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Abstract

There are plenty of natural resources in Scotland. Wind power is believed to sustain the nation's
energy demands into the future. Unfortunately, one of the major drawbacks in renewable wind
energy generation is the intermittent and stochastic nature of wind. There is a rising interest in
hydrogen with quickly growing demand. Hydrogen can be a clean source of energy when
obtained from renewable resources and when it is transformed into electricity, the only

emission being water, it enables to utilise renewable energy sources to their full potential.

In this report, a feasibility study to examine the option of hydrogen production by wind
powered electrolysis in Scotland is analysed. A detailed review on different energy storage
systems, summary of the various technologies to produce hydrogen and the major components
of wind powered hydrogen system is covered in this report. From the analysis, it is realised that
Scotland is able to produce 100% of its total gross electricity consumption from wind energy
by transforming the surplus power generated into hydrogen and storing it to consume it when
sources cannot meet demand. The possibilities of Scotland becoming an exporter of hydrogen
instead of electricity were discussed briefly by considering the fact that it has a very well-
established O&G pipelines which could be used sustainably to transport and distribute
hydrogen. In order to decarbonise Scotland by 2045 as per Scottish government’s goal, it is
estimated that there will be a requirement of an additional 35 to 40 GW capacity of wind farms.
It is analysed that eventually offshore wind farms can offer immense energy to produce green
hydrogen sustainably and help in reducing emissions in the hard to abate sectors like heating,
transport, manufacturing industries, etc., Hydrogen energy as a mainstream fuel or as an energy
storage system can help Scotland decrease the need for backup sources of energy, slash
transportation losses and earn huge profits by exporting hydrogen energy at peak periods and

deliver security of supply which will eliminate the need to import electricity from other nations.
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1.0 Introduction

The world is currently facing an energy crisis. The ever-increasing industrialisation, growing
urban population calls for production of more and more energy. The already existing energy
methods such as fossil fuels, nuclear, thermal etc., cannot support this ever-increasing demand
as the natural resources are depleting day by day and these energy production methods give
rise to environmental problems which are of great concern. This gives rise to finding energy
producing methods which meet the demands and cause minimum to no harm to the
environment. Our planet is witnessing a major shift in the approach energy is generated,
converted, accumulated, and consumed in its diverse kinds. Communities are getting more and
more aware of the necessity to transition to a civilization in which energy stops making a
harmful influence on our climate by switching from carbon-based fuels towards renewable
energies [1]. Global challenges such as climate change, volatile energy prices, and energy
security concerns have given renewable energy resources, especially wind energy, a positive
political backdrop [2]. The main objective of the Paris agreement on climate change is to
maintain a global temperature increase below 2°C and to make every effort possible to keep

the temperature rise to 1.5 °C [3].

Emissions in billion metric tons
No
(@)

O O O O O O OO OO OO OO O0ODO0OODOOOOOOOOOLO O O %
D O M~ 00O O A AN M T O 00O O AN MSTLW O~ 00O © dH d %
M~ DMNMDMSDMSDN 00 O 0O 0O 0O 0 0 00 00 0 O O O O) O) Oy O) O O) OO ©O ©O ©O O
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Year N

Figure 1: Global COz emissions from fossil fuel combustion and industrial processes from 1758 to 2020 [4]

Since the beginning of the industrial revolution, the carbon dioxide (CO2) emissions generated
via global fossil fuels and the industrial activities have increased dramatically. The world's
carbon emissions have most recently been about 36.44 billion tonnes (2019). The United

Kingdom (UK) and Europe have agreed on an ambitious objective for Net Zero emissions by
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2050, including a shift to zero carbon energy across the economy. Wind energy is (usually) an
easy and nearly carbon free resource that may be used by many countries. High wind speed
sites in the UK usually coincide with rich ecosystems and rich biodiversity areas, for example,
lakes, forests, coastal lands, and mountains. In addition, individual family residential zones are
dispersed around the country. These factors should be considered properly before the large-

scale deployment of the resource.

Wind is a rich but intermittent source of electricity generation. Electricity generated by wind
may be used to make hydrogen from the electrolysis of water to power vehicles or to store
electricity, then to generate it during the period when the wind is very low. Hydrogen is an
abundant, clean source of energy that has a lot of promise when combined with renewable
energy sources. It is light, storable, has very high energy density, and does not create direct
pollutants or Greenhouse Gas (GHG) emissions. Hydrogen may have a critical responsibility
in reducing emissions particularly in hard to abate operations for e.g., steel industries, space-
heating, transportation [5]. It is currently a major business in the world to provide industrial
users. Since 1975, requirement of hydrogen has tripled and is still growing, but almost entirely
from fossil fuels. About 6% of natural gas and about 2% of worlds coal is used to produce
hydrogen [6]. Research on the production of renewable hydrogen energy - so called green

hydrogen production technology, has to be done to minimise emissions of GHGs [7].

200

Production in million metric tons
o
o

50

0.6 U

2015-2018 2030 (PE scenario)* 2030 (TE scenario)** 2050 (PE scenario) 2050 (TE scenario)

@ Blue hydrogen @ Green hydrogen

Figure 2: Hydrogen production worldwide (2015-2018), and 2050 prediction (million metric tons) [8]
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Recent studies show that green hydrogen is currently gaining impressive push globally and is
experiencing exceptional political and corporate support, with a constantly growing number of
laws, regulations, and initiatives. Only about 0.1% of worldwide production of hydrogen today
is derived from electrolysis, but with falling rates for green energy particularly from solar
photovoltaic (PV) panels and wind generation there has been rising interest in hydrogen via
electrolysis. This also leads to construction of electrolysers in locations with outstanding
renewable energy conditions, and develop an inexpensive source for hydrogen, even after
considering transmission and distribution prices for delivering hydrogen from (typically
remote) renewable sources to end-users [6]. It is time to scale-up technology, to reduce prices
so that hydrogen can be utilised extensively and extract the best out of hydrogen’s vital
responsibility in a clean, safe, and reasonably priced energy future. Between 2015 and 2018,
only about a million tonnes of renewable hydrogen was generated across the world (Figure 2).

Currently, only oil refining and fertiliser manufacturing companies use hydrogen. It also needs
to be implemented in areas where it is almost entirely absent on today’s date, for instance
transportation, homes and energy generation, in order to make an important contribution
towards clean energy transitions [6]. A recent research by Aurora Energy Research says that a
total of 213.5 gigawatts (GW) of power generation is planned from electrolysers by 2040, 85%
of this is within Europe which is more than one thousand times boost from the 0.2 GW (Figure

3) electrolyser capacity operational today [5].

43.9 GW

December 2020

CAGR 70%
27.5 GW

June 2020

12.9 GW

December 2019

2020 21 22 23 24 25 26 27, 28 29 2030

Figure 3: Estimation of electrolyser installation capacity per year (GW) as per McKinsey & company [9]
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As the hydrogen industry and technology is expanding fast in a sophisticated system of
infrastructure, mitigation policies and energy demand, detailed case studies are essential to
evaluate the feasible production process of hydrogen. In this work, feasibility study of using
wind-powered hydrogen as a mainstream fuel in Scotland is undertaken, hence ensuring that
surplus energy does not go unused and that the negative side of the renewable source (i.e., the
intermittent nature of wind energy) is overcome. A quantitative and qualitative analysis is then

made based on the findings.

1.1 Aim
The purpose of this dissertation is to evaluate the option for generating hydrogen in Scotland
using wind-powered electrolysis when wind energy is in surplus of demand and then utilised

to generate electricity during the times of the day when wind resources are low.

1.2 Objectives

This thesis aims to assess the feasibility of providing hydrogen energy storage system to
Scotland via wind-powered electrolysis. The main goal would be to generate hydrogen when
the wind resource is high and store it so as to be used when the supply is low. The following

steps are undertaken in order to accomplish the task.

e Average monthly consumption of electricity for Scotland of a year is studied. This is
compared with the average monthly electricity production by wind energy.

e If there is a surplus energy it is then transformed into hydrogen gas for the times when

wind energy is scarce.

e If the difference between the above data is negative then the Scotland’s export
electricity figures are considered for converting into hydrogen. Assuming this was the

electricity generated in excess and exported after meeting the Scotland’s demand.

e In case if these figures aren’t able to produce enough hydrogen to meet the current
demand, then a future scenario (2045) is estimated and investigated if this could satisfy

the electricity demand

e After meeting the total electricity demand, other hard to abate sectors like heating and
transport are considered. The amount of wind energy required to meet the total energy
demand of Scotland is evaluated and also the additional wind farm capacity required to

meet this demand is also determined.
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2.0 Literature Review

This chapter begins with a detailed contextual information of the renewable energy technology,
especially wind energy with an aim to gain an understanding of the expertise. A lot of figures
and statistics on both wind and renewable energy as a whole are discussed for the Scotland and
UK. This section also deals with a thorough literature review on different types of energy
storage systems to investigate the most efficient storage system. Various methods of hydrogen
production techniques are studied comprehensively for the purpose of giving an insight on why
green hydrogen production method was chosen. The different components of the wind powered
hydrogen system are discussed in detail with intention of identifying the key points of the
system. A broad discussion is involved on various storage methods and distribution of
hydrogen with a focus on safety. A brief vision on future techniques of sustainably producing
hydrogen is also discussed. The section ends by discussing the environmental impacts of a

hydrogen-based energy systems.

2.1 Renewable energy in the UK and Europe

A huge segment of the energy system in Europe still continues to be built on carbon-based
fuels today. But with the mass electrification of the energy system powered through the use of
renewable energy sources, the European Commission anticipates a drastic transformation. The
aim of the European Green Deal, which is a highly ambitious series of proposals which would
allow european citizens and corporations to benefit from a lasting green transition and to
become the world’s first climate-neutral continent by 2050 [10]. All aspects of society and
economic sectors from electricity to industry, mobility, buildings, agriculture, and forestry will
play a role. Renewable energy sources can help Europe in creating new jobs in green
technologies.

Figure 4 illustrates the available statistics on renewable energy share and targets that were set
for 2020 in the gross final energy consumption. Renewable energy accounted for about 19.7%
of total final power consumption in the Europe, compared with just 9.6% in 2004. Most nations
now recognise that there is a need for political assistance to remove restrictions which limit
renewable technology from being used more swiftly. These include providing fair and assured
access to the electricity markets; financing policies aimed at stimulating investment in
renewable energies projects; fiscal measures reflecting external costs and the benefits of

renewable energy resources (in particular carbon or energy taxes) [11].
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Figure 4: Percentage of gross energy consumption from renewable sources in Europe, 2019 [10]

The figures from the UK government imply that for the first time in the year 2020 renewable
electricity generation surpassed fossil fuels, providing 43% of the country’s electricity [12] .
In Quarter 1 of 2021 renewable energy generation amounted to 34.7 terawatt-hour (TWh) in
the UK. Scotland's renewable energy capacity showed consistent expansion between 2009 and
2019, with an average yearly capacity growth since the end of 2009 of more than 800
megawatts (MW) [13]. In 2020, according to preliminary statistics, renewable energy
accounted for 97.4% of Scotland’s gross electricity consumption [14]. The Scottish
Government has made hydrogen an integral part of Scotland's decarbonization goals. In the
UK, Scotland became the first country to publish a Hydrogen Policy Statement , which
incorporates the aim of producing 5 GW energy from the renewable and low carbon hydrogen
in Scotland by 2030 [15].
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TOTAL=11,861 MW
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Figure 5: Renewable energy installed capacity (Q1 2021) in Scotland [13]
2.2 Wind energy in the UK and Scotland

In the last few years, the generation of wind energy has increased very fast, and UK is currently
the world's sixth-largest wind energy producer, following China, the United States, India and
Spain [16]. In the UK, mean wind speeds have been reasonably constant in the previous two
decades. In 2019, standard wind speeds were about 8.2 knots. Speeds in 2015 peaked at 9.4
knots, while in the following year it fell to 8.4 knots [17].
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Figure 6: Wind speeds(average speed) in the UK from 2001 to 2020 [17]
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Between 2009 and 2020 the UK's wind power generation rose by 715% [16]. In the year 2020,
onshore wind farms and offshore wind farms (OWF) together produced more than 50% of
UK’s renewable energy, generating about 24.2% of the UK’s energy demand (approximately
13% came from offshore wind farms and about 11.2% from onshore wind farms) [12]. There
are currently around 8,600 onshore wind turbines plus approximately 2,300 more offshore wind
turbines in operation across the UK. Wholly a total capacity of over 24.10 gigawatts (GW) of
electricity, which is equivalent to about 20% of UK’s total electricity generation in 2019 and
54% of green energy [16]. The higher percentage of green energy from wind, in total energy
consumption is also an indicator for the Sustainable Development Goals (SDG) set by the
United Nations (UN) (7.2.1). The National Grid stated that 2020 was UK's greenest year ever

with record high wind generation levels [16].

Cumulative installed capacity in megawatt
10,000 ..................................................................................................................... 9,3349,366
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Figure 7: Wind energy capacity in Scotland from 2008 to 2020 [18]

Wind power continues to provide the majority of Scotland's renewable electricity generation
(23.2 TWh) [14]. As shown in Figure 8 it contributed to about 73% of total renewable power
generation in the year 2020 [13]. Onshore wind farms produced about 19.6 TWh while OWF
kept expanding in 2020, about 3.5 TWh generated, which is an increase from 3.2 TWh in 2019
[14]. Figure 7 shows that Scotland has a total wind energy capacity of almost 9.4 GW, with
wind turbines up to 8 GW capacity were installed to Scotland's energy sector between 2018
and 2019 [18]. The largest onshore wind farm in Scotland and the UK as a whole is the
Whitelee wind farm at Glasgow. When operating at full capacity, the Whitelee wind farm's 215
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wind turbines can create 539 megawatts of energy. This production is sufficient to power about
300,000 households in Scotland at any given moment. There is significant additional capacity
development in Scotland, with projects in planning or with approximately 14 GW already
approved in total. A new project by name Bodinglee wind farm is also in the planning which
is about 300 MW capacity and could be the 3™ biggest onshore project in the UK [19].

