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1.Abstract

" I believe that water will one day be employed as fuel, that hydrogen and
oxygen which constitute it, used singly or together, will furnish an
inexhaustible source of heat and light, of an intensity of which coal is not
capable. "

Jules Verne, "The mysterious island" 1874

Humanity has experienced unbridled growth since its inception. Making the world
its home and source of resources, reaching the point where the planet earth has
stopped appearing immense and making it our responsibility to maintain it. In
the search for sustainability, there are many problems that we face. In this
context of change towards a sustainable future, hydrogen technologies and fuel
cells appear. This technology has undergone incredible development in the last
40 years, but the room for improvement is still very wide. The electrolysis of
water is such a sustainable process that its contamination only depends on the
energy source with which it is fed. And its only residue is liquid water. In this
thesis, a review will be made of the situation of hydrogen technologies, especially
the electrolysis of water. And a sustainable project based on this phenomenon
will be designed.

2.Introduction
2.1 History of hydrogen

Hydrogen was discovered by Paracelsus in the 16th century and later Cavendish
rediscovered it as a flammable gas that when burned produced water. Finally, A.
Lavoiseier identified it as a new element and gave it the name of Hydrogen, that
is, a generator of water, since its combustion produces water.

In 1800 Alessandro Volta invented the electrochemical cell, on March 20 of that
same year he communicated it to the Royal Society, it was two Englishmen,
Nicholson and Carlisle, who produced the first electrolysis of water. Without
knowing exactly the meaning of the detected bubbling as the electric current
passes through the water.

It was Faraday in 1834 who explained all these events.
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lllustration 1. Fuel Cell scheme
Anode reaction: 2H,0 - 0, + 4H™* + 4e~

Catode reaction: 4H* + 4e~ — 2H,

Enunciating in turn the laws of Faraday that govern the behavior of
electrochemical cells.

Faraday's First Law: The mass of a deposited substance is directly proportional
to the electricity transferred from the electrode.

Faraday's second law: For a given electric charge the deposited mass is directly
proportional to the equivalent weight of the deposited element.

m: deposited mass (grams)

Q: electric charge (coulombs)

F: Faraday constant (9 8485 columbs/mol of e-)

M: molecular mass of the deposited substance (grams/mol)

z: valence number of the ion in the solution

~& |~

I: current intensity (amps)

t: time (seconds)

The following relationships are known.

Wer =V xixt(J)

= 2 (moles)
Tl—Ma moles

Q=1ixt(0)

Ne,_ =nxZ(molese™)

Reaching the following equality that relates the necessary energy to be applied
per mole of hydrogen.

Wer =ne_ x F xE(J)



Where E symbolizes the electrical potential (V) to be applied. Obtained based on
the standard reduction potentials of the two independent reactions.

2H, > 4H™ + 4e~ E° =0V
O, +4H* +4e~ - 2H,0 E°=1.229V

Being the global reaction

1
Hy0 > 50, +H,  E®=-1229V

This being the minimum potential to be applied for the reaction to occur.

Currently, the most standardized electrolysis of water is carried out with PEM
(Proton Exchange Membrane) electrolysers.

2.2 Hydrogen Europe

Currently, the hydrogen technology described in depth in the following points is
fully operational, and is capable of incorporating itself into daily life as well as
having a great deal of room for improvement. Proof of this is Europe's plan for
the incorporation of this technology.

Currently one of the most widely discussed topics regarding sustainability is the
search for environmentally friendly fuels and energy sources. In this context,
Europe launches its development plan towards a sustainable economy
through “Hydrogen Europe”, an association supported by various companies
whose objective is tomark and support the development of hydrogen
technologies.

4. An affordable zero carbon fuel can be delivered to fuel cell transport
applications, with total fuel cost below diesel, taking into account taxation.

producing hydrogen at a cost of €1.5-
3/kg, allowing penetration into mass
markets .

5. Fuel cell vehicles (read, rail, ships) are o —
produced at a price equivalent to other g
vehicle types, with a compelling user case.

3. Hydrogen

can be moved 6. Hydrogen meets demands for heat and power at a meaningful scale,

to target with:

markets at - 25 TWh of hydrogen blended into the natural gas grid

low cost. - Fuel cell CHP efficiency contributes to reducing energy usage, with 0.5 million
FC CHP units deployed in the EU.

Transport costs

<€1/kg at

scale.
7. Hydrogen is actively displacing fossil fuels as a clean P
energy input into a wide range of industrial processes:

- 8TWh of hydrogen used for industrial heat.

- Clean hydrogen replaces conventional fossil-fuel derived

hydrogen.

- Replacing other fossil fuels e.g. coke in the steel making
process, methanol production etc.

\
i

8. Regulations, standards and training/education programmes are supporting the transition to a hydrogen economy.

Illustration 2. Roadmap for Europe. Source: Hydrogen Europe



In the image we can see the general hydrogen roadmap in Europe. However,
annexed to the thesis (Europe Roadmaps hydrogen) it can see the specific plan
of each of the parts involved in the development of hydrogen technology.

The EU is determined to promote hydrogen in this way, among the objectives of
2030 are:

« Replace 95,000 fossil fuel trucks with environmentally friendly hydrogen
trucks. Long-haul trucks are one of the largest sources of CO,production
on the European continent.

« Construction of more than 1000 hydrogen stations.

« Construction of gas pipelines for the supply of hydrogen. The EU is also
considering the possibility of reusing gas pipelines that are used for fossil
fuels.

On the other hand, the world, led by Japan, also marks its development roadmap,
through the “Hydrogen council” held in Japan in January 2020.

3.Background

3.1 State of the art

Hydrogen is also considered one of the great advances that never come, despite
the environmental advantages that it is true that despite being a recurring theme
and in which each country has its own development plan. Year after year we see
how this incorporation is not effective. However, private companies do bet on
this new renewable energy.

3.2 Security
Hydrogen is the simplest and most abundant chemical l 1,00797
element in the universe. With atomic number 1, _ 1

represented by the symbol H. With an atomic mass of
1.00797 it is the lightest element on the periodic table. At | _»s2.7
room temperature it has the diatomic molecular form and | /272

its state is gaseous, it is part of the carbon chains due to ’

its ability to combine with most elements. The human
body is made up of 10% hydrogen, coal has a hydrogen
percentage of between 5-10% and the largest source of .
hydrogen is water that covers 71% of the planet earth. Hid rogeno

lllustration 3. Hydrogen

Isl

It is a colourless, odourless and tasteless gas at room temperature. It is not

toxic. It burn easily at room temperature, should be careful because the
hydrogen burns with a colourless flame almost invisible. Hydrogen has a
high laminar combustion rate (2.37 m/s) and a lower ignition energy (0.02m1J)
than gasoline (0.24mJ) or methane (0.29m3J). The hydrogen
ignition temperature (585°C) is significantly higher than for gasoline (228-
5019C) and natural gas (540°C).It is almost impossible to make
hydrogen explode in an open area due to its high volatility. Since hydrogen is 14
times lighter than air, it disperses at 20 m/s. Therefore, hydrogen is usually safer
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than other fuels interms of leaks. When it is stored at high pressures, it
follows the rules and standards for common pressurized gas.

After many tests carried out, it is concluded that in cases of leaks it disperses at
such a fast speed that it greatly reduces the risk of fire or explosion. The image
below shows the evidence.

Illustration 4. Hydrogen vs gasoline test

3.3 Hydrogen extraction

The main methods for producing hydrogen are presented in the Illustration 5.
Hydrogen can be produced directly from fossil fuels by the following processes
reforming with steam - methane (SMR), thermal cracking (TC), partial oxidation
(POX) and coal gasification (CG).

The main processes for producing hydrogen from biomass are biochemistry and
thermochemistry (by gasification). It will also be produced by dissociating water
by electrolysis (HE), photoelectrolysis (PHE) or photolysis (also called
photoelectrochemical or photo- catalytic water division), water thermolysis (WT)
(also called thermochemical water division) and photobiological processes.

11



|

Therma
cracking
of
mathane

{rc)

"

il
Cromnmcs >

Illustration 5.Classification of hydrogen production methods

Solar radiation

All of these processes require energy inputs. In the case of conventional
electrolysis, for example, the input of electrical energy can be electricity
generated by fossil fuels, nuclear or renewable energy plants.

In the case of this project, a photovoltaic solar power plant and a subsequent
electrolysis of water have been selected.

Table 1. Technical and economic of the different hydrogen production methods

Table 1
Technical and economic information of the different hydrogen production methods.

