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Abstract

Towards a development for a green transition and lower emissions, hydrogen is looked upon
with great potential and the sector is in constant development. In the light of hydrogen, this
thesis addresses the issue of backup power systems for telecommunication towers in rural
Colombia through a field study in Lenguazaque. Today, many of the towers uses diesel
generator systems as backup power in case on a power failure. The aim of this thesis is to
propose a system design for a hydrogen backup system with the ability of substituting the diesel
based ones. Furthermore, this thesis aims to investigates the potential of both centrally and
locally produced hydrogen and map out the conditions and possible barriers. Lastly, this thesis
will provide a sustainability analysis of a hydrogen and diesel system during operation. The
proposed system design can be divided into two: one for centralised production of hydrogen
and one for local production. The system with centralised production consists of a hydrogen
storage, a fuel cell, an uninterruptible power supply, along with a management system and
safety system. The system with local production of hydrogen will, in addition to the components
for centralised production, consist of a renewable energy source, an electrolyser, a compressor
and a water supply system. This thesis concludes that one of the biggest barriers for
development of hydrogen backup systems in rural Colombia is the lack of commercially
availability hydrogen, for centralised production. For local production of hydrogen, the
investment costs are the greatest obstacle. Regardless of system design, a hydrogen system will
require maintenance and visits to the site, which is complicated by the difficulty of accessing
the telecommunication towers in rural areas. The system with locally produced hydrogen is
requires more frequent maintenance, while the system with centralised hydrogen producent
depend on regular transport of hydrogen.

Keywords: Hydrogen, Hydrogen systems, Backup solution, Telecommunication towers, Field
study, Lenguazaque, Colombia



Sammanfattning

I en utveckling mot en gron omstdllning och Ildgre utsldipp ses vitgas med stor potential och
sektorn dr under stindig utveckling. I ljuset av vditgas tar den hdr uppsatsen upp frdagan om
backup-system for telemaster pa landsbygden i Colombia genom en filtstudie i Lenguazaque.
Idag anvinder mdanga av masterna dieselgeneratorsystem som backup-energi i hdndelse av
stromavbrott. Syftet med denna avhandling dr att foresla en systemdesign for ett vitgasbaserat
backup-system med mdjlighet att ersdtta de dieselbaserade. Vidare syftar denna uppsats till att
underséka potentialen for bdde centralt och lokalt producerad vitgas och kartligga
forutsdttningarna och maojliga hinder. Slutligen kommer denna avhandling att ge en
hdallbarhetsanalys av ett viitgas- och dieselsystem under drift. Den foreslagna systemdesignen
kan delas in i tva: en for centraliserad produktion av vitgas och en for lokal produktion.
Systemet med centraliserad produktion bestar av ett vdtgaslager, en brdnslecell, en avbrottsfri
kraftforsorjning samt ett styrsystem och ett sikerhetssystem. Systemet med lokal produktion av
vdtgas kommer, utover komponenterna for centraliserad produktion, att bestd av en férnybar
energikdlla, en elektrolysor, en kompressor och ett vattenforsorjningssystem. I denna
avhandling dras slutsatsen att ett av de storsta hindren for utveckling av vitgasbackupsystem
pd Colombias landsbygd dr bristen pd kommersiellt tillgdinglig vitgas for centraliserad
produktion. For lokal produktion av vdtgas dr investeringskostnaderna att betrakta som det
storsta hindret. Oavsett systemets utformning kommer ett vitgassystem att krdva underhdll och
besok pd platsen, vilket kompliceras av svdrigheten att nd telemasterna pd landsbygden.
Systemet med lokalt producerad vitgas krdver mer frekvent underhall, medan systemet med
centraliserad vitgasproducent dr beroende av regelbunden transport av vdtgas.

Nyckelord: Vitgas, Vitgassystem, Backup-16sning, Telemaster, Filtstudie, Lenguazaque,
Colombia
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Nomenclature

This section will introduce abbreviations and symbols used in the thesis to improve
understanding and clarity.

Abbreviations and acronyms

AC Alternating current

AE Alkaline Electrolyser

AFC Alkaline Fuel Cell

BESS Battery Energy Storage System
BMS Battery Management System
BOP Balance of plant

°C Degrees Celsius
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kW Kilowatt
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LCOH Levelized cost of hydrogen
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LTPEM Low Temperature Proton Exchange Membrane
mJ Millijjoule
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NCRES Non-conventional Renewable Energy Source
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TT Telecommunication Tower
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1 Introduction and background

This thesis will address the issue of backup energy in rural areas in Colombia. Especially
backup energy for telecommunication towers (TT) will be covered. There is currently a
desired transition, from some actors, from current diesel backup energy towards a more
sustainable solutions without the need of immense maintenances.

1.1 Details of Colombia and main electrical grid sources

Colombia is situated in the northern part of South America and borders both the Caribbean
Sea and the Pacific Ocean. The country has a republican political system and is segmented
into 33 regions with a population exceeding 51 million people. The most populated city is the
capital Bogota D.C. with 10 million people. The nation’s economic output, or GDP, reached
343 billion USD in 2022, demonstrating an average annual growth rate of 3.18% over the last
25 year (The World Bank Data 2022).

Colombia has a diverse range of ecosystems such as paramos, mangroves, wetlands, coral
reefs, glaciers, oceans, and tropical forests, but also significant biodiversity and water
resources. Because of the country’s diverse range of ecosystem, there are plenty of natural
resources that can satisfy the domestic demand in different areas of the society. Long and
heavy rainy periods and the high elevation zones located 2,000 meters above sea level, have
created great conditions for hydropower in the country (The World Bank Group n.d.).

The Hydropower makes up to 70% of Colombia’s electricity grid today, which corresponds to
12 GW of installed power. However, not all renewable energy sources are used to the same
extent; solar and wind power make up only 0.76% and 0.10% respectively and correspond to
only 184 MW and 39.5 MW of the total electricity production. In the upcoming years it is
expected that the installed capacity for both solar and wind power technologies will increase.
The climate conditions at some locations in the country are favourable for this development,
the capacity factor for solar parks is up to 22% at a utility scale (Rodriguez et al. 2023, p. 346)
and 39% for wind turbines (Pinilla, Rodriguez & Trujillo 2009, p. 50). The Mining and
Energy Planning Unit (UPME) of Colombia has projected that by the year 2027, solar and
wind energy installations will reach 16.650 MG and 5.795 MW, respectively (Rodriguez et al.
2023, p. 346).

1.1.1 Lenguazaque

The place of approach in this thesis, Lenguazaque, is a town and a municipality in the
department Cundinamarca. The altitude in Lenguazaque is about 2,589 m above sea level.
The actual point of interest is located in the municipality, but outside of the town.
Lenguazaque is located around 100 kilometres north of the capital Bogotd. The temperature is
fairly cold, with variations typically between around 6 °C and 18 °C (Weather Spark 2024).

Lenguazaque offers a diverse landscape with rolling hills (Figure 1), as well as grasslands
areas (Figure 2), forests (Figure 3), and agricultural land (Figure 4).
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Figure 1. The diverse landscape of Lenguazaque with mountains in the background with TTs visible at the top.

Figure 2. Grasslands with plants for coke making and a rainbow visible in the background.
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Figure 4. Calves grazing in the field of a farm in Lenguazaque, with a mountain with TTs on the top visible in the
background.
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1.1.2 Hydrogen systems in Colombia

Green hydrogen production in Colombia is at its starting point. There are currently two pilot
projects in the northern part of the country in the city of Cartagena. Both pilot plants are
owned by the two largest oil and gas companies in Colombia; Ecopetrol and C-Emprende.
The plants are powered by solar energy via photovoltaic (PV) panels. The daily hydrogen
production capacities of these facilities were 20 kg H»/day and 4 kg Ho/day, respectively.
Hydrogen production from wind power does not exist yet. The ministry of Science,
Technology, and Innovation, the Ministry of Mines and Energy and Ecopetrol, the largest oil
and gas company, recently started to research the possibility of producing hydrogen from
residual biomass from different sources. The focus will lay on the conversion method using
thermochemical and biological processes rather than hydrogen production through
electrolysers. The electrolysis method is excluded because it is linked to the need for noble
metals, which availability is poor in the country, leading to higher investment costs
(Rodriguez et al. 2023, p. 346).

1.1.3 Mobile communication networks in Colombia

There is a rapid shift towards 5G networks globally and the use of 4G is expected to reach its
peak soon. The development of mobile wireless communications in Colombia has been
slower than in other parts of the world. In the rural areas of Colombia, 31% of the country's
total users accesses mobile telephony services with 2G and 3G technologies in 2019. But
Colombia has in 2020 launched a plan for transition to 4G and 5G technologies (Barrios-
Ulloa et al. 2023). The power peak varies depending on the TTs configurations and
equipment. 4G TTs has a peak power demand in the range of 6 kW to 9 kW, while the newer
5G towers has a peak power demand of 14 kW to 19 kW (Cheng, Hu & Varga 2022, p. 4). A
major part of the electrical loads in a TTs are done with DC current, but some few
components required to be load by AC current. For this reason, a distribution box for AC and
another for DC is crucial (Rao Deevela, Kandpal & Singh 2023, p. 2908).

Except for the lack of high-speed connectivity, there is also deficiencies with the grid power
supply to the TTs in the rural areas of Colombia, which leads to unstable network
connectivity. To maintain a reliable power supply without enduring long power outages,
diesel generators are frequently used. While it contributes to a more stable function of the
TTs, reliance on diesel generators is also associated with severe problems. Firstly, using
diesel is an unsustainable method. The usage of fossil fuels is related to enormous nature and
climate issues, apart from the short-termism of using a finite resource (EPA 2023). Secondly,
using diesel generators requires transportation of fuel to locations around Colombia. This is
related to plenty of issues. The conditions of many roads in Colombia are poor. This may lead
to problems with transporting the needed fuel to locations, especially in rural areas where the
problems with road conditions are the worst (ASIRT 2022). Another disadvantage is that
current diesel storage needs maintenance work every three months. Additionally, using diesel
generators can be harmful for people's health, as exposure to diesel exhaust may lead to
severe health issues like asthma or worsen existing lung or heart disease (EPA 2023a). There
is also a black market where diesel generators are sold, which means that the risk of theft is
quite high in the country (Garcia 2024).
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An alternative to the diesel generators could be a hydrogen system. There are several types
of hydrogen systems that could be used. Hydrogen could be produced centrally', or locally,
which largely impacts the system design (Breeze 2018, p. 71).

1.2 Sustainable development goals

Green backup energy for TTs can be connected to several of the sustainable development
goals (SDQG), adopted in 2015 by the member states of the United Nations (UN). Two of those
goals are goal 7 of affordable and clean energy and goal 13 of climate action. More
specifically, clear links can be drawn to the targets 7.1 and 7.b. The target 7.1 includes access
to affordable, reliable, and modern energy services and the target 7.b includes supplying
modern and sustainable energy services for all on developing countries, through expansion
and upgrade of infrastructure and technologies (UN n.d.). By implementation of green backup
solutions for the purpose of withholding communication, especially in rural areas, this project
can be considered aiming for contributing to fulfilling these targets and goals.

1.3 Hydrogen systems today

Today there are several examples of different projects involving hydrogen storage as a backup
energy source. Projects can be seen around the world, in different types of systems and as
parts of bigger systems. The major obstacles with hydrogen storage systems todays lies in the
production of hydrogen. Hydrogen can be produced in a rather large variety of ways, which
has a great impact on price, accessibility, and sustainability. The lack of sustainably produced
hydrogen in large quantities for an affordable price is a major obstacle for the development of
hydrogen as a backup energy carrier. Today, most hydrogen around the world is produced
through natural gas, which limits the incentives for use since it is not a renewable energy
source (Eriksson 2024).

In the following sections, hydrogen and possible components of a hydrogen backup systems
are addressed.

1.3.1 Hydrogen production

Depending on the raw material and the energy input different processes can be used to
produce hydrogen. Hydrogen is bonded in raw materials such as in water, natural gas,
biomass, coal, and oil. To extract hydrogen from any compound energy is needed as the input.
The energy can be electricity, high temperature heat, and sunlight. In general, electricity and
high temperature heat are more common and widely used and can come from a renewable
source and non-renewable source. The different processes can be grouped into
thermochemical, electrolytic, solar-driven and biological processes. Each method is
associated with different environmental impacts (DOE n.d.a).