TOTAL = 31,798 GWh

= Onshore Wind

u Offshore Wind

= Wave &Tidal

u Solar PV

= Hydro

u Landfill Gas

m Sewage Sludge Digestion

= Other Biomass

Figure 8: Renewable electricity output by Technology in the year [13]
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2.3

Energy storage represents the collection of energy generated at once for later usage to eliminate

Energy storage systems

imbalances in supply and demand on the power system due primarily to an increase in
renewable power generation [20]. There is supply and demand inconsistencies as renewables
are intermittent sources of energy signifying it cannot produce energy when there is no
sunshine, or if the wind energy is low. But the consumers still need energy in these renewable
downtimes. Today, power grids deliver energy instantaneously implying that electricity is
being consistently produced to meet consumer requirements and they are conveniently stored
when not essential. However, renewable energy sources — wind energy and solar energy must
be harvested whenever it is obtainable and stored until needed [21]. The application of energy
storage can present several benefits for power systems, for instance the increased access along
with enhanced economic performance of renewable energies. Energy storage provides power
suppliers with an option to utilise electricity which would be otherwise unused. This much
needed flexibility can transform our energy output and consumption and is thus being studied
and tested [22]. Energy storage is also crucial for electrical systems which enables load leveling
and peak shaving, frequency control, oscillation of damp energy, improvements in power
quality and reliability [21]. Currently the major challenges in implementing electricity storage

at the great scale are the cost and the infancy of the technology.

2.3.1 Types of energy storage systems

Energy can be stored in distinct methods (see Figure 9). The popular energy storage methods
are: Electrochemical and battery energy storage system, Superconducting magnetic energy
storage system, Thermal energy storage system, Thermochemical energy storage system,
Compressed air energy storage system, Flywheel energy storage system, Pumped energy
storage system and hydrogen energy storage system [21].

Table 1: Rated installed capacity (GW) and no. of energy storage projects worldwide [23]

Energy storage Active Inactive/under Develoned | Announced Shutdown/ In
system renovation P Withdrawn | production
Mset‘;rr‘:géia' 166.20 (372) 0.28 (2) 231 (11) | 11.63(26) 0.08 (3) 5.95 (7)
Electro-
chemical 2.03 (695) 0.05 (3) 0.95(67) | 0.63(136) 0.09 (40) 0.7 (10)
Chemical
storage” 0.01 (7) - 0.003 (3) 0.001 (2) 0.00007 (1) -
Thermal storage | 3.21(193) 0.21 (1) 0.13 (3) 0.16 (5) - 0.12 (2)
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The value in parentheses corresponds to the no. of projects.

“ Involves pumped hydro energy system, compressed air energy system, and flywheel storage
energy systems.

# Hydrogen storage only.
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Figure 9: A classification of energy storage types [21]

2.3.1.1 Electrochemical and battery energy storage

Electrochemical and battery energy storage systems can make a significant contribution
towards sustainable energy deployment [24]. Batteries and capacitors can store electrical
energy electrochemically [21]. Electrical energy is stored in the battery while charged from an
external electrical source and may be utilised to power the external charge during the
discharge[24]. Batteries are mature, high-energy, and high-voltage energy storage units.
Among various batteries, lithium (Li-ion) batteries play an increasingly vital role in energy
storage due to improved energy density and specific energy [21]. Capacitors are devices that
can store and delivery energy electro-chemically. They are categorized as Electrostatic,
Electrolytic, and Electrochemical capacitors [21]. Among these three kinds - Electrochemical

capacitors, also known as supercapacitors or ultra-capacitors (UCs), has very much higher
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capacitance and energy density since it has a porous electrode arrangement. Scotland currently
has a battery storage system of about 74 MW [109].
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Figure 10: Simple illustration of Li-ion battery energy storage system [26]
2.3.1.2 Thermal energy storage system (TES)

TES is a technique that stores thermal energy by heating or cooling a medium so that the stored
energy can be used for heating, cooling and power generation in the future [25]. Usually,
thermal storage systems include a storage system and heat infusion and heat withdrawal

equipment to or from the system.

Usually, thermal storage systems have a storing system and heat infusion and heat withdrawal
equipment to or from the medium. The storing system can be either a natural structure or area
(maybe ground) or it might be produced synthetically by using a container that obstructs loss
of heat or gain heat from the environment (e.g., water reservoirs) [21]. Thermal energy storage
is divided into three kinds according to the thermal mechanism utilised to store energy: sensible

heat system, latent heat system and thermochemical energy system. The heat storage system
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was traditionally done in the form of sensible heat that raised the temperature of the medium.
Latent heat thermal storage technology is still under research, which requires the alteration of
storage between solid to liquid phases, but variations in solid-gas, liquid-gas and solid-solid
phases also available [21].

2.3.1.3 Thermochemical energy storage system (TCES)

Many research carried out in recent years have shown that thermochemical energy storage
system is a vital technology for developing short and long-term high efficiency heat storage for
diverse applications for example solar thermal or combined heat and power (CHP) [27]. This
storage system mainly uses chemical processes that necessitates or discharge heat energy. They
have three operational modes: endothermic dissociation, reaction product storage and
dissociated product exothermic reaction [21].

Thermochemical

]

Reaction

Adsorption j Absorption 8 Solid—-gas

Figure 11: Classification of thermochemical energy storage system [27]
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Figure 12: Simple illustration of adsorption and desorption [27]
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Thermal energy storage systems offer a greater energy density than other thermal energy
storage systems, which means that it allows the storage of significant amounts of energy by
means of modest quantities of storage materials. Primarily for long-term storage applications,
energy storage relies on chemical processes. For example, solar heat seasonally stored because
throughout the storage phase the procedure entails practically little energy loss. Preservation

usually takes place at room temperatures [28].

2.3.1.4 Flywheel energy storage system (FES)

It is a form of mechanical energy storage system, also called as kinetic energy storage system,

suitable for efficient operation, high energy and high energy density [21].

| External Grid |

Power I :
injected / o # Z%
absorbed ) [
Magnetic
bearing
Motor / | Motor /
Generator. > Generator.
Rotor — L Stator
Composite
Rim
T Magnetic
bearing
Vacuum
housing

Figure 13: Simple illustration of FES [29]

In this system, energy is captured by the angular momentum of a rotating mass at non-
productive hours and release energy at peak hours by the rotating inertia of the flywheel [30].
The overall energy potential is determined by the rotor's size and speed, whereas the power

rating depends on the engine-generator [31].

Generally, flywheels are used in frequency stabilization, incorporation of renewable energy
systems and hybrid power systems. Their efficiency is quite high (80-90%), short reaction

time, low environmental impacts, and long life, which makes them suitable for utilisation.
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Besides that, flywheel technology is very costly, large size flywheels are necessary to store up
energy in an electric power system, resulting in greater friction losses and lower efficacy. The

energy density of this system is expressed in equation 1.

E = 1I 2
-2 1)
Where, E= kinetic energy (J),
I = moment of inertia (kg.m?),

w = angular velocity (rad/s) [26].

2.3.1.5 Compressed air energy storage system (CAES)

This system stores power at 40-80 bars during off-peak times in the form of the elastic capacity
energy of compressed air [30]. The power from the grid during non-productive hours is utilized
to pump and compress air into a closed underground cavern to an elevated pressure [32].

Air inlet
Transformer

HP LP
compressor compressor

HP LP
turbine turbine

Clutch

Motor/Generator unit

Intercooler Combustion

Aftercooler Champers

Exhaust

Recuperator

Figure 14: Simple illustration of compressed air storage system [26]

Caverns may be dug into formations of salt or rocks, or existing cavities can be used, for e.g.,
water strata. These kinds of geographical formations will not be available everywhere and big
steel tanks are constructed underground at significant system costs, so that high pressures can
be maintained. These systems can be profitable, because they are able to shift energy usage
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times and more recently because of the requirement to balance intermittent renewable energy
into the grid [21]. Along with low environmental effects, this technology offers great

dependability, and as the storage is placed below ground so no extra land usage is needed [26].
2.3.1.6 Pumped hydro energy storage system (PHES)

PHES is the only well-known system for the large-scale energy storage which is greater than
100 MW, and is by far, the most widely used storage system in the world accounting for almost
94% of the energy storage systems [26, 23]. PHES is built with an idea of extracting water
from a reservoir to another at an elevated location, mostly during non-productive hours and
other low power usage intervals. When electricity is needed, a hydroelectric turbine discharges

the water from the elevated reservoir to the lower reservoir [31].
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Figure 15: Simple illustration of pumped hydro storage system [26]

The quantity of stored energy depends on the difference in height between the reservoirs and
the stored water mass.
E = mgh (2
Where, E= potential energy (J),
m =mass(kg),
g = Earth’s gravitational force(m/s?),
h = the head (m).
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The turbine is coupled with an electrical generator to produce electricity when power is drawn
out of the turbine. The water input may be regulated via gates to the turbine so that a variable
power output is possible. Drives with variable speeds can also be utilised to regulate the
charging process. PHES systems are 70-80% energy efficient and usually 1000-1500 MW in
size. These systems have a lifetime of about 50 to 100 years, and very minimal operating and
maintenance costs [21]. Scotland has a PHES system of about 740 MW currently [109].

2.3.1.7 Superconducting magnetic energy storage (SMES)

SMES is a quite brand-new energy storage system and can be achieved using a massive
superconducting coil that is virtually free of electrical strength close to absolute zero
temperature and capable of storing electrical power by circulating DC current in the magnetic
field [21]. The maximum current out of the superconductor is reliant on the temperature. The
lower the operating temperature of, the higher the achievable operating current [29]. To retain
the superconducting condition, the system must be maintained at lower temperatures (-264°C),

which allows the current to pass by the inductor permanently.
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Figure 16: Simple illustration of superconducting magnetic energy storage [26]

Superconductors offer great storage efficiency up to 98% due to their almost non-resistance,
which results in low energy losses and rapid reactions compared to conventional energy storage

devices, since power can be injected and withdrawn very fast [26].
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The energy stored is calculated by below equation:[26].

1 ©
— 2
E=-Ll

Where, E= Energy (joules, J),
L= wire inductance (henrys, H)
| = Direct current (amps, A)

2.3.1.8 Hydrogen energy storage system (HES)

HES system initially generates hydrogen by photoconverting or electrolysis processes, which
may be stored over longer durations and later chemically oxidised or reacted to restore input
energy [21]. Electricity has long been a major energy carrier for various energy technologies
in civilization [21]. Hydrogen energy has complementary properties to that of electricity. Some
have suggested "hydrogen economy" comprising the generation, storage, distribution and use
of all hydrogen energy technologies. Water splitting by electrolysis is one of the most popular
method of producing hydrogen. Carbon-based fuels, renewable energy or other energy
resources can supply energy required for this method. Hydrogen energy storage is significantly
different, as it provides a broad storage method and may subsequently be utilised in a number
of ways. The gas is beneficial since the energy source is low in carbon because its usage does
not contribute to CO2 emissions during consumption. This is why HES system is one of the
most significant storage facilities [33].

As shown in Figure 17, green hydrogen generation system comprises of the following
elements: an electrolyser to produce hydrogen, a compressor to compress gas, a hydrogen
storage tank, and a power converter (from AC to DC). This system is accountable to generated
hydrogen from electrochemical conversions so that energy may be stored as hydrogen and
injected into the grid as electricity whenever necessary[29]. Due to the stochastic aspect of the
wind resource, wind turbine-produced electricity may have a very inconsistent function,
affecting both the quality of electricity and energy planning. In wind energy applications,
energy storage systems monitor the wind turbine output and provides backup power systems,
when necessary, therefore boosting the penetration of wind turbines. Globally, renewable
power sources are expanding with ambitious objectives from nations that support the shift in
energy sources. For example, Scotland is aiming to have the equivalent of 100% of their

electricity consumption generated from renewables [34].
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Figure 17: Simple illustration hydrogen energy storage system [33]

Although it is fantastic for countries to push for greener energy, renewable energy has one big
flaw, its generation isn’t predictable, and it can vary a lot from day to day. This makes it very
difficult when planning energy generation to meet demand. Essentially, the hydrogen energy
concept is incredibly simple when applied to electrical storage. Hydrogen is produced and is
stored when there is excess or non-productive electrical power. When electric power is required
this hydrogen is then utilised as to generate electricity using fuel cell [35]. Although the idea
is straightforward and technology is available to implement it today, there are certain
difficulties are in production, storage and energy generation and must be resolved so that this
is a substantial alternative to energy storage and the zero carbon economy [35]. They all have
their advantages and disadvantages, where different solutions will be application for different

locations depending on the specific location and requirements.

The water electrolysis process method of producing hydrogen has been commercialized since
a long time. There are a number of electrolysers nowadays, but all electrolysers work similarly,
regardless of their kind. They have two electrodes in electrolysis cell. Namely negative
electrode identified as cathode, and positive electrode identified as anode. They are submerged
in a highly concentrated electrolyte solution, which is acidic (H"). When adequate minimum
voltage (1.23 volts, V) is supplied through the electrodes (normally a greater voltage is needed)
under ideal conditions, positively charged hydrogen ions move towards cathode where it mixes,

and with the accumulation of the electrons from the electrode, to form hydrogen gas.
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Meanwhile, at the positive electrode, water molecules react to form oxygen while emitting

additional hydrogen ions into the electrolyte solution [36].

Hydrogen needs to be stored once produced. The hydrogen storage techniques may be
classified into two groups:

(1) Physical storage (gas or liquid)

(2) Material-based storage [37].

The energy density of the gas is higher, but it is relatively light and low in volume. For this
reason it needs to be compressed or stored in a concentrated state to reach a high energy density
by volume equal to other common fuels. [36]. The storage of the gas phase usually takes place
in a 350-700 bar high pressure tank. The boiling point of hydrogen is about —253°C (at one
atm) [36]. Therefore, cryogenic cooling techniques are needed to store hydrogen in liquid
phase. Storage of material-based hydrogen has indicated an ability to enhance hydrogen density
more than twice as much as liquid hydrogen. Materials-based hydrogen storage is possible on
metal hydrides, chemically storing hydrogen, and insoluble materials. Adsorption or absorption
of hydrogen can be used to store hydrogen on the surfaces of substances. More on Hydrogen

storage will be discussed in detail in a subsequent section (2.5.6 Hydrogen storage).

