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Abstract

The object of this thesis is to conduct a comprsiverstudy on the design of a green hydrogen stg§io
in Algeria. This study will cover the theoreticahdkground of the hydrogen energy source, [ghe
identification of functional requirements and teickh feasibility, the station design and a scalafle
maintenance plan using the latest artificial injelhce technologies.

The study focuses on the significant potential ydrbgen in the global energy transition, its raie
achieving carbon neutrality and Algeria's strateégythe field of renewable energies. The study ggso
assesses the production, storage, distributiorfiance applications of hydrogen, providing an intggd
maintenance plan based on Al technologies to erbarstation's sustainable and efficient operafitis
study presents a realistic model of a hydrogemostatdapted to Algerian conditions, establishingsita

valuable resource for researchers and decision+#sakéhis promising field.

Keywords:

Green hydrogen, Hydrogen station, Renewable en&ajgr power, Wind energy, Electrolysis, Alkaliife
electrolyser, Hydrogen storage, Hydrogen distriditi Functional analysis, FAST diagram, SAL



method, 3D design, SolidWorks, Smart maintenanadifiédal intelligence, Predictive maintenanc

Energy transition, Algeria
Résumeé

L'objectif de cette thése est de mener une étuldaustive sur la conception d'une station d'hydred
vert en Algérie. Cette étude couvrira le cadre tigge de la source d'énergie hydrogene, l'ideatiic
des exigences fonctionnelles et de la faisabitghique, la conception de la station et un pla

maintenance évolutif utilisant les derniéres tedbgies d'intelligence artificielle.

L'étude se concentre sur le potentiel signifiatif'hydrogéne dans la transition énergétique nabed
son role dans l'atteinte de la neutralité carbdrla stratégie de I'Algérie dans le domaine desgies
renouvelables. L'étude évalue également la praoluctie stockage, la distribution et les futulg
applications de I'nydrogéne, fournissant un plamdatenance intégré basé sur les technologie poilA
assurer le fonctionnement durable et efficace daaaon. Cette étude présente un modéle réaliste (
station d'’hydrogene adaptée aux conditions algéegrs'établissant comme une ressource précieuss

les chercheurs et les décideurs dans ce domaineefisur.

Mots clés :

Hydrogéne vert, Station d'hydrogéne, Energie realaiie, Energie solaire, Energie éolienne, Elegse|

Electrolyseur alcalin, Stockage d'hydrogéne, Distibn d'hydrogéne, Analyse fonctionnelle, Diagraen
FAST, Méthode SADT, Conception 3D, SolidWorks, Mamance intelligente, Intelligence atrtificiell

Maintenance prédictive, Transition énergétique el
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General Introduction

In light of escalating global energy crises, gragvenvironmental concerns related to climate cha
and emerging international trends toward decarladioz, hydrogen has become a central eleme
future solutions as a clean and flexible energy@auGreen hydrogen, produced from renewable ssu
is considered one of the key pillars of the globaérgy transition. Algeria, endowed with signifita
renewable energy potential, holds promising prospiecbecome a major player in hydrogen produc

and distribution.

This thesis is divided into five interconnected mufleas that cover the theoretical, technical, :

functional aspects related to the design and maamiee of a green hydrogen station in Algeria.

Chapter One provides a comprehensive overview dfdgen as an energy source, starting wit
historical background and its physical and chempraberties, leading to its role in achieving carl
neutrality. It also addresses global policies sugppg hydrogen, the different types of hydrogentmoes
of production, storage, and transportation, in @oldito future applications. The chapter concludéh a

review of hydrogen refuelling stations around treldsand Algeria’s vision in this field.

Chapter Two focuses on defining the functional nesments of a future hydrogen station in Alge
by presenting the strategic context and projeaaihjes, then clarifying technical and aesthetifions.
This chapter employs functional analysis tools sashthe “Béte a Cornes”, “Pieuvre,” “FAST,” a

“SADT” diagrams to identify system interactionsgu&rements, and constraints.

Chapter Three presents a technical feasibilityystundluding demand analysis, optimal site seletti
and production calculations under various operatigeenarios. It also outlines the renewable eng
technologies to be used, such as solar panels exadturbines, in addition to other technical comgiais
like electrolysers, compressors, coolers, and dsgrs. The chapter also covers the station's atiegr
with the electrical grid and environmental consadiens.

Chapter Four addresses the design of the statiunhws expected to translate technical and funetiic
requirements into an actual design layout, takingp iaccount the distribution and integration

components.

Chapter Five explores maintenance in the era dficaat intelligence, analysing the shift fro
traditional maintenance practices to predictive nteaiance powered by Al, robotic inspection, 4§
generative Al support for technicians. It also pdes a detailed maintenance plan for each majtipst:

component, such as solar panels, wind turbineteres, electrolysers, compressors, and dispensers




This thesis offers a comprehensive and multi-diroerad vision for establishing a green hydrog(gn
station in Algeria, grounded in rigorous scientgignciples, integrated engineering analysis, aodemn
technologies that support sustainability



Chapter 01: Hydrogen as a Source of Energy

Chapter 01.

Hydrogen as a Source of Energy



Chapter 01: Hydrogen as a Source of Energy

1. Introduction :

Amidst the environmental and economic challengemépthe world today, hydrogen emerges as
of the most promising solutions for transitionirggdustainable, emission-free energy systems. Wit
unique properties and ability to integrate withewable energy sources, hydrogen plays a pivotalino
strategies to reduce carbon emissions and enhaecgyesecurity. This chapter explores hydrogens
as an energy source by delving into its histonioats, its potential in achieving carbon neutralétgd the
global policies supporting its adoption. It als@ednes hydrogen’s physical and chemical properiigs
types and production methods, as well as the cigdle associated with its storage and transporta
Additionally, the chapter discusses hydrogen’s idigeapplications in the energy sector, focusinghe!
design of hydrogen stations and their implementat@nditions particularly in the Algerian contextjich
seeks to localize this technology as part of itbiious vision for clean energy. This chapter pded a
comprehensive framework for understanding hydraggen strategic energy resource for the present

future.

2. Historical Overview of Hydrogen Utilization :

Hydrogen was first identified by the British scishtHenry Cavendish in 1766 when he reacted 3
with hydrochloric acid and later demonstrated tihatould produce water. In 1783, French physi
Jacques Charles made the first hydrogen balloghtfliThe name "hydrogen™ was given by Anto
Lavoisier in 1788. In 1800, two English scientidiscovered that an electric current could splitevatto
hydrogen and oxygen by electrolysis. This led tosTian Schoenbein's discovery of the fuel cekeffin
1839, which was further demonstrated by Sir Willi@move in 1845. [1]

In the 1920s, Rudolf Erren converted engines toamydrogen, while J B S Haldane proposed
idea of renewable hydrogen. The Hindenburg disast@é®37 highlighted the dangers of hydrogen.
1958, NASA was founded, using liquid hydrogen focket propulsion. The following year, Francis

Bacon created a practical hydrogen fuel cell togrovarious applications, including space missiftis.

In the 1970s, the concept of a hydrogen economgegatraction, especially after the OPEC
embargo. The National Hydrogen Association was &atrnm 1989, and the first solar-powered hydrog
plant became operational in 1990. The followingrgesaw the development of various fuel cell velsig

and significant government support for hydrogeraesh. [1]

By the early 2000s, leading automotive companiesevellaborating on hydrogen technologig
Notable initiatives included a $1.2 billion hydrogtiel initiative announced by President Bush i02(
and the creation of the International Partnersbiptiie Hydrogen Economy. Hydrogen's journey
included milestones in research, technology andjtiest for a sustainable energy future. [1]
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3. Hydrogen'’s Potential in Achieving Carbon Neutrality :

The worsening climate change emphasizes the vérgatiworldwide need of reducing greenhouge
gases, especially carbon dioxide (C@roduced by uncontrolled use of fossil fuels aedorestation.
Increasing world temperatures (°C) have worsenécee weather events, disturbed ecosystems,fiand
endangered human existence, agriculture, coastalszevater resources, public health, biodiversityl
economic stability by accelerating the hydrologmatle. The 2015 Paris Agreement calls for a faahge

in direction toward renewable and low-carbon enesggtems to reduce the negative effects on|ghe
environment. With versatility across industriesiirttransportation and manufacturing to power gerera
hydrogen provides excellent energy density, clesnbristion (generating just water vapor), and tloeee
becomes a vital energy vector in this transfornmati®enewable sourced hydrogen is absolutely essqpti
since it supports carbon neutrality objectives,rioves energy storage, grid resilience, and decaraton

in difficult-to-abate sectors, thereby placingstthe foundation of sustainable energy policiek. [2

4. Global Policies and Initiatives Promoting HydrogenAdoption :

Many countries, including 25 nations and the Euamp@ommission, are developing policies to supyjprt
hydrogen development. Australia's goals includeftiabi from grey to green hydrogen, reduciiiig
production costs to below $2 per kilogram, and b@og a major player in global trade by 2030. Bragil
aims to strengthen its hydrogen market while faogigin low-carbon goals and international technol{igy
cooperation. The European Union is seeking to rediegpendence on Russian fossil fuels by divergfygn

energy sources and building green hydrogen elgsiat. 3]

Germany is working to develop its hydrogen techgglmarket, improve distribution and transpgt
systems, and increase international cooperatigmani@s developing a market for hydrogen-poweffed
electric vehicles and aims to reduce the costu hiydrogen and electrolysis systems. The USgetiag
net-zero emissions, cost reduction for fuel cedtegns and electrolysers, and job creation withifogmt

revenue generation. [3]

Countries are moving from grey to green hydrogeath ¥ustralia, Brazil and China leading the way.
China is investing in electrolyser research, wiiidgan is developing low-emission hydrogen impjprt
channels and promoting fuel cell vehicles. The YSvorking to reduce costs and overcome ex|ort

challenges, and the EU is increasing green hydrtmanhieve energy independence from Russia. [3

5. Physical and Chemical Properties of Hydrogen :

Hydrogen makes up 75% of the visible matter insstard galaxies, making it the most abundgnt
element in the Universe. It has a simple structuitl a nucleus containing a proton and an electnnch

exist in a 'probability cloud' around it. There #nese isotopes of hydrogen: Protium (the most com



Chapter 01: Hydrogen as a Source of Energy

with one proton), Deuterium (a rare type with ometpn and one neutron) and Tritium (unstable §

radioactive, with one proton and two neutrons). [4]

@BYJus

Hydrogen-1 Hydrogen-2 Hydrogen-3
Mass number : 1 Deuterium Tritium
Mass number : 2 Mass number : 3

Figure (I-01): Isotopes of Hydrogen [5]

5.1. Physical Properties:
Hydrogen has very low melting and boiling pointsgkimg it a cryogenic liquid at normal pressuf
Storage as a gas requires high pressure (up tdb@B0 while storage as a liquid requires very |
temperatures (below 20 K). However, its low denBityts its storage efficiency compared to tradiad

fuels such as petrol. As pressure increases, soiting points, which affects liquefaction efficien [4]

Hydrogen is tasteless, colourless and odourledsngpéeak detection difficult without special senso
Adding odorants is not practical as they can danfagkcells. Although hydrogen is non-toxic, it ci
displace oxygen in confined spaces, creating aaisuffocation. Accompanying gases such as ca

monoxide can be dangerous because they bind todweinm much more effectively than oxygen. [4]

Hydrogen has an extremely low density, being 14sifighter than air. The expansion ratio from i
to gas is significant. Due to its small moleculames hydrogen can easily leak and accumulate irgjc

creating a risk of asphyxiation or explosion. Prdpak detection and ventilation are essentiakéiety.
[4]

5.2.Chemical Properties:

Hydrogen has remarkable chemical reactivity, paldidy in exothermic reactions with oxygen, whi
release large amounts of energy. Hydrogen carbalgnoduced from water by electrolysis. When buyr
hydrogen produces no harmful pollutants, makiremiexcellent fuel for reducing pollution; it camuee
carbon monoxide emissions by 70% and nitrogen exie41%. Fuel cells emit no pollutants, eve

low temperatures. [4]

In terms of energy content, hydrogen has a higaleriéic value of 141. 86 kJ/g and a lower calari
value of 119. 93 kJ/g, which is more relevant fpplacations. Its energy density is low in gaseaus,

but much higher under pressure or when storedigsiéd. [4]

Hydrogen is highly flammable, with a wide rangdlammability and low ignition energy, making

a fire hazard. It burns rapidly and is difficultdetect in daylight. Hydrogen can cause materigiatation,
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particularly in metals due to hydrogen embrittleindio combat this, it's advisable to use strongeniats

and avoid micro cracks in storage and piping systé)

6. Types of Hydrogen and Production Methods :

6.1. The Three Primary Types of Hydrogen:
Hydrogen’s potential as a clean energy source kingdts production process. Classified by colo(fs

codes, the three predominant types are:
a) Grey Hydrogen:

Grey hydrogen is mostly generated using "steam anethreforming (SMR)," a method that usgs
natural gas or other fossil fuels as both raw nelseeand energy supply. It currently leads the dler
hydrogen production. The substantial reliance @ technique on carbon-heavy resources leadjj to
significant emissions of Cand greenhouse gases. Emphasizing its considerabl®nmental impact
hydrogen production is responsible for more thad 8@lion tonnes of C@emissions every year. Greg
hydrogen, the most prevalent but environmentallpalging form of hydrogen, stresses the urgent neqjl o
moving towards cleaner alternatives such greenduygdr to lessen the impact of the environment. [6]

o Grey Hydrogen Subtypes [7]:
= Black Hydrogen: Produced via coal gasification using black coal.
= Brown Hydrogen: Derived similarly but uses lignite (brown coalptB subtypes fall under
“grey hydrogen,” which relies on fossil fuels withitacarbon capture.

b) Blue hydrogen:

Utilizing carbon capture and storage (CCS) or carbapture and utilisation (CCU) technology (jo
minimize its environmental impact, blue hydrogeferf a low-emission alternative to grey hydrog(fin.
Including CCS/CCU into the hydrogen production mex allows some of the created carbon diojgde
emissions to be either permanently stored or punfitustrial applications. Still, the performandettese
systems varies greatly from project to project:teepefficiencies can range from less than 50%0imes
cases to more than 90% in more advanced applicatgnphasizing the ongoing difficulties in achigyi

consistent decarbonization results. [6]
c) Green Hydrogen:The Sustainable Frontier

Renewable energy sources such solar, wind, andigahrerate green hydrogen, the sole low-carjgon
hydrogen type produced alone by "electrolysis."sTégproach splits water into hydrogen and oxydn,
therefore allowing green hydrogen to become thedstal for green energy changes by eliminating ne (§O
emissions. Green hydrogen accounts for less thaaf1Pe overall hydrogen production, notwithstarmy
its promise. Main cost: As of 2021, three to fiveds more expensive than grey hydrogen (obtaired
fossil fuels) and twice as costly as blue hydrogehich contains carbon capture). The substarfial
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expenditures come from those related with elecsislyechnology and renewable energy infrastructjgre.

Grey hydrogen Blue hydrogen Green hydrogen

0.

Green

- electricity —
Natural Natural —_— J
gas Hydrogen gas Hydrogen Water i | Hydrogen

Underground
storage

Figure (I-02):lllustration of the three primary methods for Proithg Hydrogen [7]

6.2. Other Colours:

a) Red Hydrogen: Produced via biomass gasification. Emissions deperféedstock as well as
carbon capture. Fully carbon neutral status camctbe with green hydrogen might. [7]
Pink Hydrogen: Produced through electrolysis using nuclear po®é&en associated with
green hydrogen because of zero operational€dssions, considered low carbon. [7]
Yellow Hydrogen: Ambiguously refers to solar-power electrolysis toghn or grid electricity
(a mix of renewable and fossil fuel sources). [7]
Turquoise Hydrogen: splitting methane into hydrogen and solid carbangismethane
pyrolysis. The possibility of a low emission altatiwe relies on using renewable energy for h
and on carbon storage/use. Not yet validated ange Ibasis. [7]
White Hydrogen: Geologically occurring hydrogen naturally presesiolv ground. Presently
not economically profitable, this calls artifici@anufacturing techniques for industrial usage. [K]

6.3. Hydrogen Production Methods:

a) Hydrogen from Fossil Fuels:

Hydrogen can be generated from various fossil flledsnatural gas and coal, and the intricacy ef
processes differs. Because carbon dioxide is gteas a by-product, it is essential to capture#nbon
dioxide to guarantee a sustainable (zero emisgamess. The practicality of the processes vaoeggf

centralized or distributed production faciliti§8}
o Production from natural gas:
Hydrogen can be produced from natural gas by thmae methods:

The first is Steam Methane Reforming (SMR). In thiscess, methane and water vapour readj to
produce hydrogen and carbon monoxide, typicallyiglh temperatures of 700 to 850°C and pressurgg of

3 to 25bar. Heat is often supplied by burning samihe methane. The resulting gas contains abdut [§2



Chapter 01: Hydrogen as a Source of Energy

carbon monoxide, which can be converted to carbmxaide and more hydrogen by an additional react

[8]

The second method is called partial oxida{iB@X). This involves partially burning methane w
oxygen gas, producing carbon monoxide and hydrofeis.method produces heat naturally, so it doe
require external heating. The carbon monoxide predwan also be converted to hydrogen in a |

reaction. [8]

The third method is autothermal reformi#jrR), which combines both steam reforming andiph

oxidation. This process is exothermic, i.e. it askes heat, and operates at high temperaturesq93M0

°C) and pressures up to 100 bar. However, cleahmgutput gases can increase costs and reducalo

efficiency. [8]

o0 Production from Coal

Hydrogen can be produced from coal using varios#figation methods, such as fixed bed, fluidisg

bed or high temperature entrained flow. The highgerature method is preferred because it reduee
production of unwanted by-products such as cher @ad phenols. The process uses heat to convieoc
into carbon monoxide and hydrogen. As this reacteEmguires heat, similar to methane reforming,
essential to provide extra energy. The carbon mideas then converted into carbon dioxide and hgdro
in another reaction. Producing hydrogen from ceahore complex and costly than from natural gas,
it is still commercially viable. Given the world&bundance of coal, it makes sense to researchecls

technologies for its usgs]
b) Hydrogen from Splitting of Water:

Hydrogen can be produced by splitting water usegous processes such as water electrolysis, p
electrolysis, photobiological production and higimperature water splittin{]

o Water electrolysis:

Water electrolysis refers to the method of dividimgter into hydrogen and oxygen through
application of electrical energy, as represente@qnation (1). The overall energy needed for wi

electrolysis experiences a slight rise with anease in temperature, whereas the electrical emsgged

diminishes. Consequently, a high-temperature ebstis method may be more advantageous if elev
temperature heat is accessible as waste heat fftaredt processes. This holds particular signifimaon
a global scale since the majority of electricitpguction relies on fossil fuels that exhibit cormadarely

low efficiency. [8]

H20 + electricity— Hz+ /> Oz (1)

ed
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= Alkaline electrolysis:

Alkaline electrolysis uses a liquid KOH solution #e electrolyte, which is circulated throug
electrolysis cells. This technology is well devedd@nd works well for stationary applications &gsures
up to 25 bar. The main reactions are the converdiamter to hydrogen and oxygen. Alkaline elegtsels
typically consist of several cells organised intack. Future research aims to reduce costs anduay

energy efficiency. [8]
= Polymer electrolyte membrane (PEM) electrolysis:

Polymer electrolyte membrane (PEM) electrolysissdoet require a liquid electrolyte, making
simpler in design. Instead, it uses an acidic pelymembrane and can operate at high pressuresngn
it suitable for both stationary and mobile appii@as. However, PEM systems have limitations suc
shorter membrane life and higher costs comparealki@ine systems. They offer advantages suc

improved safety, a higher turndown ratio and a noorapact design8]
= High Temperature electrolysis:

High temperature electrolysis operates at tempera@round 1000°C, which reduces electrical eng
consumption compared to lower temperatures. Thid saide electrolyser cell (SOEC) operates in
700 to 1000°C range, allowing reversible reacti&@srent efforts focus on using heat from geothér
solar or natural gas sources to improve efficiendyile challenges include materials development

stress management in ceramic components. [8]
o Photo electrolysis (photolysis):

Photovoltaic (PV) electrolysers, which use solangds and electrolysers to produce electricity
hydrogen, have efficiency problems due to their-stgp process. In contrast, direct photo-electisl
(PEC) combines light absorption and water splittinga single device, potentially reducing costs 4
simplifying hydrogen production. An internationatésearch effort involving more than 13 OEC

countries, led by the IEA-HIA, is focusing on foBEC designs: tandem systems, monolithic m

junction devices, dual-bed redox systems and omawmstep systems. While laboratory PEC devi

have achieved solar-to-hydrogen efficiencies of 16&mmercial success depends on overcoming
challenges. These include developing durable plettvede materials, optimising semiconduc
properties and improving surface chemistry. In fddj engineering issues such as current matc
resistance reduction and safe gas management odael addressed. While PV electrolysis curre
dominates, PEC technology could transform sustéenaarogen production if materials, scalabilityd

engineering challenges are addressed through ocdiibe innovation. [8]
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Sensitized glass surfaces

Figure (I-03): Photo-electrolysis working principle [8]

o Photobiological Production (Bio photolysis):

The generation of hydrogen through photosynth&jio{lowed by catalysis via hydrogenases (3)gn
green algae and cyanobacteria forms the found&tiophoto biological hydrogen production. The nejgd
for extensive fundamental and applied researchigsphere is unquestionable, as the successtdmet

of such studies could lead to a sustainable saoluto renewable hydrogen production. It is crudal
understand the natural mechanisms and the geraticots involved in H production. Metabolic ang
genetic manipulation can be applied to scale tbegss in larger bioreactors, while another altéraas

to replicate the two stages through artificial gsyhthesis[8]
Photosynthesis: 2HO = 4H" + 4e + Oz (2)

Hydrogen Production: 4H+ 4 = 2H, (3)

Algae production Algae concentrator
bioreactor and adaptation chamber  Hydrogen photobioreactor %
(light-aerobxc) (dark-anaerobic) (light-anaerobic)

Sunlight v a Sunlight

A N N N\
Agae
/ Nutrient

recyde

Figure (I-04): Principle of photobiological hydrogen productid@j [

o High temperature splitting of water:

At around 3000 °C, water can be split into hydroged oxygen, which can then be recycled. Sevjgral

methods have been proposed to achieve this at lemgweratures, including thermos chemical cycis,

11
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hybrid systems combining thermal and electrolytetimods using ceramic membranes for separation,fand

plasma-chemical methods in a two-stage: €¢Zle. These approaches could achieve efficierafieser

50% and significantly reduce the cost of hydrogeodpction. However, challenges remain, suchgas
developing materials that resist corrosion at heghperatures, improving high-temperature membrgges
and separation processes, and ensuring effectia¢ érchangers and storage. Design and sdffety

considerations are critical when working at thesegderatures. [8]

Thermo chemical water splitting converts water ihyalrogen and oxygen through a series of h(fat-
driven chemical reactions. Although this process Ibeen researched for decades, no affordable cjfcles
have yet been developed for commercial use. Onaleas the iodine/sulphur cycle, but challengeshs

as handling corrosion-resistant materials coula@esious problem§s]

Oxygen
Nuclear or solar heat =

10,

900°C

H,S0, [>

S (Sulfur)
dirculation

Figure (I-05): This is a simple diagram of the iodine/sulphurthechemical process [8]

c) Hydrogen from Biomass:

When biomass is converted into energy, the proassslly produces a gas containing hydroggn,
similar to the gas produced from coal. There areecly no commercial plants that successfully pic
hydrogen from biomass. The methods used includarsigasification, entrained-flow gasification ajfjd
advanced concepts such as supercritical wateriggsim. However, none of these methods has|fet
produced hydrogen. Biomass gasification is a keg &r both hydrogen and biofuel research. Gasidina
and pyrolysis appear to be the most promising yoirdgen production in the near future. The process
involve drying the biomass, but this may not bet @ffective, so methods using wet biomass are b{iing
sought. Biomass feedstocks are of inconsistenttyusfluenced by crop type and environmental éast
which makes technological progress difficult. Ther@ need to standardise quality and productiolff to

achieve better fuel consistency. Larger plantsteaardle lower quality fuels better, while smalleargbs

require higher quality fuels. Several steps araleédo improve the economics and logistics of bis

feedstock production, including better feedstoalparation, gasification research, raw gas puribca

12
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and addressing system integration issues. Undéistafuel quality requirements in relation to protian
scale is essential. [8]

7. Hydrogen Storage and Transportation Systems :

7.1.Hydrogen Storage:

a) Gaseous Hydrogen:

The most common method of storing hydrogen in #segus state is in steel tanks, altholfgh

lightweight composite tanks designed to withstaigthér pressures are increasingly being used. Cnjodg
gas, which refers to gaseous hydrogen cooled toargagenic temperatures, is another option that [ga
increase the volumetric energy density of gasegusogen. A more innovative approach to storifig

hydrogen gas at high pressure is the use of glagesphered8]
o Composite tanks:

Composite tanks for hydrogen storage are lightwieagid commercially available. They meet safifity
regulations for high pressures and do not neednateheat exchange. However, they have s(ne
drawbacks, including their large size, high costrgy losses from gas compression, and safety ou(fe
about hydrogen loss during accidents. There isd f@ more research in areas such as exploringrrab
embrittlement, developing stronger and cheapermadégeand creating an efficient oil-free compredso

1000 bar pressures.[8]

Impact-resistant dome Manual valve or electrical valve or in-tank regulator

s Light-weight
= Energy absorbing
» Cost-competitive

Compressed H,

Polymer liner Carbon-fiber reinforced sheIIT Reinforced external protective shell