1.3.2 Hydrogen classification

Hydrogen is often classified through its production method and the environmental impact of
each method. The most common classification is through colour. The extent of the
classification, and therefore the number of colours used tend to vary, but some of the most

! In the context of this thesis, the term centrally produced hydrogen is used in a broad perspective, meaning that
the hydrogen is not produced on site but transported to the site.
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common colours are green, blue, grey and white (7able 1). It is not only the production
method itself that characterises the hydrogen, but a combination of energy source, production
method and possible methods for handling the emissions, such as Carbon Capture and Storage
(CCS) (World Economic Forum 2021).

Table 1. Four common hydrogen colour categorisation and their resources, production method and characteristics (World
Economic Forum 2021).

Hydrogen colour | Resource and production method | Notation

Grey Fossil fuel based with fuels such as Most common, worst
natural gas or coal, steam reforming | environmental performance

Blue Fossil fuel based, stem reforming but | Often described as a “low
with CCS carbon” alternative

Green Renewable energy, electrolysis Best environmental

performance, small share of
today’s production but with
expectancy to increase

White Naturally occurring Little amount available, few
viable ways of extracting it

1.3.3 Hydrogen properties

Hydrogen is the first element in the periodic table, thus with the atom number one. It is much
lighter than air — even the lightest element that exists. It is also the element that is most
common in the universe, making up a large majority of all elements in terms of mass.
Although it is common in the universe, free hydrogen is uncommonly occurring on earth. The
most hydrogen on earth can be found as part of water molecules. Hydrogen is also an easily
ignited element. When ignited, it burns with an almost invisible flame (Kegebas & Kayfeci
2019, p. 3-4).

Boiling temperature

In standard conditions, hydrogen is a gas. In order to liquefy hydrogen, it needs to be cooled
down below its boiling temperature of around -253 °C (approxemately 20 K) at atmospheric
pressure, which is an energy-intensive process (DOE 2001).

Energy content

The energy content in hydrogen is often described with both a lower heating value (LHV) and
a higher heating value (HHV). Nevertheless, the energy content by weight in hydrogen for
calculations regarding a fuel cell (FC) is often approximated to around 33.33 kWh/kg
(Wagberg 2024; IDEALHY n.d.; Enapter n.d.). This is corresponding to the LHV, which is
commonly used instead of the HHV in the case of not burning the hydrogen directly (Enapter
n.d.).

1.3.4 Hydrogen storage

The storage of hydrogen is one of the key parts for hydrogen technology and hydrogen
systems. Hydrogen as a fuel offers high energy per mass compared to other fuels. However,
the energy per unit volume is significant low, which requires different techniques in order to
conventionally store it. Hydrogen can be stored and distributed in different ways. Liquidous
and gaseous form are two of the more common, even if material-based storage also is possible
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(DOE n.d.c). Because of the amount of energy needed to retrieve liquid hydrogen, it is often
stored in gaseous form. Storing gaseous hydrogen is often done with high pressure, in high
pressure tanks. A typical pressure in the tanks is between 350 bar and 750 bar (DOE n.d.c), or
350 bar to 1,000 bar in some cases (Vidas, Castro & Pires 2022, p. 3) even though lower
pressures do exist as well, below 350 bar (Cheng, et al. 2024, p. 271). A disadvantage is the
large storage volume that is needed for compressed gaseous hydrogen.

For compressed gaseous hydrogens storage in smaller scale, vessels are the main choice for
storage. However, the material composition of the vessels varies depending on factors such as
needed size, cost, and weight. Moradi and Groth (2019) divides vessels for storage of
compressed gaseous hydrogen into four different categories. Each type has its different
properties (Table 2) and schematic appearance (Figure 5) (Vidas, Castro & Pires 2022, p. 4).

Table 2. Categorisation and characteristics of vessels for compressed hydrogen storages (Moradi & Groth 2019, p. 12256)
(Vidas, Castro & Pires 2022, p. 4).

Type Material Advantages Disadvantages | Applications

I Fully metallic, Most Heaviest Industry
often aluminium or | conventional,
steel least expensive

II Steel with glass Less weight than | Heavy Stationary
fibre composite I
overwrap

I Full composite Light Relatively Portable
wrap with metal costly
liner

1\ Fully composite Light Costly Portable

A% Fully composite, Very light Low pressure | Pre-
linerless tolerance commercialised

Type I Type 11 Type 111

1 Metal

Bl Composite (fiber + resin)

B Polymer
Figure 5. Schematic appearance of different vessel types (Vidas, Castro & Pires 2022, p. 4).

Compressed gaseous hydrogen indeed needs to be compressed. Two common pressures in
industry are 350 bar and 700 bar (DOE 2009, p. 1; Haskel n.d.). In an isothermal compression
process at 300 K (appr. 27 °C), the theoretical value needed to compress hydrogen from

20 bar to 350 bar is 1.05 kWh/kg hydrogen and for compression from 20 bar to 700 bar the
value is 1.36 kWh/kg hydrogen (DOE 2009, p. 1-5).
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1.3.5 Hydrogen safety

In comparison with other flammable fuels (such as natural gas and gasoline) hydrogen is not
considered either less or more dangerous. However, the ignition energy needed is
significantly lower for hydrogen than natural gas and gasoline vapor. Their ignition energy is
0.02 millijoule (mJ) for hydrogen and 0.29 mJ and 0.20 mJ for natural gas and gasoline vapor
respectively. Hydrogen also has a much larger range of the share in air when it is flammable
and explosive. Due to its lightness, hydrogen is diffused at a rapid rate though, which can
lower the concentration down to measures where it is not flammable quickly. For an
explosion to occur, oxygen or some other oxidiser must be present, which makes the risk of
an explosion in a sealed tank without any leaks negligible (DOE n.d.b).

One major concern of hydrogen is its ability to self-ignite. It is however debated in what
extent self-ignition is common, and it appears as if there is no consensus (Clulow 2024).

Li et al. (2022, p. 6258), further points out that even though extensive research in the area of
hydrogen safety, there are still some uncertainties and limitations. Regarding the occurrence
of self-ignition, in a study were the source of ignition of hydrogen incidents was investigated,
approximately 70% of the cases of ignition no source could be found (Xu et al. 2009, p. 280).

Nonetheless, gradual leakages are generally not regarded as a concern in terms of safety
aspects. Because of the lightness of hydrogen, gradual leaks rise and can easily be avoided to
become an issue with good ventilation. Furthermore, leaks are more common in the tubes than
in the tanks. Therefore, the choice of storage vessel is not of great importance when it comes
to leaks. It is rather the quality of the tubes that is (Clulow 2024).

1.3.6 Fuel cells

The FC is also one of the fundamental parts of a hydrogen system. In a transition towards
increased renewable energy supply, FCs are considered as one of the most promising
technologies. Compared with conventional distributed energy systems, they also hold the
advantage of the highest efficiency and compared with traditional combustion engines the
required maintenance is less (Wilberforce et al. 2016, p. 16510). The principle of hydrogen
FCs is based on converting the electrochemical energy stored in hydrogen molecules into
electricity through an electrochemical reaction, unlike combustion which is used in many
other similar applications (FCHEA n.d.). The exact reaction may differ slightly between
different types of FCs.

What is traditionally described as one FC, is consisting of several FCs stacked upon each
other. Each FC can deliver a power of only some few kilowatts, but together a whole stack
can deliver significantly more. Furthermore, several stacks can be connected through series
connection (Wagberg 2024). A major advantage of hydrogen powered FC is that the only by-
product is water, except for heat (DOE 2015, 2). Thus, no greenhouse gas (GHG) emissions
result from the electrochemical process in FCs.

There are several types of FCs. Two commonly used types are Proton Exchange Membrane
(PEM) FCs and alkaline FCs (AFC). The PEM FCs can further be divided into Low-
temperature Proton Exchange Membranes (LTPEM) and High-temperature Proton Exchange
Membranes (HTPEM) (Eriksson 2024). This type of FCs is for example used in transport but
can also be used in backup power application. Both the PEM FC and the AFC have similar
properties and advantages compared to other fuels cells. Among these are a typical stack size
of up to 100 kW, relatively low working temperature, short start up time and a relatively high
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efficiency (DOE 2015, p. 2). PEM FCs are more common in stationary power application,
although AFCs are also used (Wilberforce et al. 2016, p. 16514). The LTPEM FCs typically
have an operating temperature of around 60 °C — 80 °C while the operating temperature for
HTPEM FCs typically is around 110 °C — 180 °C. Regarding AFCs, the operating
temperature can be in a wide range from temperatures below zero to around 230 °C. The
efficiency of the different FC type varies a bit as well. They are around 40% — 60% and
50% — 60% for LTPEM and HTPEM FCs respectively. AFCs have a higher efficiency,
typically in a range of 60% — 70% (Wilberforce et al. 2016, p. 16513).

The reaction of a PEM FC consists of hydrogen and oxygen as reactants and electricity, heat,
and water as products. The PEM FC consists of an anode and a cathode, together with an
electrolyte membrane. The electrodes used are platinum-based. Oxygen is fed through the
cathode side and the hydrogen through the anode side. At the anode side, the hydrogen is split
into protons and electrons. The electrodes are fed through a circuit generating an electric
current and heat, while the protons are passed through the electrolyte membrane. Water, the
third and last product, is formed in the cathode by combining oxygen, electrons and the
protons passed through the electrolyte membrane (Figure 6) (FCHEA n.d.; Fuel Cell Works
n.d.a). What distinguishes PEM FCs from many other FCs is that the electrolyte is a solid
polymer membrane, and not a solution.
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Figure 6. Principle scheme of a PEM fuel cell (Fuel Well Works n.d.a).

The reaction in an AFC is similar, and the reactants and products are the same, namely
hydrogen and oxygen, and electricity, heat and water. The electrolyte in an AFC consists of,
as the name suggests, an alkaline. A commonly used electrolyte is potassium hydroxide
(KOH) in water (Fuel Cell Works n.d.b). What differs from a PEM FC, except for the
electrolyte, is that the charge carrier in AFCs is hydroxide ions (OH") instead of hydrogen
ions (H") used in PEM FCs (Figure 7) (Hamada, Orhan & Kannan 2023, p. 6397-6399).
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Figure 7. Principle scheme of an AFC (Fuel Cell Works n.d.b).

1.3.7 Electrolysers

The fundamental idea of an electrolyser is the opposite of a FC. Instead of using hydrogen and
oxygen to create water and electricity, an electrolyser splits water into hydrogen and oxygen
through the help of electricity (Figure 8). Even if the principle is reversed compared to a FC,
many of the applications, characteristics and technical components are still the same. Similar
to FCs, two of the most common electrolysers are PEM electrolysers and alkaline
electrolysers (AE) (Table 3) (Jaramillo, Garcia & Echeverri 2024, p. 3) (DOE n.d.d). AE is a
more mature technology, yet both AE and PEM electrolysers are commercially available (IEA
2023).

The environmental impact of an electrolyser in its operation is solely connected to the
environmental impact of the electricity used, as the electrolyser itself does not contribute to
any GHG or other emissions during its operation. With a renewable energy source (RES)
producing the electricity, the environmental impact of the whole system decreases drastically
(Vitgas Sverige n.d.).

The power demand of an electrolyser can be divided in two: One part is the production of
hydrogen and the other supporting components and auxiliary systems, also referred to as
balance of plant (BOP). The BOP is needed for every kind of electrolyser, regardless size.
The existents of power demand for the BOP makes it more efficient and economically viable
with larger systems. Generally, small electrolysers are therefore much more expensive per
installed kWh than larger electrolsyers (Oyarce Barnett 2024).
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Figure 8. Operation scheme an electrolyser (Guo, Zhu & Zhang 2023).

Table 3. Types of electrolysers and relevant comparative features (Jaramillo, Garcia & Echeverri 2024, p. 3).