Summing up all different technologies that were discussed in this section, battery storage
systems might be the most economical choice of energy storage system for applications with
less cycle count. Amongst all the technologies, HES systems are perhaps the only technology
that can bring a major change to the existing energy system. Energy storage systems are very
essential components of energy industry, particularly in systems where energy is generated
from renewable energy sources so that they enjoy complete economic advantages. They are
simply one among a number of alternatives for delivering flexibility in the energy system.
Efficient energy storage systems will give the energy industry and its customers with numerous
benefits. In addition to addressing the technological and economic issues, support from
governments is also necessary by creating policies that help in boosting energy storage systems
[21].

2.3.1.9 Energy storage system using Concrete blocks and cranes

This highly advanced and innovative way of energy storage system is introduced by Energy
vault, a Swiss-based start-up company [38]. This has the similar working to PHES system. The

basic working principle behind this system is very simple. When any object is lifted against the
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gravity, the energy is being stored in it and when it is allowed to fall, energy could be recovered.
Since concrete is much denser than water, raising concrete blocks needs lot of energy, hence it
can also store a lot more energy equal to a tank of water. Initially the cranes use excess energy
(generated by solar or wind) from the power grid to stack the concrete blocks. Later when there
is energy demand this energy is recovered by letting the concrete blocks fall, which will power
the generator to produce electricity [38]. This system uses a slick software to maximise its
efficiency, even taking into account the effects of extreme weather conditions. Currently it has
an efficiency of about 85-90% and maximum energy that could be stored is about 20,000 MWHh.

It has very low maintenance and hence a life of about 30+ years [38] .

Figure 18: Schematic diagram of energy storage by concrete blocks [39]
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2.4 Hydrogen production technologies

The hydrogen is the consequence of a chemical process but is not the energy source. This
implies that the choice of the method for producing hydrogen is therefore crucial in determining
how environmentally friendly the hydrogen will be. As shown in Figure 19, hydrogen can be
generated with the use of various techniques and energy sources including non-renewable fuels
(e.g., natural gas, coal - favourably with carbon capture storage system [CCS]), biomass, non-
food yields or using nuclear energy and also renewable energy sources (wind, solar,
geothermal, and hydroelectric power) to split water [40]. This range of resource possibilities

makes hydrogen, a favourable energy carrier.
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Figure 19: Different methods of hydrogen production[41]

Hydrogen available today is almost entirely (95%) generated from natural gas or coal and a
small percentage (5%) is generated through electrolysis [42]. Although the motivation of this
research is to produce hydrogen with the goal of carbon free Scotland, but for the sake of
understanding the most prominent methods of hydrogen production will be discussed. This
gives rise to the different types of hydrogen available in market today. There are different
colours of hydrogen (Figure 20) in the present energy world, the most popular ones are— grey,

blue, turquoise, and green [43]. Also, the most recent ones are pink, yellow, and white [44].

e Grey Hydrogen: When hydrogen is produced using fossil fuels, and hence the process
generates carbon emissions, unsuitable for a route toward net-zero emissions [43].

e Blue Hydrogen: It is same as grey hydrogen, produced mainly from natural gas. But
production takes place using CCS to trap the released emissions [43].

e Turqguoise Hydrogen: This type is made using a process known as methane pyrolysis

to produce hydrogen with no CO, emissions. The carbon in methane is made solid
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carbon black through the pyrolysis process. This type is still at the experimental stage
[43].

e Green Hydrogen: When hydrogen is produced using renewable energy system such
as wind turbines, solar photovoltaic panels, hydropower, biomass and even waste
collection. This is the most suitable one for a fully sustainable energy transition [43].

Color GREY BLUE TURQUOISE GREEN
HYDROGEN HYDROGEN HYDROGEN’ HYDROGEN

Process SMR or gasification Pyrolysis Electrolysis
with carbon capture

(85-95%)

Renewable

Source Methane or coal
electricity
O

@

Note: SMR = steam methane reforming.

Figure 20: Shades of hydrogen [43]

e Pink Hydrogen: This type of hydrogen is produced using electrolysis process powered
by nuclear power.

e Yellow Hydrogen: This is a very new type and hydrogen is produces using solar power
in a photocatalytic or photoelectrolysis process.

e White Hydrogen: This type is available naturally in underground deposits of the earth

and extracted by fracking process.

» Electrolysis 4%

Coal gasification 18%

- Steam methane reforming 49%

« Partial oil oxidation 29%

Figure 21: Hydrogen production technology as of 2019 in the UK 2019 [45]
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Hydrogen is primarily produced using two methods Steam reforming and Electrolysis also
known as water splitting. In the UK, steam methane reforming from natural gas is the most

common method of producing hydrogen [45].

e Steam reforming: It is a very high temperature (700°C-1,000°C) process in which
steam reacts with hydrocarbon fuel to produce hydrogen. Many hydrocarbon fuels can
be reformed to produce hydrogen including natural gas, diesel, renewable liquid fuels,
gasified coal, or gasified biomass [40, 46]. During steam methane reforming process,
methane reacts with steam under the pressure of 3-25 bar in the presence of a catalyst
for the production of a relatively low amount of hydrogen, carbon monoxide and carbon
dioxide. Steam reforming is endothermic, which means that heat has to be provided for

the reaction process [46].
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Figure 22: Simple illustration of Steam reforming process [40]

The carbon monoxide and steam are then interacted with the catalyst to create additional
carbon dioxide and hydrogen in what is called the "water-gas shift reaction.” Carbon
dioxide and other impurities are removed from the gas stream in a final process called

"pressure swing adsorption” (PSA) which mainly leaves pure hydrogen. Steam
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reforming may also be used to generate hydrogen from other fuels, including ethanol,

propane or petrol [46].

* Steam-methane reforming reaction:

CH, + H,0 (+ heat) -» CO + 3H, ()

* Water-gas shift reaction:

CO + H,0 - CO, + H, (+ small amount of heat) (5)

Coal gasification: It is the oldest method of obtaining hydrogen through the
gasification of coal. This gas, which is generated in older gas plants, includes 60%
hydrogen and a lot of carbon monoxide (CO) [40]. This process is also called as partial
oxidation. The methane and other hydrocarbons react with a limited amount of oxygen
that is not sufficient for the hydrocarbons to fully oxidise to carbon dioxide and water.
In this process, the coal is heated to 900°C, converts into a gas, is combined with steam
and oxygen, and is typically passed through a nickel-based catalyst, or FeO-CrO,-ThO>

at 857°C [40]. The chemical reactions are as follows:
* Partial oxidation of methane reaction

CH, + %0, - CO + 2H, (+ heat) (6)

* Water-gas shift reaction

CO + H,0 — CO, + H, (+ small amount of heat) (7)

Due to the high temperature requirements and the generation of pollutants, this process
is less favoured. To generate pure hydrogen, the carbon monoxide (CO) in the syngas
can also be transformed to additional hydrogen and carbon dioxide (CO2), by adding
steam and reacting through a catalyst in a water-gas-shift reactor to separate a pure

hydrogen gas, usually using the PSA process [40].
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Figure 23: Flow diagram of the coal gasification process[40]

e Biomass gasification: Gasification is a potential method in thermochemical
technology to convert biomass into gas or syngas for fuel. It typically occurs in partial
oxidation of air, steam or oxygen at a high temperature of 800-1000°C [47]. Biomass,
a renewable organic resource, which comprises farm crop leftovers (for example, corn
stover or wheat straw), forest residues, special crops cultivated particularly for energy
consumption, such as switchgrass or willow trees, organic municipal solid trash, and
animal waste [48]. Since growing biomass removes carbon dioxide from the
atmosphere, this technique can have minimal net emissions of carbon, especially if it is

combined with carbon collection, usage and storage in the long term [48].
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Figure 24: Flow diagram of the biomass gasification process [49]

The gasification process converts organic or fossil-based materials containing carbon

into carbon monoxide, hydrogen, and carbon dioxide at high temperatures (>700 °C)
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using controlled amounts of oxygen and/or steam without burning them. The carbon
monoxide then reacts with water to form carbon dioxide and more hydrogen through a
water gas shift reaction. Adsorbers or special membranes can separate the hydrogen
from the gas stream [48]. The chemical reactions are as follows:

C¢cH1,06 + O, + H,O0 — CO + CO, + H, + other species (8)

* Water-gas shift reaction:

CO + H,0 - CO, + H, (+ small amount of heat) 9

e Water electrolysis: Water electrolysis is one of the most promising technologies for
generating environmentally friendly hydrogen, it is powered by the flow of electrons
which constantly circulate through an external circuit [7]. As discussed in earlier section
(2.3.1.8) electrolysis is a process that splits water into its basic elements hydrogen and
oxygen using an electric current. Electricity used in the process may come from
hydrocarbons or renewables. If the electrolysis is powered using renewable resources,
it is called green hydrogen. Renewable hydrogen can be used to decarbonise fossil fuel
intensive industry and the transport sector.

electrons
electrons
oxidised requced
= reductions
lonically
conducting
Z electrolyte
Anodde Cathode

Figure 25: Simple diagram of an Electrochemical cell / Electrolyser [50]
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Electrochemical cells are formed by placing two conductive materials (conductors or
semiconductors) called electrodes in an ionically conductive electrolyte and
electronically connecting them. In the cell two sets of reactions occur at different
electrodes. Anodization at anode and reduction at the cathode, both are connected by
the flow of an electric current (Figure 25). This current flows from the electrolyte to the

ions in the form of electrons at the electrode, separating the electrodes [50].

The chemical reactions are as given below:

* Cathode reaction (reduction):

2H,0 + 2¢" > H, + 20H" (10)

* Anode reaction (oxidation)

2H,0 > 0, + 4H* + 4e (11)

* Water electrolysis summary equation:

2H,0 - 2H, + 0, (12)

These reactions occur in a device called Electrolyser. Electrolysers may range from
simple appliance size device to a large-scale equipment. Based on their electrolyte,
working conditions and ionic agents, electrolysers may be categorised into four distinct
kinds, but the basic operating principles remain the same [1]. They are Alkaline,
Polymer electrolyte membrane (PEM), Anion exchange membrane (AEM) and Solid

oxide. These will be discussed in detail in the subsequent section 2.5.3.

In October 2020, Scotland announced to launch the world’s first continuous green hydrogen
plant at Orkney. The plant developed by the European Marine Energy Centre (EMEC), will be
powered by tides combined with vanadium flow batteries [51]. The most likely technology for
manufacturing low carbon hydrogen at near to mid-term volumes is steam-methane reforming
and electrolysis, provided that the challenges of high levels of carbon capture (for steam
methane reforming) and cost reduction and renewable energy sources (for electrolysis) can be

overcome [52].
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Figure 26: Various paths to generate energy from major green energy sources [7]
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The major methods for generating green hydrogen and material resources from which hydrogen
may be extracted are diverse, but water, sea water, hydrogen sulphide, biomass and fossil
hydrocarbons are of key significance [7]. When fossil fuels are considered, precautions must
be taken to extract to extract and conceal the carbon dioxide resulting from the reactions.
Naturally, every method of production has its own positives and negatives. For this reason
when selecting a method various criteria needs to be considered, including environmental
impact assessment, efficiency, cost efficiency, usage of resources, commercial availability and

feasibility, and alternatives for system integration also needs to be examined [7].
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2.5 Wind powered hydrogen energy system components

Compressor

-
0‘ > .

Electrolyzer

Figure 27: Wind-powered hydrogen energy system

The wind powered hydrogen energy system includes wind turbines, converters, electrolysers,
compressors, and either pipelines or storage mediums. The different components are discussed

below in detail.

2.5.1 Wind turbine

Wind power is harnessed by wind turbines, which converts the kinetic power provided by wind
into usable mechanical energy and convert it into electric power to supply electricity. In terms
of power production, wind energy is most rapidly growing renewable energy today. It is one
of the cheapest technology with an actual wind energy cost of 5 to 6 pence per kilowatt-hour
[53]. The majority of wind turbines are grouped into two types [54]:

1. Horizontal axis turbines

2. Vertical axis turbines
The most common wind turbine for electricity generation is the horizontal-axis wind turbine.
The major parts of the turbine system are the rotor and the generator. The blades, which are
placed in the rotor, are an extremely essential element of the system since they carry out the
function of harnessing the wind. Because of aerodynamic forces, the blades have different
pressure on each side, and they function on the concept of 'lift' and 'drag," increasing the lift
force and driving the rotor to spin [55]. Either the rotor is connected directly with the generator

or through a shaft that drives the transmission system.
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Figure 28: Standard horizontal-axis wind turbine [56]

Modern wind turbines are classified according to where they are erected and how they are
linked to the grid [54]:

1. Onshore or Land based wind turbines are turbines are most cost-effective and

usually located in areas where there is low conservation or habitat value.

2. Offshore wind turbines are very massive and taller in size. These turbines are capable

of capturing powerful ocean winds and generate electricity.

3. Distributed wind turbines use wind energy to deliver clean, zero carbon energy for

homes, farms, schools, and small enterprises.

Modern wind turbines require at least Class 3 winds to function. Table 2 shows the standard
wind classification, which demonstrates that class 3 winds begin at 6.393 m/s. Below that, the
available wind power is negligible on a utility scale. The turbines are to function between two
speeds known as the cut-in speed and the cut-out speed which poses the limits. Any speed
below the cut-in speed would be too low to produce any reasonable power and over the cut-off

speed, the turbine is shut as it needs to be protected from damage [57].
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Table 2: Wind power classification at 50 m [58]

Wind Power Wind energy Avg. wind speed Source
Class density (W/m?) (m/s) * potential

1 1- 0-100 0-4.381 Very poor
1+ 100-200 4.381-5.588

’ 2- 200-250 5.588-6.035 Poor
2+ 250-300 6.035-6.393

3 3- 300-350 6.393-6.706 Marginal
3+ 350-400 6.706-7.018

4 4- 400-450 7.018-7.287 Good
4+ 450-500 7.287-7.510

5 5- 500-550 7.510-7.778 Very good
5+ 550-600 7.778-8.002

6 6- 600-700 8.002-8.404 Excell
6+ 700-800 8.404-8.807 xceflent

*Mean wind speed is based on Weibull shape parameter value of 2.