Resource inputs Mass per cent of Primary Temperature Hydrogen GH impact (kg CO; Energy efficiencies Production
hydrogen in raw energy form (°C) purity per kg hydrogenja b cost [$/kg)
material C
Steam methane steam+ CH4 25% [25] Matural gas  700-1000 |25] 70-75% 7.05 |27 60-85% [10] 23-58
reforming (thermal) 127] 149] |27]
Thermal cracking CH4 25% |25] thermal 1600 [10] Pure Depends on heat 45% |10] 16% for  3.1-41 [50]
of methane depending hydrogen energy source |10|d solar energy |33]
catalyst | 10]
Biomass Biomass 6-6.5% [25] 4%[10] Thermal 600" [35] - 543 |51)e = 30% [25] 41- 23-33
production (thermochemical or  (pyrolysis) 59% |28) 45-50%  [27.53] 8
biochemical) 152] [54]f
Partial oxidation hydrocarbons (CHy) 25% [25] Chemical 1200-1500 |27] - =3e 71-88.5%(28]
(CHa) energy [25]
(Burning)
Coal gasification Coal + steam 13% (R&D) [55] thermal 900 [25] 90% [48] 11 [56]e 60% [52] 67% [31] 1.8-29
[27.57]
Water electrolyser Water 11.2% [25) Electrical 80-150 99.8- Depends on GH 25-38% [27,31,32] 36-51
with grid [31.40,58] 99.999% intensity of grid 129]g
electricity 125] powWer
Water electrolyser Water 11.2% [25] Electrical 80-150 09.8- 0 13- = 20% [31,60] 6-74 [61]
with wind power |31.40,58] 99.999% h 127]
125]
Water electrolyser water 11.2% |25) Solar 80-150 99.8- o 10% |27) 16%,|24] j 6.3-254
with PV radiation [31.40,58] 00,000 0% [32] I61] i
125]
Thermolysis water R&D thermal 19272500 = Depends on heat = 50% [31,52] R&D
|25,31] <1000 energy source d
[31]
Photolysis (PHE) water early R&D Short Solar Low temp = 99% ] 78|25 to R&D
lifetime radiation <=123%
[10,24.42,52]
Photo biological water early R&D Solar Low temp = 00% (i) =10 |25] =1% R&D k
radiation |152]
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The table is referenced to internal references of “Automotive hydrogen fueling
stations: An international review.”

The table presents an overview of the technical and economic aspects of the
different hydrogen production methods described above.

Production processes 1-5 in the table use hydrocarbons as raw material, so all
of these emit greenhouse gases (CO).

The gasification process has the highest greenhouse gas emissions into the
atmosphere (11 kg of CO, for every kg of Hz), while SMR is the lowest
emitting 7.05 kg of CO: per kg H>. The production of hydrogen by biomass emits
about 5.43 kg of CO./kg of H.. Partial oxidation of methane has
the lowest CO. production, emitting less than 3 kg. The methane thermal
cracking process does not emit greenhouse gases. Therefore, it can be zero
emission if you use a clean energy source, however, it produces less hydrogen
per unit mass of methane.

Processes 6-7 use water as raw material. Therefore, emissions depend solely on
the energy resources used to fuel hydrogen production processes. If the
process used renewable sources, the greenhouse effect emissions would be 0.

Processes 8-9 do not emit greenhouse gases, although these processes are
under development.

3.2 PEM batteries

3.2.1 Nafion ® Electrolyte

Polymeric membrane PEM cells. So called because they are ion exchange
membranes. The most widespread membrane is the Nafion Membrane (Nafion ®
N-117 PFSA DuPontTM Plastic Polymeter) A plastic polymer created by the
Dupont company that meets the specific needs of electrochemical cells.

H /CFZ\L /CFQ\:|\
CF2 X/C:F y

@)

\
CF; o) CF, /
~ \ - <
FC CF, S\ X H,O
| / o
CF3 HO

Illustration 6. Chemical structure of Nafion by DuPont

Nafion is a brand name for a sulfonated tetrafluoroethylene based fluoropolymer-
copolymer. There are two reactions at the electrodes, first the hydrogen
dissociates at the anode giving rise to two protons and two electrons, while the
two protons are led through the electrolyte through the membrane, the electrons
are led by the external circuit towards the cathode generating electric current. At
the cathode, oxygen reacts with the protons that cross the membrane, generating
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water. The membrane is selective and only protons will be able to pass through
it.

The crucial point for this membrane to be a proton conductor is that it is strongly
hydrated, to the point that the inlet gases must be humidified without reaching

the flooding of the electrodes. The negative point of this type of membranes is
that the operating conditions are very rigorous.

Electrolyzer cell Galvanic cell
a) battery b) Electron flow
’—HIIH—I ’—@—|
+ - - +

cathode anode cathode

T
-b H,
OX|dat|on membrane reductlon o><|dat|0n membrane reductlon
Nonspontaneous reaction spontaneous reaction
Uses electricity Produces electricity

Illustration 7. Battery and fuel cell scheme

In section a), water reacts at the anode to form oxygen and positively charged
hydrogen ions (protons). These ions flow through the membrane to the cathode
where they combine with the electrons in the external circuit to form hydrogen
gas. Consuming energy.

Anodic reaction: 2H,0 - 0, + 4H* + 4e~
Catodic reaction: 4H* + 4e~ - 2H,

The reverse process is found in section b). Hydrogen gas is supplied to the anode
where it reacts forming positively charged hydrogen ions (protons), these ions
flow through the membrane where they react with Oxygen gas to form
water. Producing energy. This process is the beginning of the fuel cell.

Catodic reaction: 2H, > 4H" + 4e~
Anodic reaction: 0, + 4H* + 4e~ - 2H,0

3.2.2 Electrode

Porous electrodes formed by a thin layer of Pt on carbon are used, with platinum
acting as a catalyst. The required amount of platinum is 0.5 mg/cm. In the
working conditions 70-90°C the catalyst is very sensitive to CO, below 150 °C the
CO joins the Pt occupying places where H, cannot access.

14



Finding a substitute for platinum is one of the main research challenges. Due to
its price and because it is a worse catalyst for the reduction of oxygen than for
the oxidation of hydrogen, however, a material that exceeds Pt has not been
discovered.

3.1.3 MEA (Electrode-Membrane Assembly)
At the interface electrode-membrane must be in contact gas, Pt/C and the
electrolyte. Dissociation of hydrogen on Pt must occur, protons must be
transported through the membrane to the cathode, and electrons to the external
circuit. Simultaneously at the cathode the protons and electrons must reach Pt/C
and react with the oxygen in the water.

For all these events to occur at the same time, there must be a perfect contact
between all the parts. For this, is created the MEA assembly that maximizes this
contact. There are different ways of preparing it.

3.3 FUEL CELL

Already exposed how an electrochemical cell works which obtains energy from
the oxidation/reduction of a substance. Will expand on these fuel cells.

A fuel cell is called an electrochemical cell in which a continuous flow of fuel and
oxidant generates a continuous flow of electrical energy. Similar to a
battery, however, it enables continuous supply of reagents, as opposed to the
limited energy storage capacity of a conventional battery.

In 1842 Wililam R. Grove developed a gas-powered electrochemical
cell. Hydrogen and oxygen demonstrating that the electrolysis process of water
was reversible and creating the first fuel cell "On the Gas Voltaic Battery" (1839).

Water

Sulfuric Acid Solution

Illustration 8. Original drawing of the first fuel cell by William robert grove called gas voltaic battery (Source: W.R on
voltaic series and the combination of gases by platinum. In: Philosophical Magazine 14)

Image. Original drawing of the first fuel cell by William Robert grove called gas
voltaic battery (Source: WR on voltaic series and the combination of gases by
platinum. In: Philosophical Magazine 14)
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"Formed by a zinc anode in dilute sulfuric acid and a platinum cathode in
concentrated nitric acid, both separated by a porous ceramic pot."

In 1899 Ludwing Mond and Charles Lanfer first used the name fuel cell.

Francis Thomas Bacon was the first to build the first cell from which hydrogen
fuel cells were built. Later, in the special program of the USA of the 60s, the
hydrogen fuel cells would be used in Apollo11 that would take the first man to
the moon.

3.4 Hydrogen vehicles

3.4.1 Electrical technology

The technology of electric cars began in the 1930s and since then investment in
this type of technology has grown with social concern for sustainability. In 1996
Nissan began series production of its 100% electric Nissan Prairie vehicle. Other
large brands such as Toyota are betting on hybrid options such as the Toyota
Prius marketed from 1997.

As of 5/9/2020, there are many commercialized vehicles whose engines are
powered by rechargeable batteries. In fact, it is increasingly common to see
charging points for electric cars.

The list is somewhat smaller for cars powered by fuel cells. In any case, the
technology is viable and there is the possibility of its commercialization.

3.4.2 Electric motors
Hyundai Kona 100% electric

Marca Hyundai
Modelo Kona
Generacion Kona Electric
Modificacion (motor) 64 kWh (204 hp)
Afo de la puesta en produccion 2018 afos
Combustible Electricidad
Aceleracion 0 - 100 km/h 7.6s
Velocidad maxima 16-7-km/'h
3.77 mph

Capacidad de la bateria 64 kWh
Autonomia eléctrica 44_9 41

279 mli
Potencia motor eléctrico 204 CV

395 Nm

Par maximo motor Eléctrico
291.34 Ib.-ft.

15.4 kWh/100 km

24.78 kwh/100

El consumo medio de energia

Illustration 9. Hyundai kona datasheet
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The model that heads Hyundai's electric models is the Kona, as all Japanese
brands make a strong commitment to renewable energy. This model has a
competitive autonomy with the gasoline models although its maximum speed is
below the competitors.