Parameter AE PEM
Advantages Low cost and relatively Fast response, sensitive to
stable small changes in-rush current,
higher purity of H produced.
Disadvantages It is not dynamic, there is High cost due to precious

corrosion, possible gas
mixing and low current

metals required for electrodes
and electrolytic membrane

density. materials.
Technological maturity Mature Mature
Temperature 20-80 °C 20-200 °C
Efficiency 60-70 % 65-90
Purity level of H> produced | >99.3 % >99.999 %

1.3.8 Batteries

There exist several different chemistries of batteries that are used in energy storage systems
(BESS) and for intermittent back-up systems. The most widely used and commercial is Li-
ion batteries with over 90% of the market. Other battery that are also widely commercially
available are lead-acid. A battery consists of a set number of cells connected in series and
parallel arrangements inside a structure to assemble a module. These modules are then
layered and integrated to construct a battery rack. To achieve the necessary voltage and
current for the battery system, battery racks may be linked in series or parallel
configurations. These racks serve as the foundational components for constructing an
extensive, high-power battery system (Nyamathulla & Dhanamjayulu 2024, p. 4).
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1.3.9 Uninterrupted Power Supply

An UPS ensures that the power supplied to critical equipment is continuous, unaffected by
fluctuations or interruptions in the input power from the main electricity supply. UPS is
necessary to support important and crucial infrastructure and equipment, such as airline
computers, data centres, communications systems, and medical support systems in hospitals
to name a few. Some important attributes include quick switching between main power and
battery power in both directions, maintaining a unity power factor, high reliability and
efficiency, cost effectiveness and compact and lightweighted design. Generally, the UPS can
be classified as the Static UPS system (Figure 9) and Rotary UPS system. The Static UPS
uses power electronics like converters and inverters to process, store and deliver power during
grid failure while Rotary UPS uses motors and generators to perform same function. Lastly,
Hybrid UPS combines both static and rotary systems to enhance functionality. UPS systems
vary widely in capacity, from small units (300VA) sufficient for a single computer to large
systems capable of powering entire buildings with several megawatts of capacity. Depending
on the different UPS system configurations the efficiency varies between 84-90% (Aamir,
Kalwar & Mekhilef 2016, p. 1396-1400).
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Figure 9. Example of a principle scheme of a static UPS system (Aamir, Kalwar & Mekhilef 2016, p. 1396).

1.3.10Compressors

To store and transport compressed hydrogen, a compressor is required. Hydrogen is typically
produced in a rather moderate pressure, around 20 bar to 30 bar. To achieve the compression
of hydrogen, there are several types of hydrogen compressors available. Four of the most
common types of compressors are reciprocating compressors, rotary compressors, ionic
compressors and centrifugal compressors (DOE n.d.e).
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1.4 Aim

This study aims to research the possibilities of replacing the diesel generator backup system
with a hydrogen-based backup solution for the TTs in Lenguazaque. The company ICREA
intend to provide hydrogen solutions to cover 300-500 TTs throughout Colombia within the
next 10 years. This thesis aims to work as a pre study for that project, mapping out the
potential of, and the conditions for, such project. Lenguazaque will work as illustrative
example and case for field trips, data collection and calculations.

1.5 Problem formulation and requirements

In order to replace the backup supply from the diesel generators, there are some specific
criteria's that has to be met:

e The backup power supply system needs to deliver the demanded power of the TT
continuously.

e The power demand needs to be continuously for 1 to 3 days in case of a power failure.

e The system needs to have the ability to withstand and operate under various weather
conditions.

e Due to the sensitive technical components of the systems as well as the characteristics
of Colombia’s rural areas infrastructure, the maintenance work will be a decisive
factor for which system is most suitable in the specific rural areas.

e The operating time of the system should be10% of the year.

1.5.1 Limitations

In this thesis, to limit the scope, only PEM fuels cells and AFC will be considered.
Furthermore, only storage of hydrogen in gaseous and liquidous form will be considered.

In the energy balance modelling, what will be considered is the RES (solar PV), the
electrolyser, the compressor, the hydrogen storage, the FC, the UPS and the TT. Thus, leaving
out additional components such as management system and water supply system in the
calculation.

Only the main components in the hydrogen system will be addressed in detail. Regarding the
maintenance of the components, the RES will not be covered.

For the water supply, this thesis will consider groundwater, tap water and rainwater.

For the sustainability analysis, only emissions during the operation will be considered, thus
leaving out other parts of the value chain.

1.5.2 Objectives

¢ Find the optimal design of a hydrogen system for backup energy given the existing

conditions in Lenguazaque, Colombia.
o Investigate how the system design change if the hydrogen is produced locally
on site or centrally in another place.

¢ Identify the major barriers or limitations that must be overcome to expedite
development of hydrogen systems in countries like Colombia.

e Perform a sustainability analysis comparing a hydrogen system with a diesel based
one.
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2 Method of attack

The method for this thesis is divided into four parts. The first two parts consists of a literature
and interview study. This complementary approach was used to gain a broader perspective of
subject and to capture different perspectives. Both the literature and the interview study are
intertwined in the same part of the results for this thesis. The third part consists of a field
study project conducted in Colombia. This part was intended to provide a local anchorage and
understanding for the local context for the issue. The field study will not be a separate part of
the thesis but will rather permeate the whole work. The fourth and last part is a modelling,
which is used to gain an overview of the system, as well as it is a way to optimise the design
of the system.

In recent studies, there are several methods used for different approaches of addressing the
issue of hydrogen and hydrogen systems. Moran et al. (2024), performs a techno-economic
analysis for the designing and sizing of a hydrogen system and to analyse the hydrogen supply
chain. The analysis is carried out with a techno-economic analysis tool and is performed
together with a literature review. Adedoja et al. (2023) uses an approach using energy balance
load sensitivity analysis along with a multi-criteria method in order to size a power system.
For gathering of energy data and for a techno-economic analysis, the software HOMER was
used. These methods are also used together with a literature review. Viole et al. (2023) used
different types of cost estimation models to find the most feasible backup system design for
telescopes.

2.1 Literature study

The literature study was carried out to gain knowledge about hydrogen systems. For the
literature study, scientific databases were used to find relevant scientific articles as sources.
The databases ScienceDirect, Scopus and Google Scholar are used with search terms such as
"hydrogen AND storage AND maintenance” as well as “hydrogen AND storage AND
maintenance AND rural”. In addition to this, some complementary, non-scientific sources,
were used to gain basic knowledge, specific information and a broader view.

2.2 Interview study

The interview study was carried out as an augmentation to the literature review. Researchers,
engineers, and other experts within the hydrogen storage sector were contacted with an
interview request. The interviews that were conducted were semi-structured, with questions
based partly on previous knowledge, partly of the literature review and partly of the
conditions and given specifications in the Colombian context.

The people interviewed as part of the interview study were Bjorn Eriksson (KTH), Thomas
Wiégberg (Umea University), Andreas Bodén (PowerCell Group), Alejandro Fraga Eraso
(Ecopetrol), Rebecca Clulow (Uppsala University), Nelly Cantillo Cuello (Universidad del
Rosario) and Alejandro Oyarce Barnett (Hystar).

2.3 Field study

The third part of the study consists of a field study in Colombia. The field study contributed
with a deeper understanding for the local conditions, what aspects that needs to be considered
in rural areas in Colombia and a contextualisation of the problem. It also pathed the way to
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get in contact with local experts. Lastly, relevant data and information was gathered through
field work and visits to rural energy sites; a solar farm Tepuy outside of La Dorada and a site
in Lenguazaque.

2.4 Modelling

The fourth and last part is a two-stage modelling that will be based on the information and
data gathered in Colombia. The first modelling will be an energy balance modelling where
system boundaries, components and data will be chosen based on the field studies and
literature and interview study. Energy input and output over the system boundaries will be
identified and calculated. The energy balance modelling is carried out with a back tracking
approach, where the final energy demand initialises the method, tracking the energy back,
through losses in the system, to the aggregated demand. The second part will be a weather
data modelling to gain knowledge about the weather conditions for renewable energy
solutions. For this, the software Solargis and data from a meteorological station in
Lenguazaque will be used. Modelled data can be found in the appendixes.
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3 Results

The following sections will provide the results given by the literature study, the interview
study, the field study, and the modelling.

3.1 Power demand of telecommunication towers

The first thing that needs to be considered when designing the backup energy system is the
power demand of the TTs that are supposed to be powered. The power demand for each TT is
different defending on the components installed and their demand respectively. But for the
TTs addressed in this thesis a reference TTs in the United Kingdom will be use, presented in
1.1.3 Mobile communication networks in Colombia. To avoid the issue of overestimation, the
peak power demand 19 kW will be used to ensure the capability of the hydrogen backup
system also with future technological developments and deployment. Furthermore, also in
order to avoid overestimation and under dimensioning, the peak power demand will be
assumed to be needed to be delivered continuously under the whole backup power cycle.

3.2 Regulations, incentives, and future prospects of hydrogen in
Colombia

Colombia has adapted numerous regulations, frameworks, and incentives in order to facilitate
a green transition of infrastructure, lowering carbon footprint and develop low-carbon
hydrogen. The sections below aim to summarize these initiatives, and present how these may
impact the project as a whole (Government of Colombia n.d.a, p. 3-9).

3.2.1 Decarbonisation framework

Colombia has a commitment of reducing their GHG emissions to less than half of what is
stated in the Nationally Determined Contributions as their baseline scenario, in line with the
Paris Agreement of limiting the warming of the Earth's average temperature to a maximum of
two degrees Celsius. Hydrogen is in this context seen as a decisive tool to achieve the goal of
GHG emission reduction. Furthermore, it is seen especially important in sectors which faces
the largest obstacles to become electrified (Government of Colombia n.d.a, p. 4).

3.2.2 Hydrogen Roadmap

Through a collaboration with the Inter-American Development Bank, the Government of
Colombia has put together a hydrogen roadmap for the country. The roadmap is aimed at
outlining the country's strategy for the development, deployment, and utilization of hydrogen
as an energy carrier within the years 2021-2030. The roadmap furthermore outlines different
goals considering factors such as installed electrolysers capacity, production cost of
electrolytic hydrogen and share of low-carbon energy used in industry, that are hoped to be
fulfilled by 2030 (IEA 2024). The role of low-carbon hydrogen is emphasised in the roadmap.
This is a classification that is not directly connected to the colour classification of hydrogen.
It covers hydrogen produced with methods where “their emission factors are substantially
lower than those of the current production methods”, which in the roadmap are considered to
be blue and green hydrogen (Government of Colombia n.d.a, p. 5). This is, however, not an
exact definition and for example white hydrogen could also be considered as low-carbon
depending on perspective and methods of calculation. Generally, low-carbon hydrogen is
considered by the Colombian government to play a key role not only in a decarbonisation and
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energy transition, but also in terms of an economic powerhouse (Government of Colombia
n.d.a, p. 7).

Colombia has extensive reserves of coal, oil and natural gas. When combined with CCS, these
reserves could be used to produce blue hydrogen. This could in the long-term mean
strengthen the domestic production of hydrogen in Colombia leading to a lower need of
importing hydrogen, if the blue hydrogen production method is utilised. In terms of green
hydrogen (produced by electrolysis and using renewable sources) there is a growth in
installed non-conventional such as solar and wind. A growth in installed capacity could in
addition to the 70% of hydro power in their electricity mix strengthen the possibilities for
production of green hydrogen (Government of Colombia n.d.a, p. 7).

Considering blue hydrogen, the levelized cost of hydrogen (LCOH) is predicted to be
practically constant both with natural gas and coal as resource, considering only new
construction projects. Both had a LCOH of 2.4 USD/kg H> 2020. The costs are predicted to
be 2.4 USD/kg H> and 2.5 USD/kg H> for natural gas and coal-based production respectively
in 2050. The levelized costs of natural gas and coal-based production without CCS, thus
meaning a grey hydrogen production, are expected to increase from 1.9 USD/kgH> to

2.9 USD/kgH> for natural gas-based and from 2.5 USD/kgH> to 4.4 USD/kgH> for coal-based
between the years 2020 and 2050, partly based on incentives provided in the Law 2099
(Government of Colombia n.d.a, p. 11). This could mean clear economic incentives for the
development of blue hydrogen in Colombia, and thus great future prospects when comparing
blue hydrogen with grey, at least with a time horizon set to 2050. However, according to the
Government of Colombia, it will take until 2045 for blue hydrogen to be competitive with
grey in, with an annual growth of 5% of carbon dioxide (COz) costs. Infrastructure, locations
and technologies for the CCS must also be developed (Government of Colombia n.d.a, p. 12).
To make blue hydrogen competitive earlier than 2045, using existing infrastructure and
industries could be one way to accomplish that. Blue hydrogen could, furthermore, be
competitive in comparison with grey as early as 2035 if the costs of CCS technologies are
decreased and the price of CO; are increased (Government of Colombia n.d.a, p. 16).