The amount of power produced is directly related to how much area is being swept by the
blades, and the amount of wind reaching the blades depends on the tower height [59]. The
hourly power produced by the wind turbine is calculated by the formula given below [59]:

1 13

Where, P =power produced, kilowatt (KW),
p =density of air, kg/m?,
A = the swept area, m?,
Cp = power co-efficient,

v = the wind speed perpendicular to turbine, m/s.

2.5.1.1 Floating offshore wind farms (FOWF)

The most emerging technology of modern day which has been making a lot of buzz is the
Floating offshore wind energy that offers accessibility to additional wind generation locations
allowing for an expanded wind supply in upcoming zero-carbon energy systems [60].
Renewable energy is presently responsible for 25% of the overall UK energy generation, with
wind energy and solar energy producing 14%, but as stated earlier wind power alone in

Scotland accounted for about 73% (23.5 TWh) of total renewable energy generation (in 2020),
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of which 14% (3.5 TWh) was derived from offshore wind resources [14]. At present, OWF are
mostly placed in near-surface (up to 60 metres deep) and far off from the coastline, the maritime
route, in strategical naval facilities and in ecologically sensitive areas [61]. This implies that it
cannot be constructed further than 30 kms from the coast in most places.

FOWEF epitomizes the future of energy source from offshore winds, expanding access to depths
up to 0.7 km-1.3 km [60]. They are based on floating structures instead of fixed structures (as
in conventional offshore turbines), extends new prospects and alternatives. This technology
might allow wind farms to be constructed well beyond the waters, where wind is generally
stronger. In addition to higher wind speeds, access to locations dispersed across a broad region
can offer more spatial diversity possibilities [60]. A floating offshore wind platform (FOWP)
IS a concrete, steel, or hybrid substructure that houses the wind turbine and provides buoyancy
and stability. Floating platforms are anchored and moored to the seabed. The remainder of the

operation is identical to a conventional wind turbine [62].
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Figure 29: Schematic diagram of Hywind Scotland [63]
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At the Hywind wind farm which is a new major project (world’s first) in north-east Scotland
(25 kms off the shore of Peterhead), the modern offshore floating wind turbines currently being
installed can operate in water up to 1 km deep [64]. The 30 MW Hywind project consists of
five 6 MW turbines weighing 11,500 tonnes and this is built by Statoil, along with Masdar [64].

2.5.2 Converter

The power generated from the wind turbine varies greatly in frequency and amplitude. In turn,
the power grid has rigorous input power requirements in terms of frequency, phase shift and
sinusoidal shape. Therefore, power converters are frequently employed in wind power. AC-
DC-AC converter is used to convert three-phase alternating current (AC) power, generated
from wind turbines to direct current (DC) power, required for electrolyser. AC-DC converter
is also called rectifier, which rectifies the AC voltage to DC voltage [65]. Moreover, DC-DC
converters transform the DC source from voltage level to voltage level by momentarily saving
the input energy and releasing this power to the output at a different voltage [66]. The AC-DC

rectifier has an efficiency of 95-99% whereas DC-DC converter efficiency is about 95% [65].
.vgﬂo\,
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Figure 30: AC-DC Converter (left) [67], DC/DC converter (right)[68]

Student No. 202085742 Page | 34



MECHANICAL & AEROSPACE ENGINEERING

2.5.3 Electrolyser

With more than 95% of the current world's hydrogen source derived from fossil fuels, the
possibility for vast capacity electrolyser systems to produce zero-carbon hydrogen is
tremendous [69]. Scotland has in its pipeline to reach about 0.2 GW installed capacity by 2025
and about 2 GW electrolyser capacity by 2032 and 5 GW by 2045 to achieve the decarbonising
goals set by Scottish government [69]. Scottish power launched a plan to build the biggest
electrolyser in the UK in Glasgow, Scotland. The electrolyser will be installed at Whitelee wind
farm of Scottish Power, it will be coupled with 50 MW of a battery-storage system [70]. Silyzer
300, a Proton Exchange Membrane (PEM) electrolyser by Seimens energy has the highest level
of overall plant efficiency of 75.5% with lower maintenance requirements producing high
quality pure hydrogen from 100-2000 kilograms (kgs) per hour [76]. As discussed earlier in
section 2.4 an electrolyser is a system that splits water into oxygen and hydrogen. The cell
contains a layer called membrane that divides the electrochemical cell into cathode (positive
pole) and an anode (negative pole). It does not involve any peripheral components or moving
components. It is a critical component of hydrogen systems for renewable energies and
represents a large part of the expenses. When current is supplied to the electrodes, electrolysis
takes place. The electrolyser consists of the stack and the rest of the plant, which comprises of
electric power system, supplying the water, compressor, probably electricity and gas
processing unit [1]. The reactions in an electrolyser are identical to the reactions in fuel cells
but reversed. Hydrogen gas is produced at cathode in an electrolyser whereas in a fuel cell
hydrogen gas is created at the anode [71].

The electrolysers can be divided into three levels as shown in Figure 31 below. The cell is the
electrolyser's core or hub and here the chemical reactions are carried out. As mentioned earlier,
here the two electrodes are immersed in an electrolyte solution adjoining to the membrane, two
permeable passage, and the bipolar plates that support mechanically and dispense the
movement [1]. Stack is collection of a number of cells with insertions or spacers to separate
each cell. It has seals and frames to support mechanically and end plates to avoid leakages.
System level is the compressors, dryers, water and electrical power supply, rectifier hydrogen

gas processor, purifier, and storage tank [1].
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Figure 31: Different parts of electrolysers at different levels [1]
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Electrolysers have existed since a century now. But most of the underlying process or technical
aspects have stayed same (Figure 32), the emergence of diverse trends has influenced the time

split into around five generations [1].

» Challenges: Industrialisation

* Technology Breakthrough: = Challenges: Cost = Challenges: Efficiency,
Diaphragms replaced by « Technology Breakthrough: durability and cost
membranes Redesign of over-complex * Technology Breakthrough:

+» Significance: systems Novel materials
Industrialisations of « Significance: Industrialisation + Significance: Gigawatt
Electrolysers of PEM Electrolysers Electrolysis

1800 1950 1980 2010 2020 2050
= Challenges: Power density « Challenges: Size and cost
» Technology Breakthrough: * Technology Breakthrough:
Polymeric Solid Electrolyte 1 MW larger stacks
» Significance: Life-support « Significance: Demonstration
applications (Space of large-scale applications
Programs) (power to gas)

Figure 32: The challenges and advances in each electrolyser since its invention[1]

Hydrogen electrolysis is prominently undertaken with Alkaline electrolysers or Proton
Exchange Membrane electrolysers (PEM), whilst Anion Exchange Membrane (AEM) and

Solid oxide electrolyser cell (SOEC) are still at research stage, promising a key breakthrough

[1].

e Alkaline electrolyser: Alkaline electrolyser works by immersing two electrodes in an
electrolyte solution like potassium hydroxide (KOH), with water. When a voltage is
applied the product gases - oxygen and hydrogen are released. Alkaline electrolysis
operates at lower temperatures such as 70-90°C [1]. The concentration of the liquid
electrolyte is ~20% to 30%. However, it causes some problems. It is unable make most
use of irregular power supplies denoting it is not well-suited with renewable power.
Alkaline powered by wind energy should have a battery storage, otherwise the system
cannot really run effectively, since it needs a stable power source. Else impure hydrogen
will be produced which won’t be useful. Hydrogen produced in Alkaline electrolyser
needs to be compressed in order to be used or stored. Alkaline electrolytic cell systems
have the lowest cost of capital, limited current densities (below 400 mA/cm?), the

lowest efficiency, low operating pressure, and the cost of electrical energy is too high
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[72]. The generation of hydrogen from alkaline water electrolysers is well established

technology throughout the globe up to the megawatt market range.

' y
Alkaline

Electrolyte Solution (KOH)

b vy

Anode; AOH-+ 2H 0+0 +de
Cathode: 4H,0+4e +— 2H,+40H

Figure 33: Schematic diagram of Alkaline electrolysis process with chemical reactions[1]

The amount of hydrogen mass produced from wind energy is given by:

_ TN X E (14)
Ho " LHVy,

Where, My, = Mass of hydrogen, kg
ner = Efficiency of electrolyser, %
E = Amount of electricity supplied, KW
LHVy, = Lower heating value of hydrogen, MJ/kg

e Proton Exchange Membrane electrolysers (PEM): The PEM electrolyser overcomes
some of the issues of alkaline electrolyser by using a solid polymer electrolyte which
is the membrane responsible for the conduction of protons - the separation of hydrogen
and oxygen and the electrical insulation of the electrodes [73]. At the anode water
reacts to release oxygen and hydrogen ions that are charged positive. The electrons pass
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via external circuit and the hydrogen ions pass through the PEM preferentially toward
the cathode. At the cathode, the hydrogen ions and the hydrogen gas are combined with
electrons from the outside circuit [74]. PEM is able to make use of the fluctuating power
supply from renewables and results in the pure hydrogen due to the solid structure of
the electrolyte. It is easy and more efficient. However, it has a prohibitively high cost

due to its required use of gold, iridium and platinum [72].

Proton Exchange Membrane

DC generator
de *
0,+ 4H; 2H,
Anode Cathode
2HO § 2 an
T | PEM | =@

Anode: 2H,0 « O +4H"+4e
Cathode: 4H*+4e <+ 2H,

Figure 34: Schematic of PEM water electrolysis process with chemical reactions[1]

Solid oxide (SOEC): The SOEC is used to perform electrolysis of water steam at very
high temperatures (500-900°C). The water breaks down to Hydrogen at this
temperature. This decreases electricity demand by around 16% [75]. Hydrogen is
generated significantly differently from solid oxide electrolytes which utilises a solid
ceramic material as an electrolyte, preferentially conducts negatively charged oxygen
ions (O%) at higher temperatures. Steam at cathode reacts with electrons from external
circuits in order to generate negatively charged oxygen ions with hydrogen gas. The
oxygen ions pass through the solid ceramic membrane and react at the anode to form
oxygen gas and generate electrons for the external circuit[74]. This technique has the
benefit of being able to work reversibly: in an electrolyser or in the fuel cell, it should

Student No. 202085742 Page | 39



DEPARTMENTOF® MECHANICAL & AEROSPACE ENGINEERING

be combined with the concentrated solar power system (CSP). SOEC electrolysis is at

the laboratory research stage with an efficiency of up to 90% [75].

r ™
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Figure 35: Schematic of Solid oxide electrolysis process with chemical reactions [1]

Anion Exchange Membrane (AEM): AEM electrolyser provides a solution to all of
the above problems faced in different electrolysers. It uses an alkaline solid polymeric
membrane eliminating the need for rare and expensive noble metal catalysts. It is a
simpler and more efficient system that produces directly compressed hydrogen, hence
eliminating the need of a compressor. The AEM electrolysers can provide hydrogen at
a pressure of 30 bar [76]. It is the key technology that enables lower overall costs. The
AEM electrolyser combines the benefits of the PEM electrolyser with the cost of an
alkaline system. It is an import breakthrough which will enable the economical adoption
of hydrogen energy storage systems all over the world. However, the fact is it has
certain issues with the membrane, also chemical stability is low, mechanical
performance isn’t great, resulting in unstable lifetime patterns. Currently this

electrolyser is at lab phase [76].
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Figure 36: Schematic of AEM electrolysis process with chemical reactions [1]
Electrolyser efficiency:

The performance of electrolysers is influenced by several factors. The general design, the
materials utilised, the operating temperature and pressure are some of these. Working at high
temperatures increases efficiency but also increases the corrosion rate of the materials used for

the electrolysers. Electrolyser electrical efficiency is calculated using the formula [71]:

_ 1.48 (15)
NEL = v

el_cell

Commercial electrolyser units typically have a operating efficiency between 60 to 70% [71].
Most modern electrolysers consume 3.8-4.0 kilowatt-hour (kWh) per cubic meter of hydrogen
gas. To produce 1 kg of hydrogen an 100% efficient electrolyser may need 39 kWh of
electricity and modern-day electrolysers may need about 48 kWh/kg of electricity [69]. A 1
GW offshore windfarm facility, having a capacity factor of 58% can generate about 5.1 TWh
electrical energy which is input to a linked 1 GW electrolyser with an efficiency of about 69%
can generated 3.5 TWh of green hydrogen (92,000 tonnes) [69]. Table 3 below summarizes the

four discussed electrolysers for the operating conditions and the most important components.
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Table 3: Important characterisation of the discussed electrolysers[1]

Alkaline
electrolyser

PEM electrolyser

AEM
electrolyser

Solid oxide
electrolyser

Operational 70 to 90°C 50 to 80°C 40 t0 60°C 700 to 850°C
temperature
Operational 1 to 30 bars < 70 bars < 35 bars 1 bar
pressure
. DVB polymer
Potassium . i -
. support with Yttria-stabilized
Electrolyte hydroxide (K_?H) PFSA membranes KOH or NaHCOs | Zirconia (YSZ)
5-7 molL 1
1molL
210 Stfr’lb'“ZEd Solid electrolyte | Solid electrolyte | Solid electrolyte
Separator with (above) (above) (above)
PPS mesh
Electrode / N'Ceﬁcl)facigtfd High surface area | Perovskite-type
catalyst pert Iridium oxide Nickel or NiFeCo (e.g., LSCF,
(oxygen side) stainless alloys LSM)
steel
Electrode / Nickel coated Platinum .
perforated . High surface area .
catalyst . nanoparticles on . Ni/YSZ
. stainless nickel
(hydrogen side) carbon black
steel
Porous transport . Platinum coated Coarse Nickel-
Nickel mesh (not . .
layer sintered porous Nickel foam mesh
always present) .
anode titanium or foam
Porous transport Sintered porous .
. o Nickel foam or
layer Nickel mesh titanium or carbon None
carbon Cloth
cathode cloth
Bipolar plate Nickel-coated Platinum-coated Nickel-coated N
: N . one
anode stainless steel titanium stainless steel
Bipolar plate Nickel-coated Gold-coated Nickel-coated Cobalt-coated
cathode stainless steel titanium stainless steel stainless steel
Frames and PSU, PTFE, PTFE, PSU, . .
sealing EPDM ETFE PTFE, Silicon Ceramic glass
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2.5.4 Compressor

The hydrogen generated from electrolyser is at low pressure. So, compression is required to
minimise the volume of storage tank to store the hydrogen. Compressors are used to increase
pressure of gaseous hydrogen. However, liquid hydrogen is not often considered compressible.
Thus, pumps are used to enhance liquid hydrogen (LH>) pressure at the site of application by
delivering a steady flow [77]. There are two categories of compressors required for hydrogen
compression- positive displacement compressors (reciprocating or rotatory type) and
centrifugal compressors. The compressor is supplied with a suction pressure between 3 bar and
15 bar from the electrolysers and when fully filled, it comprises gas into tanks up to 350 bar.

