energy storage; technology up-
date. Renewable and Sustainable Energy Reviews, 33:532–545, 2014.

[14] Xiaodong Sun, Bokai Su, Shaohua Wang, Zebin Yang, Gang Lei, Jianguo Zhu,
and Youguang Guo. Performance analysis of suspension force and torque in an
ibpmsm with v-shaped pms for flywheel batteries. IEEE Transactions on Mag-
netics, 54(11):1–4, 2018.

[15] Turgut M. Gür. Review of electrical energy storage technologies, materials and
systems: challenges and prospects for large-scale grid storage. Energy Environ.
Sci., 11:2696–2767, 2018.

[16] Iain Staffell, Daniel Scamman, Anthony Velazquez Abad, Paul Balcombe, Paul E.
Dodds, Paul Ekins, Nilay Shah, and Kate R. Ward. The role of hydrogen and fuel
cells in the global energy system. Energy Environ. Sci., 12:463–491, 2019.

[17] Subodh Kharel and Bahman Shabani. Hydrogen as a long-term large-scale energy
storage solution to support renewables. Energies, 11(10), 2018.

[18] Henrietta W. Langmi, Nicolaas Engelbrecht, Phillimon M. Modisha, and Dmitri
Bessarabov. Chapter 13 - hydrogen storage. In Tom Smolinka and Jurgen Garche,
editors, Electrochemical Power Sources: Fundamentals, Systems, and Applica-
tions, pages 455–486. Elsevier, 2022.

[19] Xiaochao Fan, Hexu Sun, Zhi Yuan, Zheng Li, Ruijing Shi, and Navid Razmjooy.
Multi-objective optimization for the proper selection of the best heat pump tech-
nology in a fuel cell-heat pump micro-chp system. Energy Reports, 6:325–335,
2020.

[20] Overview - energy - eurostat. https://ec.europa.eu/eurostat/web/energy/overview.
(Accessed on 06/10/2022).

[21] Germany coal reserves and consumption statistics - worldometer. https://
www.worldometers.info/coal/germany-coal/#coal-consumption. (Accessed on
08/20/2022).

[22] What if germany is cut off from russian energy? | cepr. https://cepr.org/voxeu/
columns/what-if-germany-cut-russian-energy. (Accessed on 08/20/2022).

[23] Private households – deutsche energie-agentur (dena). https://www.dena.
de/en/topics-projects/energy-efficiency/private-households/. (Accessed on
09/04/2022).

[24] Intro to solar energy & how solar panels work | energysage. https://news.
energysage.com/solar-panels-work/. (Accessed on 08/31/2022).

[25] Compañía de paneles solares en españa | sunpower españa. https://sunpower.
maxeon.com/es/. (Accessed on 07/04/2022).

[26] How does a heat pump work | the renewable energy hub. https:
//www.renewableenergyhub.co.uk/main/heat-pumps-information/
how-a-heat-pump-works/. (Accessed on 08/31/2022).

[27] Irena – international renewable energy agency. https://www.irena.org/. (Accessed
on 08/31/2022).

https://ec.europa.eu/eurostat/web/energy/overview
https://www.worldometers.info/coal/germany-coal/#coal-consumption
https://www.worldometers.info/coal/germany-coal/#coal-consumption
https://cepr.org/voxeu/columns/what-if-germany-cut-russian-energy
https://cepr.org/voxeu/columns/what-if-germany-cut-russian-energy
https://www.dena.de/en/topics-projects/energy-efficiency/private-households/
https://www.dena.de/en/topics-projects/energy-efficiency/private-households/
https://news.energysage.com/solar-panels-work/
https://news.energysage.com/solar-panels-work/
https://sunpower.maxeon.com/es/
https://sunpower.maxeon.com/es/
https://www.renewableenergyhub.co.uk/main/heat-pumps-information/how-a-heat-pump-works/
https://www.renewableenergyhub.co.uk/main/heat-pumps-information/how-a-heat-pump-works/
https://www.renewableenergyhub.co.uk/main/heat-pumps-information/how-a-heat-pump-works/
https://www.irena.org/


34 Bibliography

[28] What is chp? | us epa. https://www.epa.gov/chp/what-chp#:~:text=CHP%20is%
20a%20technology%20that,water%2C%20or%20even%20chilled%20water.
(Accessed on 07/30/2022).

[29] Chapter 23: Combined heat and power evaluation protocol. the uniformmethods
project: Methods for determining energy efficiency savings for specific measures.
https://www.nrel.gov/docs/fy17osti/68579.pdf. (Accessed on 05/10/2022).

[30] Catalog of chp technologies, full report, september 2017. https://www.epa.gov/
sites/default/files/2015-07/documents/catalog_of_chp_technologies.pdf. (Ac-
cessed on 07/30/2022).

[31] A. Herrmann, A. Mädlow, and H. Krause. Key performance indicators evaluation
of a domestic hydrogen fuel cell chp. International Journal of Hydrogen Energy,
44(35):19061–19066, 2019. A Special Issue with the Papers Selected from the
7th World Hydrogen Technologies Convention.

[32] Abha Bharti and Rajalakshmi Natarajan. Chapter 7 - proton exchangemembrane
testing and diagnostics. In Gurbinder Kaur, editor, PEM Fuel Cells, pages 137–
171. Elsevier, 2022.

[33] Natural gas boilers | baxi. https://www.baxi.co.uk/our-boilers/natural-gas-boilers.
(Accessed on 07/30/2022).