Colombia has good potential when it comes to production of renewable energy through
mainly solar PV energy and wind turbines. This enables possibilities for development of
green hydrogen. Each region in Colombia is associated with different possibilities for
production of renewable energy depending on geographical and meteorological conditions. In
the northernmost regions the LCOH for hydrogen produced through solar photovoltaic energy
is expected to decrease from 4.8 USD/kg H» to 1.7 USD/kg H> between the years 2020 and
2050. In the Pacific region on the west coast of Colombia the LCOH for the same years and
source of energy are expected to decrease from 6.6 USD/kgH> to 2.4 USD/kg H, Meanwhile,
the LCOH for hydrogen produced through wind energy is expected to decrease from

2.2 USD/kg Hz to 1.5 USD/kg H: in the northernmost regions (Government of Colombia
n.d.a, p. 13-14). The capacity factor of green hydrogen in the northernmost regions are used
as a reference when conducting future prospects of the production of low-carbon of hydrogen
in Colombia. Since there is still not significant amount of wind and solar photovoltaic energy
production in place, blue hydrogen will be the most favourable choice in a short term. On a
medium term, blue and green hydrogen is expected to coexist as viable options of low-carbon
hydrogen. From 2040, green hydrogen is expected to the be superior to blue hydrogen in the
matter of competitiveness, with blue even being more competitive than grey. Green hydrogen
is expected to be the option of low-carbon hydrogen production methods that holds the
greatest competitiveness from 2040 and forward (Government of Colombia n.d.a, p. 16).
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3.2.3 Incentives and regulations

To stimulate non-conventional energy sources (NCES) and the green transition in Colombia,
the Law 1715 was passed in 2014. Firstly, the law provides fiscal incentives to boost the
development. Secondly, a fund was created to support the development of Renewable Energy
and Energy efficiency. Thirdly, as a way of stimulating the development of future policies and
regulations, the law created a legal basis for development of renewable energy support
initiatives. The law aims to encourage the integration of alternative energy in the energy mix
of Colombia and to create incentives for private capital investment in the transition and
integrating renewable energy. The law further emphasises the transition from diesel
generation to renewable solutions in rural areas. In terms of the fiscal incentives, four was
provided by the law (Table 4) (IEA 2018).

Table 4. Fiscal incentives provided by Law 1715 (IEA 2018).

Incentive | Meaning

1 Income tax deduction of 50% of investment value for up to 50% of taxable
income for up to 5 years

2 VAT exemption for renewable energy equipment and services

3 Import duty exemption for renewable energy equipment not produced locally

4 Accelerated depreciation of up to 20% per year for renewable energy
investments

In 2021 the Law 2099 was passed. The law established further fiscal framework with
incentives. Blue hydrogen was to be considered as a NCES and green hydrogen was to be
considered a non-conventional renewable energy source (NCRES). Through this definition,
both types of hydrogen could benefit from the Law 1715 and its fiscal framework and
incentives (Government of Colombia n.d.a, p. 9).

3.3 Hydrogen system in Lenguazaque

The hydrogen system in Lenguazaque is the main purpose of this thesis. In the following
sections, a more detailed choice and description of the system will be provided.

3.3.1 Proposed system design

Two options have been considered for the Lenguazaque department to be able to use
hydrogen storage as a backup energy solution for TTs: one for centralised production of
hydrogen and one for local production of hydrogen. The system design proposed for
centralised production of hydrogen is the more simplistic one of them. It consists of a
hydrogen storage tank, a FC and an UPS with a battery included, along with different
management and control systems (Figure 10). The hydrogen tank serves the FC with
hydrogen, which then uses the chemical energy of the hydrogen to produce electricity. The
UPS is connected in series with the FC and will provide power during the start-up time of the
FC. It is later charged by the FC. The UPS makes sure the TT is continuously sustained with
power. Within the UPS there is a battery bank and a power conversion system with a DC and
AC box that loads the TTs equipment in the event of a power failure.
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Figure 10. The proposed system design for centrally produced hydrogen presented as a principle scheme.

The proposed system design for locally produced hydrogen is in many senses similar. All the
components in the design for the centralised hydrogen powered system is needed, as well as
some additional components. First, a RES is needed. In this thesis, Solar PVs be evaluated as
a potential source. Moreover, an electrolyser is used to split water with help from electricity
from the RES. Due to the electrolyser’s need for water in its process, a water supply system of
some kind if therefore also needed. The final component needed is a compressor between the
electrolyser and the hydrogen storage tank to compress the gaseous hydrogen (Figure 11)
(Bodén 2024).

RES > E » C —> HS —> FC ﬁ
; T UPS ——> T
| vs 1
= Objects = Arrows and lines
Hydrogen storage HS Electricity —_—>
Fuel Cell FC Hydrogen —_—>
Management system Renewable energy source Water —>
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Telecommunication tower Compressor System boundaries @~ -------

Figure 11. The proposed system design for locally produced hydrogen presented as a principle scheme.
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3.3.2 Choice of components

Apart from identifying the components needed in the system design, there are numerous types
and configurations of the components that needs to be chosen and considered.

Choice of electrolyser

PEM electrolysers are highly suitable for renewable energy applications because they can
respond quickly and adjust effectively to changes in the electric current. This capability is
important since the power supply from renewable sources like solar can fluctuate due to
varying weather and environmental conditions in Lenguazaque. The main drawback of PEM
electrolysers is their high initial cost. This is because they contain precious metals, which are
expensive materials, making them a larger investment upfront. AE electrolysers are more
cost-effective compared to PEM. They are known for their stable performance over time,
which makes them reliable for steady operations. However, the dynamic response to load
changes of AE electrolyzers is slow, which might be a limitation when used with fluctuating
renewable energy sources. Additionally, their electrodes tend to wear out and corrode more
quickly, which can lead to increased maintenance needs over time. PEM has an efficiency
range of 65-80% and AE has 60-70%. This indicates that PEM electrolysers are more efficient
at converting energy. AE electrolysers use water and a 30% solution of potassium hydroxide
(KOH) as the electrolyte. They also require hydrogen purifiers as part of the production
system because they produce water vapor along with hydrogen, which needs to be purified.
Based on the need for adjustment to the renewable energy sources, the higher efficiency, and
lower maintenance requirements in comparison to AE, PEM is the most suitable option for
Lenguazaque (Jaramillo, Garcia & Echeverri 2024, p. 3).

Choice of fuel cell

For the choice of the FC, there are several aspects to consider. Cost, efficiency and required
maintenance are some of them. The PEM FC hold advantages in for example having a solid-
state membrane. However, the AFC holds advantages such as wider range of working
temperature. The most feasible FC type for the application in Lenguazaque will though be a
PEM FC. The PEM FC can be considered the most feasible choice and is technically mature.
Furthermore, one major advantage is also that PEM FCs can well handle the absence of
continuous work for longer times, without damaging from it. AFCs on the other hand, are in
the need of maintenance and replenishment of different substances, which makes them a less
favourable choice in rural areas and in the case of Lenguazaque. The liquid electrolyte is aged
by the CO; in the air, and it is in the need of regular purification. The PEM FC is in total the
most feasible choice in this study. Moreover, the choice between the two different PEM FCs
should also be considered. The starting time is key in in backup systems. This makes the
LTPEM more favourable over HTPEM when choosing between different PEM FCs, in the
case of Lenguazaque (Bodén 2024).

Choice of hydrogen storage

In commercial use, around 80% of hydrogen storages are of the compressed gas type.
Although liquid hydrogen storage offers a higher energy density, the amount of energy
needed to get the hydrogen into liquidous state is significant (Clulow 2024).

As stated in 1.3.4 Hydrogen storage there are mainly four types of commercially available
storage vessels for small-scale application. For a backup system application, type I and II are
the most suitable regarding cost and storage size. Type III and IV are mainly intended for
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portable solutions like transport application and they do not typically exceed a storage size of
around 20 kg. For the case of Lenguazaque, type I and II are therefore considered the best
option (Clulow 2024), where the latter is typically suggested for stationary application while
the first is typically suggester for industrial application (Vidas, Castro & Pires 2022, p. 4).
The classification of Vidas, Castro and Pires would therefore suggest using a type II vessel in
the case of Lenguazaque. Furthermore, the weight for a storage vessel in a stationary
application might not be considered as big of an issue as in transport sector.

The hydrogen is assumed to be produced from the electrolyser at a pressure around 20 bar.
Furthermore, the pressure in the vessel is assumed to be 300 bar since that is a common
working pressure for Type II vessels (Cheng 2024, p. 271). 1.05 kWh/ will be used for
calculations, since 350 bar being the closest value to 300 bar of the typically used pressures
for energy calculations for isothermal compressions, as presented in /.3.4 Hydrogen storage.

Choice of batteries in UPS

The investment cost for a lead-acid battery for a stationary system has historically been lower
than for Li-ion batteries. However, recent trends shows that li-ion batteries are becoming
more favourable. The shift towards li-ion batteries is due to their lower Levelized Cost of
Energy (LCOE), which means that over the life of the battery, the cost per unit of energy
produced is lower. This advantage is mainly because li-ion batteries can go through more
charge and discharge cycles before they need to be replaced, compared to lead-acid batteries.
Li-ion batteries have also been found to be favourable compared to lead-acid batteries in life-
cycle assessments, which takes into consideration the environmental impact of a product from
the manufacturing to disposal. Lithium batteries are distinguished for their outstanding energy
density, efficiency, lifespan, and high-temperature performance. The efficiency range is
between approximately 74% and 90%. For a long-term efficiency and sustainability, despite
higher initial costs, its recommended to use li-ion battery technology in a backup system
installation (Viole et al. 2023, p. 4).

Choice of uninterrupted power system

A conventional UPS system is commonly used in TT networks. In this backup system, the
UPS is set up between the FC and the TT. The FC is connected to the DC box of the power
conversion system (PCS) in the UPS. To make sure the power from the FC matches what the
UPS needs, a device called voltage converter is used to adjust the FC’s output voltage to the
UPS’s required voltage. When integrating a FC system into an UPS system, it is technically
feasible to utilize the UPS system’s energy storage as a starting unit for the FC. The UPS’s
main function is to quickly supply power to the TT via the battery bank using a transfer
switch in the UPS during outages. A transfer switch moves the power supply from the FC to
the UPS when there is a power outage. Within the UPS there is both a DC and AC box that
supply some of the TT equipment with DC and other with AC load (Trachte & Fumey 2024,
p- 8-9). The li-ion battery bank within the UPS is designed for rapid activation, providing
electricity to the TT for a short period of up to 30 minutes, which covers brief outages that the
battery bank power can handle. In the end of each backup cycle, the FC will charge the li-ion
battery bank to 75-80% of its capacity. It’s important to note that a fully charged battery bank
is not ideal for this setup due to the intermittent use and the impact on the battery’s longevity.
(Bodén 2024).
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Choice of compressor

For compression of hydrogen of high ratio, meaning the ratio between the inlet pressure and
the outlet pressure is high, reciprocating compressors are the most common choice (DOE
n.d.e). Since the inlet pressure and outlet pressure in the system in Lenguazaque is assumed to
be 20 bar and 300 bar respectively, it is furthermore assumed to be considered as a high-
pressure ratio. Hence, a reciprocating is the most reasonable choice for the compressor. For
diaphragm compressors, one kind of reciprocating compressors, a typical efficiency is around
80% to 85%, with an installed capacity between 3 kW and 300 kW (Moore et al. 2022 p.
398). Once again, to avoid overestimations, 80% efficiency will be used in forthcoming
calculations.