Power consumed by compressor is calculated by the formula given below:

Py (5 (16)
pP= fcpTl[(P—z) —1]

1

Where, P is power required in KW,
f = flowrate of hydrogen(m®/s),
cp= specific heat in constant pressure (kJ/kgK),
¢, = specific heat in constant volume (kJ/kgK),
Y = Cp/Co,
P, = pressure of the gas after compression, Bars,

P; = pressure of the gas before compression, Bars.

Figure 37: A typical hydrogen compressor [78]
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2.5.5 Fuel cell

A fuel cell is a system that utilises hydrogen and oxygen to generate energy while also
producing heat and water as by-products [79]. Fuel cells have the potential to replace
combustion-based technologies in a variety of applications, most significantly transportation.
A fuel cell also features a very basic operating mechanism that does not utilise moving parts
(apart from ancillary devices such as pumps and fans). Their electrical efficiency is about 40%
when compared to other resources like PV or wind energy [80]. The advantages are fuel
flexibility, base load, and off grid applications. The noise-free operation and integrated design
are added to enable additional use in tiny residential, automotive, mobile electronic devices, as
well as off-grid electricity generation in remote areas, maritime and spaces [80]. A combined
heat and power system can be used for heating or cooling applications using the cell's waste

heat in order to push the efficiency even higher [81].

HOW FUEL CELLS WORK
A fuel cell is an electrochemical energy conversion device - it utilizes
hydrogen and oxygen to generate electricity, heat, and water.

The hydrogen atoms
1 enter at the anode.

The atoms are stripped Heat
of their electrons in the Heat -e -

anode.

The positively charged protons Hydrogen in

pass through the membrane to the

cathode and the negatively charged

electrons are forced through a
circuit, generating electricity.

e
a
2
E
:

the electrons combine with the
protons and oxygen from the air to
generate the fuel cell’s byproducts:
water and heat.

’ After passing through the circuit, FUEL CELL

Figure 38: Working of a typical fuel cell [81]

The processes in a fuel cell are the same as the electrolyser reaction, except the reactions that
occur in the anode and cathode are reversed. In a fuel cell, the hydrogen gas is consumed at
anode and in an electrolyser hydrogen gas is produced at the cathode [71]. Fuel cells are
categorised depending on the materials of construction and operating temperature. They are

mainly divided into five groups: polymer electrolyte fuel cell (PEFC), alkaline fuel cell (AFC),
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phosphoric acid fuel cell (PAFC), molten carbonate fuel cell (MCFC) and solid oxide fuel cell
(SOFC) [80]. Fuel cells are extremely promising energy conversion technology for an area
dominated by outdated technologies, such as the internal combustion machine and a gas turbine
to replace in order for the energy industry to decarbonize.

2.5.6 Hydrogen storage

Hydrogen storage poses a major challenge, particularly for transport functions. Hydrogen, as a
gas, provides considerable benefits versus electricity while storing, especially in the long term,
when electricity needs to be stored from summer to winter seasons. If natural gas in the global
economy today was entirely replaced by hydrogen, overall storage infrastructure would have
to be increased 3-4 times [69]. The energy density of hydrogen is less than other fuels, which
actively demonstrates that it takes a far bigger fuel tank than petrol and diesel to operate a
vehicle [21]. Due of its low density and smaller molecular size it may leak from confined
vessels. As discussed in the earlier section (2.3.1.8 Hydrogen energy storage) hydrogen storage
methods can be divided in two categories as gas, liquid and material-based storage. In its pure
state, it can be stored by compressing into a gas or as a liquid by cooling it or in a combined
phase in pure form. Condensation and compression of hydrogen both demand a lot of energy
and a big, specialised infrastructure to produce greater concentration in a liquid or mixed form
[21]. The most established hydrogen storage technique is physical storage [82]. The particular
reason for this is due to its ability to rapidly refuel the vehicles, easy interfacing with fuel cells
and the high tank efficiencies involved.

Gaseous hydrogen (GH.) in metal tanks (or other composite materials like carbon fibre or
polymer) at pressures up to 350 bar. Also, they offer a specific volume of 5.6 times more than
the volume of liquid hydrogen, if stored at 164 bar and 288.15K [83]. Furthermore, the
thickness of tank walls for the necessary internal pressure increases enormously, at least two
orders larger than the cryogenic storage method. The proportion of hydrogen mass per
composite tank mass is between 7.5% and 8.5%, whereas steel cylinders are between 1% and
3%. Gaseous hydrogen can further be stored in metal hydrides. This technique, however,
provides around 5% mass of hydrogen capacity. While in more recent research on unmanned
aerial vehicles metal borohydrides store mass percentages of hydrogen beyond 10%, those
storage densities with accompanying problems in the rate of fuel retention do not seem to

represent a favourite storage choice [83]. At the moment, hydrogen energy storage systems are
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one of the highly preferred storage technologies to set up renewable energy integration issue.

Price and overall efficiency are its major constraints.

How is hydrogen stored?

Material-based

Physical-based

Compressed Cold/Cryo
Gas Compressed
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Figure 39: Types of hydrogen storage [84]

2.5.6.1 Comparison of main hydrogen storage techniques:

Hydrogen can be compressed into high-pressure tanks in a gas form. In order to do this, the
particular procedure requires energy. The space in the compressed gas is large and the energy
density is reduced automatically. The major expense of compressed hydrogen technology is
the capital cost of the construction and acquisition of the pressure vessel. In this respect, there
are no extra charges to be incurred except the cost of power to operate the compressor. In
comparison with the costs for storage of Liquid Hydrogen, the Compressed Hydrogen storage
technology may readily be justified to be less cost efficient, and it also includes a lower
infrastructure [35]. Gaseous hydrogen in significant quantities is typically not held at pressures
exceeding 100 bar in aboveground storages and 200 bar in underground storages because of
material characteristics and operational expenses [85]. Gaseous hydrogen compressed at
700bar is mostly preferred due to the easy interfacing with fuel cells.
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One of the qualities of the hydrogen is that it has lower density. Actually, it is denser than
gasoline. This implies it must be liquid-compressed and kept at low temperatures in the same
way to guarantee its efficiency as a source of energy. Hence hydrogen should always be stored
and transported at higher pressure. This makes transporting hydrogen difficult and limits its
usage. Storing hydrogen as compressed gas is more costly than storing hydrogen on a kilogram
basis in caverns or other subsurface structure [69]. But the high initial costs of subsurface
structure implies that it is possible only once the generation of hydrogen is large enough to
merit such an expenditure [69]. The major possibility for this type of storage within Scotland

is the re-use of existing on-shore and offshore Oil & Gas (O&G) infrastructure [69].

Table 4: Common hydrogen storage options [69]

Compressed Gas in Pipeline transmission systems:

In this type, hydrogen from daily or weekly variations can be
stored. Linepacking is not as effective as natural gas in case of
hydrogen because it has lower density

Highly compressed in pressurised containers: For short-term
storage at a small scale, hydrogen can be stored by compressing.
For instance, to be utilised at hydrogen refuelling stations. This
form of storage may be utilised modularly to achieve
considerably greater amounts, but it is costly.

Hydrogen in liquid form in cooled pressurised vessels:
Liquification requires energy and therefore storing hydrogen in
liquid form is very costly medium of storage. It may be utilised
for much higher energy densities, either when the space is
concern or for relatively long-distance transits.

Large underground storage facilities: High capacity and thus
reduced unit costs benefit from geological storage systems.

But to make the first investment it takes substantial quantities of
generated hydrogen.

Hydrogen is stored in liquid form when area of storage is a major problem for example in case
of transporting hydrogen. Liquid hydrogen storage method involves high cost, estimated from
raw material prices, capital equipment, labour, and other operating costs. The least costly
method for supplying huge quantities of hydrogen is pipelines. They have been used for more
than 50 years and they are currently being utilised in various countries across the world. Current

pipelines run on 10-20 bar pressures; however, pressures may be deployed up to 100 bar. Over
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long distances, transporting hydrogen in liquid form is cheaper than as a hydrogen gas, since
liquid tanker truck can contain significantly more hydrogen than a gas tube trailer [35]. Also,
transportation of gas via railway or trucks leads to substantially greater operating costs than
pipelines; nevertheless, it does give smaller consumers far more flexibility when construction
expenses for pipes are not feasible. The Scotland and the UK has a moderately very well
established gas network if contrasted with other nations, the possible use of these existing gas

lines will be one of the primary benefits of hydrogen economy [69].
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Figure 40: Methods of hydrogen transportation and distribution [86]

As an alternative to high-pressure storage systems, metal hydrides are a safe and controlled
technique for the storage of hydrogen in small spaces at lower pressures. This low-pressure
method works because the hydrogen molecules stay chemically linked inside the structure of
the metal complex and stable and unsafe at atmospheric pressure [87]. Typically, metal hydride
storage systems operate at 10-40 bars, 20 times lower than standard high-pressure systems. The
desorption process begins with feeding heat (45 - 65°C), when the hydrogen is necessary, and
the gas starts flowing outside (1-2 bars). Their operating life corresponds directly to the purity
of the stored hydrogen. The alloy serves as a sponge during the absorption process, which can
readily absorb contaminants and also stores hydrogen. Thus, hydrogen is finally expelled from
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the tank very purely, but the impurity is kept in the metal area that the hydrogen formerly

occupied decreasing the tank's lifetime. Metal hydrides storage systems comes with a high

estimated cost for its implementation.

Table 5: Brief table of advantages and disadvantages of common storage techniques.

Advantages

Disadvantages

Compressed Hydrogen

Low weight

It has large volume

Some already present
infrastructure

Energy loss due to compressibility
factor at high pressures

Easy interfacing with
fuel cells

Hydrogen penetration through walls

Hydrogen embrittlement in the wall

High cost of materials

Required factor of safety is more than
2.25

Liquid Hydrogen

Low weight

Boil-off losses

It has small volume

Hydrogen embrittlement in the wall

Very low operating temperature

Hydrogen permeation through walls

High energy needs for liquefaction

Infrastructure not yet developed

Harder interfacing with fuel cells

High cost of materials

Metal hydrides

Low operating pressure

Large weight

Very small volume

High operating temperatures

Low operating pressure

Hysteresis losses

Slow charging /decharging

Volume changes upon charging/
decharging

No existing infrastructure

Harder interfacing with fuel cells

High cost of materials

A thorough comparison of hydrogen storage alternatives yielded the following suggestions for

the various storage techniques' uses [88]:
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e For seasonal stationary energy storage, underground tanks and moderate-pressure
chambers are preferred.

e Composite high-pressure cylinders are the ideal choice for big transit capacity
applications (buses, camions, ferries).

e In smaller applications of transport (cars, tractors), the cryogenic high-pressure
containers and methanol reformers are recommended.

e The ideal solution for usage in aviation and space applications are cryogenic low-
pressure containers.

e For application in low-scale hydrogen storage systems the metal hydrides are

recommended.

The prospects may alter significantly if the hydrogen economy comes into use. Hydrogen
would then be readily available and storage facilities would be available all over the place. The
generation and storage of hydrogen from power stations would therefore be considerably

cheaper and easier to incorporate into the larger network functioning.

2.6  Future techniques of producing hydrogen

Siemens Energy is incorporating its unique system with a combination of gas and steam
turbines, electrolysers as well as heat pumps and transforms it in one operating system into a
single optimised plant solution also called as hydrogen power plant [89]. There are various

benefits of hydrogen integration with gas turbine operations [89]:

e Energy storage, electricity, and heat generation.

e Improving overall hydrogen production plant efficiency by use of waste heat. The

combination of power and heat generation provides an excellent total efficiency of 70%.
e Lower emissions of power per kWh.
¢ Renewable energy integration into heating and sustainable energy supply.

e 100% future proof power plant.

Nuclear power can be used to generate hydrogen without CO2 emissions using reactors
(minimising the energy needs associated) to split water molecules either by electrolysis or
thermochemical methods or steam reforming of natural gas [90]. A substantial more efficient
hydrogen production can be achieved by increase in the water temperature before its molecules

are divided using thermochemistry or electrolysis. Such solutions demand temperatures
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between 700°C and 1000°C. The Light Water Reactor Sustainability (LWRS) and short-term
water-cooled Advanced Light Water Reactor (ALWR) produce temperatures below 350°C and
cannot be used for this purpose. However, different reactor coolants of numerous generation
IV concepts (above 700°C) are suggested to reach such high temperatures and can be combined
with thermochemical plants. A recent Electric Power Research Institute (EPRI) analysis has
pointed out that nuclear reactors to produce the heat needed in the process of steam methane
reforming (SMR) are more cost effective than their use for water splitting. Nuclear-assisted
SMR would lower the use of natural gas and carbon dioxide emissions in the process [90].
Advanced reactors are anticipated to operate at significantly higher temperatures and to enable
nuclear power stations to generate hydrogen more effectively to significantly scale up the sector
[91]. U.S department of energy analysed High-temperature steam electrolysis (HTSE, at 550
to 750°C or more) in solid oxide electrolysis (SOEC) to use both heat and electricity. It utilises
about one-third less energy than low-temperature electrolysis but is not yet commercialised as

ceramic elements are unsustainable in a hot hydrogen environment [92].