BMW i3
Marca BMW
Modelo i3
Modificacion (motor) 18.8 kwWh (170 Hp)
Ano de la puesta en produccion 2013 afos
0.6 1/100 km
Cc 10 de combustible combinad

US mpg

470.8 UK mpg

Combustible Gasolina / electricidad
Aceleracion 0 - 100 km/h 7.9s

Emision CO, Ponderada 13 gr/km

Capacidad de la bateria 18.8 kwWh

170 (150} km

105/63'm

Autonomia eléctrica

Potencia motor eléctrico 170 CV

Potencia del sistema 170 CV

Illustration 10. BMW i3 datasheet

Another of the most commercialized electric cars is the BMW i3. Germany is also
one of the great nations that is committed to renewable energy and hydrogen
technologies. BMW has also had to bet on clean energy. In this case the i3 in a
hybrid car with limited autonomy.

Renault ZOE III

Marca Renault
Modelo Zoe
Generacion Zoe IIT
Modificacion (motor) R110 52 kWh (108 Hp)
Afio de la puesta en produccion 2019 afios
Combustible Electricidad
Aceleracion 0 - 100 km/h 114 s
Velocidad maxima Gl
83,83 mph
Capacidad de la bateria 52 kWh
240-375 km

Autonomia eléctrica
148, 13- 23308 mi

Potencia motor eléctrico 108 CV @ 3395-10886rpm

225 Nm @ 500-3395rpm.

165.95 |b.-ft. @ 500-2395rpm.

Par maximo motor Eléctrico

17.2 kWh/100 km

2768 kWhf100 mi|| 122 MEGe

El consumo medio de energia

Illustration 11. Renault ZOE Il datasheet
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Renault was one of the first companies to launch an electric range. The
commissioning of the Renault ZOE I dates from 2013. It is currently one of the
most commercialized electric cars with great autonomy despite the maximum

speed of 135km/h.

Nissan leaf

Illustration 12. Nissan leaf datasheet

Marca

Modelo

Generacion

Meodificacion (motor)

Ano de la puesta en produccion
Combustible

Aceleracion 0 - 100 km/h

Velocidad maxima

Capacidad de la bateria

Autonomia eléctrica

Potencia motor eléctrico

Par maximo motor Eléctrico

El consumo medio de energia

Leaf 1T (ZE1)

e+ 62 kwh {218 Hp)
Enerp, 2019 arios
Electricidad

7.3s

157 km/h

97.56 mph
62 kWh
385 km
23S ISl

218 CV @ 4500-5800rpm.

340 Nm @ 500-4000rpm.

250.77 lb.~ft. @ 500-4000rpm.

20,6 kWh/100 km

33.15 kWh/100 mi | 102 MPGe

The latest model is from the Nissan brand, the model is one-year-old. The
autonomy of the vehicle is competitive despite a limited maximum speed.

3.4.3 Hydrogen vehicles

Toyota Mirai

o

Illustration 13. Toyota Mirai datasheet

Marca
Modelo
Generacion

Modificacion (motor)

Ano de la puesta en produccion

Combustible

1 Aceleracion 0 - 100 km/h

Aceleracion 0 - 62 mph

Aceleracion 0 - 60 mph (Calculado por Auto-

Data.net)

Velocidad maxima

Capacidad de la bateria
Motor electrico 1

Potencia motor eléctrico

Par maximo motor Eléctrico

1.6 kwh (154 Hp)
2014

Hidrdgeno

9.6s

9.6s
915

175 km¢h
(LR )

1.6 kwWh

154 CV @ 6144rpm.

335 Nm @ 0-2048rpm.

247.08 Ib.-ft. @ 0-2048rpm.
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Fuel cell cars are scarce, also due to a lack of infrastructure. Companies are the
ones that use this technology the most for internal work. However, the Japanese
brand Toyota is betting very strongly on hydrogen technology supported by
the Japanese government, as it will be expanded in later points.

The Toyota Mirai has been on the market for many years, but it is rather a test,
because the introduction of hydrogen stations is still in its initial phase.

Regarding its benefits, the maximum speed is higher than the average for cars
powered by an electric battery. And its autonomy is similar.

Hyundai Nexo

In 2013 Hyundai released the first mass-produced fuel cell car Hyundai ix35 Fuel
Cell (also called Tucson Fuel Cell). Currently still betting on this type of technology
as the Hyundai Nexo.

Marca Hyundai
Modelo Nexo
Generacion Nexo
Modificacion {(motor) 1.56 kWh (184 Hp) Fuel T
Afio de la puesta en produccion 2018 afios
Combustible Hidrageno / Electricidad
Aceleracion 0 - 100 km/h 9.2z
Aceleracion 0 - 62 mph Q.25
. . 177 km/h
Velocidad maxima
109.98 mph
. 666 km
Autonomia eléctrica
41683 mi
Motor electrico 1
Potencia motor eléctrico 163 CV
. L 395 Nm
Par maximo motor Eléctrico
291.34 Ib.-ft.
Potencia del sistema 184 CV

Illustration 14. Hyundai Nexo datasheet

In this case it is a car powered by electric and hydrogen technology, with a top
speed above the average of cars powered by electric batteries. And autonomy
can compete with gasoline cars.

However, it is in large-scale transports where hydrogen has its highest
performance.
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Nickel-Metal Hydride Battery
Electric motor (NiMH)

Control unit ~

Fuel Cell
FC Boost converter Hydrogen tanks Water tank

(allows to extract electricity from (700 bar)
the fuel cell)

Illustration 15. Hyundai Nexo engine

The image shows the Hyundai nexo engine, the hydrogen tanks are separated
from the fuel cell, the water tank stores the waste produced in the cell.

3.4.3 Electric buses

Large vehicles getincredibly higher performance because their mobility is
constant and they don't have to waste energy by pressurizing hydrogen while the
vehicle is stopped. Furthermore, its large size allows large amounts of hydrogen
to be stored, which is also positive due to the low density of hydrogen.

In addition to buses, hydrogen is planned to be incorporated into ships, which is
even more advantageous for hydrogen technology.

Toyota Sora

Illustration 16. Toyota Sora Bus
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The first fuel cell bus uses the FC Toyota Fuel Cell System. Created by Toyota, it
is the bus selected for the next project and is developed later.

Nikola Tre

Illustration 17. Nikola Tre truck

The large truck powered by hydrogen. The brand first introduced the Nikola one
which also had a lithium battery however since the European Union is interested
in changing its power source for long distance transport. The Nikola brand is
making trucks powered by hydrogen. The objective is to change the trucks that
circulate in Europe for hydrogen trucks. In the signed in the agreement promoted
by the EU "Hydrogen Europe", which is developed later, objectives are outlined
in this regard.

3.5 Hydrogen stations

3.5.1 Infrastructure

Hydrogen is currently undergoing an expansion, similar to that experienced by
lithium ion batteries in their beginnings. Faced with the advantages of fast
charging and the greater autonomy provided by the fuel cell, it has a major
drawback, the infrastructure.

As this is a main point of incorporation of hydrogen , the German website
H2stations (https://www.h2stations.org/ ) provides periodic studies of the progress
of all hydrogen supply points in the world.

If there is to be substantial market penetration of hydrogen vehicles in the
transport sector, the introduction of commercial hydrogen vehicles and the
network of fuelling stations to supply them with hydrogen must take place
simultaneously.
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https://translate.google.com/translate?hl=es&prev=_t&sl=es&tl=en&u=https://www.h2stations.org/

It was found in 2013, there were 224 working hydrogen stations spread across
28 countries. About 43% of these stations were located in North and South

America, 34% in Europe, 23% in Asia, and none in Australia .
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Illustration 18. Hydrogen stations around the world by H2stations.org

In the world there are currently (2020) 369 hydrogen stations, 273 of public
access that work as a conventional service station. The rest of the hydrogen
stations work for individuals, to feed bus fleets or internal systems of any factory.

There are 152 hydrogen supply stations in Europe, 136 in Asia and 78 in North
America. It is clear that Europe accumulates the largest number of hydrogen

supply stations.
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Illustration 19. Hydrogen stations in Europe by H2stations.org
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The reasons are simple, Europe imports much of the oil. To Spain it comes from
Algeria while to the rest of Europe it comes from Russia. Therefore, if hydrogen
were a viable energy source. Europe could build an energy system without
depending on other powers.

Poland

In Poland there are two hydrogen stations planned to start operation in 2021,
both from the LOTOS station company. One in Warsaw and a second hydrogen
station in Gdansk, where the feasibility of incorporating a fleet of hydrogen
buses is to be studied.

Spain

In Spain there are three active private access hydrogen stations. The first one is
in Ciudad Real on the enclosure belonging to the National Hydrogen Center and
energy that feeds the electrolyser is obtained by burning fossil fuels. Although it
is private access, they allow refuelling by contacting the center. The second is
located in Albacete in the business park of Ajusa, it can be considered public
access, however it is mainly used to refuel the company's buses and is 40%
Green hydrogen. The third is in Aragon, in the Aragon Hydrogen Foundation,
where Green hydrogen is produced entirely, although less than 100kg/day the
refuelling is not public, but it can be refilled by contacting the foundation.