As presented in the section /.3.4 Hydrogen storage, the energy needed to compress hydrogen
from 20 bar to 350 bar is 1.05 kWh/kg hydrogen, thus giving the specific energy of
COMPIESSION €comp-

3.3.3 Additional components and systems

Apart from the main components in the system, there are some additional components that are
needed in order for the system to function properly and for safety aspects.

Safety system

To ensure safety, different kind of safety systems is needed. One of the biggest risks with
hydrogen storage systems is leakage, which can be addressed with the introduction of
hydrogen sensors. If they are not included, they must be added. This is especially important if
the hydrogen system is built-in into some kind of encasement (Clulow 2024). Apart from that,
good ventilation is key in order to achieve proper safety (Atlas Copco n.d.).

Containers

Container solutions are common for hydrogen systems. Placing the components in containers
makes them less vulnerable for outside conditions such as weather and wind (Wagberg 2024).
This includes most of the equipment, for example for protecting compressors from
environmental conditions (Atlas Copco n.d.).

For centrally produced hydrogen system, the most convenient solutions would be a two
container-solution. One with the FC and the UPS, and one with the hydrogen storage. In the
second container, a hydrogen storage vessel could be inbuilt (Bodén 2024). For the locally
produced hydrogen system, all components except for the water supply system could be
placed inside containers as well. Container solutions are usual and electrolyser system are
often container-based (Oyarce Barnett 2024).

Water supply system

A water supply system is required for local production of hydrogen, in order to provide water
for the electrolyser. The water supply system will be furthered addressed in Water supply.

3.3.4 Conditions in Lenguazaque

As mentioned in /.1.1 Lenguazaque, the municipality is located at 2,589 m above sea level.
The environmental condition at this altitude needs to be considered factors (7Table 5) to
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account for the reduced air pressure, which affects how well equipment performs. For
example, a diesel generator has a derating factor of 0.75 at 2,589 m above sea level due to the
thinner air, which contains fewer oxygen molecules for combustion. A diesel generator rated
at 2 MW of capacity at sea level would only be able to produce a maximum of 1.5 MW at
2,589 meters above sea level. Similarly, batteries performances degrade at high altitudes due
to the extremely low temperatures and reduced pressure affecting their liquid electrolyte.
Electrolysers and FCs also suffer from the lower availability of oxygen molecules at these
altitudes. The Electrolyser, FC and li-ion battery derating factor at 2,589 m is 0.95

(Viole et.al 2023, p. 4-5).

Table 5. Derating factor at 2500 altitude meters (Viole et al. 2023, p. 5).

System component Derating factor at 2500
Diesel generator 0.75
Electrolyser/Fuel cell/Li-ion battery 0.95

3.3.5 Dimensioning of hydrogen system

To meet the requirement of being able to provide backup power to TTs with a power demand
of 19 kW, the hydrogen backup system must consequently also be dimensioned accordingly.

Another requirement was set, namely that the hydrogen backup system needed to be able to
run for 10% of the year. This would mean that the system is to be designed for an operating
time of 867 hours per year (Eq. 1).

toperating = 24 * 365 % 0.1 = 876 h (Eq. 1)

The system is furthermore required to be able to deliver the power demand continuously for 1
to 3 days. Thus, to fulfil this requirement, the system needs to be dimensioned to meet the
upper range of 3 days or 72 hours. However, the battery in the UPS require to be charged in
order to be able to deliver backup energy during the start-up time for the FC and to deliver
power to the management system. This additional required energy will be assumed to be
achieved by running the FC for 30 extra minutes after each back up cycle of 72 hours, thus
leaving the total length of each cycle to 72.5 hours which will be expressed as t;qp;-

Dimensioning of fuel cell

The FC will be dimensioned in respect with the power demand of 19 kW. According to Bodén
(2024), there is no need for over-dimensioning for safety since there is no clear need for over-
sizing the power with a certain factor or amount of power. In the case of over-dimensioning, it
could fulfil a purpose if the TT is considered mission critical. According to Bodén, the most
reasonable way of over-sizing the FC would then be to add another FC as backup for the
backup system. However, according to Wégberg (2024) over-dimensioning the FC could be
good, and according to Eraso Fraga (2024), over-dimensioning the FC with 20% capacity is
favourable for safety. In order to safeguard continuous delivery, this reasoning of over-
dimension the FC by 20% was adopted, meaning that the capacity is recommended to be
increased from 19 kW to 23 kW (Table 6).

With the use of a LTPEM FC the efficiency is typically between 40% and 60%, as presented
in 1.3.6 Fuel cells. To avoid overestimations, 40% will be used in this thesis (7able 6).
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Dimensioning of hydrogen storage

To be able to deliver the power demand of 19 kW for 72.5 hours continuously, the hydrogen
storage need to be able to deliver the amount of hydrogen needed. The energy content of
hydrogen (33.33 kWh/kg, presented in section /.3.3 Hydrogen Properties) will consequently
be used for calculation. The hydrogen storage capacity needed is expressed in kilograms and
is affected by; 1) the time the FCs are to be powered, 2) the power demand, 3) the energy
content of hydrogen and 4) the efficiency (considering the derating factor of both the FC and
the UPS) (Eq. 2). This is equal to a needed storage size of circa 137 kg (rounded up from
136.29) (Table 6) (Eq. 3).

Prr *teont Prr * teont
M _ — Eq. 2
H2,72.5h ™ e« 8 % nyps * dxey, Trc*Nups* 0% *ey, a2
19 kW * 725 h
My 7250 = =7 ~ 136.29 kg (Eq. 3)

0.4 * 0.84 x 0.952 % 33.33——
kg

Dimensioning of electrolyser

The size of the electrolyser needs to be choose considering the range of the energy input that
the solar PVs can produce in Lenguazaque. PEM-electrolysers flexibility in terms of power
range makes them suitable in applications with renewable energy sources. They can work on a
capacity as low as 5% of its nominal capacity. This range should therefore be considered and
analysed in unison with specific solar data for specific locations in order to find the best
dimensioning (Oyarce Barnett 2024). From a performance point of view, the best
dimensioning would allow the electrolyser to work on a constant power of around 25-50% of
its maximum capacity. By this, the efficiency is the highest and the degradation the lowest.
This would, however, need a larger maximum capacity and is associated with larger
investment costs (Jonsson Lindholm 2024).

Dimensioning of compressor

For compression of the hydrogen, energy from the RES is used to drive the compressor. The
demanded energy to compress 136.29 kg of hydrogen from 20 bar to 350 must be regarded, as
well as the efficiency of the compressor (Table 6).

Dimensioning of UPS/Battery

To meet the backup system's power requirement of 19 kW, a UPS with capacity of 19 kW is
necessary to ensure reliable operation and to meet the power demand (Bodén 2024). The
battery bank will be an integrated part of the UPS. As mentioned in 1.3.9 Uninterrupted
Power Supply, the range of efficiency varies between 84 and 90% for different UPS. The
efficiency that will be used for calculation in the energy balance is the lowest limit of the
range, 84 % (Table 6) (Aamir, Kalwar & Mekhilef 2016, p.1400).

Table 6. Summary dimensioning of the components of the proposed system.

Component Sizes Efficiency
Electrolyser (MW) - 65%
Compressor (kW) - 80%
Hydrogen tank (kg) 137 -
FC (kW) 23 40%
Battery (kW) 19 74%
UPS (kW) 19 84%

34



3.3.6 Maintenance

Maintenance is needed for several of the components in the system. The maintenance is not
only be a cost in terms of equipment, but also in time and transportation — especially in the

case of rural areas such as Lenguazaque. The main maintenance of each component will be
addressed.

Electrolyser

PEM electrolysers do not typically need any extensive maintenance work (Eraso Fraga 2024).
The main maintenance needed is changing water filter (ion exchange resin), which should be
carried out once a year. Doing this type of maintenance work does not really require any
specific training. However, if repairs are needed, experts in electrolysers are needed to do the
work (Oyarce Barnett 2024).

Compressor

The compressors need regular checks for leaks, performance characteristics as well as
inspections for signs of corrosion and embrittlement, among other things (Atlas Copco n.d.).

Other type of necessary maintenance is lubrication of pistons and torquing of screws, which is
recommended to be done every six month (Eraso Fraga 2024).

Hydrogen storage
The hydrogen storage does not require extensive maintenance, but regular checks and controls

are required in order to ensure safety, such as inspection for signs of leaks and corrosion
(Clulow 2024).

Fuel cell

The main maintenance needed for FCs are the air filter that is required to be changed
annually. The air filters are often rather cheap, which makes the man-hours the biggest cost of
the maintenance. Another sensitive part of the FC is the coolant, which may degrade with
time and thus needs to be monitored regularly. Excluding the filters and coolers, the FCs
typically require maintenance after approximately 5000 hours of operations (Bodén 2024),
which would translate to once every five years for the system suggested in this thesis (with an
operating time of 876 h/year).

Urs

While a UPS system generally has a lifespan of at least 13 years before it needs to be
replaced, they do require some maintenance activities during this time. Annual battery testing
and inspections are crucial as the batteries are the core component that provides the energy
during outages, and bi-annual inspection and re-torquing the connections is vital to prevent
heat build-up and leaks that negatively affect the lifespan of the UPS (Prakash 2023, Forde
2019).

3.4 Energy balance modelling

This energy balance is carried out with a full backup cycle of 72.5 hours as a counting base.
The energy flow in the balance is hence the required energy to be deliver to the TT for such
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cycle. The energy balance modelling is illustrated with a principle scheme (Figure 12)
(Figure 13).

3.4.1 Energy balance modelling of local hydrogen production
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Figure 12. Principle scheme of the hydrogen system with local hydrogen production, with values for the energy balance
modelling.

(12) The needed output from the system is calculated to be 1,377.50 kWh for the duration of
the 72.5 h cycle, which would satisfy the power demand of the TT of maximum 19 kW.

(11) The losses in the UPS are calculated to 348.69 kWh, including the derating factor.

(10) The energy, which is now delivered as electricity, makes up a total of 1,726.19 kWh.
(9) The losses in the FC, with an additional derating factor, means a loss of 2,816.42 kWh.
(8) Since there are no losses in the storage, the energy content of the hydrogen after the
storage delivered into the FC is still 4,542.61 kWh

(7) The losses in the hydrogen storage are assumed to be 0 kWh.

(6) The energy content of the high-pressure hydrogen is considered the same as before the
compressor, 4,542.61 kWh.

(5) The losses from the compressor can be divided into two. The first, depending on the
efficiency of the compressor meaning that the power demand is 35.78 kWh greater than the
work that is actually executed. The other loss of 143.11 kWh is the actually executed work
from the compressor, leading to an increase of pressure from around 20 bar to 300 bar. This is
however viewed as a loss since the increased pressure cannot be utilised later in the process
but is only to be able to store the hydrogen more effectively regarding space. The total losses
of the compressor therefor amount to 178.88 kWh.

(4) The power demand of the compressor is depending on the amount of hydrogen and the
increased pressure needed. In this case, the power demand is calculated to 178.88 kWh.

(3) The hydrogen produced in the electrolyser, with an energy content of 4,542.61 kWh, is
delivered to the compressor.

(2) The losses in the electrolyser, with an additional derating factor cause of the altitude,
means a total loss of 2,813.84 kWh per each cycle of 72.5 hours.

(1) Electricity is produced through a RES and distributed to the electrolyser. The demanded
input of energy the electrolyser is 7,356.45 kWh.

Comparing the input energy (1) and the out energy (12) gives a total efficiency of the system.
This efficiency of this systems amounts to 1,377.50/7,356.45 = 18.28%.
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3.4.2 Energy balance modelling of central hydrogen production
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Figure 13. Principle scheme of the hydrogen system with central hydrogen production, with values for the energy balance
modelling.

(7) The needed output from the system is calculated to be 1,377.50 kWh for the duration of
the 72.5 h cycle, which would satisfy the power demand of the TT of maximum 19 kW.

(6) The losses in the UPS are calculated to 348.69 kWh, including the derating factor.

(5) The energy which is delivered as electricity from the FC to the UPS makes up a total of
1,726.19 kWh.

(4) The losses in the FC, with an additional derating factor, means a loss of 2,816.42 kWh.
(3) The energy content of the hydrogen delivered to the FC after the storage is 4,542.61 kWh.
(2) There are no losses in the storage.