Hydrogen can also be produced from the photonic process by utilizing the photon energy.
These are divided into two methods the photocatalytic and the photoelectrolysis water splitting
[93]. The photocatalytic splitting of water for producing hydrogen is a direct technique for
producing hydrogen from water by the use of ordinary light. This technique has produced poor
efficiency. Another method is Photoelectrolysis process. In this method, sunlight is used to
directly decompose water into hydrogen and oxygen. Photoelectrolysis systems are similar to
photovoltaic systems; both technologies use semiconductor materials [93]. The p-type and n-
type semiconductor materials are used in photovoltaic system. The electric current is generated,
due to the forced movement in the opposite direction of the electron and hole. In
photoelectrolysis the electric current water is decomposed into hydrogen and oxygen instead
of generation. The performance of the photoelectrolysis systems largely is reliant on the
photoelectrode and semiconductor materials used [94]. Various materials from
photoelectrodes, such WOs3, Fe203, and TiO», for usage in photoelectrolysis as a thin film are
being analysed [93].

Another latest industry buzz is the safer and more efficient storage and distribution of
Hydrogen through a very well-established infrastructure that is already being used worldwide
[95]. However, hydrogen must be first converted into ammonia in order to benefit from this
infrastructure. There is a significant lot of interest in the potential advantages of delivering and
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storing ammonia as a long-term energy carrier across all energy industries [96]. As compared
to hydrogen, ammonia is relatively easy to transport and to store. It liquifies at only -3°C and
it only needs to be compressed to ten times atmospheric pressure to make it practically
transportable. In addition, unlike hydrogen it does not react with steel.

Nitrogen
From the air

l Nitrogen And Hydrogen

I 1:3 by volume T

Unreacted

Hydrogen gases
Recycled
From natural gas

I gases are cooled and
ammonia turns to liquid

N

To storage/ industrial use

>

Figure 41: The Haber-Bosch process flow diagram [95]

In fact, it is actually a better hydrogen carrier than hydrogen itself. For the same volume,
ammonia contains 50% more hydrogen than hydrogen does. The naturally available nitrogen
and hydrogen can be combined using a process called Haber-Bosch (see Figure 41). The
process consumes an enormous amount of energy, currently supplied by fossil fuels, which
presumably indicates that more CO2 is being released into the environment. But if it were
possible to employ renewable energy for power supplies, that would be a major breakthrough
[97]. R&D efforts continue internationally to produce renewable hydrogen in order to ensure
our future global portfolio is a renewable, sustainable, and green transportation alternative, and

this will be accomplished in the near future.

2.7  Environmental impacts of hydrogen-based energy system.

All energy storage technologies can be considered as an opportunity for economic and greener
operation of electricity system [98]. Green hydrogen—while it surely is greener than gas, it is
highly inflammable. Steam methane production leaves behind harmful emissions. This method
of production results in grey hydrogen as well as 830 million metric tons of CO, emissions

each year [99]. Electrolysis has an environmental impact depending on the fuels and
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technologies that are utilised to produce the energy needed in the process. Using traditional
grid electricity would lead to greater global warming than natural gas steam methane
reforming. Using energy from renewables enable a really low or zero carbon cycle. Hydrogen
IS an important, yet rarely researched, trace component of the atmosphere. Currently it is
present at a mixing ratio of around 510ppb with significant human and natural sources. Its
atmospheric lifetime is about 2.5 years and there is a global load of about 180Tg in the
atmosphere [100]. Because hydrogen interacts with tropospheric OH radicals in the
atmosphere, the emission of hydrogen into the atmosphere would alter the distribution of
methane and ozone and hence to an increase in global warming. Hydrogen can therefore be

considered an indirect GHG that could enhance global warming [100].

The estimations show that the potential effects of hydrogen-based energy system would be of
course much lower when compared with the traditional fossil fuel-based energy systems.
However, the extent of impact will depend on the rate of hydrogen leakage during the
production, storage, and distribution or at use. Higher levels of hydrogen can reduce the natural
atmospheric oxidising capacity and thus increasing the lifetime of air pollutant and GHGs.
Also, it can raise atmospheric water vapour concentration, resulting in cloud formation,
increase stratospheric temperatures and ozone loss [101]. The estimates indicate that a
worldwide hydrogen economy with a 1% leakage rate would have climate impact of 0.6% of
the fossil fuel system it replaces. If the rate of leakage was 10%, the climatic impact would be
6% of the rate of fossil fuel [101]. Sustainable sources of hydrogen would minimise carbon
monoxide and nitrous oxide (NOx) emissions by reducing tropospheric ozone levels. This
would enhance air quality in many parts of the world [101]. The new analysis shows that a
future hydrogen economy is not devoid of climatic turmoil, but it may be far less pronounced
than the existing system of fossil fuels. If the potential climatic benefit of the future global
hydrogen economy is to be achieved, thorough attention should be committed to the reduction

of hydrogen leakage to a bare minimum [100].
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3.0 Methodology

This chapter describes the research method of this thesis. It outlines the research strategy,
approach, the methods of data collection and its analysis. A quantitative research was

conducted to fulfil the goals of this dissertation.

e The preliminary step of this study was to set an aim for this project. After the aim was
determined, an extensive literature review was conducted. The literature review involved
studying background information and known statistics of the renewable energy sector, in

particular wind energy statistics were studied.

e A detailed background research was conducted on various energy storage techniques in
order to understand the most efficient and useful storge techniques. To gain more
understanding of the subject, detailed research was carried out on different methods of
hydrogen production. This helped to draw a clear picture between different types of
hydrogen available in market. Green methods of hydrogen production were studied.

¢ Inorder to obtain a better comprehension into the subject matter, background information
on wind powered hydrogen system components was undertaken. In this section the wind
power classification in order to select wind turbines was realized. The working and
necessity of converter was explored. A detailed research on working of electrolyser and
different types of electrolysers was undertaken. It was very necessary as part of this study
to research on different methods of storing hydrogen. To understand the benefits and
drawbacks of storage methods thorough comparison of various methods of storing and

distributing hydrogen was undertaken.

e In order to gain a better insight into the possibilities for improvement, future techniques
of hydrogen production were examined. At the end of the literature review the

environmental impacts of hydrogen-based energy system was analysed.

e For meeting the goal of this project an extensive statistical analysis was done energy
system of Scotland. The initial step was to decide a year to evaluate. Upon research it was
evaluated that the year 2020 was massively effected by the lockdowns due to the covid-
19 pandemic, therefore it was decided to conduct analysis on the years before the
pandemic. The various statistics of wind energy and energy sector as a whole were

evaluated for the year 2019 and earlier.
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The major task was to find average monthly electricity consumption of Scotland. This
data was then to be analysed along with average monthly electricity generation by wind.
The goal of this project was to completely meet the consumption demand of electricity by
just using wind energy. The data for average monthly wind energy was not available
accurately. Hence the quarterly wind energy generation values were converted into
average monthly by using Newton Polynomial interpolation method. This calculation was
carried out on an online calculator [102]. The equation used to generate the average
monthly numbers is given below (equation 17). The quarterly electricity generation data
was divided by three (i.e., 1 quarter = 3 months). The divided value was considered for
the middle month of the quarter. In the online calculator, the data points were input as
one point per line, as x values separated by spaces. In order to get a polynomial dipping
curve, the point -1 was considered and given the divided value of the 3™ quarter and
another extra point was considered at the end with a value of 1% quarter. The values were

inputted as follows:

Table 6: Values inputted in online polynomial calculator

-1 2117
2 2243
5 1470
8 1613
11 2117
14 2243
Newton Polynomial after simplification
0.07x> — 3.09x* + 43.64x3 — 222.45x% + 148.17x + 2534.43 a7

The estimated average monthly electricity generation values were then analysed against
average monthly electricity consumption. The idea was to find a gap in supply and
demand of wind energy. The months when the supply was lower than demand was
calculated. The months with excessive supply was also calculated. This was the initial
task of this thesis. To use the excess electricity and convert it hydrogen. This hydrogen is
saved so that it can be used later to generate electricity. The efficiency of the hydrogen
powerplant was considered as 75.5% [89]. In this analysis, the powerplant will first

convert excess electricity into hydrogen using Siemens Silyzer 300 as the electrolyser
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which is a PEM, it produces pure high-quality hydrogen at required pressure to be stored.
This hydrogen gas is then converted back into electricity using gas/steam turbines. This

electricity is then used in various applications as per the demand.

e If the demand was not met by using the excess electricity then the Scotland’s export
electricity figures were considered to convert it into hydrogen and stored for times when
the demand is higher. If excess hydrogen was produced this could be either stored for later
usage or it could be exported and the wholesale value of hydrogen gas was to be evaluated

against the current wholesale value of electricity exports.

The formula to calculate amount of hydrogen gas produced is given by:

Energy input X conversion factor (kWhto MJ) (18)
LHV of H, (M]/kg)

Amount of H, =

Where, Amount of H, = mass of hydrogen in kg,
Energy = The energy input to producing hydrogen, kWh

Conversion factor = The value used for conversion of energy
[1 kWh =3.6 Megajoules (MJ)][103]

Lower heating value (LHV) of H, =120.10 MJ/kg [103]

e Hydrogen was converted to volume by using the volume of hydrogen at 700 bars, which
is equal to 42 kg/m? [104]. In electrical terms the energy density of 1 kg of hydrogen is
equivalent to 33.6 kWh [105]. This is how the energy generated by 1 kg of hydrogen was
calculated. The current price of hydrogen was considered as £7, an average value between

£5 and £8. The profit or the wholesale export value of hydrogen is calculated.

e The alternative scenario of electricity demand in 2045 (five years ahead of the Scotland’s
actual goal-2050) was considered to find out if the demand could be met with the proposed
wind energy plans of Scottish government. For this scenario it was assumed that at least
50% vehicles would be electrified, and electricity consumption rose by 1% from the 2019

figures.

Student No. 202085742 Page | 56



MECHANICAL & AEROSPACE ENGINEERING

e To get the wind energy estimations of 2045, simulations were carried out to determine the
wind power output of the wind turbines. These were carried out in three different
softwares- System Advisor Model (SAM) developed by National Renewable Energy
Laboratory (NREL) [106], RETScreen clean energy management software developed by
government of Canada [107] and Energypro by EMD international [108]. Similar
capacity turbine models were used in all the simulations. The offshore wind turbine
model SWT-6MW-154 by Siemens was used for the sake of simulation. The power curve
was obtained from the company’s website. The wind speed of 10.15 m/s was considered
at a reference height of 2100m for SAM model. RETscreen model took the coordinates of
the proposed windfarm location. All three simulation results were compiled and
compared, and an average was taken for the analysis purpose. The amount of hydrogen
required was calculated by using the wind power input from the simulations in order to
meet the electricity demand projections. If the demand was not met, what would be the
additional capacity of wind power required was determined.

e After the primary need of gross electricity consumption for Scotland was satisfied, heating
and transportation sectors were analysed. Research was undertaken to find the share of
each sector in the total gross energy consumption. This was considered in line to meet the
GHG targets set by the Climate change act of Scotland in order to decarbonise Scotland
completely by 2045. It was assumed that natural gas would be replaced completely by
hydrogen gas or heating would be electrified (assumed same efficiencies) and
investigation was undertaken to analyse the amount of hydrogen required for 2019 and
2045. The energy density of natural gas was obtained from literature review (1 kg =55
MJ/kg and equivalent to 13.1 kWh energy). A thorough research was conducted to
understand the existing O&G pipelines of Scotland. This was done in order to discuss the
possibilities of cheaper distribution of hydrogen and quick switching of natural gas to
hydrogen. For the 2045 scenario, the amount of hydrogen gas required, and the amount
of energy required was calculated. The mass of hydrogen required was obtained and then
the volume of fuel required in 2045 i.e., hydrogen and gas were compared. Based on the

calculations conclusions were drawn.

e It was understood from literature review that the transport sector was the hardest to
mitigate sector. Despite that with an ambitious goal of decarbonised system and a total

renewable energy usage in all the sectors by 2045 (five years ahead of Scotland’s actual
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goal), a scenario with complete hydrogen powered vehicles was assumed. The amount of
hydrogen gas required was calculated. In order to understand why hydrogen gas cannot
mitigate transport sector, a detailed discussion on hydrogen car and battery cars with the
figures, efficiencies and important characteristics involved were discussed. The volume
of hydrogen required against petrol for the 2045 scenario was calculated. 1 kg of unleaded
petrol is equal to 12.06 kWh with an energy density of 46 MJ/kg [103]. And hydrogen
had an energy density almost thrice to petrol.

e Finally, the share of renewable energy in the total energy consumption in order to
decarbonise the complete system was discussed. The total wind energy capacity required
by 2045 to meet the complete energy demand from renewables was calculated. In the end,
the baseline of how the costing of hydrogen would be determined was discussed briefly.
The cost analysis was not considered in the scope of project due to the reason that the
green hydrogen is a latest technology, and it would be difficult to predict the prices which
will definitely alter so much over the next few years. All the results obtained are discussed

in detail in the next chapter.
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4.0 Analysis and Discussion

The Scottish government plans to produce 100% of the nation's electricity demand by using
renewable energy technologies to help fight climate change. The government is aiming to
generate at least 50% of the total Scottish energy utilization (heat, transport, and electricity)
from renewable energy sources by 2030, and to have a 100% decarbonised energy system by
2050 [34]. Based on a study of several figures, good results have been achieved to date, with
renewable energy sources attaining 19.3% of the total energy demand in 2019 [109]. In 2019,
renewable electricity generation amounted to over 30.5 TWh which is equivalent to 90.1%

gross electricity consumption, up by about 13.4% from 2018 [110].

90 Average daily electricity demand (GWh)

o

o

82
7 80
80 ° 8 76 77 77
69
7
6
5
4
3
20
2013 2014 2015 2016 2017 2018 2019 2020**
Year

o

o

Electricity consumption (GWh)

o

Figure 42: Average daily electricity demand (2013 to 2020) [110]

The year 2019 has been considered as a part of this study, the year 2020 is ignored due to the
effect of the pandemic. The Covid-19 lockdowns caused a considerable decrease in the usage
of energy in Scotland and as shown in Figure 42 the average daily demand for electricity in
Scotland was 16% lower when compared to earlier years. Also, it is noted from the graph that

over the years the average daily electricity consumption has seen a downtrend.