3.5.2 Types of hydrogen stations

Two types of hydrogen stations can be differentiated according to the place of
production of the hydrogen:

1. Hydrogen is produced elsewhere and taken to the hydrogen station.

2. Hydrogen is produced in the same place where it is supplied to vehicles. In
this case, the hydrogen station must have the energy source, the electrolyzer
and a storage and distribution system.

Six main elements in hydrogen stations can be highlighted, if the energy sources
are not taken into account. (Illustration 20)

1. Receiving port, used to receive compressed or liquid hydrogen from a tank
truck or pipeline.

2. A control system that manages the transfers and storage of hydrogen,
including pneumatic valves, pumps, sensors and supervising the safety of the
general.

3. Heat exchangers to heat liquid hydrogen and change it to gas. To later be
compressed. System consisting of valves, pipes, gauges and pressure relief.
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4. The compressor to compress hydrogen typically more than 350 or 700 bar for
high pressure storage.

5. A liquid hydrogen tank (delivered in liquid hydrogen), low pressure hydrogen
storage tanks (after the conversion from liquid to gas), and high pressure
hydrogen storage tanks.

6. Dispensers which take high pressure hydrogen from the storage tanks, and
fill the hydrogen tanks on board 350 or 700 bar Nozzle vehicles.

[ F'pr 'Ir w‘ﬂ »
i#ltrn'.:mrhtmr => ‘ — =§#
Liquid Hydrogen

Tr.am trampnrtm lon

Recen.-m g port

Land transportation Control Low pressure cylinders
{Liquid or compressed H2) p
equipment
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Dispenser ngh PSSR 1;'gl'|ll"ldEr5 Distribution and
Hydrogen compressor and
clean up components heat exchangers

Illustration 20. Typical elements of a hydrogen fuelling station with hydrogen delivery

3.6 Hydrogen vs traditional fuels

3.6.1 Greenhouse effect

Currently, the use of fossil fuels is so widespread that there is speculation about
a turning point in the history of ending this energy medium. And so much so that
we continue to use them despite the known damage to the planet that they
cause.

The greenhouse effect is one of many problems caused by the abusive
consumption of fossil fuels, the greenhouse effect is produced by CO,, water
vapour, CFCs ...

CO production has been increasing every year since 1890 the following table
shows the world production of the main pollutants.
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Table 2. Production of the mains pollutants 2014

State Pollutants products from combustion (in 10° ton)
Sulphur Nitrogen Suspended Carbon Carbon
dioxide oxides particles oxide dioxide
50, N0, co Co,
USA 23200 20300 8300 77,400 4.166,000
Japan 1314 1435 - - 831,000
German 3200 3100 725 8650 666,000
UK 4670 1812 442 2891 517,000
France 3460 1847 278 5200 404,000
Italy 3205 1506 433 5487 322,000
Spain 3756 792 1521 3780 198,000
Holland 450 525 150 1450 130,000
Belgium 856 317 267 839 107,000
@ Deforestation
@ Cement factories
@ Fossil fuels
llustration 21. Main CO2 sources
@ Methane
@ Nitrogen oxides
AcCrFC-11 & 12
8 0Other CFC
@ Carbon dioxides

Illustration 22. Percentage contribution provided by different greenhouse gases to the earth’s average temperature
increment.
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Recent studies have hypothesized how in the next 200-500 years, there will be
arise in sea level up to 3-4m. Furthermore, there will be an increase of 0.2-
1.5m only in the next century. The graphs above show how the majority of CO.is
produced by the combustion of fossil fuels and that it is responsible for the
greenhouse effect.

The paper “A technical and environmental comparison between hydrogen and
some fossil fuels”says that hydrogen technology is already cheaper than any
other type of traditional energy supply since it values the costs due to the social
and environmental impact.

Table 3. Physics and chemical properties for safety consideration of three incestigated fuels

Property Gasoline  Methane Hydrogen
Density [kg/m®) 4.40 0.65 0.84
Diffusion coefficient in air (cm?/s) 0.05 016 0.610
Specific heat at constant pressure (J/kg K} 120 222 14.89
Flammable limit in air {vol®) 1.0-7.6 53-150 4.0-750
Flammable energy im air (M]) 0.24 0.29 0.02
Flammable temperature (K) S01-744 813 858
Flame temperature in air (K) 2470 2148 2318
Explosion limit in air (vol#) 1.1-33 6.3-140 13.0-59.0

Table 4. Safety level reached in the combustion processes of gasoline, methane and hydrogen

Characteristic Safety level”

Gasoling Methane Hydrogen
Fuel toxicity ® *% ok
Combustion products toxicity * £ ok
Density ® ik -
Diffusion coefficient & *% Hokk
Specific heat ® *% ok
Flammable =k % ®
Flammable energy #k *Ek H
Flammable temperature ® *% *kk
Flame temperature * FEk #%
Explosion energy ® *% ok
Flame emissivity * % ra_—

4 ==+ Maore safety; **intermediate safety: *less safety.

Another important point of hydrogen compared to traditional energies is safety. It
is worth remembering the fire test between gasoline and hydrogen that was
exposed in previous section (3.2 Safety).

3.6.2 Fuel cell vs Hydrogen combustion
Taking all this into account, hydrogen has several possibilities of exploitation:

- The combustion of hydrogen as an energy source, despite the fact that it
produces water vapour and NOx.
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-Fuel cell fed with Hydrogen obtained by means of fossil fuels. This improves the
treatment of waste, but continues to produce greenhouse gases (CO>).

-Fuel cell fed with green Hydrogen (Renewable Energies).

Currently, the use of hydrogen combustion is no longer valued because not only
would it not improve the environmental characteristics of gasoline, it could
worsen them.

Hydrogen combustion:

2H, + 0, + Ny(air) —» 2H,0(vapor) + NOx

The heat and pressure exerted by the piston excite the nitrogen molecules by
making them react with oxygen.

The water in the vapor state disperses in the air favoring the greenhouse effect.
The reaction does not produce CO>
Fuel cell:
2H, + 0, - 2H,0(liquid)
Does not produce CO.emissions

Does not produce NOx

Furthermore, the efficiency of the fuel cell is higher (60%) compared to the
combustion engine (25%)

On the other hand, feeding an electrolyzer with green hydrogen is always better
from an ecological point of view. However, it would be quicker to implement
hydrogen in today's society by starting by feeding electrolyzers with hydrogen
produced from fossil fuels.

3.7 Disadvantages

Hydrogen is theoretically the future of energy, it can be stored in a liquid or
gaseous state and does not emit greenhouse gases. The disadvantages that
prevent its industrialization are the following.

The first point is to obtain hydrogen, for this it is necessary to resort to the
electrolysis process of water that inevitably needs electrical energy. This energy
can be obtained from non-renewable sources, but today it is still a more
expensive process than using this energy directly.

In fact, depending on its origin it is classified as:
-Grey Hydrogen: from non-renewable sources

-Blue hydrogen: from non-renewable sources, but a post-treatment is
performed to minimize emissions.
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-Green hydrogen: from renewable sources.
Hydrogen is currently obtained mainly from non-renewable sources.

The second point hydrogen has a density of 0.071 g/L while gasoline 689 g/L
at latm that implies a much higher necessary deposit in the case of a
conventional car.

This leads to point three, the hydrological needs to be pressurized at all
times. As a consequence, the tank of the car must be much thicker wall, which
implies a greater volume of the car. And the hydrogen must be kept under
pressure in the storage tank, which entails an energy expenditure for storage.

The fourth major drawback is the evident lack of incorporation of hydrogen in
today's world. Multiplying hydrogen refueling points is a crucial point to direct a
country towards hydrogen-based energy.

Fifth, the transportation and storage of hydrogen is relatively difficult since it
must be kept at 350 or 700 bars. It can be transported long distances liquefied,
but that involves an even higher energy expenditure.

Due to these drawbacks many derive. It can be said that hydrogen is much more
efficient in public transport since they are constantly in operation.

4.Description of the project

The project to be carried out covers the technical design of a hydrogen production
plant. Firstly, the construction of the photovoltaic plant, selection of components
and sizing of installations. The selection and design of the electrolyser and the
dimensioning of its production. The selection of buses and the design of service
routes.

The objective is to create a fleet of public transport buses that can be operational
for @ minimum life of 30 years.

Regarding the location, two possibilities will be considered, since the present
work is carried out in Poland by a Spanish exchange student. The viability of the
facilities in Valencia (Spain) and Gdansk (Poland) will be compared and it will be
concluded whether it is a real possibility to implement this system in any, one or
both locations.
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Illustration 23. Project scheme
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5 Design
5.1 Design of the solar plant
5.1.1 Introduction

Photovoltaic solar energy has become in recent years one of the priority sources
of electricity generation in the fight to stop climate change. The reasons for its
widespread use are several, one of the most important being the incredible
cheaper prices of solar panels.

The first solar cell was manufactured in 1954 by Bell Telephone Laboratories
(USA). Due to the high cost of energy produced by these cells 100€/kWh the
technology was reserved for space applications. In 1975, thanks to a gradual
reduction in costs, the technology acquired an almost competitive price and since
then its development has been exponential.