[34] Hydrogen boilers: The future of heating in the uk? | heatable. https://heatable.co.
uk/boiler-advice/hydrogen-boilers. (Accessed on 07/30/2022).

[35] Iain Staffell, Daniel Scamman, Anthony Velazquez Abad, Paul Balcombe, Paul E.
Dodds, Paul Ekins, Nilay Shah, and Kate R. Ward. The role of hydrogen and fuel
cells in the global energy system. Energy Environ. Sci., 12:463–491, 2019.

[36] Hydrogen is now: Hydrogen technology from h-tec systems. https://www.h-tec.
com/en/. (Accessed on 06/03/2022).

[37] Behind-the-meter batteries. https://www.irena.org/publications/2019/Sep/
Behind-the-meter-batteries. (Accessed on 06/03/2022).

[38] Lithium-ion vs. lead acid batteries: How do they compare? | energysage.
https://news.energysage.com/lithium-ion-vs-lead-acid-batteries/. (Accessed on
06/01/2022).

[39] Hydrogen storage | department of energy. https://www.energy.gov/eere/fuelcells/
hydrogen-storage. (Accessed on 06/01/2022).

[40] idealhy.eu - liquid hydrogen outline. https://www.idealhy.eu/index.php?page=lh2_
outline. (Accessed on 06/01/2022).

[41] Liquid hydrogen delivery | department of energy. https://www.energy.gov/
eere/fuelcells/liquid-hydrogen-delivery#:~:text=Gaseous%20hydrogen%20is%
20liquefied%20by,the%20hydrogen%20and%20is%20expensive. (Accessed
on 06/01/2022).

[42] Polysun – energiesysteme präzise simulieren und effizient planen › polysun. https:
//www.velasolaris.com/. (Accessed on 06/02/2022).

https://www.epa.gov/chp/what-chp#:~:text=CHP%20is%20a%20technology%20that,water%2C%20or%20even%20chilled%20water.
https://www.epa.gov/chp/what-chp#:~:text=CHP%20is%20a%20technology%20that,water%2C%20or%20even%20chilled%20water.
https://www.nrel.gov/docs/fy17osti/68579.pdf
https://www.epa.gov/sites/default/files/2015-07/documents/catalog_of_chp_technologies.pdf
https://www.epa.gov/sites/default/files/2015-07/documents/catalog_of_chp_technologies.pdf
https://www.baxi.co.uk/our-boilers/natural-gas-boilers
https://heatable.co.uk/boiler-advice/hydrogen-boilers
https://heatable.co.uk/boiler-advice/hydrogen-boilers
https://www.h-tec.com/en/
https://www.h-tec.com/en/
https://www.irena.org/publications/2019/Sep/Behind-the-meter-batteries
https://www.irena.org/publications/2019/Sep/Behind-the-meter-batteries
https://news.energysage.com/lithium-ion-vs-lead-acid-batteries/
https://www.energy.gov/eere/fuelcells/hydrogen-storage
https://www.energy.gov/eere/fuelcells/hydrogen-storage
https://www.idealhy.eu/index.php?page=lh2_outline
https://www.idealhy.eu/index.php?page=lh2_outline
https://www.energy.gov/eere/fuelcells/liquid-hydrogen-delivery#:~:text=Gaseous%20hydrogen%20is%20liquefied%20by,the%20hydrogen%20and%20is%20expensive.
https://www.energy.gov/eere/fuelcells/liquid-hydrogen-delivery#:~:text=Gaseous%20hydrogen%20is%20liquefied%20by,the%20hydrogen%20and%20is%20expensive.
https://www.energy.gov/eere/fuelcells/liquid-hydrogen-delivery#:~:text=Gaseous%20hydrogen%20is%20liquefied%20by,the%20hydrogen%20and%20is%20expensive.
https://www.velasolaris.com/
https://www.velasolaris.com/


Bibliography 35

[43] Microsoft: nube, ordenadores, aplicaciones y juegos. https://www.microsoft.com/
es-es/. (Accessed on 09/03/2022).

[44] Startseite / swbt-netz. https://swbt-netz.de/. (Accessed on 09/02/2022).

[45] Pvgis. https://re.jrc.ec.europa.eu/pvg_tools/en/. (Accessed on 05/11/2022).

https://www.microsoft.com/es-es/
https://www.microsoft.com/es-es/
https://swbt-netz.de/
https://re.jrc.ec.europa.eu/pvg_tools/en/


Appendix A

Data Sheet

PV Panels



37



Appendix B

Simulation Parameters

B.1 Case of study



B.1 Case of study 39


	Contents
	List of Figures
	List of Tables
	Nomenclature
	1 Introduction
	2 Problem Statement - Natural Gas (NG) Dependency
	3 Methodology
	3.1 Electricity and Heat Generation
	3.1.1 PV field
	3.1.2 Heat Pump (HP)
	3.1.3 Combined Heat Power - CHP
	3.1.4 Hydrogen Boiler
	3.1.5 Electrolyzer

	3.2 Storage System
	3.2.1 Batteries
	3.2.2 H2 Tank
	3.2.3 Hot Water Tank


	4 Simulation Results
	4.1 System Description
	4.2 Case of Study
	4.2.1 Energy Loads
	4.2.2 Simulation Parameters
	4.2.3 Simulation Results


	5 Conclusions
	Bibliography
	Appendix A Data Sheet
	Appendix B Simulation Parameters
	B.1 Case of study