As mentioned earlier in section 2.2, between 2009 and 2020 the UK's wind power generation
rose by 715%. As shown in Figure 43, the share of Scotland’s wind power in whole of UK is
35% which is a very high percentage for a small nation. Table 7 shows that in the year 2019,
over 44.68% of the Scotland’s total electricity production was generated from the onshore wind
farms and OWF i.e., amounting to 22.3 TWh with a total wind energy capacity of 9.4 GW
[109].
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Figure 43: Share of Scotland’s wind power generation in UK [111]

A CNBC report in 2019 explicitly stated that Scotland produced adequate wind energy to
power all of its households twice, which highlights the fact that Scotland could easily produce
sufficient energy to meet 100% electricity demand if an efficient storage system was introduced
[112]. In this study, hydrogen-based energy system is considered to demonstrate how Scotland

could meet the total demand by just using wind power.

Table 7: Annual wind energy figures for Scotland [109]

- Electricity % of wind % of wind
Electricity . Total .
generated energy in total . energy in
generated electricity
Year . from energy . total
from wind bl df generation lectrici
(GWh) renewables | generated from (GWh) electricity
(GWh) renewables generation
2013 | 11,151.19 16,989.64 65.64% 53,024.11 21.03%
2014 | 11,700.01 19,045.05 61.43% 50,042.05 23.38%
2015 | 13,878.00 21,742.83 63.83% 51,335.07 27.03%
2016 | 12,415.70 19,475.59 63.75% 45,679.12 27.18%
2017 | 17,201.14 25,301.38 67.98% 48,841.22 35.22%
2018 | 19,383.13 26,864.66 72.15% 48,770.14 39.74%
2019 | 22,325.92 30,521.33 73.15% 49,969.45 44.68%

It is estimated that in order to meet the current annual electricity demand (34 TWh), about 14-
16 GW wind power capacity is required. Else if the surplus energy which is generated at times
when the demand is low should be converted to hydrogen gas and stored. Normally the demand
is lower at night-time and wind blows little faster at night. The clouds are usually cooler in the
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night than in the daytime, while the sea surface temperature remains more or less the same as
the day. This leads in a rise of the temperature between the cloud top and the surface of the sea,
leading to increased air mixing and hence higher wind speeds. The excess energy generated
during the night-time or when generated during the off-peak seasons when demand was lower,
could be stored as hydrogen gas and used later during peak hours. This could help Scotland

meet 100% of the electricity demands.

Electricity consumption profile of Scotland throughout the year
(2015-2019)
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Figure 44: Scotland’s electricity consumption figures from the past few years [113]

Figure 44 shows the actual electricity utilization for Scotland throughout the year from 2015
to 2019. From the above graph it was understood that the Scotland's average electricity
consumption for 2019 was around 2.26 TWh per month between January to April and
November to December. In the research period between 2015 and 2019, Scotland consumed
on an average about 2.05 TWh of electricity every month. It was also learned that the Scotland’s
consumption was higher during colder months than during summer. The initial task of this
report was to meet 100% of the total electricity demands by using wind power. For the sake of
this study, average monthly electricity consumption figures were analysed against average

electricity generated by wind for the year 2019. The accurate data for average monthly
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electricity generation was not available hence quarterly electricity generation data was
converted to monthly average electricity generation using Newton’s polynomial interpolation

method (Equation 17).

Table 8: Monthly electricity generation and consumption analysis for the year 2019

Average electricity Average electricity i
Montsa(;f the generated from wind consumption (TWh) ;:‘Jfré?é)r/lc[ze(ﬁs\r/ﬁ)
Y energy (TWh) [113]
January 2.50 2.28 0.22
February 2.24 1.98 0.27
March 1.92 2.10 -0.18
April 1.65 1.87
May 1.47 1.70
June 1.42 1.59
July 1.47 1.65
August 1.61 1.60 0.01
September 1.79 1.64 0.15
October 1.97 1.99 -0.02
November 2.12 211 0.01
December 2.20 2.13 0.07
Surplus energy 0.74
Energy shortage -1.00
270 Average electricity consumption vs Average electricity wind generation
250 240
2.30 2.28
2
= 2.10
£
3 1.90
=
L
1.70
1.50
1.30
@q@ @q,@ %\%@Q Y&o @qﬁ \\’& \"VX 0@,%\ &oe* 60@* & &oé
AP ({gp ) ™ Q@ 1o 04@ de,
Months in a year N < Q
== Average electricity generated from wind energy (TWh) Average electricity consumption (TWh)

Figure 45: Average electricity consumption against average electricity generated by wind [109]
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From the above graph (Figure 45) it is evident that seasonal variation is therefore essential as
winter demand is larger than summer and so is the wind energy production. To calculate the
amount of hydrogen energy required to meet 100% demand at all times, Scotland's power
consumption was compared to the electricity produced by wind on monthly basis as shown in
Table 8. Also, the above graph (Figure 45) clearly depicts the months with shortage of
electricity which is also highlighted in red in the above table, this shortage accounts up to 1
TWh. The surplus energy amount was about 0.74 TWh. Thus, in the year 2019, a deficit of
around 1 TWh occurred and hence this will be the hydrogen energy required for demand to be
met at all times. The surplus electrical energy was converted to hydrogen gas amounting to
about 16,747tonnes. Assuming that Siemens Silyzer 300 PEM electrolyser was used to
generate hydrogen with an efficiency of 75.5%. The energy density of 1 kg of hydrogen equals
about 33.6 kWh of useful electrical energy [105,103]. Therefore, if the hydrogen was burnt in
a hydrogen powerplant and converted back to electricity it would be equal to 0.56 TWh of
energy. This energy is still unable to meet the shortage of 1 TWh. In such a scenario, electricity
which Scotland exports was taken into account in other words if Scotland wasn’t exporting that
electricity, and instead produced hydrogen gas, the total electricity demand of Scotland could

be met easily.

Electricity imports and exports (GWh) with wholesale value(£ million)
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Figure 46: Energy exports and imports by Scotland from 2015 to 2019 with wholesale value [109].
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Scotland exports electricity all through the year when electricity is above Scottish demand.
Similarly, electricity is also imported if the demand exceeds generation. Approximately 17.09
TWh of electricity was exported in the year 2019 and about 1.2 TWh was imported during the
shortage hours [109]. The wholesale value of this was anticipated to be about £746 million
[109]. Assuming that this exported energy was the electricity generated during off-peak hours
and after meeting 100% electricty demand. The amount of hydrogen produced from 17.09 TWh
equals to approximately 386,766.19 tonnes of hydrogen gas. This energy can be stored and
used when the demand for electricity is higher. This amount of hydrogen gas could produce
electricity amounting to 13 TWh which is enough to power about 15,000 households twice. In
this way if hydrogen was generated from excess electricity instead of exporting electricity

Scotland could successfully meet its electricity demand by using wind power.

It is also worth noting that Scotland could also become exporter of hydrogen instead of
electricity. Green hydrogen is priced currently at about £5 to £8 per kg. If the produced
hydrogen (386,766.19 tonnes) was traded after meeting 100% electricity demand of scotland,
it would be worth £2.5 to £3 billion. Scotland could make profit upto four times more by selling
green hydrogen rather than electricity.

The second task of this study was to consider a scenario of 2045, assuming electricity demand
rose by about 1% from current figures. This ambitious rise in electricity demand is assumed
with the fact that there would be mass adoption of Electric vehicles(EV) and hence assuming
a majority of the vehicles would be electrified, perhaps the figures could even be doubling by
2050 if heating is electrified [122]. Currently the transport sector is consuming a total energy
of about 38 TWh. Assuming for the sake of this study that about 50% of the vehicels would be
electrified. That would give us an estimated electricity demand of about 45 TWh (25 TWh
electricity + 19 TWh EVs). With this in mind and considering the climate change effects the
government of Scotland has put forth many proposals and several are under construction and
many more awaiting approval. Wind power projects with a capacity of 13.4 GW are in the
planning. About 2 GW are under development, most of which are OWFs [109]. If all these
windfarms come into existence and underway producing energy it is estimated it could produce
more than double the current level of production. However, it should be kept in mind a number
of factors might affect the final generation value. For a better approach the wind power
produced was estimated by simulations from three different softwares namely SAM [106],
RETScreen [107], and Energypro [108]. All three model simulations gave similar values with
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approximate differences averaging 20%. These variations could be accounted towards various
factors. Energypro doesn’t take into account the factors like elevation, roughness, turbines
losses, wake effect, and the predominant wind direction which are actually considered in both
RETscreen and SAM. RETscreen uses accurate location details which are obtained from
NASA (National Aeronautics and Space Administration) database whereas SAM takes average
windspeed for the particular location. The monthly wind power estimated values for the year

2045 are obtained as per Table 9 and projected on the below graph (Figure 47).

Estimation of gross electricity consumption with estimated

wind energy generation in 2045
65

60 58.34

55

50 2045,43.89 | 865

2040
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2030, 37.80 41.33
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Figure 47: Gross electricity consumption and wind energy prediction for the year 2045 with 1% increase

Based on the above estimated consumption and wind energy generation (taking an average of
the three values, 49.44 TWHh), it is found that there could be a surplus of about 5.55TWh.
Scotland could produce 125,602.83 tonnes of hydrogen (75.5% efficiency) which is equivalent
to 4.22 TWh of electricity. This implies that with the current installed wind capacity (9.4 GW)
and an additional planned 13.4 GW plants Scotland could meet the total electricity demand.
But hydrogen energy storage system will play a key role in storing energy when wind is surplus
so as to Scotland could make full potential of the renewable source. The surplus electricity
could be traded to UK or Europe for huge revenue.
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Table 9: Wind power estimations using the softwares for the year 2045

- Monthly electricity Electricity
Months in a N:)Orgghulgtfgicggcrgy production from production from
year SAM model (TWh) * Ener?_)r/wﬁ)Todel RETS((:_FSS?I)modeI
January 4.95 3.43
February 4.48 4.12
March 4.95 4.60
April 4.79 3.33
May 4.95 2.18
June 4.79 2.93
July 4.95 2.73 4.86
August 4.95 3.39
September 4.79 3.30
October 4.95 3.87
November 4.79 2.84
December 4.95 4.60
Total 58.34 41.33 48.65

*The models were created for a size of 300MW (because of software limitations) and upscaled.

The third task of this study was to estimate the wind capacity required to meet the total energy
demand of Scotland. As discussed earlier, Scotland has already taken steps to produce at least
50% of Scotland's overall energy consumption from renewable sources by 2030, and a
completely decarbonised energy system by 2050. After covering the primary need i.e.,
electricity, the next hard to mitigate sectors are heating and transport. Scotland's energy demand
can be divided by sector as shown in the Table 10 below.

Transport
24.7%

Electricity
21.6%

Other
3.0%

Figure 48: Percentage energy demand of Scotland’s major sectors for the year 2019 [109]
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Table 10: Breakdown of energy demand in Scotland (2019) [109]

Major sectors Energy (GWh)
Heating 79,634.00
Transport 38,793.00
Electricity 33,874.58
Others 4,705.00
Total Energy demand 157,006.58

The overall energy strategies of the Scottish government are motivated by the requirement for

a decarbonised energy system, in accordance with the emissions levels established by the

Climate Change (Scotland) Act, hence the need for renewable energies is substantial [114].

This Act set targets to reduce all GHG emissions in Scotland to net nil by 2045 no later than

five years before the whole of UK.
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Figure 49: GHG emissions from 2000 to 2019 and targets set to 2045 [109]

2018

Target -56%
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Target -75%

Target -90%
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As shown in below Figure 49 the Act also have stated intermediate objectives to reduce
emissions by at least 56% by 2020, 75% by 2030, and 90% by 2040 from a 1990 baseline [109].
The graph also indicates that from 1990 to 2018, the estimated emissions decreased 45.4%.
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The energy sector (electricity, heating, transport) is the largest contributing sector to slowing
down the overall decrease in GHG emissions, which is 88.9 per cent of Scotland's total
greenhouse gas emissions. An increasing amount of energy supply, driven almost exclusively
by higher energy from power plants, was the principal driver to this growth between 2017 and
2018 [109]. As stated earlier in section 2.5.6.1, Scotland and the UK has a very well-established
gas network, and the latest pipelines are laid which are future proof meaning hydrogen could
replace natural gas for heating by using it either in gas or steam turbines or in a CHP. This also
offers numerous possibilities, especially for exploiting O&G pipes in the North Sea (Figure

50), to export hydrogen either to the UK or to Europe or to the whole world [69].
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Figure 50: Scotland’s existing pipeline and its connections to England and Europe [69]
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In 2019, renewables provided only about 6.5% of the total heating, the remainder 93.5% of the
demand is accomplished using natural gas. Policy documents on energy efficiency and heat
supply are anticipated shortly from both the UK and Scottish governments. Heat supply is an
essential element of energy consumption in all industries and accounts approximately 50.7%
(79.65 TWh) (Table 10, Figure 48) of final Scottish energy consumption [115]. Considering a
scenario if natural gas is replaced completely by hydrogen gas or if heating is electrified
(assuming same efficiencies), it is estimated that in order to meet the current demand of heating,
about 1.80 megatonnes (Mt) of hydrogen gas is required. It is also important to note that,
Hydrogen gas has an energy density of 120 MJ/kg which is more than double of natural gas
which suggests that hydrogen has three times more energy in 1 kg of hydrogen (1kg = 33.6
kWh) as compared to natural gas (1 kg =13.1 kWh) [103]. It also means that the volume of
hydrogen gas needed to fulfil the demand will be half of natural gas. Contemplating a scenario
of 2045 (Figure 51) assuming heating demand rose steadily by about 1% from current figures.
In order to meet the demand projections for 2045, Scotland should produce 3.09 megatonnes
of hydrogen which is equivalent to 103.17 TWh of electricity. This means an additional 25 GW
plants needs to be planned. And as specified before at 700 bars, the density of hydrogen is 42
kg/m®and equals 33.6 kWh meaning the volume of hydrogen gas required in the year 2045

would be almost half of as much as natural gas (see Figure 51).