The oil crises of 1973 and 1979 encouraged support for energy sources without
fossil fuel origin. In 1985 the price of a barrel of oil stabilized, leading to a
withdrawal of budgets for renewable energy. Starting in the year 2000, together
with the development and significant reduction in cost of solar technology, many
countries once again encouraged obtaining solar energy.
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Illustration 24. Spanish Photovoltaic Union study of annual installed power
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Illustration 25. Spanish Photovoltaic Union study of accumulated installed power

The panels are currently made of polycrystalline silicon and the energy efficiency
produced by a unit of captured solar energy is limited. However, research in solar
energy is moving steadily to improve this performance. The fields under
investigation are monocrystals to avoid energy losses due to grain edges, and
new materials such as lead perovskites that could achieve higher efficiencies.

I personally had the opportunity to work in the Elena Segura team at the
Polytechnic University of Valencia (UPV) where they synthesized and
characterized revolutionary materials for solar panels.
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5.1.2 Selected solar panel

For the project, the BiHiKu Super high power bifacial poly perc module solar
panel from the Canadian Solar brand has been chosen.

MECHANICAL DATA
Specification

Cell Type

Cell Arrangement
Dimensions

Weight

Front / Back Glass
Frame

J-Box

Cable

Cable Lengrh (Inclu-
ding Connector)

Connector
Per Pallet

Per Container (40° HQ} 70 %I eces or 560 pieces (only for US

ENGINEERING DRAWING (mm)
Data Rear View Frame Cross 5ection
Poly-crystalline - o An
144 [2X(12X6)] =
2132 = 1048 x 30 mm (83.9 = 41.3=1.2in) T
28.2 kg (62.2 Ibs) =
2.0 mm heat strengthened glass plam
Anodized aluminium alloy ot

IP68, 3 diodes

4.0 mm?2 (TEC), 12 AWG (UL)

Portrait: 400 mm (15.7 in) (+) / 280 mm
(11.0in) (-} landscape: 1 mim [55.1
in): leap-frog connection: 1850 mm (728
in)*

T4 series or H4 UTX or MC4-EVO2

35 piE{E

anada)

* For detailed information, please conlact your local Canadian Soler sales and

technical representatives.

Illustration 26. BiHiKu solar panel datasheet

Mounting Hole

Tk

—

di

S

i

The panel is made of polycrystalline silicon and has dimensions of 1,048m and

2,132m.

ELECTRICAL DATA | 5TC*

Mominal _ Opt.

Max. Operatin
Power Voltage

(Pmax) (Vmp|
CS3W-300PB-AG 390W  38.3V
50 410W 383V
Bifacial 10% 429W 383V
Gain** 006 468W 383V
30% S07W 383V
CS3W-395PB-AG 395W 385V
GO 415W 385V
Bifacial 10% 435W 385V
Gain®™* (05 474W 385V
0% 513W 385V
CS3W-400PB-AG 400W 387V
GOE 420W  3ETV
Bifacial 10% 440W 387V
Gain®™* 005 480W 387V
30% S520W 387V
CS3W-405PB-AG 405W 3849V
59 425W 3849V
Bifacial ‘10% 445W 3849V
Gain®* 0% 486W 389V
0% 527W 389V
CS3W-410PB-AG 410W 391V
S0 431W 391V
Bifacial 10% 451W 391V
Gain®*  320% 492W 391V
30% 533W 39V

Open Short

g Uﬁeratlng Circuit Circuit  Module

mrent
(Img)
10,19 A
10.71 A
1121 A
T223 A
1325 A
10.26 A
10.78 A
11534
1231 A
1334 A
1034 A4
10.86 A
1137 A
1241 A
1344 A
1042 A
1054 A
11468 A
1254
13.56 A
10,49 A
11.03 A
11.54 A
1259 A
1364 A

Voltage Current Efficiency
WDC% (Isc)
468V 1074 A
468V 11.2BA
468V 1181 A
468V 1289 A
468V 13.96 A
47V 10BZA
47V 1136 A
47V 1154
47V 128B A
47V 1407 A
472V 105 A
472N 11454
472V 11589 A
472% 13.08 A
472N 1497 A
474V 1098 A
474Y 1153 A
474N 1208 A
474V 1308 A
474N 1427 A
476Y 11.06 A
476V 11.61 A
476Y 1217 A
476V 1327 A
476Y 1438 A

17.45%
18.35%
19.20%
20.95%
22.69%
17.68%
18.57%
19.47%
21.21%
22.96%
17.90%
18.80%
19.69%
21.48%
23.27%
18.13%
19.02%
19.92%
21.75%
23.59%
18.35%
19.29%
20.18%
22.02%
23.85%

* Under Standard Test Canditions (STC) of irradiance of 1000 Wim? specirum Al 1.5 and cell

Temperaiure of 25°C

** Bifacial Gain: The additional gain from the back side compared [o the power of the front side
at the standard test condition. [T depends on mounting (sfrucfure, height, GIf angle =ic.} and

albedao of the graund.

lllustration 27. Electrical data of BiHiKu panel
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The manufacturer provides us with a table of data prepared at Standard
conditions (STC) of irradiance 1000 W/m:zunder these conditions, a production
per panel of 410-533W is obtained, this being an efficiency of 18.35-23.85%. This
is not the production or efficiency of the panels due to we will have to study the
production according to the influence of the sun. Since there will not be
100W/m:of sunlight throughout the year. For this we will use PV-GIS in the next
section.

The solar panel chosen is a standard plate from a widely used brand that has
ISO9001 and 1S014001 certifications. This panel
has not been chosen for its innovation since the present TFM focuses on the
production of hydrogen.

5.1.3 Solar plant located in Valencia

Regarding the design of the solar plant, the PV-GIS program will be used for the
simulation. This program is launched by the European Commission through the
Joint Research Center with the aim of sharing data on solar irradiation
(https://ec.europa.eu/irc/en/pvgis ) The Joint Research Center (JRC) is the European
Commission's science and knowledge service which employs scientists to carry
out research in order to provide independent scientific advice and support to EU

policy.

The PV-GIS database has been operating across Europe for years and now also
in the United States and countries around the world.

The data requested by PV-GIS for the installation are the following:

-The first location is Valencia

-The calculation will be made for a base installation of 100kW of installed power.
-System losses are estimated at 12%

-The price of the installation is considered € 8000 taking into account only the
price of the plates € 80 x 100 units.

-It is considered an interest of 1% since only the maintenance of the equipment
is considered.

-A life of the installation of 25 years.

Regarding the design of the solar plant, it is chosen to design a Free-standing,
that is, the panels will be freely placed on the ground.

Despite the fact that the program provides a large number of data, it only allows
knowing the monthly energy production, therefore, we will use the estimated
production and divide it by the number of days to obtain the average daily
production.

Table 5. PV-GIS Valencia information 100kW
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Provided inputs:

Location [Lat'Lon]: 30492 -0.329
Horizon: Calculated
Database used: FVGIS-CMSAF
PV technology: Crystalline silicon
PV installed [KWp]: 100
System loss [%]: 12

Simulation ouwtputs:

Slope angle [*]: 35 {opt)
Azimuth angle [7]: 15
Yearly PV energy production [kKWh]: 1635993.09
Yearly in-plane irradiation [EKWh/im?]: 205402
Year to year variability [kK\Wh]: 384 13
Changes in output due to:

Angle of incidence [%]: -2.57

Spectral effects [3t]: 0.56

il'%r_lperaMre and low irradiance -7.39
Total loss [%]: -20.16
PV electricity cost [per KWh]: 0.003

The program considers that the inclination of the plates must be 35 degrees, it
obtains the annual energy productions and the energy production variability. The
table 5 also lists the losses of the equipment and the price of electricity, estimated
from the price of the installation and the years of life of the equipment. 0.003
€/kWh compared to the usual electricity price in Spain 0.1216 €/kWh.

20k
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12.5k
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-

lllustration 28. Monthly energy output from fix-angle PV system, PV-GIS Valencia
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Table 6. Outputs from PV-GIS Valencia

Maonthly PV energy and solar inradiation

Maonth E_m H(jl_m 5D_m
January 1036411225 14124
February 1122451345 16164
March 14454.8176.8 13489
April 15140.0188.6 10434
May 1642892089 9825
June 16136.5209.6 480.0
July 16810.32201 646.9
August 16248.6211.2 556.4
september 14067 71808 9427
October 1242041554 1500.2

MNovember 1070761284 1478.0
December 98595 1171 9832

Where:
E_m: Average monthly electricity production from the given system [kWh].

H (i) _m: Average monthly sum of global irradiation per square meter received
by the modules of the given system [kWh/m?2].

SD_m: Standard deviation of the monthly electricity production due to year-to-
year variation [kKWh].

It can be extracted from the graph that December is the least productive month,
so the options are to size the solar plant for the production of the worst month
of the year and use the excess energy to pour it into the electricity grid. Or
dimension the solar plant for a production of an intermediate point between the
most productive month and the least. Using an alternative energy source for the
months that the necessary energy quantity is not reached, and pouring the
excess energy into the grid when this limit is exceeded.

5.1.4 Solar plant in Poland

The data requested by PV-GIS for the installation are the following:

-The second location is Gdansk

-The calculation will be made for a base installation of 100kW of installed power.
-System losses are estimated at 12%

-The price of the installation is considered 8000€ taking into account only the
price of the panels 80€ x 100 units.