(1) The needed energy input to the hydrogen storage is 4,542.61 kWh.

3.5 Central production of hydrogen

Regarding the system relying in centrally produced hydrogen, not only the system and its
components needs to be considered. Also, the energy needed to do the transportation from the
central production to the site, infrastructure, logistics and market of hydrogen in Colombia
needs to be addressed.

3.5.1 Possibilities for centrally produced hydrogen

As presented in Dimensioning of the hydrogen storage the needed mass of hydrogen to ensure
continuous operation of the hydrogen system to approximately 136.29 kg for each operating
cycle. With the requirement of an operating time of 876 hours a year, this would mean a total
amount of 1,646.8 kg of hydrogen needed on a yearly basis (Eq. 4) and the ability to perform
12 full cycles of backup energy delivered of 72.5 hours each year, meaning on average one in
a month (Eq. 5).

_ My, 7250 * Loperating 136.29 * 876 h

Hyyoar = — = 22000~ 1,646.78 ke (Eq. 4)
__ toperating _ 876 h ~
Neycles = teone  72.5h ~ 12 (Eq. 5)
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There are several difficulties with hydrogen storage systems in general and specifically in a
rural Colombian context. One major difficulty with hydrogen systems without any local
production of hydrogen is the transportation of hydrogen to the site. The fragile infrastructure
of many rural Colombian areas has a risk of hinder the transportation. Another issue is the
availability of hydrogen.

The future of hydrogen production in Colombia

There is not any commercially available hydrogen in Colombia today. To develop the
hydrogen commercial market in Colombia there are some crucial things that must be
prioritized. Firstly, the development of a regulatory framework that helps companies that
produce hydrogen in the coming year to have an international standard certification and in
that way open the possibility for exporting hydrogen to other countries (Cantillo Cuello
2024).

For coming years there is also some expectation of research for the possibility of extracting
white hydrogen in Colombia. Other expectation is that the future commercial hydrogen will
be used primarily on the public transport sector. Green Movil has right now a pilot project
with a small hydrogen plant where green hydrogen is produced with an electrolyser and stored
in tanks and will supply the hydrogen driven bus with electricity. The second sector that may
be relevant with commercial hydrogen is fertilizers. The company YARA has a pilot scale
plant with hydrogen production with for green ammonia (Cantillo Cuello 2024).

On the long term there are good conditions for transport and distribution of commercial
hydrogen in the future. Colombia is situated in a key geographic location, serving as a crucial
connection between Central and South America and is integrated into regional transport,
distribution, and trade networks, sharing connections with five neighbouring countries. The
country also has an extensive natural gas pipeline network that spans over 7,500 kilometres.
This network satisfies the national demand (which is about 911 million cubic feet per day)
and has the potential to be adapted for hydrogen transport and distribution; particularly
between areas of production and consumption. Colombia’s positions between the Atlantic and
Pacific Ocean makes it an ideal centre for maritime trade and exports. It has ten port zones,
with the ports in Cartagena on the Caribbean coast and Buenaventura on the pacific coast
being the most significant. These ports are today primarily used for crude oil and gas import
and export but could be upgraded to handle the transport and storage of hydrogen. Retrofitting
existing natural gas infrastructure is the most competitive way to transport large volumes of
hydrogen, costing up to 50% less versus installing new hydrogen pipelines. (Government of
Colombia n.d.a, p. 8).

Given these factors, Colombia has potential to become a vital hub for hydrogen logistics,
capable of supplying hydrogen to neighbouring countries via both sea and land routes. The
expected competitive pricing for low-carbon hydrogen production could boost the export
potential for Colombia and enhance trade for various products connected and affected by the
hydrogen value chain (Government of Colombia 2016, p. 8).

Transportation

With a centralised production of hydrogen, the system relies on the transportation of hydrogen
to the site. The most common fuels in cargo vehicles in Colombia are diesel and gasoline.
Around 51 % of the cargo vehicles in Colombia consumes diesel and 48% use gasoline as fuel
(Government of Colombia n.d.b). The properties of diesel were used to calculate the amount
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of energy needed to transport hydrogen between Bogota and Lenguazaque (100 km). The
average consumption of a diesel cargo vehicle in Bogota is 0.253 L/km and diesel’s energy
amount per litter is 39 MJ/L (UPME 2019, p. 11; Speight 2014, p. 70). The total diesel
consumption for transporting the hydrogen using a cargo vehicle between Bogota and
Lenguazaque is 25.3 liters (Eq. 6), and this is equivalent to 984 MJ (Eq. 7). The cost for the
diesel fuel that is needed (25.3 L) needs to be taken into consideration when calculating the
total cost for the central productions of hydrogen system.

Total diesel consumtion(L) = Fuel ef ficiency (ﬁ) * Distance(km) (Eq. 6)

L
~ 0.253— 100 km ~ 25.30 L
km

M
Energy consumption(M]) = Diesel consumption(L) * Energy density diesel (T]>
~253L+39 (*L) ~ 986.70 MJ (Eq.7)

On the short term, there are challenges with the transportation and distribution to the rural
areas of Colombia. It is estimated that there are about 136,000 kilometres of tertiary roads in
the country. These are typically smaller or less maintained roads that connect local or rural
areas, often not as developed as primary or secondary roads. To illustrate this,

Figure 14, which displays the density of the tertiary road network by municipality, measured
in kilometres of road per square kilometres of area. This map revels that there is a higher
concentration of tertiary roads in the central regions of the country and in certain Caribbean
zone municipalities that are close to major cities. It highlights the uneven distribution and
varying conditions of roads across different regions in the country (Villar & Ramirez 2014, p.
13).
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Figure 14. Municipal-level density (km/m?) of tertiary roads (Villar & Ramirez 2014, p. 13).

For this case study in Lenguazaque, the transport distance between Bogota and Lenguazaque
is about 100 kilometres. The first road in most of the route is road 45A and is 99.67
kilometres long. The second road, to reach the exact location in Lenguazaque, from the main
road is 0.33 km long and is a tertiary type of road without pavement and maintenance (Figure
15). The Google earth map shows that it is a straight road and there will not be any difficulty
transporting hydrogen from Bogota to this location in Lenguazaque (Figure 16). One of the
general transportation problems on tertial roads is due to very tight curves; transport trucks
along the length have great difficulty following the very tight curve. Another common
problem is in times of rain the roads fill with mud which causes the trucks to sink due to the
great weight (Government of Colombia 2016).
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Fire 16. Distance between Bogota and Lenguazaque (Google maps 2024).
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3.6 Local production of hydrogen

The production method of hydrogen changes the system design significantly. What needs to
be added is an electrolyser, a water supply system, and smaller components such as a
compressor to ensure that the hydrogen is properly pressurised before being fed into the tank.
Another addition, which is one of the greatest, is a renewable energy source. This system
model is associated with additional costs, which often needs large electrolysers and
production of hydrogen to be profitable (Bodén 2024).

One main issue with the system for local production of hydrogen is that the idea itself can be
rather inefficient. Electricity is produced from the RES, which is then used to split water into
hydrogen and later used to create electricity in a FC. This detour through hydrogen for the
energy is associated with a lot of losses, which lowers the overall efficiency of the system
(Clulow 2024). However, if the centralised production of hydrogen also uses a RES and an
electrolyser to split the water it becomes rather a geographical question where the losses
occur. In addition to this the costs and risk of transportation needs to be added in the case of
centralised production, which therefore favours a system with local production.

For the compression of hydrogen, each full cycle of 72.5 hours of backup power needs
approximately 143.11 kWh, described as E¢,p,;, based on the specific energy of compression,
€comp » and the amount of hydrogen needed, My, 7,5 (Eq. 7). However, due to the efficiency
of the compressor, the power demand of the compressor if higher than 143.11 kWh. With an
efficiency 7¢omp 0f 80%, which relates to the ratio between utilised power and supplied
power, the demanded power for the compressor is approximately 178.9 kWh, which is

expressed as Ecomp rear (EQ. 8).
kWh

Ecomp = €comp * My,,72.5n = 1.05 "0 *136.29 kg =~ 143.11 kWh (Eq. 7)
. 1.055%" , 136,29 kg

Ecomp,real = Ecompn MH2’72'5h = kg 0.80 ~ 178.88 kWh (Eq. 8)
comp .

3.6.1 Possibilities for locally produced hydrogen

For local production of hydrogen through electrolysis to be feasible, there are several aspects
that need to be considered and requirements that needs to be met.

The time frame of production of hydrogen has a great impact on the needed installed capacity
of RES and the capacity of the electrolyser. For this thesis, the time frame of one month for
production of hydrogen for each backup power cycle will be used. This meaning spreading
out the maximum operating time of 876 hours close to equally over the year. 30 days will be
used as a mean value of number days a month.

Solar data

Through the software Solargis, the amount of energy produce from solar PVs is modelled. A
number of aspects and configurations were considered in the modelling (7able 7).
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Table 7. Configuration of solar PV system

Aspect

Default or optimized value
in Solargis

Value used

Installed capacity?

25 kW

PV module type

c-Si - crystalline silicon
(mono or polycrystalline)

c-Si - crystalline silicon
(mono or polycrystalline)

[97.8% Euro efficiency]

Rate of performance 1.5% 1.5%

degradation first year

Rate of performance 0.4% 0.4%

degradation next years

Geometry of PV modules: 180 ° 180 °

Azimuth

Geometry of PV modules: 9° 9°

Tilt

Relative row spacing 2.5m 2.5m

Inverter type Centralized high-efficiency | Centralized high-efficiency
inverter inverter

[97.8% Euro efficiency]

Transformer type

Standard transformer

Standard transformer

[1% loss] [1% loss]

Monthly soiling losses at PV 3.5% 3.5%
modules

Monthly snow losses at PV 0% 0%
modules

Losses at DC cabling 2% 2%
Losses due to DC mismatch 0.3% 0.3%
Ac cabling losses 0.5% 0.5%
System availability 99.5% 98%°

Through the data modelling in Solargis, an monthly average photovoltaic power output for
every month was obtain (Figure 17). To be able to deliver the required amount on energy in
every month of the year, the month with the lower average power output was selected for
further calculations, namely June (Appendix 1).

2 The energy produced was calculated as kWh per kWp, which makes the installed capacity irrelevant, in

practise.

3 98% roughly corresponds to one week of loss of availability. One week is the guaranteed time ICREA uses for
maintenance to be carried out within for sites they are responsible for, which is therefore used here for loss of

availability (Avril Naranjo, 2024)
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Figure 17. Monhly average photovoltaic output per installed peak kilowatt.

The average power output for June was multiplied by 30 to achieve an average energy output
for the whole month, per installed peak capacity. To be able to calculate the required amount
of peak capacity installed, the calculated June energy capacity per installed peak capacity was
therefore modelled with different peak installed effects and compared to the total energy
required over a 30-day period (Figure 18).
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Produced energy in June per installed peak capacity and required energy output
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Figure 18. Produced energy in June per installed maximum capacity and required energy output.

With an installed peak capacity of 78 kW, the required energy of 7,535.3 kWh can be catered
for. The average production in June amounted to 7,579.5 kWh (Appendix 2), which meant
that the energy demand could be covered by the average production in every month of the
year.

Water supply

One major difficulty with local production of hydrogen is the issue regarding water supply for
the electrolyser. One of the challenges with the water supply is that the purity of the water
needs to be high (Fraga Eraso 2024: Simoes et al. 2021, p. 5). The precise purity required
differs depending on the electrolysers, but in most cases the system requires deionised water.
However, many electrolysers have an inbuild system that deionises the water (Simoes et al.
2021, p. 5). According to Simoes et al. (2021, p. 4-5), 13,5-15 litres of water is needed for
producing a kilogram of hydrogen, when accounting for losses from evaporation and
cleaning. According to the hydrogen demand of the proposed hydrogen system in this thesis,
it would require circa 2044.5 litres of water if the upper limit of the range is used, namely

15 litres/kg hydrogen.