120.00 2045, 103.17 8.00
2040, 98.16 2045, 6.75
L 700
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0.00 0.00
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= Heating (TWh) ==0-=Hydrogen gas (Mt) Natural gas (Mt)

Figure 51:Energy consumption prediction of heating for the year 2045 with 1% increase
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However, the basic finding from these estimates is that it would be very difficult to provide
heating with just wind energy. Even with all the planned windfarms Scotland cannot just rely
on windfarms for heating. Unless offshore windfarms are explored more for their potential. For
instance, like the recent world’s first floating OWF (Hywind) at Peterhead, northeast of
Scotland. Currently offshore windfarms cover about just a percent of the UK’s seabed. If there
were enough tools to calculate the area of North Sea between 100m to 1.km, it could be
estimated how many such wind turbines can be installed without causing any environmental

impacts, hence more potential wind energy could be estimated to meet such high demands.

Among all the sectors the transport sector is the most difficult sector to mitigate towards
renewable energy. It is also a major contributor slowing the overall reduction in GHGs. This
sector contributed the highest amount in 2018 at 12.9 metric tonnes of carbon dioxide
equivalent (MtCO2e), and there has been a decline of just 4.9% since 1990 [102]. The most
plausible option to decarbonise the transport sector would be either switching to hydrogen
fuelled cars i.e., Fuel cell electric vehicles (FCEV) or to Electric vehicles (EV) or to biofuels.
The traditional internal combustion engines might as well be converted to run on pure
hydrogen, but combustion of hydrogen is less efficient compared to fuel cell and it emits NOx.
Hydrogen gas and fuel cell applicability vary between modes of transport and illustrates the
various character of the transport industry that covers land, sea, and air, including cargo and
passengers keep increasing day by day [116].

In case of hydrogen cars (FCEVSs) there is no extensive usage of land it doesn't pollute unlike
biofuels, and there is no restricted range and significant recharge time involved as in case of
EVs. Despite this, EVs are way ahead of hydrogen cars, because of its lower costs and easily
available infrastructure [116]. At 300 bar, hydrogen gas has about 33.6 to 40 kWh per kg in
comparison to lithium batteries which has only about 165 to 280 watt-hours per kg and about
12.06 kWh per litre of petrol (1 kg petrol = 0.711kgs) [103]. Although it will provide higher
energy density per kg, it would need incredibly large and heavy fuel tanks. Also, the theoretical
and actual efficiency of hydrogen fuel cells is very poor. Hydrogen fuel cells require a
significant number of support system which complicate them and make them far more likely

to fail compared to traditional combustion engines or electric engines [116].
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Figure 52: Efficiency comparison of hydrogen cars and EVs [117]

The battery powered EVs have higher efficiency in comparison to hydrogen cars. As shown in
Figure 52 in the EVs energy lost during transport & distribution (before storing in batteries of
EVs) is very less i.e., approximately 8%. When this electrical energy is converted and
consumed to run the motor, additional 18% is lost. The final efficiency of EVs is about 70 to
80%, varying from model to model [117]. The hydrogen car powered by either fuel cells or
electricity has very low efficiency due to significant energy losses (see Figure 52). About 45%
of the energy is initially lost in the process of producing hydrogen via electrolysis,
compression, storage and transportation. Out of the remaining 55% of the initial energy,
additional 55% is lost in the fuel cell and power generation (while converting hydrogen into
electricity) in the vehicle. This illustrates that hydrogen-powered car can attain a maximum

efficiency of about 25 to 30%, varying from model to model.

An example of the above discussion is clearly discussed by UIf bossel as shown in the Figure
53 below. It illustrates the many processes involved for the hydrogen processing and converting
it back into electricity to power the motor that drives the wheels of a hydrogen powered car
[118]. UIf Bossel a fuel cell consultant quotes that "An electron economy can offer the shortest,
most efficient and most economical way of transporting the sustainable ‘green’ energy to the

consumer."
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Figure 53: Comparison of energy requirement by a hydrogen powered car (left) vs EVs (right) [118]

From the above analysis, it is clearly understood that hydrogen usage in vehicles is currently
not efficient. However, with the rate of technological progress, the battery powered EVs have
a better future. While hydrogen as a gas could replace jet fuels in planes and could be used to
power planes. ZeroAvia, a British-American hydrogen-electric manufacturer, is building the

world's first practical zero-emission aircraft for commercial air travel [119].

Table 11: Advantages and disadvantages of hydrogen powered cars [117]

Advantages

Disadvantages

It does not cause pollutions, as it emits
only water.
Hydrogen is available in infinite
quantities

It has a high range compared to EVs.
Fast refuelling (3 to 5 mins)

sounds

No engine meaning  less

noise/traffic pollution

It has very low efficiency due to high
energy losses.

It is highly inflammable

There is no infrastructure currently
Higher costs i.e., very expensive to buy

and maintain
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Figure 54: Energy consumption prediction of transport sector for the year 2045 with 1% increase

Considering a scenario in 2045 assuming the hydrogen technology is successful with higher
efficiencies and better fuel cell designs and assuming that all the vehicles are hydrogen
powered (Figure 54) and the energy demand in transport sector rose gradually by about 1%
from current figures. To comply with the demand projections, Scotland should produce 1.48
Mt of hydrogen to meet the 50 TWh energy demand. However, in comparison with petrol, it

can be seen in the graph that volume of hydrogen required is just about half of petrol.

It is estimated that around 44 to 46 GW wind power is necessary to fulfil the overall current
energy consumption of 157 TWh (Table 10). But as per current plans, there would be a deficit
and it is not possible to meet the total energy demand by just wind power. Although complete
electricity and 50% transport sector could be decarbonised. Also, as per Scottish Energy
Strategy forecasts energy demand will drop by 5 to 28% (110 TWh to 148 TWh) in the next
few decades [120]. Currently about 23.9% of the total gross energy consumption is derived
from renewable sources (see Figure 55). This was a rise from 20.9% in the year 2018 [109].
Wind energy is the major contributor with about 19.3% with a total capacity of 11.89 GW.
Between 2018 and 2019, renewable energy produced have grown by more than 4,200 GWh.
Most of this growth is attributable to increased electricity generation from wind; an increase in
renewable energy from offshore wind of over 1,900 GWh and onshore wind of almost 1,000
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GWh. The total energy generated by all forms of renewable energy accounted to about 37.34
TWh [109].

Share of renewable energy in the total gross energy consumption of Scotland
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Figure 55: Percentage share of renewable energy in the total gross energy consumption of Scotland [109]

Worldwide, the hydrogen sector is expanding rapidly. It is very difficult to make estimations
and projections in such a quick development because the underlying trend is continuously
changing. This clearly shows that information from only a few years ago might perhaps be
mistaken or provide a misinterpretation to the current condition. Hydrogen production costs
mainly depends on the methods. Some methods are very old and hence have a very well-
established pricing, some are new and still being investigated, hence there are chances they
will reduce significantly over the years [121]. As the hydrogen usage increases, the value of
hydrogen will decrease the cost of producing hydrogen currently differs greatly depending on
the production process and production region. Several recent worldwide studies have tried to
calculate the cost of producing green and blue hydrogen globally by 2050.Uncertainties as to
how these expenses evolve can lead to significant variations in estimates [121]. This is very
true in the case of green hydrogen production, since it is a latest and dependent on renewable
electricity prices which itself has a wider range of prices. Asshown in Figure 56 several studies
have analysed that, over the next few years, blue hydrogen will be cheaper, with green
hydrogen likely to compete with blue hydrogen from mid-2030 [121]. The current price of
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green hydrogen is around £5 to £8 per kg. In order to enhance usage of green hydrogen,
attempts are being made to lower the price by introducing incentives on the capital costs. As
per the forecasts by Scottish government, green hydrogen would cost around £1.5 to £3 by

2030.
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Figure 56: Cost estimation of blue and green hydrogen from 2020 to 2050 [121]

The production cost of green hydrogen is likely to be cut down significantly by 2050 due to
the declining renewable energy price and expanded levels of electrolyser manufacturing
combined with enhanced efficiencies. Reduction of offshore and onshore wind power
generation costs will play a crucial role in Scotland's hydrogen economy [69]. Furthermore, it
is necessary to consider initial set-up and operating expenses. Apart from production costs,
there are other costs like transporting, storing and distribution which are very significant in
calculating the overall costs. Most of the hydrogen production today is co-located with end
usage which is not practical for all applications in the future. The cheapest and most economic
method of transporting and distributing hydrogen will be using pipelines [121]. The
construction costs of new pipeline networks will be a big investment and hence need to assess
if there is considerable amount of hydrogen to be transported in order for it to be feasible. Most
of these expenses could be prevented by converting the existing O&G pipeline network into a
future proof gas line. As mentioned previously in the report, Scotland and whole of UK has a
very well-established O&G network (within UK and also to various parts of Europe) in
comparison with other nations of the world. This would be one of the main highlights of the

Scottish government's hydrogen economy [69].
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5.0 Conclusion

Using hydrogen as a mainstream fuel or as an energy storage system enables conservation of
stochastic wind energy at high production times, with the confidence that a reliant storage is
available to store and consume it during low generating points. With Scotland signing the
hydrogen policy statement it is for sure hydrogen will play an integral role in decarbonising

Scotland's energy system and economy by 2045 [15].

It is theoretically clear from the results and analysis that Scotland is capable of producing 100%
of its total gross electricity consumption from wind energy with the current proposed plans by
transforming the surplus electricity generated into hydrogen and storing it for the times when
supply cannot meet the demand. It is also worth noting Scotland exports a lot of electricity
which could instead be converted to hydrogen and utilised at downtimes. With already existing
O&G pipelines which are believed to be future proof and safe to transport hydrogen Scotland
has an inherent benefit in green hydrogen production in view of the vast offshore and onshore
potential. This also offers Scotland with the possibility to becoming a net exporter of high-
purity green hydrogen to the rest of the UK and most parts of the Europe. The calculated target
of 45-50 GW wind energy capacity required to decarbonise Scotland by 2050 (assuming the
gross energy consumption is around 150 TWh). However, as per current proposed plans, there
would be a shortfall to meet this total energy demand and it is not possible to meet the total
energy demand by just wind energy. While complete electricity and half of transport sector
could be decarbonised, heating definitely cannot be covered with wind energy. Green hydrogen
production from offshore winds can aid to reduce emissions in heating sector, transport and
manufacturing industry that have been notoriously challenging since ages and can assist to

overcome the power grid restrictions in Scotland to provide huge clean electricity.

Though the hydrogen energy technology may not have developed very well yet unlike
traditional technologies and may have certain obstacles, such as significant hydrogen
production costs, investments in the new infrastructure, heavy storage tanks, transport &
distribution, and safety concerns. Nevertheless, they offer significant benefits related to zero
emissions and fuel flexibility. With the emerging technologies like FES system, Concrete block
energy storage system and discovery of storing hydrogen as Ammonia, the future seems to be
bright for renewable energy technologies. This is a very essential and fascinating issue for

future study and more additional research can be done on incorporating multiple alternative
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renewable resources for instance, solar PV, tidal/wave energy, biomass etc., to maximise
energy generation. A considerable amount of oxygen and heat will be produced during
electrolysis which can be recycled for other applications. In the long run offshore wind energy
along with floating offshore wind farms is considered as a great opportunity to enhance

hydrogen production in a large scale and to unleash more of Scotland's offshore wind potential.
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7.0 Appendix

7.1 Calculations used for hydrogen conversion

Useful conversion units:

Density of hydrogen at 700 bars = 42kg/m3

LHV of hydrogen =120.10 MJ/kg

1 kilowatt hour(kWh) = 3.6 Megajoules (MJ)

1 gigawatt hour (GWh) = 3.6x10° Megajoules (MJ)
1 Terawatt hour (TWh) = 3.60x10° Megajoules (MJ)
1MJ = 2.78*107 Gigawatt-hour
Overall Efficiency of Electrolyser = 75.50%

Energy density of Unleaded petrol = 46 MJ/kg

Energy density of Natural gas = 55 MJ/kg

Energy density of hydrogen =120.1 MJ/kg

1 kg Hydrogen = 33.6 kWh

1 kg unleaded petrol =12.06 kWh

1 kg natural gas =13.1 kWh

1L petrol =0.711 kgs

1kg petrol = 1.41 litres

Amount of hydrogen generated is given by equation 17:

Energy in kWhxconversion factor(kWh to M
Amount of Hy = —& 77 ¢ D
LHV of Ha (3:2)
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Current scenario (2019):

Total average electricity generated from wind energy (TWh) = 22.37 TWh
Total average electricity consumption (TWh) = 22.62 TWh

Surplus energy = 0.74 TWh

Energy shortage =-1.00 TWh

Therefore, amount of hydrogen generated from excess electricity is given by:
Energy = 0.74 x 75.5% = 0.56 TWh

Energy in TWhxconversion factor(TWh to MJ)
™M
LHV of H, (k—g])

Amount of H,=

_0.56x3.6x10°

= 16,747,044.13 kg /year =16,747 Tonnes/year

120.10
Mass of hydrogen 16,747,044.13
Volume of Hy=—1ass of hydrogen  _ = 398,739.15 m?/year
Density of H, at 700bar 42

Estimation of 2045 scenario:

Estimated total average electricity generated from wind energy (TWh) = 49.44 TWh
Total average electricity consumption (TWh) = 43.89 TWh

Surplus energy = 5.55 TWh

Therefore, amount of hydrogen generated from excess electricity is given by:
Energy = 5.55 X 75.5% = 4.19 TWh

Energy in TWhxconversion factor(TWh to MJ)

LHV of H, (’,‘("—;)

Amount of Ho=

_4.19x3.6x10°

= 125,602,830.97 kg /year = 125,602.83 Tonnes/year

120.10
M hyd 125,602,830.97
Volume of Hy=—noass of hydrogen = 2,990,543.59 m3/year
Density of H, at 700bar 42
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