-It is considered an interest of 1% since only the maintenance of the equipment
is considered.

-A life of the installation of 25 years.
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Table 7. PV-GIS Gdansk information 100kW

Provided inputs:

Location [Lat'Lon]: 54,408, 18.568
Horizon: Calculated
Databasze used: PVGIS-SARAH
PV technology: Crystalline silicon
PV installed [KWWp]: 100
System loss [%)]: 12

Simulation outputs:

Slope angle [(]: 40 (opt)
Azimuth angle [7]: 15
Yearly PV energy production [KMWh]: 104108.52
Yearly in-plane irradiation [kK\Whim2]; 1252 .42
Year to year varability [kKWh]: 4410.85
Changes in output due to:

Angle of incidence [%:]: -2.98

Spectral effects [3]: 177

il’qiﬂr_lperame and low irradiance -4.33
Total loss [%e]: -16.87
PV electricity cost [per kKWh]: 0.005

The program considers that the inclination of the panels must be 40 degrees, it
obtains the annual energy productions and the variability of energy
production. The table also states the losses of the equipment and the price of
electricity, estimated from the price of the installation and the years of life of the
equipment 0.005 €/kWh compared to the price of normal light in Poland 0.691
zlt/kWh (0.17 €).
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Illustration 29. Monthly energy output from fix-angle PV system. PV-GIS Gdansk
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Table 8. Outputs from PV-GIS Gdansk

Monthly PV energy and solar irradiati

Month E_m H{ilLm 50_m
January 29384 324  TO20
February 41281 463 11694
March &766.6 100.4 19058
April 12876.81527 19948
May 1358561661 1639.0
June 1324101644 12918
July 1315371650 1784.9
August 1213661508 1938.8
Seplember 10447 31263 16338
October T2B75 849 18113

Movember 31136 359 7554
December 24333 273  B385

Where:
E_m: Average monthly electricity production from the given system [kWh].

H (i) _m: Average monthly sum of global irradiation per square meter received
by the modules of the given system [kWh/m?2].

SD_m: Standard deviation of the monthly electricity production due to year-to-
year variation [kKWh].

5.1.5 Spain-Poland comparison
The intention of comparing Spain and Poland is not to evaluate where it would

be better to install the hydrogen plant and the bus fleet, but rather to justify that
it is viable in both places.
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Illustration 30. Comparation kWh produced in Gdansk(orange) and Valencia(blue) per 100 kWh installed

The graph makes evident what was supposed from the beginning. The solar plant
in Valencia, Spain has a much higher production. However, although it reaches
values higher than double in the case of the winter months, during the summer
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months the production is more similar: in July Spain: 16810kWh and Poland
13153kWh.

5.1.6 Solar Plant Summary

The calculation has been made for an installed power of 100kW. The estimated
energy need is 880 kWh/day (section 5.2.3 Electrolyser production), therefore,
the installed power will have to be implemented several times. The following table
is in kWh.

Table 9. Production per month and per day of 100kWh. Production of the fully plant. (Table in kWh)

Pmonth_Spa |Pmonth_Pol| Pday_Spa Pday_Pol A E AP

Jan 10364 2938,4 345,47 97,95 180,64 646,30
Feb 11224 4128 374,13 137,60 123,31 555,10
Mar 14454 8766 481,80 292,20 -92,02 199,52
Apr 15140 12876 504,67 429,20 -137,76 -115,58
May 16428 13585 547,60 452,83 -223,62 -169,94
Jun 16136 13241 537,87 441,37 -204,16 -143,57
Jul 16810 13153 560,33 438,43 -249,09 -136,82
Aug 16248 12136 541,60 404,53 -211,62 -58,85

Sep 14097 10447 469,90 348,23 -68,22 70,64

Oct 12420 7287,5 414,00 242,92 43,58 312,87
Nov 10707 3113,6 356,90 103,79 157,78 632,87
Dic 9959 2433,3 331,97 81,11 207,64 685,03

Necesity 871,58 kWh/dia | *2times100kWp | *2.3times100kWp

According to the following table, the energy production of the daily photovoltaic
plant is calculated based on the results obtained in the PV-GIS
simulation. Assuming that each month has 30 days. In the case of Spain, an
installation of 200kW of installed power will be required and in the case of Poland,
230kW. The months that the energy production of the photovoltaic plant would
not be enough to cover the energy need have been highlighted in yellow. The
rest of the months the surpluses would be dumped into the electricity grid.

As mentioned, each panel has an installed power of 410-533W. 440W will be
taken as the installed power of each panel.

200000W

w
placa

230000W

w
placa

Needed panels in Spain = = 454.5placas

440

Needed panels in Poland = = 522.7placas

440
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Each panel is 1,048m and 2,132m in size, requiring an extra half meter on each
side.

Needed area Spain = ((1.048 + 1) * (2.132 + 1)) * 456 = 2924m?
Needed area Poland = ((1.048 + 1) = (2.132 + 1)) * 523 = 3355m?

In summary, the production of the photoelectric plant will be variable and will
vary according to the previous table, the energy produced will serve to feed the
electrolyser and produce hydrogen. The space requirements are those stated in
the previous equations.

The average daily power of the plant each month will be as follows:

Table 10. Production of solar plant

Daily_Spa (kWh) | Daily_Pol (kWh)
Jan 690.93 225.28
Feb 748.27 316.48
Sea 963.60 672.06
Apr 1009.33 987.16
may 1095.20 1,041.52
Jun 1075.73 1015.14
Jul 1,120.67 1008.40
Aug 1083.20 930.43
Sep 939.80 800.94
Oct 828.00 558.71
Nov 713.80 238.71
Dec 663.93 186.55

5.2 Design of the electrolyser

5.2.1 Introduction

The electrolysis of water is the decomposition of water (H20) into oxygen (O>)
and hydrogen (H.) gases by means of electric current. It has been described in
previous sections.

The electrolysis of water, however, is not applied at industrial levels due to
the low efficiency of hydrogen generators. A 100% efficient theoretical
electrolyser would consume 32,966 kWh/kgH>, this value takes into account that
the potential to overcome in the electrolyser is exactly the electrochemical
potential of water E = 1.23V. However, in electrolysers we work with
overpotential to offset losses.

In 2014 the efficiency ranges of electrolyzers are: 43-67% for alkalis and 40-67%
for PEM, it is estimated that PEM type electrolyzers have a range of improvement
with a shorter time frame and in 2030 they could have an efficiency of 62-74%.

The part that exceeds 1.23V is considered overpotential or overvoltage. The
voltage at which the electrolyzers of this project have been designed is
3.153V. This implies an overvoltage of 3,153-1.23 = 1,923 V.
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As already mentioned, the proton-conducting membrane must be Nafion®. This
membrane works well because H* jumps from SOz to SO3 over the entire surface
of the material. The conductivity of the membrane improves with increasing
temperature, however it must be hydrated at all times, which limits the
temperature below the boiling point of water. The Nafion® membrane would
resist at a temperature of 125°C.

Hlustration 31. Nafion® structure

5.2.2 Selected Electrolyzer

An industrial electrolyser will be required for the plant. Taking into account the
energy need 9kg of Hy/day is needed. The selected electrolyser is the product
code: 570254 from the brand: Proton onsite. The production of 20 Nm3/h will be
selected.

llustration 32. Selected electrolyser
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Table 11. Electrolyser selected datasheet. Proton onsite 570254

Technical details Electrolyser

Nominal Production Rate

Nm3/h 02C 1bar 10 20 30

kg/24h 21,6 43 65
Power consumption by System 87,32 kWh/kg 84,5 kWh/kg 81,69 kWh/kg
Purity (%) 99,9998 99,9998 99,9998
02 content <lppmv <lppmyv <lppmv
H20 content <2 ppmyv <2 ppmyv <2 ppmyv
Dimensions

Electrolyser enclosure (m) 2,5x1,2x2 2,5x1,2x2 2,5x1,2x2

Power supply enclosure(m) 17x1x2 17x1x2 17x1x2

Ambient temperature(2C) 5-40°C 5-40°C 5-40°C
Delivery pressure (bar) 30 30 30
Electrolyte PEM-Caustic Free | PEM-Caustic Free | PEM-Caustic Free

The C10 Hydrogen Generation System produces 10 Nm3/hr by utilizing Proton
Exchange Membrane (PEM) cell stacks to produce ultra-high purity hydrogen for
various applications like hydrogenation and energy storage. These generators
achieve extreme purity and composition certainty with minimal maintenance.

Extra features include:

- Auto fill water level control

- Water monitoring system including purity monitor
- Automatic production control

- On board DI water system

- Factory Matched Cooler / Chiller

- Dew Point Meter

- Outdoor Operation Package

- Dedicated Data-logging computer

- Automatic H2 leak detection system

5.2.3 Production of the electrolyser

The selected electrolyzer produces 20 Nm3/h taking into account the density of
hydrogen at room temperature 0.71 g/L the system produces 1.42 kg/h. Since it
is fed from a solar plant we can only count the hours of sunshine 8-10
h/day. Therefore, we will have a daily production of 11.36-14.2 kg of Ha.