= Light weight = Corrosion resistant (acids, bases) = Gunfire safety

= Corrosion resistant = Fatigue/creep/relaxation resistant = Impact safety
(hydrogen embrittlement) = Light-weight = Cut/abrasion resistance

= Permeation barrier

= Cost-competitive

= Fexible in size

Figure (I-06):Diagram of a typical compressed ghs tank (Quantum Technologies) [8]

0 Glass microspheres:

Glass microspheres can be used to store hydrogefogaehicles in three steps: loading, filling alfjd

discharging. First, hollow glass spheres are filletth hydrogen at high pressure (350-700 bar) agd

13
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temperature (around 300 °C). Once cooled to roonpégature, they are transferred to the vehiclals. t

To release the hydrogen for use, the spheres atecht around 200-300°C. [8]

Challenges with this method include low storage sign slow hydrogen leakage at nornjjl
temperatures, fragility during use and the needhigh heating temperatures above normal fuel [jell
temperatures (70-80°C). However, glass microspharessafe because they store hydrogen at Iqgver
pressures and can be formed into adaptable taakEng to reduce container costs. They have agofe
density of 5. 4 wt% bkl Current research aims to reduce release tempesatubelow 100 °C and focus(fs
on creating stronger glasses, finding low-cost potidn methods, optimising hydrogen permeability
developing non-thermal control techniqui@s.

b) Liquid Hydrogen:

The most common way to store hydrogen in liquidhfas to cool it to cryogenic temperatures|f-
253°C). Other options include storing hydrogen asraponent of other liquids, such as NaBdlutions,

rechargeable organic liquids or anhydrous ammomla [8]
o Cryogenic Liquid Hydrogen (LH2):

Cryogenic hydrogen, known as liquid hydrogen §),Hhias a density of 70. 8 kg/m3 at its boiling po
of -253°C. While its theoretical gravimetric degsg 100%, practical systems can only achieve 29%fib
weight. On a volumetric basis, Lidffers a better energy density than compressedogasoses 30-409
of its energy during production. Liquid hydrogesalfaces challenges such as boil-off losses dufing
storage and requires super-insulated containefdicPperception often sees ks unsafe. The mai
advantage of LHElis its high storage density at low pressure, n@kirsuitable for commercial vehicl
and potential aviation fuel. Key research challengelude improving liquefaction processes, redyg

container costs, and developing systems to capndee-liquefy boil-off. [8]
0 NaBHa solutions:

Borohydride (NaBk) solutions can be used as a liquid storage medourhydrogen. The catalytig
hydrolysis reaction is as follows [8]:

NaBH, (1) + 2H0 (1) = 4H?(g) + NaBQ (s) (ideal reaction) (1)

The theoretical maximum hydrogen energy storagsitiefor this reaction is 10.9 wt%oHthe ideal
reaction is 4K (NaBH: + 2HO). The specific cost (USD/kg) of hydrogen storagmg NaBH solutions
is easy to calculate [8]: Cost of +14.69 x Cost of NaBk(ideal reaction) (2)

The main advantage of using NaBddlutions is the safe and controllable productibimyalrogen (H)
on board. However, a major disadvantage is that®damie reaction product, has to be converted badk to
NaBH; off-board. At present, regenerating NaBikl expensive, costing around $50/kg, and needéltc

below $1/kg, which seems unlikely. However, sommpganies, such as Millennium Cell and MERIT, dfe

14
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applications. Research and development challenigedified include optimising water usage in reatsi
for ideal energy density, finding methods for NgB@®moval and regeneration, and developing a di

borohydride fuel cell. [8]
0 Rechargeable organic liquids:

Some organic liquids can store hydrogen in liqoiat. The process consists of three main stepg, F
an organic liquid is converted te Blas using a catalyst. Second, the gas is transitoreeprocessing pla
while fresh H rich liquid is returned to the vehicle. Finalljetdepleted liquid is converted back to

original state and returned to the fuelling stati@h

An example of a rechargeable organic liquid progedbe dehydrogenation and hydrogenatio

methylcyclohexane (€114) and toluene (&s) [8]:
C7H14 (I) <> CrHs (1) + 3 H2 (9) (Taenya= 300-400 °C) (3)

The ideal reaction mentioned above offers a hydrageergy storage density of 6.1 wt% and 43
H2o/m3. Careful handling of organic liquids such asthgieyclohexane is essential, as they re
dangerously with strong oxidants, creating firedrds. Safety and toxicity studies are essentiaeReh
should also assess potential infrastructure ants.cgy challenges include developing organic sgst
for low temperature dehydrogenation, creating ¢iffec metal catalysts and improving the
hydrogenation process. Liquid hydrogen needs aovghinised infrastructure for safety, and needset(
widely available to reduce transport costs andetwes applications beyond vehicles, such as po
generation and aviation. Borohydride solutions anglanic liquids may be better for refuelling la

transport[8]

c) Solid Hydrogen:

Storage of hydrogen in solid materials has theni@eto become a safe and efficient method of gye
storage for both stationary and mobile applicatiorisere are four main groups of suitable materi
carbon and other high surface area material®, i¢active chemical hydrides; thermal chemical lued;

and rechargeable hydrid¢8]
o Carbon and other high surface area materials:

Carbon based materials such as nanotubes and tgraghio fibres have been extensively researc
but earlier claims of high hydrogen storage capecif30-60 wt%) are now considered to be inaccu
Current capacities are limited to about 6 wt% gbgenic temperatures, with higher temperaturesired
for atomic hydrogen adsorption. Research shoulddon understanding surface properties, exploravg

binding mechanisms and developing carbon-metal ositgs. Other materials such as zeolites, MOFs|
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clathrate hydrates also show potential but redfuither investigation for room temperature applimas.

[8]

7 A diameter

Co

9 A diameter

530 layers, 0.7-3 nm dia.
2-10 nm dia. 1-10 micron length
-10 micron length

(b) (©

Figure (I-07):Schematic of (a) fullerene carbons buckyballsnf)ti wall nanotubes (MWNT), (c) single-wall nanbts
(SWNT) [8]

0 Rechargeable hydrides:

Rechargeable metal hydrides such as NaAlirt LiBH: have been studied for years. NaAlkhen
catalysed, shows improved performance but onlyeaes 4-5% reversible hydrogen weight, falling shprt
of targets. Borohydrides such as LiBéffer higher capacities and stability, but requingher research tq
improve reversibility, reduce desorption tempereguand lower costs. [8]

H, gas Metal Hydride Electrolyte
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Figure (I-08): Diagram of a rechargeable metal hydride batte}y [8

0 Chemical hydrides (H:O reactive):

These hydrides, such as NaH and Mgtén be managed in semi-liquid forms and prodycedgen

through hydrolysis reactions. Mgldffers a good balance between hydrogen yield ast but the energy

intensive regeneration of spent hydroxides remaicisallenge for vehicle applications. [8]
0 Chemical hydrides (thermal):

Ammonia borane is a solid hydrogen storage matéhat decomposes in several steps to reldase

hydrogen. However, the process is irreversible @nodluces toxic gases. Research is aimed at red{fing
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decomposition temperatures, developing safe ondbggstems and developing cost-effective off-bojfjrd

regeneration methods. [8]

7.2. Transportation Systems:

To establish clean hydrogen supply chains and éxpklow-cost opportunities in remote areas,ahgr
is an immediate need for practical, large-scalarcleydrogen transport solutions. Four hydrogersprart
technologies are the most promising: pipelines yaagr gaseous hydrogen; hydrogen deliveredjas

ammonia; liquefied hydrogen (L2 and hydrogen contained in liquid organic hydrogarriers (LOHC).
[9]

Clean hydrogen
production, e.g. from
renewable sources

Hydrogen conversion for storage and transportation Hydrogen
as well as reconversion offtake

Pipeline route

1 . . Compression g,_ Storage
. . - =
(gaseous Hs) : : — h_|_..._l_\_|_il;i_|||—;

2 . e . Ammonia synthesis Ammonia cracking
g . P PR
Clean = amamm . ity

?I\THT)onia route s=maa — ‘jm @—P' B 4—>=l§1—> ‘jmﬁ —
. . f ¢
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3 . . Hydrogen liquefaction Vaporization

Liquefied . . — i.‘_"‘—

hyd t - - .. = B ‘e
(yrsgen route : b -di—di-Asm—
. . at -253°C

4 : l . » Hydrogenation ) ok Dehydrogenation
Liquid organic . . ,l mil =y . . j
hydrogen : : "lw —— - L.
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carrier route
(LOHC) . A - = o
H,O - O;& heat LOHC + oL EP

Figure (I-09): The most common routes for large scale hydrogersprart [9]
a) Pipelines (Gaseous b):
Gaseous hydrogen can be transported through pgsealina similar way to natural gas. The hydrogen
is compressed before it enters the pipeline, armbine cases needs to be recompressed at variaus [joi
along the way. Storage facilities are also needasanage fluctuations in supply. A proper pipeigstem

requires metering stations, control valves andgyfeflow management. [9]

Existing natural gas pipelines can be adaptedattsport hydrogen, with trials testing blends ota
20% hydrogen in gas networks. Hydrogen pipelinesHaw operating costs, long life and have bgfn

successfully operated over thousands of kilomeatrdsurope and the USA. They can also be usedffor
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storage, providing a reliable supply to users. tiditton, the use of pipelines can have a lo

environmental impact than multiple power cables. [9

However, building new pipelines has high initialstsoand long construction times, often over
years. Permitting and cooperation for cross-bopadejects can also complicate the process. A sicaniti
amount of hydrogen is required to make pipelindgiefnt, and not all consumers are located alf
pipeline routes, which may require additional isfracture investment. There are regulatory unasiés
regarding natural monopolies and the integratiahede pipelines with existing natural gas systdiere

are concerns about the compatibility of old pipetinvith hydrogen. [9]

While pipelines are critical for delivering largelumes of hydrogen, they may not be able to mee

demand of widely dispersed large consumers or stufymoire import routes into the EU. More flexibl

hydrogen transport solutions will be needed to Buppers not close to pipelines, leading to a fomog

hydrogen carriers for long-distance transp@i.

b) Ammonia:

Ammonia (NH3) is mainly produced from natugak and is widely used in fertiliser productidrean

also be used as a clean hydrogen storage methothoAra is produced by combining hydrogen &

nitrogen from the air in a process similar to tralitional Haber-Bosch process. The liquid ammasi
transported in refrigerated tanks and later sepdrato nitrogen and hydrogen at its destinatidth@dugh
ammonia is often transported, most of it is stilguced close to where it is used. [9]

The advantages of ammonia synthesis includesteblished production process, which can be ads
for clean hydrogen. Historical production relied lmydrogen produced from hydroelectric power u
cheaper natural gas became the standard. Thengpiistiastructure for storing and transporting amiad

is well developed, and liquid ammonia holds mordrbgen by volume than other carriers. [9]

But there are drawbacks. Ammonia is toxic aad cause air pollution, affecting human health
environmental quality. This toxicity may limit itsse outside large-scale industry, and safety cosaaay
limit transport in populated areas. In additiontegrating renewable hydrogen into existing plamsts
difficult, and both the production and cracking ggsses are energy-intensive and still at an etatyeof
development, requiring improvements to make hydnagsable[9]

c) Liquefied Hydrogen (LH2):

The storage density of hydrogen can be improveddmying it to below minus 253°C, which turns
into liquid hydrogen (LH). After this process, LEis stored in insulated tanks to prevent heat fearand
evaporation, and any gas that builds up must beedehH can be transported in specially designed trg

trucks and is vaporised back to gas for use aeissination. [9]

Liguefaction is a well-known technology that prossdhigh purity hydrogen and is currently useg

areas such as aerospace and petrol stations. Houitewses a lot of energy and is more complicates
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store and transport than other methods. Long-téonage can result in losses, and large-scale toanisp
still being developed, resulting in high costs. lethe infrastructure for LEis more expensive than fq

other hydrogen carrierfQ]

d) Liquid Organic Hydrogen Carriers (LOHC):
Liquid Organic Hydrogen Carriers (LOHC) are compdsithat can hold and release hydrogen

transport. Hydrogen is chemically bound to theitigor transport at normal pressure and can baselg

at the destination by a process requiring heat atows the LOHC to be reused after dehydrogena
Benzyl toluene, a common organic carrier, is higjtied for its advantages. [9]

Benzyl toluene's advantages include safe storagjgramsport, good viscosity at different temperes
and compatibility with existing infrastructure.dtlows long storage times without hydrogen losses
can effectively manage fluctuating hydrogen sugpiliem renewable sources. [9]

Disadvantages include the need for high temperatimeng dehydrogenation, which increases eng
costs. In addition, large quantities of LOHC argquieed for hydrogen transport, which increasestedy
costs and production requirements. The productrocgss also increases g£€hissions, and the long
term effectiveness of LOHC in real-world environrgehas yet to be fully confirmed, although ea

projects show promis¢9]