Tap water and groundwater require pumping and transportation before use, as well as
purification processes such as reverse osmosis and chemical adjustments, depending on the
quality. If rainwater is to be used, it must undergo fine screening along with micro- or ultra-
filtration to meet purity standards. Different energy demands are associated with each
purification process and possess practical problems since the quality of the water depends on
the source being used (7able 8) (Simoes et al. 2021, p. 6-7).
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Table 8. Energy demand for different water treatment methods (Simoes et al. 2021, p. 6-7)

Treatment method Energy demand

Fine screening 0,0005-0,0015 kWh/m? water
Ultra-filtration 0,025-0,1 kWh/m? water
Reverse osmosis 3-6 kWh/m? water

There are logistic and infrastructural aspects of the water. For ground water and tap water,
transportation to the site is needed. If the site is not connected to groundwater or tap water
infrastructure, is required to be established.

It is possible to collect rainwater to supply the electrolyser (Bodén 2024). However, because
of rainwaters intermittent nature of reaching the surface of the earth, large storages are
necessary to ensure water supply throughout dryer periods (Simoes et al. 2021, p. 4). The
weather conditions in Lenguazaque have historically meant a peak of rain in October, with an
average accumulated amount of rainfall throughout the whole month of 7.8 inches (around
19.8 centimetres). The driest month, January, has an average accumulated amount of rain of
1.7 inches (around 4.3 centimetres) (Weather Spark n.d.). To obtain the required amount of
2044.5 litres, a rainwater collector with a size of circa 10.3 m? and 47.3 m? is needed for
October and January respectively.

3.7 Cost estimation

The total cost of ownership of an asset includes both its purchase cost and the operational
costs across its lifespan. When estimating costs, the focus will be on reporting purchase costs
for the respective components. The cost estimation for the solar PV is an average cost of a
solar PV panel (Table 9) (Ogletree, Cellucci & Akinwonmi 2024). The range of the
minimum-, most likely- and maximum cost in $/kW for the main components are estimated
by Bhattacharyya et al. (2024, p. 7) (Table 10), as well as the minimum-, most likely- and
maximum life span range (Table 11).

Table 9. Costs estimation for the RES components and their respectively lifespan (Ogletree, Cellucci & Akinwonmi 2024).

Component Minimum cost Most likely Maximum Proposed system
cost cost
Solar PV 2,400 ($/kW) 3,000 ($/kW) | 3,600 ($/kW) -
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Table 10. Cost estimation for the key system components (Bhattacharyya, R. et al. 2024, p. 7).

Component Minimum Most likely cost Maximum Proposed
cost cost system

PEM Electrolyser | 1,500 1,800 ($/kW) 2,500 ($/kW) -
($/kW)

Compressor - - - -

Storage tanks 350 ($/kg) 425 ($/kg) 700 ($/kg) 58,225 (%)

PEM FC 1,000 2,000 ($/kW) 3,000 ($/kW) | 46,000 ($)
($/kW)

UPS - - - -

Li-ion battery 330 ($/kW) | 402 ($/kW) 500 ($/kW) 7,638 (%)

Table 11. Life span range of the key system components (Bhattacharyya, R. et al. 2024, p. 7).

Component Minimum lifespan Most likely Maximum
(yrs.) lifespan (yrs.) lifespan (yrs.)

PEM Electrolyser 5 7 10
Compressor - - -

Storage tanks 10 15 25

PEM FC 5 7 10

UPS - - -

Li-ion battery 5 7 13

Solar PV 15 20 25

3.8 Emission calculations

Today, diesel generator systems are used in wide extent as backup power solutions for TTs
(Garcia 2024). Using the same capacity of a diesel generator as the FC in this thesis proposed
hydrogen system, 23 kW, would mean a fuel consumption between 6.9 litres per hour and

8.0 litres per hour, based on several suppliers’ specifications (Absolut generators, n.d.;
Southwest Products, 2019; Maesco, n.d.). Based on those numbers, the total amount of diesel
needed to supply the TT continuously for 72.5 hours would mean a fuel consumption between
500.25 and 580 litres. Using the United States Environmental Protection Agency’s reference
of 10.180 kg of CO» emitted per gallon of diesel (EPA 2024), gives a total of emissions
between approximately 1,350.6 kilograms of CO and 1,549.9 kilograms of COs.

3.9 Summary

In summary, the result of this thesis concludes in two proposed system designs. In the case of
centralised hydrogen, the proposed system design consists of a hydrogen storage, a FC, an
UPS, and a management system. In the case of locally produced hydrogen the system will, in
addition to the components of the previously mentioned system, also contain a RES, an
electrolyser, a compressor and a water supply system. For both systems, containers will be
used to place the components and safety systems must be added.
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The FC will have a size corresponding to a maximum capacity if 23 kW and the UPS will
have a size corresponding to a maximum capacity of 19 kW. The hydrogen storage requires a
storage capacity of 137 kg.

The total efficiency of the system for locally produced hydrogen amounts to around 18.28%,
as calculated in section 3.4 Energy balance modelling, regarding the delivered energy from
the RES and the delivered energy to the TT.
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4 Discussion

To analyse the results of this thesis, the following sections will provide a discussion of
previously addressed topics.

4.1 Method analysis

The method of attack used in this thesis is somewhat similar to studies in the same area. A
literature review is often used to gain knowledge and data, as in this. Furthermore, some kind
of modelling is also often carried out. And even though the exact modelling method used in
this thesis is not encountered in other studies, is shows the importance of analysing data
methodically. Unlike other studies, this thesis used interview review as an additional
approach. This can however be motivated with that it can offer a deeper understanding in a
particular subject and provide understanding for the local context, when carrying out
interview in Colombia. The field study could also offer an understanding for the local context
and a clearer view of conditions.

4.2 Regulations and incentives

The incentives provided by the Law 1715 which through the Law 2099 included hydrogen,
has a good potential in driving the development of renewable energy solutions and hydrogen
projects. The incentives provided by the laws are estimated to decrease the LCOH for blue
and green hydrogen, which is positive for the development of hydrogen in the country. But
the fact that blue hydrogen will not be competitive with grey until 2045 or somewhat earlier,
creates long time horizons and threatens to reduce the willingness by private stakeholders to
invest. The case is quite similar regarding green hydrogen. Despite the fact that green
hydrogen is estimated to be the most competitive from 2040, it is a long time in times where
sustainable solutions and reduced emissions are urgent.

Even though the laws offer incentives that in a long term will favour low-carbon hydrogen,
the fact remains that there is no commercially available hydrogen in Colombia at this date.
Neither green, blue or any other type. This can be seen as one of the most hindering aspects of
establishing hydrogen backup system in the near future since it excludes the opportunity of
central production of hydrogen.

Developing regulatory framework could open up the possibilities for having standard
certification which furthermore could open up export of hydrogen and international
collaboration. This could be essential for companies with the willingness to produce
hydrogen.

4.3 The system and its components

One fundamental consideration regarding the sizing of the system and its components is the
yearly operational time and the operating time per cycle. Power failures are unpredictable,
therein lies part of its difficulty. To be able to ensure robustness in the reliability of the
system, the maximum operation time per year is used for calculations. But because of the
unpredictability of power failures and the lack of for such occurring’s, it is hard to evaluate
the reasonableness in using the maximum operational time for dimensioning the system.
Furthermore, using the upper range of 3 days for continuous backup power is the only way to
ensure the requirement is fulfilled. But the operation time frame for each cycle has a
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significant impact on the size of the system. Covering only up to 1 or 2 days would mean a
noticeable change in the needed storage size, for example. What must also be considered is
that in the calculations it is assumed that every single power failure lasts exactly 72 hours. A
shorter power failure would mean less consumed hydrogen. This would be lowering the costs
in terms of need for hydrogen transported to the site with central hydrogen production and
less amount of hydrogen produced in with local hydrogen production.

The lack of consensus around the oversizing of the FC creates a lack of vigour of the design.
The divided opinion among experts suggests that there are multiple optional ways to carry out
the design and the dimensioning of the component in question. Although this might also
suggest that several designs could be fully functioning, it is hard to conclude however the
dimensioning of the proposed system in fact is the optimal in the case of Lenguazaque.

The system design could be differently executed, which could change several parameters such
as the amount of components and the impact on the total purchase cost. Firstly, whether there
is a UPS with built-in battery corresponding to the power of the required by the TT and the
needed power to start up the FC. Otherwise, an additional battery would be needed to act as
the supplying power source to the UPS and the FC in case of power failure. It was also
highlighted by several expert that the UPS and battery would have different system function
depending on whether it is connected in series or in parallel to the FC and the TT. The
majority of the experts interviewed considered that a UPS with an integrated battery should be
sufficient for these systems aim. They also indicated that it is optimal to have it connected in
series to the FC and the TT. Additional components that need to be considered when
dimensioning the systems are cooling-, auxiliary and management system. This will of course
affect the energy balance due to the energy losses in the respectively additional components.

When it comes to management systems, it is technically possible to have the same
management system for the whole backup system. But there is no such system on the market.
But it is a crucial additional component as monitoring of the system is very important, for
example to keep a good state of health of the backup system components (Oyarce Barnett
2024).

A clear advantage with the purposed hydrogen backup system in comparation to the diesel
generator, that is the established backup solution for a TTs in Colombia, is that the derating
factor at Lenguazaques altitude is much higher for the hydrogen system than for the diesel
generator.

Since transport to the site are often complicated since there are many TTs in rural areas and
they are often located in inaccessible terrain, the required maintenance is essential for
possibilities for backup system. For the components covered, there are many that do not
require vast maintenance. However, for the system in total it is necessary with visits every six
month in the case of local production of hydrogen, due to the compressor. Although this is
recommendations and should be further investigated for every particular case. For central
production of hydrogen, the FC is the limiting factor with rewired maintenance once a year. In
addition to this, the hydrogen storage should also be cared for. Even though no regular
maintenance is required, it is recommended to check the storage frequently.

There are several estimations limiting the accuracy and furthermore the reliability in this

thesis. Firstly, some estimations were made regarding the efficiency among the components.
The efficiencies were often stated as a range in literature, resulting in an uncertainty. To avoid
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overestimating the performance of a component, which could result in an under dimensioning
of the system, the lower limits of all efficiency ranges were used in calculations, consistent
throughout the whole thesis. This might however have resulted in an under estimation of the
system, with storage capacities and required installed RES larger than necessary. For a more
precise dimensioning, specific models of components should be investigated among suppliers,
to retrieve more precise data. Secondly, one of the most fundamental parts of the
dimensioning namely the power demand for the TTs lacks confirmation for a Colombian
context. The data used for calculations in this thesis are from the United Kingdom. Even
though it is reasonable to assume that TTs have about the same energy demand in the two
countries, the lack of data for TTs in Colombia is limiting. Thirdly, there is an inconsistence
in the configuration of the hydrogen storage. The value used for required energy to compress
hydrogen is used for pressures between 20 bar and 350 bar. At the same time, the proposed
storage vessel of type II only allows storage at a maximum pressure around 300 bar. Without
precise data for 300 bar, 350 bar was used as an estimation. This is yet another overestimation
in terms of energy demand, which further causes risk of over dimensioning the system. And
even though it does not jeopardise the reliability of the functionality of the system, an over
dimensioning may lead to unnecessary additional costs.

4.4 Sustainability analysis

Analysing the sustainability of the proposed system should be done with regard to the three
pillars of sustainability: Environmental, social and economic.

The fact that the only by-product of the operation of a FC is water, and thus no GHG is
emitted, is one of the clear advantages of using FCs, in comparison with fossil-based solutions
from an environmental perspective. Furthermore, with solar PVs as RES, the whole hydrogen
system will be emission free during operation.

Comparing this thesis proposed hydrogen system with current backup solution consisting of
diesel generator systems, one could easily ascertain that in terms of emissions during
operation, there are clear proof of the hydrogen system to be more sustainable from an
environmental perspective. As stated in 3.8 Emission calculations, the CO; emissions from a
diesel system would be estimated to between approximately 1,350.6 kilograms of CO> and
1,549.9 kilograms of CO» for one full backup cycle. With 12 cycles a year, that would mean
emissions of CO2 between around 1.6 tons and 1.9 tons annually. This numbers could be
compared with EPAs estimations of emissions from a typical passenger vehicle, which
amounts to circa 4.6 tons CO» annually (2023b). The system would therefore not even
compare with one fossil-based passenger vehicle run over a year; the emissions would be less
than half of that. And that is when counting on the maximum capacity of the backup system
on an annual basis. Hence, one could argue that the motivation of implementing one of these
hydrogen systems would or should not be exclusively based on the emission. [CREA has on
the other hand the intention to cover 300 to 500 TTs throughout Colombia with the hydrogen
systems within the next 10 years, which could mean a substantial reduction of emissions. In
addition to this, an implementation could also be motivated with that this implementation
would reduce the dependence on fossil fuels, which is crucial in the green transition, even
though the reduction of emissions in this single case are not enormous.