The electrolyser consumption is 84.5 kWh/kg, which means a total daily
consumption of 959.92-1199.9 kWh
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Energy production per mol of hydrogen with 100% efficiency

F—06485 _C_
mol
n:=2 Electrons transfered

E:=07V Normal battery voltage

Wi:=n.F.E=(1.351-10°) oy
mol
Wis L 0L L 5 ey EW
2 gm kg

Illustration 33. Calculations of energy production per mol of hydrogen 100% efficiency

Electrolyser consumption
According to faraday the ecuation is
We=n.F-E

E will be 1.23 V. In order to pass the ressistance we will work in

3.153 'V
Weim2.17-3.153 V=(6.084-10°) SV per mol of H2
mol
We=(6.084.10°) 72
mol
We_m:=We.—. 2% _g4 505 £V -hr
2 gm kg
We_m=84.505 kW -hr

kg

Illustration 34. Real. Electrolyser consumption
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5.2.4 Electrolyser Summary

Taking into account the previous section, summary of the solar plant, which
determined the energy production of the daily solar plant, we evaluated the
production of hydrogen according to the energy dosed to the electrolyser.

Table 12. Production of electrolyser Spain-Poland

Spa_kWh Pol_kWh Spa_kgH2 Pol_kgH2
Jan 690.93 225.28 8.18 2.67
Feb 748.27 316.48 8.86 3.75
Sea 963.60 672.06 11.40 7.95
Apr 1009.33 987.16 11.94 11.68
may 1095.20 1,041.52 12.96 12.33
Jun 1075.73 1015.14 12.73 12.01
Jul 1,120.67 1008.40 13.26 11.93
Aug 1083.20 930.43 12.82 11.01
Sep 939.80 800.94 11.12 9.48
Oct 828.00 558.71 9.80 6.61
Nov 713.80 238.71 8.45 2.82
Dec 663.93 186.55 7.86 2.21

In this way, if a 100km route were considered. According consumption of
9 kg/100km production exceeds in most months in Spain while in Poland
although it also exceeds during the summer months, production is much lower
during the winter months.

5.3 Buses
5 .3.1 Background

Europe

The European Union approves a grant of 11 million of euros to the consortium of
companies Nouryon and Gasunie an additional 5 million of euros invested
by Waddenfonds, a Netherland fond. For the construction of a 20 MW green
hydrogen electrolyser to be operated by the same consortium. With various
partners involved, it is planned to produce 3,000 tons of green hydrogen
annually.

Nouryon President Knut Schwalenberg said: “This project will be a springboard
for the circular economy. With the support of the EU and the region and backed
by an experienced technology provider and customer agreements, we are ready
to move to the next phase of implementation of Europe's first large-scale
hydrogen plant in support of a more sustainable future. ».

It is just one example of the support of the European Union
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Pau (France)

On September 17, 2019, the first fleet of hydrogen buses was inaugurated in the
city of Pau.

Under the name of “Fébus project’ and almost as a pilot test for the imminent
incorporation of hydrogen in Europe. The city of Pau has recently created the
first fleet of hydrogen buses that also run through the city center.

The project includes 8 hydrogen refueling points. 8 buses of 18m in length and
an electrolyser that will produce between 174-268 kg of hydrogen per day.

Regarding the Van Hool Exqui.City FC, the name of the hydrogen
buses. Equipped with a 24 kWh traction battery and an 85 kW hydrogen fuel cell.

Keolis is the responsible company, in addition to this project Keolis is involved in
a multitude of projects throughout Europe related to transport and renewable
energy.

Note that buses are slated to run on green hydrogen from a solar plant near the
bus station, however for the time being hydrogen is produced by burning fossil
fuels.

Stockage basse pression

Stockage haute pression

Refroidisseurs

j Transformateur

Illustration 35. Febus Project city of Pau
FlixBus

The large transport company reaches an agreement with Freudenberg Sealing
Technologies, based in Germany. To develop the first long-haul hydrogen buses.

André Schwammlein, founder and CEO of FlixMobility (FlixBus), stated: "The
modern FlixBus fleet is already extremely environmentally friendly and traveling
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by long-distance bus saves around 80% of emissions compared to a car trip
However, we are always looking for ways to make travel even more sustainable.”

Japan

The case of Japan is very particular. The Asian nation has spent years promoting
hydrogen technology and it seems that from 2020 they were going to
boom. Aiming to build the largest hydrogen distribution network in
Japan. However, Japan's intention to boost hydrogen is almost a necessity. Japan
is an island with few sources of hydrocarbons, being today the fourth
largest importer of hydrocarbons. They are incredibly dependent on these
imports, adding to the obvious rejection of nuclear energy due to the serious
incident in Fukushima on March 11, 2011, Japan's need to find an alternative
energy source is a priority for them. As if that were not enough, Japan uses two
frequencies for electric current, the east uses 50 Hz and the west 60 Hz.

However, all of these disadvantages cause the government regardless of who is
in power to work in the direction of energy development towards hydrogen.

In this context, Toyota, Nissan, Honda and eight other Japanese companies
appear to sign an ambitious project for the incorporation of hydrogen energy in
Japan. Signing as of 02/25/2017. Japan intended to have 100 buses operated by
Toyota powered by fuel cells and incorporate 160 hydrogen stations across the
country. In addition, Panasonic plans to install fuel cells as generators in all
homes in the Olympic Village.

On the other hand, the Japanese company Kawasaki heavy industries also
officially presented the Suiso Frontier boat on 12/12/2019. The ship is built for
the transport of liquefied H> from Australia-Japan. Australia has signed an
agreement to provide a monthly supply of hydrogen to Japan. Hydrogen
generated from the burning of lignite, carbon with 5.2% Hydrogen. In this way
Japan begins to incorporate hydrogen technologies, cars and hydrogen
stations long before building solar plants to produce green Hydrogen without
having to go through the phase of obtaining Hydrogen from fossil fuels.

Australia

A

Hydrogen
Gasification | _ &2 Land Hydrogen

n iquer: n
Refining Transportation Liqueractiol

E = game | _=lll |

Mining Site Facility 150 Port Site Facliity
( Latrobe Valley ) o ( Hastings )

Liquefied
Hydrogen
Loading

Liquefied
Hydrogen
Unloading

Brown

Coal

Liquefied Hydrogen
Marine Transportation

Illustration 36. Japan-Australia agreement to supply Hydrogen

The ship will transport the Hz at -253°C and will be operational by the end of
2020.
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Another Toshiba-led consortium opened the world's largest green hydrogen
production facility on 02/10/2020 in Fukushima. The 20 MW solar plant powers
a 10 MW electrolyser capable of producing up to 1200Nm3 per hour.

5 .3.2 Selected bus

Many are the automobile companies that are betting on the fuel cell for the future
throughout this decade, it is planned that a large number of 5-seater models will
be launched on the market. The same brands are also betting on larger cars like
buses.

In the case of the Japanese brand Toyota, it has launched the Toyota Mirai 5-
seater model, which has already been discussed in the introduction to the
thesis. For large-scale transport, Toyota has presented the Toyota Sora Fuel Cell
Bus, on the occasion of the Japanese Olympics and through the consortium
signed by the Japanese multinational automobile companies, Toyota wants to
incorporate 100 public transport line buses. This is the fuel cell powered bus that
has been selected for the project.

The Sora bus system is the same that was originally designed for the Mirai, with 9
kW of power and 235 kWh of capacity. The fuel cell can be used as an external
power source designed for disaster situations. The bus incorporates all kinds of
cameras to support driving and also includes the acceleration control function
that minimizes the jerkiness of the shocks of traditional buses. A hydride-nickel
battery is attached to temporarily store the energy produced by the battery.

Illustration 37. Toyota Sora
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Table 13. Toyota Sora Datasheet

5.3.3 Bus Summary

Regarding the general project, the energy production of the solar plant and
subsequent hydrogen production are finally compared with the capacity of the
buses to operate with these productions.

10.5x2.5x3.3
79
Toyota FC stack (Solid polymer electrolyte)
(kW) 2x114
H2 capacity (L) 600
Pressure (bar) 700
Consumption (khH2 / 100km) 9

Synchronous CA

2x113

2x335

Taking into account that the consumption of the electrolyzer is 84.5 kWh/kgH:
and the consumption of the buses 9 kg/100km. The following table lists the
productions and daily mobility capacity of buses.

Table 14. Summary of production and travel capacity Spain-Poland

Spa_kWh Pol_kWh Spa_kgH2 | Pol_kgH2 |Bus_Spa (km)|Bus_Pol (km)
Jan 690.93 225.28 8.18 2.67 90.85 29.62
Feb 748.27 316.48 8.86 3.75 98.39 41.61
Sea 963.60 672.06 11.40 7.95 126.71 88.37
Apr 1009.33 987.16 11.94 11.68 132.72 129.80
may 1095.20 1,041.52 12.96 12.33 144.01 136.95
Jun 1075.73 1015.14 12.73 12.01 141.45 133.48
Jul 1,120.67 1008.40 13.26 11.93 147.36 132.60
Aug 1083.20 930.43 12.82 11.01 142.43 122.34
Sep 939.80 800.94 11.12 9.48 123.58 105.32
Oct 828.00 558.71 9.80 6.61 108.88 73.47
Nov 713.80 238.71 8.45 2.82 93.86 31.39
Dec 663.93 186.55 7.86 2.21 87.30 24.53

Therefore, the number of km available per day for each month of the year is the
one stated in the Bus_Spa and Bus_Pol column. Obviously a route with a safety

margin will be designed.
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5.4 Route design
5.4.1 route mileage

The routes of the buses have been the limiting dimension throughout the work
and having selected diferent measures for the solar plant and the electrolyser in
Spain and Poland. The following table therefore lists the total daily kilometers

capable of being performed by the bus fleet.