8. Applications of Hydrogen in the Energy Sector :

Hydrogen fuel cells have several practical applices that improve efficiency and reduce emissig

in a variety of sectors. [10]

In warehouse logistics, many companies are usimgdgen fuel cells to power trucks, forklifts a
pallet jacks, improving productivity and air quglin the workplace. For global distribution, hyderg
powered trucks and vans from companies such asldN&ed UPS can operate efficiently over lo
distances. [10]

Public transport is also seeing growth with hydrogeel cell buses, particularly in Europe, while
US is exploring similar programmes in states suiCalifornia and Nevada. In the rail sector, hyero
fuel cell trains are being tested in countries saglermany and the UK, while efforts are underima

the US to develop hydrogen-powered locomotives] [10

Nine major car manufacturers are working on hydnofiesl cell electric vehicles (HFCEVS) fq

experimental projects are exploring hydrogen apgibois in aircraft, with the aim of commercial fitg
by 2025. [10]
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For back-up power, stationary fuel cells are suppgrcritical systems, with companies such |

Microsoft testing hydrogen back-up generators. NMobbwer generation is also gaining traction,

General Motors planning to use hydrogen fuel delisiew mobile generators. [10]

Unmanned aerial vehicles (UAVS) are also benefifrogn hydrogen fuel cells, which offer long
range and faster refuelling compared to conventibatteries. Finally, hydrogen fuel cells are be
integrated into marine applications, powering baai$ submarines, including military vessels thatghé

from quiet operation and extended range. [10]

9. Future Trends and Innovations in Hydrogen Technoloy :

Hydrogen is poised to revolutionize the global ggdandscape as a versatile, clean energy ca
playing a pivotal role in decarbonizing industriggnsportation, and energy storage. With accefey
global efforts to achieve net-zero emissions, hgdrmotechnology is advancing rapidly, driven by ppl
support, cross sector collaboration, and grouncHKing innovations. Below are the key trends @

developments shaping its future [11]:

9.1. Global Momentum Toward Hydrogen Adoption:
a) Policy Frameworks [11]:
o0 The EU’s Hydrogen Strategy aims to deploy 40 GWlettrolysers by 2030, prioritizing greq
hydrogen to meet climate neutrality by 2050.
o0 The U.S. is channelling investments via the Inftagtire Investment and Jobs Act and Inflat
Reduction Act to scale hydrogen infrastructure attiice costs.
MENA nations (e.g., Saudi Arabia, UAE, Oman) arelaging abundant renewables for me
projects like NEOM, the world’s largest green hygio plant, to position themselves as glo
hydrogen exporters.
International Collaboration [11]:
Initiatives like the Hydrogen Council and crossdrpartnerships (e.g., Australia Japan hydro
exports) are fostering global supply chains.
Germany and the UAE are investing billions in isfracture, including pipelines and ammo
export hubs, to integrate hydrogen into energyesyst
Funding and Private Sector Engagement [11]:
Over $1.5 billion in venture capital flowed into dipgen start-ups in 2023, signalling stro
private-sector confidence.
Energy giants (Shell, BP, Total Energies) are baollating with governments to develop gre
hydrogen clusters.
9.2.Innovations in Hydrogen Production:
a) Green vs Blue Hydrogen [11]:

ier,
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Green Hydrogen: Produced via electrolysis powered by renewabless emission-free bu

currently costly ($3—-6/kg). Advances in electrolysHiciency and falling renewable energy pricgs
could slash costs by 50% by 2030.

Blue Hydrogen: Relies on natural gas paired with carbon capt@f&S), but faces scrutiny ove

methane leaks and CCUS reliability.

Electrolyser Breakthroughs [11]:

Proton Exchange Membrane (PEM):Ideal for flexible, small-scale applications dwerépid
response times.

Solid Oxide Electrolysers (SOE): High-temperature operation suits industrial usesy.{
steelmaking) and boosts efficiency.

R&D is reducing reliance on expensive catalystg.{@latinum), lowering costs and improvii
durability.

Scaling Infrastructure [11]:

Mega-projects in Europe and Australia are drivingr®@mies of scale, with electrolyser capacitfes

expanding to gigawatt levels.

10.Hydrogen Station presentation and Implementation coditions :

10.1. Hydrogen Refuelling Stations around the world:

There is a growing push to reduce carbon emisdimosigh cleaner fuels, and hydrogen is seen (s a
strong alternative to diesel. The benefits of hgero include efficient range, fast refuelling anavl
emissions, making the development of hydrogen Hafiganfrastructure important. By early 2024, 106
hydrogen refuelling stations (HRS) are planned dwidle, with 1,148 currently in operation. [12]

Many countries are developing HRS, particularlyh@ Asia-Pacific region, which has the most statig
At the beginning of 2024, 41 countries had operatidHRS and 7 more were planning to build the
However, only 10 countries have 92% of these statiaith China, South Korea, Japan and Germjgny
accounting for 72% of the global total. The Asiaife region accounts for 64% of the world's HRJp,
mainly in China, South Korea and Japan. South Kbemaincreased its number of stations, while Jgpan
has decreased. More than 20 European countrieb@a®oHRS, with Germany leading the way, while [he
USA and Canada are expanding their networks. Rigcepéned significant stations in South Korea dd
France meet the growing demand for hydrogen, witly&ia and Singapore opening their first station
early 2024. [12]

10.2. Hydrogen Station Implementation Conditions:

a) Hydrogen Quality:

Hydrogen dispensed at the station must meet stasdat by the Department of Food and Agricultue

and follow specific automotive product specificaso It should comply with the latest version of SA
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International J2719 for hydrogen fuel quality ahe Compressed Gas Association's guidelines [pr
gaseous and liquid hydrogen. The station must @dsgirogen purity test before starting operatiorf,
every six months after, and whenever there islkaaisontamination. The applicant must impleme

and describe best practices to maintain hydrogeitymiandardg13]
b) Protocols for Refuelling:

The station and dispenser must comply with SAEriagonal standards for refuelling vehicles ar
equipment, including the latest version of SAE JZ80for heavy duty vehicles. The applicant mu
explain how the refuelling protocol and equipmergetthe requirements of the project vehicle. If|j
different refuelling protocol is proposed, it mbstdescribed in detail and how it meets the remerds

of the project vehicles in terms of tank capacitg aefuelling pressure. Safety procedures mustlasg

included to ensure safe and reliable refuellinghéd application includes access for non-projegtitli
duty vehicles, it must follow SAE J2601 for thoshicles][13]

c) Fire safety:

Fire and safety awareness, prioritisation and ca@anpé where practicable and taking into accojpt

local regulations, applicants must Comply with tbguirements of fire code sections. [13]
d) Pressure of the dispenser:

Dispenser pressure for the hydrogen refuellingistaplanned for the project, which dispensdg
gaseous hydrogen into the storage tanks of heatyyvehicles, the applicant shall specify the reingl

pressure to be used for refuelling the projectalebi [13]
e) Requirements for the station design:

Hydrogen refuelling stations must have a back-wgm gor refuelling project vehicles if the mai
station is not available. The applicant must preva detailed plan, equipment list and performange
specifications to demonstrate that they can arrdogéemporary refuelling from a qualified supplie
Stations designed for light-duty vehicles, trucksl &UVs up to 14,000 Ibs must comply with the CSj
HGV 4.9 Hydrogen Refuelling Station Standards. €hesandards cover the design, installatiof,
operation and maintenance of stationary and modiyi@drogen refuelling stations for light-duty velasl
[13]

11 Hydrogen and Algerian vision :

Algeria aims to be a major player in the globadamn hydrogen market, using its renewable engfgy
resources to create a clean energy source thatimadtsify its energy mix, reduce carbon emissiand

reduce dependence on fossil fuels. The countryspiarproduce green hydrogen for both local use [gnd
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export, and aims to be a leader in renewable enargye region. Algeria's strategy is part of adater

effort to modernise its energy sector, attractiprénvestment and contribute to global climatelgod 4]

The National Strategy 2023 sets goals for the dgweént of a hydrogen sector to increase endfgy
security and support climate commitments. Algemasato become a leader in hydrogen productionfoy
2040, producing 30-40 TWh to meet 10% of Europeéxis and creating a robust industrial frameworkjgor
hydrogen production and use. The production capé&aniget is to produce 40 TWh of hydrogen by 20[§0,

with 10 TWh for domestic consumption, mainly froolas and wind energy sources. [14]

Key economic impacts include generating $10 billemmually from hydrogen exports by 204p,
reducing dependence on fossil fuels, and creatmgjabs and industries. Partnerships with coungigh
as Germany and companies such as Cepsa are bemetpmbel to strengthen Algeria's hydrog|gn
infrastructure, supported by an estimated $241&biinvestment required for production infrastiuret
[14]

12 .Conclusion :

This chapter ends by stressing hydrogen's absplesskntial function as a critical connection betv
renewable energy sources and contemporary induatréamobility requirements. The research cledfly
shows that hydrogen is not just a good substititddssil fuels but rather a keystone of the wortiiy,
energy transition. Examining worldwide policies atethnical advancements reveals that creafjng
effective hydrogen infrastructure depends on therdioation of technical, financial, and legal aspe

While providing novel and practical ideas, the dbamlso stresses difficulties in erecting hydroggen

stations among them storage and transport effigidrat need solved. Regarding Algeria's nationsibw,

the review of natural resources and existing itfueesure shows great possibility to position Algeais a
major player in hydrogen markets worldwide andhe tegion. In this way, this part gives a theosdt
and practical basis for hydrogen station desigijedr by a forward-thinking approach in line wi

worldwide trends toward a low carbon economy.
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1. Introduction .

Amid the global shift towards a low carbon economrgen hydrogen technology stands out agfjan
encouraging option to improve energy sustainabdiy reduce dependence on fossil fuels. Algerith \gi
its extensive renewable energy capacity (especallgr and wind), offers an optimal environmenttfoe
development of green hydrogen stations to supggontional goals of energy diversification andssian
reduction. This chapter presents the FunctionalRepents Document (FRD) as a reference framevjprk
that describes the essential requirements foringeah integrated green hydrogen station, from égein
production through electrolysis using renewablegnéo its effective and safe storage and distrdvut

The FRD is designed to provide engineers, dessgaed stakeholders with a transparent roadmap|ghat
ensures compliance with international standardsesbnsiveness to local requirements, paving te

for detailed design in later chapters.

2. Strategic Context :

Algeria aims to strengthen its position as a leadetean energy by adopting innovative projectt t
support the global energy transition. The greerrdiyen station represents a strategic solutionviersge
abundant natural resources (solar and wind) aneceedependence on fossil fuels, aligning with Algjer

commitments to international climate agreements.

3. Project Objectives :

a) Sustainability : Produce carbon free green hydrogen using renevealgiey.

b) Economic Diversification : Create new investment opportunities in the clesergy sector.

c) Regional Integration : Supporting sustainable transport by meeting landiregional demand fg
green hydrogen.

. System’s Main Functions :

4.1. Functional Requirements:
Function General Description

. Convert solar and wind energy into clean electrici
Renewable Energy Generation . .
using advanced technologies.

Renewable energy is stored in batteries during pe
Providing emergency power supplies periods and, in the event of a total power outdge,
local electricity grid is resorted to.

Supplying water for the electrolysis | Providing tanks for deionised water and ensurirag th

process they are refilled regularly.

25



Chapter 02: Functional Requirements Document for Algeria's fatGreen Hydrogen Station

. . . Split water molecules using efficient technology t
Hydrogen Production via Electrolysis _ _
extract high purity hydrogen.

_ ) Ensuring hydrogen pressure is at appropriate |larels
Hydrogen compression and cooling o -
cooling it to facilitate storage

Ensuring the safe storage of hydrogen in storag

Hydrogen storage containers under controlled pressures an

temperatures.

o Provide smart distribution units tailored for ligiwd
Hydrogen Distribution to End Users _
heavy-duty vehicles.

. Continuous process monitoring with leak detectiot a
Safety and Quality Assurance . '
fire suppression systems.

Table (I1-01): Functional requirements for green Hydrogen Station

4.2. Aesthetic and User Centric Functions:
0 Modular Design: Scalability to meet future demand.
0 User Interaction: Smart interfaces to streamline refuelling processes

o Environmental Responsibility: Solutions promoting recycling and waste reduction.

5. General Requirements and Constraints :

5.1. Functional Requirements:
o Energy Sources:Use high-efficiency solar and wind technologies.
o0 Hydrogen Purity: Ensure compliance with international quality stadda
o Safe StorageDesign corrosion resistant, airtight storage tanks.

o Efficient Distribution: Provide distribution units compatible with varioushicle types.

5.2.Binding Constraints:
o Environmental Compliance: Adherence to emission reduction and waste manage|fpen
standards.
Safety: Implementation of hazard prevention systems in fiele environments.
Timeline: Complete the project within a reasonable timefravith a regular maintenanc
schedule.