Regarding the social perspective, there are some aspects that needs to be considered. The

safety aspect is one of them. The risk of explosions from a hydrogen system may put
maintenance staff at risk. This is something that needs to be carefully considered and safety
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routines needs to be followed closely. On the other hand, there are risks with handling diesel
systems as well, for example with toxic emissions. The toxic emissions may cause health
issues, especially if people are exposed for a long time. The emission-free hydrogen systems
are not related to the same possible problems. But the social aspects are not only connected to
safety and health. The introduction of new technology is highly dependent of societal
acceptance. This emphasises the importance of information and education about the
technique, for example, and highlighting why the implementation of hydrogen systems is
done and the benefits from it.

Lastly, the economic perspective is complex when introducing a new technology. Hydrogen
systems are expensive, especially the proposed systems with locally produced hydrogen. High
investment costs make the hydrogen based systems less economically sustainable in a short
term than the now existing diesel ones. Depending on fuel cost, required maintenance and
other factors, it can however be more economically sustainable on a longer term. Producing
the hydrogen locally could furthermore reduce the dependence of buying any fuel, which is
related to price changes and geopolitical aspects, especially in the case of diesel.

4.5 Transport

One thing that cannot be left undiscussed is the issue of transporting the hydrogen to the
actual TT. Even though the transport near the TT is through roads, many of the TTs are placed
at top of mountains without existing infrastructure. This enlarges the complexity of
distribution of hydrogen to the site in case of centralised production of hydrogen.
Furthermore, this issue is something that cannot be neglected thus it makes up a fundamental
part of the logistics and enables the implementation of a hydrogen system in a typical case, or
inhibits, in case it is not being resolved. In a larger perspective in the case if further
implementation of hydrogens systems in several locations, this is a matter that needs to be
addressed individually for each site since the conditions and infrastructure may vary.

With that said, the issue of transporting fuel to the site is not just a hydrogen related problem.
If diesel generator systems are used as backup solution, the diesel requires transport as well.

Locally produced hydrogen near a TT means significantly fewer trips to the plant. However,
the need to visit the plant regularly for maintenance work as mentioned in 4.3 The system and
its components cannot be completely avoided.

4.6 Energy balance

The energy balance offers an understanding for the energy flow in the system. What can be
noted is that the efficiency of electrolyser and the FC has a great impact on the energy
demand. Hence, different efficiencies could affect the outcome of the energy balance greatly.

One assumption that should be addressed is that there are no losses in the storage
consequently means an assumption of no leaks in the system. The occurring of leakage is
difficult but evaluate. The assumption of no leakage is made based on is based on the overall
conclusion that hydrogen tanks are generally very safe.

The water supply and the management system are left out of the energy balance, which was
addressed in the limitations for this thesis. The water supply system might require pumping,
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which therefore also requires energy. The management system furthermore also consumes
energy. For a more comprehensive approach, these components should have been considered.

4.7 Central production of hydrogen

As mentioned in The future of hvdrogen production in Colombia there is no commercially
available hydrogen in Colombia, so initially hydrogen will be needed to be imported. The lack
of commercially available hydrogen is a strongly limiting factor for centralised production of
hydrogen. However, since the amount needed is not that big, it opens for collaborations and
different small-scale solutions with the companies that has small-scale hydrogen production
for their own use. With an increased production of green or blue hydrogen in Colombia, the
possibilities for a solution with centralised production would benefit and decreasing the
limiting factors notably.

4.8 Local production of hydrogen

According to the solar data modelling, local production of hydrogen is possible from an
energy point of view by installing solar PVs with a total maximum effect of 78 kW. Through
this, the energy demand for production of 136.29 kg of hydrogen over a period of 30 days
could be accounted for. However, what furthermore needs to be considered, is the ranges the
electrolyser and compressor can work within. Only the produced amount of energy does not
necessarily fulfil the power demand if the produced power is not within a range which can be
catered for in the electrolyser and the compressor. Power ranges that do not cover the power
momentary power supply from the RES will subsequently require larger installed capacity.
The fact that the power range is not considered is limiting in terms of reliability. However, for
the power range to be taken into account, more detailed data over longer terms is required. Is
it possible to achieve broader assumptions through average hourly data of a month, yet more
specific data needs to be analysed in order to evaluate what different components power
ranges in combination with different production capacities would lead to in terms of energy.

The configuration of the solar PV system in carried out mainly based on optimised or default
values on Solargis, with only a few exceptions. The values were chosen based on the
conditions in Lengazaque — other configurations might be required in other locations.
Furthermore, different configurations can lead to different power outputs from the RES,
leading to different required installed capacities.

The required installed maximum capacity of 78 kW through the modelling in Solargis would
mean that an area of 505 m?. This area could be compared to a penalty area of a football field
which amounts to around 665 m?. Even though this in terms of solar PV farms might not to be
considered as a significantly large area, the geographical circumstances for TTs might not
provide suitable areas of such size nearby. As mentioned previously, TTs ate often located at
peak of mountains for better range, which means that there are high demands on the terrain
nearby the TT to ensure required area for installation. What could be further investigated is
the possibility of arranging the solar PVs in another way than ground based fixed-mounted.
For example, a solution where solar PVs are put on the TT could be analysed.

The focus on solar PVs leaves out other potential RESs. When including other sources, such
as wind turbines that also can be applied in rural areas, solar PVs can either be replaced or
supplemented. Wind turbines could for example decrease the required area for solar PVs, and
the RES could be chosen depending on weather data and geographical and physical
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conditions. Introducing another resource additionally makes the power generation more
diverse. Since the sun is not always shining at the same time as the wind is blowing, and vice
versa, the sources could complete each other. This complementary power generation approach
must however be analysed and reviewed with more detailed weather data when dimensioning
the system and the components to ensure that the power demand could be reached in the
required time frame.

The high investment costs for small electrolysers in comparison to bigger, is limiting the
solution with local production of hydrogen. Because of this the solution is not scalable in the
same way as the solution with centralised production. The high investment costs for the
components in the system with local production makes it probable to become much more
expensive when scaling the solution to the intended 300-500 sites. A centralised production
would require much less investment for the electrolyser.

The conditions for water supply needs to be further investigated for locally produced
hydrogen. Even though rainwater is a potential source for water supply, it is highly dependent
on local weather conditions. To ensure water supply, either large water tanks or alternative
water supply needs to be implemented, such as tap water or ground water distributed to the
sight. Another solution could also be to use the water produced in the FC. By recovering the
water vapor and closing the loop of water, the water could be used in the electrolyser. Since
water is needed in the electrolyser and it is also a byproduct in the FC process, it could be a
convenient, efficient and circular method. The possibilities do however need further
investigation.

What must be analysed with the system is also the robustness. It is indeed intended to be a
backup system, which therefore must be reliable in case of a power failure. It is the
fundamental part of a backup system. With local production of hydrogen through a RES, the
system is highly dependent on weather conditions. To be able to ensure reliability throughout
the year, regardless of weather condition, the needed amount of RESs could be immense and
not practically feasible. Therefore, the core purpose of a reliable and robust system could be
difficult to achieve with locally produced hydrogen.

4.9 Cost estimation

The cost estimation made for the components of the system included only purchase cost. For a
more accurate estimate of the total cost, maintenance work costs also need to be included. The
cost for maintenance is hard to calculate due to the broad manhour’s salary range in different
regions of the country. The maximum cost (3000 $/kW) estimated in Table 10. for the FC is
comparable to the costs estimated in the scientific paper by Samson et al (2023, p.4) for a FC
(4000 $/kW). The minimum investment cost (350 $/kW) for the storage tanks in Table 10. is
also comparable with the storage tanks costs (387 $/kW) that Samson et al (2023, p.4)
estimated. However, the cost for the electrolyser estimated by Samson et al. (337 $/kW) is
much lower than the minimum cost estimated in Table 10. The electrolyser investment cost
range presented in Table 10 is comparable to the investment costs for a I MW electrolyser
that Oyarce Barnett, A., Chief Technology Officer and Co-founder at Hystar mentioned in the
interview that was made (2024). It can also be concluded that the investment cost of larger
electrolysers, such as 5 MW (1090 $) and for a 100 MW (7608%) has lower investment cost
than for a 1 MW that is needed for this backup system (Oyarce Barnett 2024).
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The price for the UPS was not possible to estimate because of one missing specification. The
size of the UPS for this backup system is known to be 19 kW, but the power factor is still
unknown. Depending on the systems power factor it is possible to convert the size of the UPS
from kVA to kW. Majority of the UPS manufactures express the size in kVA/kW and for this
reason the systems power factor is crucial in order to convert from kVA to kW. Then it is just
a matter of finding a UPS that corresponds to the power factor and the required power output
and as the various manufactures for the price.

The investments cost for the proposed compressor and electrolyser is also still unknown due
to the correlation to the size of the compressor and electrolyser that has not been possible to
define in this study. Additional components as cooling-, auxiliary- and management system
needs also to be considered when estimating the total cost for the backup system.
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5 Conclusions

In conclusion, this thesis theorises two different systems design, depending on how the
hydrogen is produced. For central production of hydrogen, the system consists of a hydrogen
storage (137 kg capacity), a FC (23 kW), an UPS (19 kW), along with a management system
and safety systems. This system requires transport of hydrogen to the site, which in many
rural areas are difficult. This solution is furthermore in many senses alike the now existing
diesel-based backup systems, with zero emission at operation as difference. The other
proposed system design consists of a RES (78 kW peak capacity for solar PV), an
electrolyser, a compressor, and a water supply system, in addition to the components also
used in the system for centralised production. The environmental performance of a hydrogen
system during operation is holds clear advantages over diesel systems; the hydrogen system is
emission free during operation while a diesel generator system operating in 12 cycles of 72.5
hours every year could emit up to 1.9 tons of CO annually. The environmental advantage is
not to be considered as remarkable for one single hydrogen system, but a large-scale
implementation could however lead to significant emission reductions.

The technique for both system designs is in place. For the central production of hydrogen, it is
rather a question of economics and the availability of hydrogen. There is currently no
available centrally produced hydrogen in Colombia, which is hindering the development. For
local production of hydrogen, the investment costs can be seen as the biggest challenge. The
cost is an even bigger obstacle when it comes to scaling the project. The system with locally
produced hydrogen is estimated to require less visits to the site since transport of hydrogen is
needed around 12 times a year with centralised production. However, the system with local
production of hydrogen requires more visits for maintenance purpose and can be regarded as a
more complex and fragile system with more components and components depending on
external factors such as sun and rain. As mentioned earlier the system with locally produce
hydrogen need maintenance twice a year and for the system with centrally produced once a
year.

6 Future work

For a precise cost estimation for the system in whole, the costs of some additional
components need to be investigated, such as compressor and UPS. Cost for maintenance also
needs to be further addressed.

Furthermore, more precise weather data needs to be retrieved and analysed to evaluate the
conditions for local production of hydrogen. Although average hourly solar data for every
month can be a good indicator, historical weather data need to be analysed more in depth. In
addition to this, wind data must be analysed in order to map out the potential of wind energy
as RES and the combination of solar and wind energy.

The energy consumption for the water supply system and the management system is required
in order to get a more comprehensive picture of energy flows in the system.

While using hydrogen is a novel approach to store electrically produced energy, there are
components available to theoretically realise the system. Cost is still a big factor when
considering these emission-free solutions and so is the availability of hydrogen in Colombia.
However, as the components becomes more robust, standardised and cheaper, rural areas that
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are today considered difficult to manage logistically could favour of sustainable solutions like
the proposed hydrogen system.
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ly month. Modelled through solar data for Lenguazaque in Solgargis, with

configurations presented in 3.6.1.1 Solar data.

Photovoltaic power output generated per installed peak kilowatt. Average value of each hour
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