Table 15. Travel capacity Spain-Poland

Bus_Spa Bus_Pol
(km) (km)

Jan 90.85 29.62
Feb 98.39 41.61
Sea 126.71 88.37
Apr 132.72 129.80
may 144.01 136.95
Jun 141.45 133.48
Jul 147.36 132.60
Aug 142.43 122.34
Sep 123.58 105.32
Oct 108.88 73.47
Nov 93.86 31.39
Dec 87.30 24.53

5.4.2 Route in Valencia

The designed route is an example route that would depend on the location of the
solar plant since it is the largest size requirement. In any other possible route

designed it would be the same for the amount of mileage indicated.

The designed route is 5.8 km and covers the university areas of the city of
Valencia, an expanding area and close to the beach.
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Illustration 38. Valencian route

Relating the maximum possible km to perform, depending on the production of
hydrogen. With the number of kilometers per lap, we obtain the number of daily
laps that can be performed for each month of the year.

Table 16. Laps in valencian route

Bus_Spa(km) Laps
Jan 90,85 16
Feb 98,39 17
Mar 126,71 22
Apr 132,72 23
May 144,01 25
Jun 141,45 24
Jul 147,36 25
Aug 142,43 25
Sep 123,58 21
Oct 108,88 19
Nov 93,86 16
Dic 87,30 15
1 Route(km) 5,8

In Valencia a 5.8 km route is made. A maximum of 25 laps per day can be
performed in the months of July and August, but only 15 laps per day can be
performed during the month of December.
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5.4.3 Gdansk route

The route in Poland is also an example route

In Gdansk the route very close to the city center has been carried out, which will
contribute to the reduction of polluting emissions. In addition, it is known that
one kilometer west of the route shown below is the LOTOS station that plans to
build a hydrogen station, which could be useful in cases of need. The route is
made up of 3.33 km.
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Illustration 39. Gdansk route
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Relating the total daily kilometers achievable with the number of kilometers of a
lap, the daily laps are obtained. Listed in the table below.

Table 17. Laps Gdansk route

Bus_Pol (km) Routes

Jan 29.62 9
Feb 41.61 12
Sea 88.37 27
pr 129.80 39
may 136.95 41
Jun 133.48 40
Jul 132.60 40
Aug 122.34 37
Sep 105.32 32
Oct 73.47 22
Nov 31.39
Dec 24.53

1 Route (km) 3.33

In Gdansk, on a 3.33 km route, a maximum of 41 laps can be performed during
the month of May and a minimum of 7 during the month of December.

5.4.4 Route summary

According to Google Maps, the estimated routes have a 15-
minute car journey in the case of Spain, and 13 in the case of Poland. We assume
that in public service this time triples 45 and 39 respectively. Therefore,
maintaining the following two conditions:

» Same service for 12h (8AM-8PM).
o Maximum wait time of 20 min.

Due to the frequency condition on the Spanish route, there must be a minimum
of 3 buses always running simultaneously, on the Polish route 2. The number of
laps to satisfy this service in one day would be:

Spain:
1 min
—* 12h * 60 —— = 16 lap
min h
451—
ap
Poland:

1 12h * 60 min =18.461
.n * * T = . ap

39’1”—‘
ap
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The following table shows how many times the energy need exceeds the
production. Marked in yellow when the need is not met:

Table 18. Aceptable laps

Spin_Spa | Spin_Pol
Jan 16 9
Feb 17 12
Mar 22 27
Apr 23 39
May 25 41
Jun 24 40
Jul 25 40
Aug 25 37
Sep 21 32
Oct 19 22
Nov 16 9
Dic 15 7

So in the case of Spain, the energy need would only be breached in December. In
the case of Poland in almost all winter months, but it would also have a very large
energy surplus in summer.

The solutions have already been discussed during the thesis, but expanding these
solutions.

 Use hydrocarbons to produce hydrogen and supply energy deficiencies.
» Redesign routes to increase service in months when there is leave.
« Minimize services in the months that the energy need is not reached.

6. Conclusions

6.1 Spain-Poland comparison
Regarding the installation of hydrogen production plants in the selected
locations, there are many highlights.

« Spain and Poland are two of the European countries with the fewest
hydrogen stations, and where this European development towards
hydrogen technologies is least evident.

« Despite the climatic differences in both locations, it is feasible and
beneficial to install these hydrogen technologies.

The comparison during the work has been carried out for a solar plant that
exceeded by 0.3 times the installed base power in the Spanish solar plant. For a
base power of 100 kWh equal in both plants, the production of hydrogen would
be as follows:
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Table 19. Comparation 100kWh Spain-Poland

Pday_Spa | Pday_Pol | Spa_kgH2 | Pol_kgH2
Jan 345.47 97.95 4.09 1.16
Feb 374.13 137.60 4.43 1.63
Sea 481.80 292.20 5.70 3.46
Apr 504.67 429.20 5.97 5.08
may 547.60 452.83 6.48 5.36
Jun 537.87 441.37 6.37 5.22
Jul 560.33 438.43 6.63 5.19
Aug 541.60 404.53 6.41 4.79
Sep 469.90 348.23 5.56 4.12
Oct 414.00 242.92 4.90 2.87
Nov 356.90 103.79 4.22 1.23
Dec 331.97 81.11 3.93 0.96

As can be seen from the table, although there is an obvious difference, it
becomes less evident during the summer months.

6.2 Conclusions
6.2.1 Cost reduction

In the first place, it is concluded that, in view of the research carried out and as
a crucial part of the present thesis. Hydrogen is an expanding technology that
many countries are highly interested in incorporating, especially to achieve
energy independence from the countries that supply them. "Hydrogen Europe"
in Europe, "Hydrogen council' in Japan. From these powers, research into
hydrogen technologies is promoted.

In wich case one of the crucial points is the reduction of hydrogen costs. For this,
"Hydrogen council' publishes in 2020 the following review. In which he studies
the reduction of hydrogen costs. The paper independently studies the cost
reduction of the parties involved in the production and distribution of hydrogen.

e Hydrogen production

e Hydrogen distribution

e Equipment CapEx (CapEx, are funds used by a company to acquire,
upgrade, and maintain physical assets such as property).

e Other operating expenses
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Exhibit 7 | Drivers of hydrogen’s cost competitiveness

| ] Hydrogen production’ B Equipment capex
M Hydrogen distribution Other opex

Cost breakdown of hydrogen applications Costdrop Cost reduction levers to reach
Percentage of total cost 2020 2020-30, target
Percent
Secale-up of full supply chain
H. -d
trLT::g "y -50% Industrialisation of fuel cell and hydrogen tank
manufacturing
Large Industrialisation of fuel cell and hydrogen tank
passenger - 45% manufacturing
vehicle Scale-up and utilisation of HRS
Boller Lower-cost hydrogen from renewables
-45% Higher pipeline network utilisation due to scale-
up of demand
Gas turbine
-35%
Scale-up of system size and manufacturing of
Ammonia electrolysers for green hydrogen production
production

-45%

1. Assumes 50/50 blend of low-carbon and average renewable hydrogen

Illustration 40. Annex10 Hydrogen council report cost reduction provided

Similarly, the study emphasizes the great scope for improvement of hydrogen
technologies.

6.2.2 Research

Among all the research plans in the improvement of hydrogen technology, the
most notable is the investigation of the catalyst, currently platinum is used. The
high cost of this makes hydrogen technology more expensive.

On the other hand, the current transportation system focuses on single-family
transportation, which makes transportation more expensive. Hydrogen works
more efficiently in transport of large dimensions and in constant
movement. Therefore, on the way to green cities, 100% powered by renewable
energy, one of the tasks of each nation's policies is to promote a public
transport system to the detriment of single-family cars.

One of the great advantages of fuel cell against electric batteries
is the load quickly. It can take an average of five minutes for a deposit to fully
charge. A time similar to gasoline, whereas now industrialized electric cars can
take hours.
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6.2.3 Conclusion

By way of final conclusion, hydrogen technology is novel and environmentally
friendly. It is the perfect candidate to supply all fossil fuels, especially in the field
of transport, possibly excluding aircraft.

The technology is already present, so much so that governments are strongly
committed to this technology. However, drawing a roadmap to hydrogen
technologies is insufficient, it will not be the first roadmap that disappears over
time. Governments, countries and society in general must become increasingly
aware of the importance of drawing up a plan that makes our energy supply
sustainable.

Fuel cells are just a tool and it is up to us to make it happen.
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