6. Targeted Performance :

Energy Efficiency: Optimize energy consumption across production stage

Reliability: Ensure operational continuity under challengingtivelaconditions.

Flexibility: Ability to adapt to future technological developrtenespecially artificial
intelligence technologies.
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7. Integration with the Algerian Context :

Optimal Locations: Select regions with high solar irradiance and slgtavind speeds.
Infrastructure: Leveraging existing infrastructure and projectschstas connecting
electricity grids.

Local Capacity Building: Train national personnel to manage and operatstétien.
8. Supporting Documentation(Structural Diagrams)

8.1.Béte a Cornes Diagram

The Béte a Cornes diagram for the Algerian Green
Hydrogen Station

Who does the product help? What does the product do?

For what purpose?

Figure (I-01): Béte a Cornes Diagram
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o Description of Béte a Cornes Diagram :

The "Béte a Cornes" (or "Horned Beast") diagramsisd to identify and define the main functionsjpf
a product or system by answering three fundamepiestions : "Who does the product help ?", "W/|jat
does the product do ?", and "For what purpose Is diagram aims to clarify the value and purpdséfo
the product within its broader context.

Beneficiaries of the Station (Who does the produdtelp ?) :

= Algerian Government : The station supports Algeria’s national energygitaon strategy,
positioning the country as a leader in clean endt@ligns with international climate agreemen{
by reducing carbon emissions.
Drivers : Offers hydrogen refuelling for vehicles (cars, lmjgaucks) as a clean alternative to
gasoline and diesel.
Local Communities : Creates direct and indirect job opportunities, ioves air quality by

reducing pollution, and promotes sustainable deratmnt.
Functionality of the Station (What does the productdo ?) :

= Water: Water serves as a primary input for electralyaihere it is split into hydrogen and
oxygen.
Renewable Energy Solar energy (via photovoltaic panels) and windgyé¢via turbines)
generate electricity to power the station, ensusingtainable production.
Hydrogen : The station produces 99.97% pure green hydrogengh electrolysis, which is the
compressed, cooled, stored in containers anduliséd to vehicles.
Infrastructure : Includes smart distribution networks, secure gfenanits, and modern refueling

stations equipped with advanced technologies tarerefficiency and safety.
Strategic Purpose (For what purpose ?) :
The station aims to achieve a fundamental objective

=  Supporting energy transition and reducing carboremissions :Reducing carbon dioxide

emissions by replacing fossil fuels with green logdmn in the transport sector.
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8.2. Pieuvre Diagram:

OFigure (II-02): Pieuvre Diagram

0 Table of Functions and Constraints (FP/FC):

Function Description

FP1 Meet the end-users needs for green hydrogén fue

FC1 Utilize renewable energy (solar and wind) fpditmgen production

FC2 Use water resources (purified) as a raw maferidaydrogen production

FC3 Comply with regulations and standards set gulegory bodies

FC4 Obtain necessary materials, equipment, anacesrfrom suppliers

FC5 Utilize maintenance center services to endticent station operation

FC6 Provide hydrogen fuel for vehicles that use it

Table (I1-02): Functions and Constraints
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o Description of the Pieuvre Diagram:

The Pieuvre diagram illustrates the relationshigsveen the "Green Hydrogen Station" and varifjus
stakeholders and external elements with whichiéracts. This diagram represents an analyticalompr

to identify the main and complementary functionshaf system.
Central Function :

= Green Hydrogen Station :This is the core of the system, and the interastgurrounding it sho

the purpose of its existence and how it connedis ig environment.

Interactions and Relationships :Interactions are represented by lines connechiagéntral function tg
external elements, with labels indicating the tgp&inction :

= FP1 (Main Function / Performance Function) : Connects th&reen Hydrogen Stationto
Users

Description : This is the main performance function that dessithe direct relationship between tfje

station and the end-user of hydrogen fuel, ensuhag needs are met.

= FC1: Connects th&reen Hydrogen Stationto Renewable Energy

Description : This function represents the station's relianceemewable energy sources (such as siflar
and wind power) for hydrogen production.

= FC2: Connects th&reen Hydrogen Stationto Water Resources

Description : This function indicates the station's need forevats a raw material for the electroly{gs

process to produce hydrogen.
= FC3: Connects th&reen Hydrogen Stationto Regulatory Bodies

Description : This function reflects the station's commitmenthe legal and environmental regulatiofgs

and standards set by the competent authorities.

= FC4 : Connects th&reen Hydrogen Stationto Suppliers.

Description : This function highlights the station's dependenceexternal suppliers for providin

equipment, spare parts, and other services negdssdis operation and maintenance.

= FC5: Connects th&reen Hydrogen Stationto Maintenance Centers
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Description : This function indicates the need for maintenana&ises to ensure the continuity affd
efficiency of the station's operations.

= FC6 : Connects th&reen Hydrogen Stationto Vehicles

Description : This function represents the primary purpose efdtation, which is to provide hydrogg

fuel for vehicles that run on this fuel.
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8.3.FAST Diagram:

FAST Diagram for Algeria's Future Green Hydrogen Station

Algeria's Green Hydrogen Station

Provide sustainable
green hydrogen fuel

Main Function

Level 1

: Generate renewable

electricity

. Emergency power |

supply
Deionised water

. Preduce hydrogen

Hydrogen
compression and
cooling

Hydrogen storage

Distribute hydrogen

Stored electricity

‘Store deionised water

Level 2

Use solar energy

4 Use wind energy

Use local electricity

Electrolyse water

. Compress hycdrogen

Cool hyd ..um._..
Store hydrogen

Provide safe

distribution interface

Moniter quality

Level 3

solar panels

wind turbines

Batteries

Local Electricity Grid

Atmaspheric alkaline
.._rnr._o.ﬂl..

Triple Diaphragm
Compressor

Iu....n_..n..ﬁ!.. Cooler

n_ﬁw_na..ﬁm_.m Eﬁlﬂ -
(350/700 bar)

Deionised water tanks

. Hydrogen containers _

ISO 14887 standard |

Other levels

Salar radiation

Wind speed

Purified water

Ambient Temperature _

Amibient Air Pressure

- National infrastructure

Environmental regulations

Elements of the external

environment

Figure (I1-03): FAST Diagram
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o0 Description of FAST Diagram :

FAST diagram visually breaks down the main functdriProvide sustainable green hydrogen fujgl"
into increasingly detailed levels, showing the tielaships between different functions and the etk

elements that influence them.
The diagram is structured into several levels :
Main Function :

= Provide sustainable green hydrogen fuel

Level 1 (Core Functions) :These are the primary high-level functions requieachieve the main goa

Generate renewable electricity
Emergency power supply
Deionised water storage

Produce hydrogen

Hydrogen compression and cooling
Hydrogen storage

Distribute hydrogen

Level 2 (Sub-Functions - How Level 1 is Achieved) This level details the methods or sub-functigs
used to accomplish the Level 1 functions.

For "Generate renewable electricity" :
» Use solar energy
* Use wind energy
For "Emergency power supply"” :
» Stored electricity
» Use local electricity
For "Deionised water storage" :

* Store deionised water

For "Produce hydrogen" :

* Electrolyse water

For "Hydrogen compression and cooling" :

» Compress hydrogen
» Cool hydrogen

For "Hydrogen storage” :
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e Store hydrogen
= For "Distribute hydrogen™ :
* Provide safe distribution interface

* Monitor quality

Level 3 (Mechanisms/Specifics - How Level 2 is Aahred/Implemented) : This level specifies thg
mechanisms, equipment, or specific actions takethLevel 2 functions.

For "Use solar energy" : Solar panels

For "Use wind energy" : Wind turbines

For "Stored electricity” : Batteries

For "Use local electricity” : Local Electricity Grid

For "Store deionised water" : Deionised water tanks

For "Electrolyse water" : Atmospheric alkaline electrolyser
For "Compress hydrogen" : Triple Diaphragm Compressor
For "Cool hydrogen" : Hydrogen Cooler

For "Store hydrogen" : Hydrogen containers

For "Provide safe distribution interface" : Dispensing units (350/700 bar)
For "Monitor quality" : 1SO 14687 standard

Other Levels / External Elements :These are external factors or inputs that infleemrcare required b
the functions.

Connected to "Solar panels" :Solar radiation

Connected to "Wind turbines" : Wind speed

Connected to "Atmospheric alkaline electrolyser” :Purified water

Connected to "Hydrogen Cooler" : Ambient Temperature, Ambient Air Pressure
Connected to "Dispensing units" :National infrastructure

Connected to "Monitor quality” : Environmental regulations
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8.4.SADT Diagram A-O Level:

SADT Diagrams for Algeria's Green Hydrogen Station: The Main System
Function (A-0)

(£89t1 OSI) suolie|nBay |ejuawuolAUz
Aaijod Ayljigeule}sns [ejuawiuodiAug
fuinpayss pue sue|d asueuajuie)y

(xalv) spiepueys Ayejes

(€ (L09ZT 3VS) Sloo0j0id Buljjend

Soler Radletion 3 e Green Hydrogen (99.97% purity)

Wind Energy—————> Provide sustainable Green —— 3Recycled Oxygen
Hydrogen fuel

Purified Water s—— —3 Waste

>
1

swisiueysaly uonngLysiq UaBoIPAH———3( &

SETLR: P (-] —
SOUIGINL PUIM =)

w
g
(<]
=
o
(7+]
[]
0
[+]
3
-
-
3
1]
=
0

salia)yeg abelo)s ABlau] sjgemauay
leshjolyoa|3 aule)|y ollaydsouly
yuawdinba Buljooo pue ainssald

OFigure (II-04): SADT Diagram (A-O Level — System Compliance)

o Description of SADT (A-O Level) Diagram :

A-0 diagram represents the highest level of abstnam the SADT methodology, showing the ove

main function of the system and its primary inpotgputs, controls, and mechanisms.

Main System Function (A-0) :

»= Provide sustainable Green Hydrogen fuel

Inputs : These are the resources or raw materials consanteahsformed by the system.
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=  Solar Radiation
=  Wind Energy
=  Purified Water

Outputs : These are the products, services, or results gekby the system.

= Green Hydrogen (99.97% purity)
= Recycled Oxygen
= Waste

Controls : These are the guidelines, regulations, standardsolicies that govern or constrain how tjfje

function operates.

Environmental Regulations (ISO 14687)
Environmental sustainability policy
Maintenance plans and scheduling
Safety Standards (ATEX)

Fuelling Protocols (SAE J2601)

Mechanisms :These are the resources, tools, or physical estitiat execute the function.

Solar Panels

Wind Turbines

Renewable Energy Storage Batteries
Atmospheric Alkaline Electrolyzer

Pressure and cooling equipment

Storage Containers

Hydrogen Distribution Mechanisms
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8.5.SADT Diagram AO Level :
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Figure (I1-05): SADT Diagram (A0 Level — Functional Decomposition)
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0 Description of SADT(AO Leve) Diagram:

The SADT (Structured Analysis and Design Technigdiegram illustrates the main function (§f

"Algeria's Green Hydrogen Station Decomposing” ist-functions, starting with AO : "The Ma

Function into Sub-Functions".
= Al : Generate Electricity : This initial stage focuses on generating renewaldetricity.
Inputs : Solar Radiation and Wind are the primary energy ces.

Controls/Mechanisms : Sunlight Hours, Wind Speed, Solar Panels, and Winkbines are the

mechanisms used for generation.

Outputs : Renewable Electricity is produced. Electricityrsth in batteries and Local Electricity Gr|g

represent how the generated electricity is handled.

= A2 : Produce Hydrogen : This stage takes the generated electricity ang iis® produce

hydrogen.
Inputs : Renewable Electricity and Purified Water are tre@minputs.

Controls/Mechanisms : Water Purity and Atmospheric Alkaline Electrolysare the mechanis

ensuring the quality and method of production.

Outputs : Hydrogen Produced.

= A3:Hydrogen Compression and Cooling The produced hydrogen is then prepared for storfjge
Inputs : Hydrogen Produced.

Controls/Mechanisms :350 bar and 700 bar Pressure, -40°C Cooling, dipaphragm Compresso

and Hydrogen Cooler are the mechanisms and conslifar this process.

Outputs : Hydrogen Pressurized and Cooled.

= A4 : Store Hydrogen : This stage is dedicated to the storage of thegss®d hydrogen.

Inputs : Hydrogen Pressurized and Cooled.

Controls/Mechanisms : Safety Standard ATEX and Hydrogen Containers aitecal for safe and

effective storage.
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Outputs : Hydrogen Stored.

= A5 : Distribute Hydrogen : The final stage involves the distribution of thered green hydroge

Inputs : Hydrogen Stored.

Controls/Mechanisms : SAE J2601 Standards and Hydrogen Dispensers aran#thanisms an

standards governing the distribution.

Outputs : Green Hydrogen Fuels.

9. Conclusion :

This chapter has systematically outlined the fmal requirements for the establishment of Algerg
green hydrogen station, a critical milestone in twoaintry's energy transition strategy. Through a
comprehensive analysis, we have shown how Algeatasmdant renewable resources can be effectifely
utilised to produce, store and distribute greerrdgein according to international standards whiletmg

local operational needs.
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1. Introduction :

The third chapter of this study is central to aeimg the objectives of this thesis. It aims to pdava

detailed analysis of the study and design of aggiited hydrogen station, taking into account teethn
The chapter begins with a feasibility study to asghe viability of the project, followed by an exaation

of the key components and technical specificatibasmake up the structural framework of the plahe
business model and market research are examineshdore compatibility with local and globil
requirements, as well as integration with the Algreenvironment in terms of resources and infrastine.
Environmental aspects are emphasised to enhant@nsimslity. The chapter also highlights compliange
with international standards for quality assuraace safety. Finally, the chapter summarises theard
applications and operating principles, supportedxamples of the technologies used. This comprarei

approach provides a solid foundation for the fstation design.

2. Feasibility Study :

2.1.Demand Analysis:
Algeria has a great potential for renewable eneegpgcially solar and wind energy, which makelj it

an ideal place for the production of green hydro@dms station aims to:

0 Reduce greenhouse gas emissions.
o Diversify energy sources.

0 Support the country's energy transition.

2.2.0Objectives.
o Production of green hydrogen by electrolysis ofewatsing renewable electricity.

o Distribution of hydrogen for light vehicles, bussasd trucks.
2.3.Proposed Station Location:

Algeria has immense potential in the field of reable energy, especially solar energy, making ifgan
ideal location for the development of green hydrogéations. Based on the available potential, [he
following locations are Proposéar future hydrogen stations [15] :
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Figure (II1-01): Bar chart illustrating the target for Renewable fggecapacity by 2030

a) High plateaus and the Sahara :

These areas have some of the highest solar radiatels in the world, with up to 3,900 hours
sunshine per year. The solar energy available eeteeds 5.6 kWh/m2 per year, making it ideal

hydrogen production by electrolysis using solargne15]

b) Hassi R'mel (Laghouat) :

The region already has a hybrid (solar-gas) poventpvith a capacity of 150 MW, providing 3

existing infrastructure that can be expanded tlutgeehydrogen production. [15]
c) Adrar:

The region has a 10 MW wind farm and both wind soldr energy can be used together for hydro
production. In addition, the North-Saharan Eledfyicinterconnection Project will facilitate th

transmission of the energy produced. [15]
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d) In Salah, Adrar, Timimoun and Béchar :

Large scale renewable energy plants will be irestiath these regions as part of the national reniengb

energy programme, making them suitable for hydrqgeauction using solar thermal and photovoltjic

energy. [15]
e) Oued Nechou (Ghardaia) :

The area has a 1.1 MW pilot photovoltaic plant, akhcan be developed to include hydrodgn

production. [15]
f) Northern regions :

Although solar radiation is lower than in the squtie northern regions can use wind energy {ind

biomass for hydrogen production, especially in corad heat and power projects. [15]
g) Solutions for areas not suitable for producing hydogen :

In regions with limited solar radiation or low windsources (such as dense urban areas or regote
mountainous areas), it is proposed to build hydnagierage stations that act as distribution hubmdet

local demand. In such cases :

0 Hydrogen produced in areas rich in renewable ressufe.g. the Sahara) is transported [fia
pipelines or specialised carriers.

0 Atthese stations, it is stored using safe tectgie®(such as pressurised or liquid-state stortag|ff)
ensure a steady supply to local industry or pubdinsport.

0 These stations are integrated with combined hedtpamver projects or smart grids to incredge

system efficiency.

This model ensures comprehensive coverage of hgdragmand across Algeria, while reducig
reliance on long-distance transport by establiskintional integrated network for production, sty
and distribution.

3. Production and Storage Calculations :

Note: The calculations below are based on the technmatiBcations of the technologies used in {ge

station and are detailed in the next section.
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3.1. Fundamental Equations :

a) Daily Solar Energy Calculation :

E solar =N panelsX P panel X H sun
Where :

N panels: Number of solar panels
P panel : Power output per panel (kW)

H sun : Daily solar irradiance hours (8 hours)

b) Daily Wind Energy Calculation :
E wind = Nturbines X Pturbine X CF x 24

Where :

N twrbines : Number of wind turbines
Puwrbine : Power output per turbine (kW)
CF : Capacity factor of the wind turbine

24 :Number of hours in a day

c) Law for Calculating Nember of Moles of a Gas at Stadard Conditions :

At standard temperature and pressure (STP), whichmmonly defined as :
Temperature £°C=273.15 K

Pressure 4 atm
n=V/Vm=V /224
Where :

n: Number of moles (mol).
V: Volume of the gas in liters (L).
Vm = 22.4 L/mol: The molar volume of an ideal gas at STP.

d) Energy Required for the Electrolyzer :
E electrolyser = Q—IZ x EC

Where :

QHz2 = 485Nm?3/h x 24 = 11640Nm3/ day
EC = 4.5kWh/Nm3

E electroyser= 11640 x 4.5 = 5238Wh/day
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3.2. Three Operational Cases :

a) Case 1: Solar Energy Only
o Number of Solar Panels Required :
N panets = 52380/(0.55 x 8 11905panels

b) Case 2 : Wind Energy Only
The annual average wind speed in Algeria isirglo6.3 m/s at a height of 10 metres. Locationg§in

southern Algeria are the windiest, with Adrar gtyithe highest annual average wind speed of 6.3 [jn/s,

followed by Hassi el-Ramel at 6.1 mJ%6]

Based on previous studies conducted in the Adgiome the capacity factor of wind turbines ranggs
between 36% and 47%, depending on the type of ewripused and local operating conditions. For|ghe
purpose of this study, an average estimated vdld&.6% was adopted, in order to obtain a balamred

realistic result that avoids both excessive optim@d conservative underestimatifiry]

power (kW)

Wind speed: 6 ms
power: 124.45 kW
cp: 0.410

0 0
% =5 0N\ VARIIREORAG

Wind speed (ms)

Figure (II1-02): Wind Turbine power curve in terms of wind speed][18

o0 Number of Wind Turbines Required :
N turbines = 52380/ (124.45x% 24 x 0.415 43turbines

c) Case 3 : Hybrid Operation (Solar + Wind)

o Objective :

E solar + E wind = 52380kWh/day
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0 Selection of Panels and Turbines :
=  Number of Solar Panels :

4270 panels (JinKO550WIinKO550W)

= Solar Energy Generated :
E solar= 4270 x 0.55 x 8 = 18788Vh/day

= Remaining Energy from Wind :
E wind = 52380 — 18788 = 335%&Nh/day

= Number of Wind Turbines Required :
N turbines = 33592 / (124.45 x 24 x 0.418P8turbines
3.3.Integration of Devices with the Local Grid :

a) Connecting the Electrolyser to the Public Electridy if required :

0 Surplus renewable energy at peak times is storethenNAS batteries for use whe
renewable energy sources are not available, and ath@f the above energy sources i
not available, the electrolyser is connected tgthi#ic grid to ensure that the plant continyge
to operate 24 hours a day.

b) Devices that are always connected to the Grid :

o Compressors, cooling systems, storage and disgeuonits.

o Purpose :Reduce load on renewable energy sources and enerational stability.

3.4. Surplus Energy Storage in Batteries:

o Maximum daily power requirement for full electrolyser operation:

E total = 52380kWh/day (for Electrolyser)

o0 Number of NAS Ocean Freight Containers required:
N batteries= 52380 / 5806 9 Containers
3.5. Water Requirement Calculation for Alkaline Electrolyser:
a) Standard data:

o Electrolysis Reaction of Water:
2HO () » 2H: (g) + G (9)

This implies :2 moles of water produce 2 moles of hydrogen gasdfore, 1 mole of water
produces 1 mole of H

0 Ideal Gas Law (at Standard Temperature and PresSire):
1 mol of gas = 22.4 liters = 0.0224 m3

o Molar Mass of Water :
M(H-O) = 18 g/mol
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o Density of Water (approximate):
p(H20) = 1000 kg/m3

b) Calculation steps :
Calculate the number of moles of hydrogen prodwizely:

n (H2) =V (Hz2) / Vm = 11640 / 0.0224 519643 mol
Determine the moles of water required:
n (H20) = n (Hz2) = 519643 mol
Calculate the mass of water needed:
m (H20)= 519643 mol x 18 g/mol = 9353571 g = 9353.57 kg
Convert mass to volume:
V (H20) = 9353.57 kg / 1000 kg/m3 = 9.35 m3
The Alkaline Electrolyzer requires approximatélg5 m3/dayof deionized water to produce
11640 Nm3/dayof hydrogen.

3.6. Hydrogen Storage Calculations

a) Daily production capacity of hydrogen by the electolyser:
M electrolyser= 1047 kg/day

b) Rheinmetall's Multi-Element Gas Container Capacity:
Up toat 380 bar

0 Storage capacity of a hydrogen container at a presg 350 bar i4100 kg.
o Calculate the storage capacity of a hydrogen coatait a pressure of 700 bar:

350 bar— 1100 kg
700 bar— m storag

M storag(at 700 bar) = (1100 x 700)350 = 2200 kg

The storage capacity of the two hydrogen contaiaecgeds the daily production of hydrogen by (he
electrolyser because the hydrogen is divided wwitm parts prior to compression and cooling to meet
station's needs at two different pressures. Thisegxcapacity can be used to store hydrogen prddiudg
excess of demand during periods of low demandeastétion. It can then be used later when dematifd is
high, or transferred in liquid form to other sta$othat do not produce hydrogen by electrolysigjmg

instead on ready hydrogen from other sources amding distribution services only.

47



Chapter 03: Feasibility Study and Technical Aspects of a Futareen Hydrogen Station in Algeria

3.7.Operational Case Comparison Table :

Criterion Solar Only Case | Wind Only Case | Hybrid Case
Number of Solar Panels 11905 0 4270
Number of Wind Turbines 0 43 28
Daily Energy (kWh) 52382 53299 53495

Grid dependency High (night) Medium Low

Table (III-01): The three Operational Cases Comparison

4. Technology used :

4.1.JinKO Bifacial Solar Panels 535-555W Monocrystallie Module:
The JinKO Bifacial Solar Panels, offers a powergeamf 535W to 555W, utilizing Multi Busba

technology to enhance light absorption efficienog aeduce thermal loss. Designed to withstand h{irsh
conditions such as humidity and ammonia, it sugpeshd loads up to 2400Pa and snow loads uff to
5400Pa. Ideal for residential, commercial, and stdal projects, it features a 30-year warranty ghd
achieves a 21.48% efficiency. The bifacial desigabtes 70%+5% rear-side energy generation, boosging
overall power output. As a certified manufacturéthwi4 years of experience, United Energy off(lirs
advanced technologies like PERC, HJT, and TOPCQOiH, v minimum order quantity (MOQ) require(g.
[19]

L

535-555W

TIGERPRO 72HL4-BDVP

Figure (II1-03): JinKO Bifacial Solar Panels 535-555W Monocrystalliodule [19]
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0 Technical Specifications Table:

Parameter Detalls
Power Range (W) 535-555 W
Maximum Efficiency 21.48%
Open Circuit Voltage (Voc) 49.54 - 50.30 V
Short Circuit Current (Isc) 13.83-14.07 A
Dimensions 2278 mm (D) x 1134 mm (W) x 35 mm (k
Weight 28 kg
Number of Cells 144 cells (72%2)
Load Tolerance Wind: 2400 Pa / Snow: 5400 Pa
Bifacial Efficiency 70% 5%

Warranty 15-30 years
Certifications TUV, CE, IEC, and others

Operating Temperature Range| -40°C to +85°C

Environmental Resistance Salt mist, ammonia, high humidity

Table (IITI-02): JinKO Bifacial Solar Panels 535-555W MonocrystaliModule Specifications [19]

4.2.The AN Bonus 1000/54 Wind Turbine:

The AN Bonus 1000/54 is a 1 MW wind turbine mantiaed by AN Wind Energie GmbH, a
German company that ceased operations in 2005 as@equired by Siemens Wind Power. The turbi
starts operating at a wind speed of 3 m/s, reatheated power at 15 m/s, and shuts down at 25 m/§

Designed for onshore use, it can withstand extreimd speeds of up to 60 m/s. [17]

The turbine features 3 fiberglass (GFK) blades witb4.2-meter rotor diameter, produced by L

Glasfieber, and a planetary/spur gearbox (3-stage) Flender. It uses an asynchronous generat@r (6
V, 50 Hz) by ABB and has been deployed in repowgeprojects like "Vollrather H6he" in Germany.
[18]
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Figure (II1-04): The AN Bonus 1000/54 Wind Turbine [18]

o Technical Specifications Table:

Parameter Details

Rated Power 1000 kw

Cut-in Wind Speed 3 m/s

Cut-out Wind Speed 25 m/s

Survival Wind Speed 60 m/s

Rotor Diameter 54.2 m

Swept Area 2300 m?

Number of Blades 3

Blade Material Fiberglass (GFK) - Manufactured by LM Glasfieber

Gearbox Type Planetary/Spur (3-stage) - Manufactured by Flender

Generator Asynchronous (690 V, 50 Hz) - Manufactured by ABE

Hub Height Options 50/60/70m

Tower Type Conical steel tube with anti-corrosion coating

Total Weight 155 tons
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Application Onshore

Original Manufacturer AN Wind Energie GmbH (Germany)

Company Status Defunct since 2005, now part of Siemens Wind Powe

Table (IIT-03): AN Bonus 1000/54 wind turbine Specifications [18]

4.3.NAS Ocean Freight Containers:

NAS batteries are characterized by their high $dlgthg allowing capacity to be easily expanded ta
suit a single site or multiple separate locatidiigs makes them an ideal solution for deliveringster
even hundreds of megawatts over 6 to 7 hours afatipa. Such a level of energy storage can defer ¢
eliminate the need for investments in transmissi@stribution, or generation infrastructure—esphygia
when used alongside intermittent renewable eneogyces to provide a clean and efficient solutio
With a significantly shorter construction lead tic@mpared to building or upgrading transmissioadin

and substations, NAS systems are a practical divieet choice. The NAS system consists of batter

enclosures, battery modules, and power converggtems (PCS), with NGK responsible for the batter
enclosures and modules while collaborating withesgvPCS manufacturers to complete the syste
The design is based on a “Plug and Play” conceiitibto standard 20-foot shipping containers, whic
facilitates transport and installation while minaimig operational costs. The robust and insulatetyde
also makes it suitable for installation in harshather conditions, as the enclosed battery moduaes ¢

withstand a wide range of temperatures and enviemtah conditiong20]

Figure (III-05): Conventional model of NAS Battery [20]
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0 Technical Specifications Table:

Category Specification
Rated Output | DC5800kWh (BOL)

Configuration | Four container subunits, series connected. A stiboeludes six NAS modules,

each rated at DC41.7kW and DC245kWh.
Dimension Conventional model of NAS Battery :6.1m (W) x 2.4B) x 2.6m (H)

Nas Ocean Freight Containers :6.1m (W) x 5.6m (B)5m (H)

Weight 86 tonnes
Table (III-04): NAS Ocean Freight Containers [20]

4.4. Enduramaxx Drinking Water Tank:

The 30000 Litre potable drinking water tank is madiéigh quality, WRAS approved polyethylerje
(MDPE), ensuring the safe storage of drinking walteis rotationally moulded for superior duralylit
impact resistance and weatherproofing, and is abiailin black, blue or natural colours. It is eqag
with a Bye law 30 kit (Bye law 60 in Scotland) teepent contamination and is suitable for agricualtu
industrial and residential use, including for enegrgy water storage, food production and civil eagimg

projects]21]

Figure (I11-06):The 30000 Litre Potable Drinking Water Tank by Eranaxx [21]
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0 Technical Specifications Table:

Parameter

Details

Capacity

30000 Litres (3% tolerance)

Dimensions

(mm)

Diameter: 3450 mm, Height: 3650 mm

Lid

620 mm

Outlet

2" plastic male outlet (other options available)

Material

WRAS-approved MDPE polyethylene, UV-stabilized &timal-proofed

Certifications

WRAS, DWI (meets Regulation 31 for potable water)

Warranty

10 years

Key Applications

Drinking water storage, food industry, emergencppdy civil engineering

projects

Optional Extras

-Type AB Airgap (for Fluid Category 5 compliance)
- Thermal insulation

- Custom fittings: level sensors, side access leatattc

Delivery

UK-wide direct shipping; Hiab (crane) delivery aabie on request

Customization

Multiple colors, PN16/ANSI flanges, side accessheas for maintenance

OTable (IIT1-05): The 30000 Litre Potable Drinking Water Tank by Eraamaxx Specifications [21]

4.5.Nel A485Atmospheric Alkaline Electrolyser:

The A485 Atmospheric Alkaline Electrolyser by Neldne of the world’s most efficient systems {pr
large-scale industrial hydrogen production. It fieas ultra-low energy consumption of 4.5 kWh/Nnd g
a maximum output of 485 Nm3/h (or 1,047 kg/day)98Po pure hydrogen. Designed for scalabilig

multiple units can be combined (e.g., the A4000iesysintegrates 8 units to achieve 3,880 Nm3jj).
Operating at low atmospheric pressure (0.03 baghsures highest safety standards with minim&kiga

risks. The system includes integrated hydrogenigppurification, and advanced automated contrils.
[22]
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Figure (II1-07):Nel Atmospheric Alkaline Electrolyser [22]

Figure (II1-08):Nel Atmospheric Alkaline Electrolysén real [23]
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Fore electrode
- both sides

Electrode

Lyeducting

Gasket

\Dbopnroom frame w/diophrogm

\ \Gasket
Fore electrode -~ both sides
Electrode

Figure (II1-09):A clip of Nel Atmospheric Alkaline Electrolyser [P3

o Technical Specifications Table:

Parameter

Details

Maximum Hydrogen Production
Rate

485 Nmé/h (£0/-3%)

Daily Production Capacity

1047 kg/day (x0/-3%)

Turndown Range

15% to 100%

Operational/Design Pressure

0.03 bar /0.1 bar

Operational/Design

Temperature

80°C /90°C

Ambient Temperature Range

5°Cto 45°C

Maximum Electrical Current

5,150 A

Power Consumption (at 100%

capacity)

4.5 KWh/Nm3 (or 50 kWh/kg)

Hydrogen Purity

99% (water-saturated, <1% oxygen)

Oxygen Purity

99.5% (water-saturated, <0.5% hydrogen)

Footprint

~ 60 m?

Electrolyte Type

25% KOH Aqueous Solution

Key Applications

Ammonia Production, Biofuel Manufacturing, Energprage,

Mining, Chemical Processing

Table (IITI-06):Nel Atmospheric Alkaline Electrolyser Specificat®f22]
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4.6.Containerised Triple Diaphragm Solution hydrogen conpressor:

The Containerised Triple Diaphragm Solution hydrogempressor by GILBARCO VEEDER-ROOT is &
turnkey, plug and play system designed for hydragémeling stations. It features triple diaphragrohinology
for efficient compression, supporting inlet pregsuirom 10 bar to outlet pressures up to 900 bi#in, flew rates
reaching 1.85 kg/min at 500 ba2600 kg/day). The system ensures high safety thrtaak detection, emergency
shutdowns, and compliance with NFPA 2 standardalaBte and modular, it offers a service life exieg®0
years, and is ideal for refueling cars (3-5 minytbases (<10 minutes), and trucks (<15 minutes).

[24]

Figure (III-10):Containerised Triple Diaphragm Solution Hydrogemrpoessor [24]

o Technical Specifications Table:

Parameter Details

Minimum Inlet Pressure 10 bar

Maximum Outlet Pressure | 900 bar

Flow Rate -Up to 0.91 kg/min at 250 bax 200 kg/day)

-Up to 1.85 kg/min at 500 bax 500 kg/day)
Compression Stages Single or dual-stage (up to 4 stages per system)
Power Consumption Up to 200 HP (160 kw)

Operating Temperature Gas: 0 — 40°C / Ambient: -29 — 49°C

Integrated Components Heat exchanger, pressure regulation, volume regualat

Maintenance Intervals 4000 — 2000 operating hours

Service Life 20 + years
Dimensions 417 cm (D) x 224 cn(W) x 234 cm (H)

Applications Car refuelling (3-5 min), buses (<10 min), truck&% min)
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Standards Compliance NFPA 2

Technical Support Remote web-enabled diagnostics and aftersalescesrvi

Table (III-07):Containerised Triple Diaphragm Solution Hydrogenmpeessor Specifications [24]
4.7.Hydrogen Cooler by Frigor Tec:

The HydrogenCooler units by FrigorTec GmbH (Germ)aaye specifically designed for the
hydrogen industry, providing cooling solutions &ectrolysis plants (e.g., AEL, PEM, HTE, AEM) and
hydrogen refuelling stations. These units dissifegtat generated during production and compressign
processes, ensuring hydrogen purity of up to 9%9%ondensing residual moisture. They are built fq

continuous operation and can be customized foostaty or mobile (containerized) production. [24]

For refuelling stations, the system cools hydrotgert0°C for cars (700 bar pressure) and 350 bijgr
for trucks, featuring a flexible modular designtthdapts to rapid load fluctuations. The unitszdithe

Siemens S7 control system for optimal process aatiomand remote diagnostics, supported by a gloljl
service network. [25]

Figure (III-11): Cooling technology for Refuelling Stations Hydrogeaooler by Frigor Tec [25]
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0 Technical Specifications Table:

Parameter Details

Application Areas - Electrolysis plants (AEL, PEM, HTE, AEM)
- Hydrogen refuelling statiol

Required Temperature | Down to-40°C (for 700 bar pressu

Cooling Pressures 350 bar (trucks) / 700 bar (ce

Hydrogen Purity Up to 99.99

Control System Siemens S7 (automation, remote diagnos
Design Modular and customizable to site requirem
Cooling Modes - Separate cooling for electrolysers and compregsmnall systems
- Central cooling (large systen
Certifications Compliant with DIN EN ISO 9001.:20:
Technical Support Global service netwo

Table (II1-08): Cooling Technology for Refuelling Stations Hydrogeooler by FrigorTec Specifications [25]

4.8.Rheinmetall’s Multiple-Element Gas Container (MEGC):
Rheinmetall’'s Multiple-Element Gas Container (MEGIS)an advanced solution for hydroge
storage and transport, featuring Type IV pressamig capable of withstanding pressures up to 700 b

The system offers comprehensive maintenance seraismart loT integration, while fully complying

with transportation regulations for road (ADR),|réRID), and inland waterway (ADN) use. Key

innovations include GEN II multi-filament windingdhnology, which reduces manufacturing time arjg
carbon fiber consumption, and a storage capacitypaio 1100 kg of hydrogen at 380 bar. With lo
enabled predictive maintenance and lifetime optatian, the MEGC is ideal for clean energy an

mobility applications[26]

Figure (III-12):Rheinmetall’s Multiple Element Gas Container [26]
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0 Technical Specifications Table:
Feature Details

Pressure Range 350 — 700 bar

Vessel Type Type IV
Available Lengths 20 FT /40 FT (scalable)
Hydrogen Capacity Up to 1100 kg (at 380 bar)

Regulatory Compliance | ADR (road), RID (rail), ADN (inland waterway)

Innovative Technologies | - GEN Il multi-filament winding technology

- GEN 1l loT-enabled smart maintenance system

Key Benefits - Reduced production time and carbon fiber use
- Increased storage capacity

- Predictive maintenance and lifetime maximizatio

Table (III-09):Rheinmetall’s Multiple Element Gas Container Sgeaifons [26]

4.9. Gilbarco Veeder Root Hydrogen Dispenser:
The GILBARCO VEEDER-ROOT hydrogen dispensetasigned to refuel fuel cell electric vehicles

at pressures of 350 bar or 700 bar with adapt@iiégurations including European or North America

designs. The unit accommodates customisable amstge such as single/dual sides, lane/islafd
orientations and single/two hoses per side. It ides/ standard flow (3. 6 kg/min) or high flow (7. 2
kg/min for 350 bar only) using Coriolis mass floveasurement and superior cooling through diffusig

bonded heat exchangers. [26]

The unit integrates effortlessly with paymesriminals, automation systems and POS protocols, ghd
features a 15 multimedia display for user engagement. It congpphdath CE, ATEX, SAE J2601,
ISO/NFPA2 and other international standards to ensafety and reliabilityj27]
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Figure (III-13):Gilbarco Veeder Root Hydrogen Dispenser [27]

0 Technical Specifications Table:

Parameter Details
Filling Pressures 350 bar (H35) / 700 bar (H70)
Flow Capacity Standard: 3.6 kg/min / High: 7.2 kg/min (H35 only)

Hose Configuration 1 or 2 hoses per side, single or three inlet lines

Measurement Technology Coriolis mass flow meter

Cooling System Diffusion-bonded internal heat exchanger (singlaefdinannel)

Flow Control Emerson control valve

Fuelling Protocols SAE J2601, SAE J2601-2

Vehicle Communication | Communicative or non-communicative (protocol-corapt)
Power Requirements Europe: 220 VAC, 50 Hz / North America: 110 VAC, 6@

Operating Temperature | -40°C to +50°C

Humidity Range 20-95% Rh (non-condensing)

Dimensions (H) 2390 mm (H) x 1466 mm (W) x 610 mm ()
Certifications CE, ATEX, PED, SAE, ISO/NFPA2, UL, and others

Branding Options Custom logos on doors, hoses, and canopy

Table (II1-10):GILBARCO VEEDER ROOT Hydrogen Dispenser Specificas [27]
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Note: We have chosen these technologies to carry outtitly and so that they are compatible with effich
other through their specifications provided by theanufacturing companies, but in case of the dési
materialise the project on the ground, many measurest be taken into account before implementieggh
project, and perhaps one of these influential meassis the cost of the project, so that technokgied

equipment must be selected according to their mptodty of the station and also their reasonablegr

5. Market research and business model :

5.1.Demand Analysis:
o0 Target sectors:Transport (light vehicles, buses, trucks).
o Demand forecasts:Short term (2025), medium term (2030) and longnt€2040) demang
estimates.

5.2. Economic model:
o Investment costsCost estimates for electrolyser, renewable enetgyage and distribution

o Selling price of hydrogen:Current estimates suggest that the cost of pradugreen hydroge
using photovoltaic energy in Algeria ranges betw@émand $6 per kilogram, owing to its lo
solar electricity cost of $0.04/kWh. These figupdace Algeria among the most competitije
producers globally. [28]

Grants and incentives:ldentification of national and international supparogrammes.

6. Integration with the Algerian Environment :

Renewable Energy Utilizing Algeria’'s abundant solar and wind energ
Future Expansion: Modular design allowing for capacity increases esded.
Technical Support: Regular maintenance and global support from congsasuch as

Frigor Tec, contracted when the plant's technolegyurchased.

7. Environmental Considerations :

Zero Emissions :The station produces no carbon emissions duriegadipn.
Resource Efficiency :Use of energy efficient cooling technologies (98ftciency in
compression systems).

Recycling : Design of systems that are reusable or upgradeable

8. Maintenance and Support :

Comprehensive Service Packagetcluding hydraulic system checks, compressord, a
sensors.
Remote Support:Access to the control system online for immediaagostics.

Training: Providing training programs for Algerian personoelstation management.
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9. Expected Applications :

o0 Supplying light vehicles (cars).

o0 Supplying heavy vehicles (trucks and buses).

10.Station Work Principle :

10.1. Renewable Electricity Generation (Based on Operatital Cases):
a) Hybrid Case (Optimal Case):

o Solar Energy:
4270JinKO Bifacial 550W solar panels gener28y88 kWh dalily.

o Wind Energy:
28 AN Bonus 1000/54 wind turbines (1 MW each) gereegdf707 kWh daily

o Total Daily Production:
53495 kWh,with surplus energy stored '"NAS containers to ensure uninterrupted operatiging

low renewable output.

b) Solar Only Case:
11905solar panels generad@382 kWh /day Surplus production is stored in batteries anthénevent
of a shortfall in production (such as at nightg f#ystem is connected to the local electricity.grid

c) Wind Only Case:
43 wind turbines generata3299 kWh/day, with surplus production stored in batteries amel lbcal
grid used during times of renewable energy shortage

10.2. Deionized Water Preparation:

The alkaline electrolyser requires approximat@lgs5 m3/dayof deionised water to produdd.640
m?/day of hydrogen. Therefore, the station is equippede®nised water tanks, each with a storffe
capacity of 30 rfy which is sufficient to produce hydrogen for 9 slayd then be refilled again.

10.3. Electrolysis Process:
o Electrolyser Used:Nel A485 Atmospheric Alkaline Electrolyser.
o Daily Output: 11640Nm3/ day of hydrogen with 99% purity.
o Oxygen Byproduct: Safely released into the atmosphere after purifinab 99.5% purity.

10.4. Hydrogen Compression:
The produced hydrogen is split into two compres#uas compress it to pressures of 700 bar and [§50

bar to maximise storage space in the hydrogen icmnta
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10.5. Hydrogen Cooling:
The two Frigor Tec cooling units lower the temperatof the pressurised hydrogen to -40°C. Tgis

increases its density and reduces the risk of thkeexpansion.

10.6. Hydrogen Storage:
Utilising two Rheinmetall MEGC containers desigriedhigh pressure resistance.
o Containers capacity:
= At 350 bar pressure:1100 kg
= At 700 bar pressure2200 kg

o Utilization of Additional Storage Capacity: The extra storage capacity in the containers (fjt
either 350 or 700 bar) provides operational fldkipiallowing for:
= Storing excess hydrogen produced during periodevotiemand.
= Securing supply during high-demand periods or systewntimes.
» Transferring surplus hydrogen to other stationst @ not produce hydrogen via
electrolysis but rely on external supply and prevashly distribution services.

Designed:Equipped with loT-enabled monitoring for safety afficiency.

Hydrogen Distribution:
Distributors: Two Gilbarco Veeder Root dispensers support raigelt 700 bar (3.6 kg/mi
for cars) and 350 bar (7.2 kg/min for trucks).

Safety and accuracy SAE J2601 compliant to prevent leaks and ensuneraterefuelling.

Integration with Local Infrastructure:
Operational Flexibility: Prioritizes renewable energy, with grid or battéackup during

shortages.

Monitoring Systems: Include pressure temperature sensors, leak dete@ond emergenc

shutdown mechanisms.
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1. Solar Energy :
e Panels Used:

JinKO  Bifacial

efficiency)
= Number of Panels :

- Hybrid Case : 4 270 panels

— Solar Only Case : 11 805 panels
e Daily Energy Production:

- Hybrid : 18 788 kWh/day

- Solar Only : 52 382 kwh/day

535-555W (21.48%

3. Surplus Energy Storage :

= Batteries Type : NAS ocean freight
containers.

= Capacity: 5 800 kwh

= Required Units : 9 containers

= Purpose : Store surplus energy to

2. Wind Energy:
e Turbines Used:
AN Bonus 1000/54 (1 MW capacity)
e Number of Turbines:
- Hybrid Case : 28 turbines
- Wind Only Case : 43 turbines
* Daily Energy Production:
- Hybrid : 34 707 kwWh/day
- Wind Only: 53 299 kwWh/day

4. Connecting to the local grid:
* When renewable energy sources and
batteries are unavailable, the
electrolyser is connected to the local
power grid
Devices such as compressors, cooling

ensure operation during low

systems, storage, and dispensing units
renewable ocutput

are always connected to the grid

Criterion Solar Only Case Wind Only Case  Hybrid Case

= Number of Solar Panels 11905 0 4270
= Number of Wind Turbines 0 43 28

= Daily Energy (kWh) 52 382 53 299 53 495
= Grid dependency High (night) Medium Low

Electrolyser Type : Nel A485 Atmospheric Alkaline Electrolyser
Daily Output:11 640 Nm3/dc|y of hydrogen (99% purity)

Daily Energy Consumption : 52 380 kwh/day

Daily Water Requirement: 9.35 m?/day of deionized water

Water tank type for electrolysis : Enduramaxx Drinking Water Tank
Number of tanks used : 3, each with a capacity of 30 000 litres

Compressor Type : Containerised Triple Diaphragm Solution
Number of Compressors: 2
Final Pressure : 700 bar and 350 bar

Cooler Type : Frigor Tec Hydrogen Cooler
Number of Coolers: 2

Target Temperature : —40°C
Purpose : Increase hydrogen density and reduce thermal risks

Containers Type : Rheinmetall’'s MEGC (Type V)

Number of Containers: 2

Capacity : 1100 kg at 380 bar and 2 200 kg at 700 bar
Features: |oT enabled monitoring, high pressure resistance

Dispensers Type : Gilbarco Veeder Root Hydrogen Dispenser
Number of Dispensers: 2
Suppeorted Pressures : 350 bar and 700 bar
Flow Rate: -3.6 kg/min (700 bar)
-7.2 kg/min (350 bar)
Compliance : SAE J2601 standards for safety and precision

Figure (III-15): Technical Summary Diagram of the Future Green bigen Station in Algeria
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11.Conclusion :

The chapter concludes with a comprehensive framefeothe study and design of a viable hydroggn
station in the Algerian context. The study confithtlee technical feasibility of the project. Keyheccal
components and engineering specifications werdiftehto ensure operational efficiency, tailoredsuit
local conditions such as the availability of res@srand infrastructure in Algeria. The study showed
project's compliance with global environmental dinds through emission reduction and sustainiole
technologies. By reviewing examples of applied tetbgies and their operating principles, the chajge
emphasized the adaptability of these solutionssgcdiverse applications, from transportation torgye
storage. As such, this chapter serves as a coonerftr subsequent chapters, which will delve thi®
detailed design and practical implementation ofsta¢ion, reinforcing Algeria's potential as a lpdgyer

in the green hydrogen economy.
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1. Introduction :

section aims to provide a comprehensive visualsingttural description of the system, clarifyingah
these components integrate and analysing theirgule&inctions to achieve the project's specifiged
objectives. Design illustrative images for eacht prthe system will be included to enhance vis|gal
understanding of the proposed system's archité@ndafunctional configuration.

2. The Program Used to Design the Station:

SolidWorks is an excellent program for designingegr hydrogen stations thanks to its ability|fgo
provide accurate and comprehensive 3D designspidgeam allows you to design all station componel(fits
from electrolysis devices and tanks to pumps amapbex piping networks, in realistic detail.

Using SolidWorks, you can assemble these individoahponents together to create a complete[3D
model of the station, helping you visualise thealfishape and accurately determine dimensions|fand
locations. This capability allows you to detect @ogential interferences or issues between padsraty
early stage of design, before construction begifisese integrated design capabilities help simphty

complex design process.

3. Main Components and their Design :

3.1. Solar Panel Design :
The Jinko solar panel has the following dimensions:

2278 mm x 1134 mm x 35 mm, and the 24-panel arcaypes an area of 10 metres. The designfhas
only about 648 panels, which is not the numbertthastation actually needs. This number was chase

a design sample only, as the actual number regisrgdite large.
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Figure (IV-01): Design of JinKO Bifacial Solar Panels 535-555W Morystalline Module

Figure (IV-02): Design for the installation of a set of 24 solangla

3.2.Wind Turbine Design:

The wind turbine design is characterised by iteske&ze.The base is about 12 metres in diameteigand
up to 60 metres high, while the rotor is about 54détres in diameter.Eight wind turbines were used
sample for the design, but this is not the actuahlver required by the station, as a large areaedead,

which is difficult to represent in the design.
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Figure (IV-03): Design of the AN Bonus 1000/54 wind turbine

3.3. NAS Container Storage Energy Design:

In the case of renewable energy storage battehieg,are specially designed, taking into accouat(gh
dimensions of Nas shipping containers, which inelddur traditional Nas battery containers wigh
dimensions of 6.1 (W) x 2.4 (D) x 2.6 (H) in a dengtorage container with dimensions of 6.1 (W).&
(D) x 5.5 (H) and the same traditional design tovpte better representation in the design and ethe

space occupiedine containers were used to store the renewabtdraity needed for the station.

Figure (IV-04): NAS Container Storage Energy Design

3.4. Design of Enduramaxx Water Tank:

The deionised water tank has a diameter of apprabein 3450 mm and a height of 3650 mf,

occupying an area of 16000 nThree tanks were used, which meets the neede sftation.
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Figure (IV-05): Enduramaxx Water Tank

3.5. Nel Atmospheric Alkaline Electrolyser Design:

The electrolyser covers an area of about 60@mly one Nel atmospheric alkaline electrolyses
used to meet the needs of the water electrolysisess.

Figure (IV-06): Nel Atmospheric Alkaline Electrolyser Design

3.6. Triple Diaphragm Hydrogen Compressor Design:

The compressor covers an area of approximately r68#8and is 2340mm high. Two compress(irs
were used in the station to cater for pressur@&0foar and 700 bar.
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Figure (IV-07): Triple Diaphragm Hydrogen Compressor Design

3.7. Frigor Tech Hydrogen Cooler Design:
The cooler covers an area of fouf maches a height of around four metres. Two caoiés were used in the system (b

meet the stationiseeds.

Figure (IV-08): Frigor Tech Hydrogen Cooler Design

3.8. Design of the Rheinmetall Multiple Element Gas Corginer:

The hydrogen containers cover an area of about8lL#8#. Two containers were used to meet the

users' hydrogen needs.
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Figure (IV-09): Design of the Rheinmetall Multiple Element Gas @Gamer

3.9. Design of the Gilbarco Veeder Root hydrogen dispess

The dispenser covers an area of 790?rand has the following dimensions 2390 mm (H) x@l46n

(D) x610 mm (W). Two dispensers were used at thigost to meet customer needs.

Figure (IV-10): Design of the Gilbarco Veeder Root hydrogen dispens
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4. Final Design of the Station Structure :

The design occupies an area of @d@&r. The colours green, red and white, which are tieurs of
the Algerian flag, were chosen to make the statione representative of the country.

Figure (IV-11): Final Design of the Station Structure

5. Final Design after assembly of Station Components :

These are Screenshots of the finished stationntiiken different angles after all its componentséh;
been assembled
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Figure (IV-12): Screenshots of the final design of the Algerianrbgédn station from different angles
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6. Conclusion :

In this chapter, the integrated engineering desiga green hydrogen production system, basedgon
renewable energy sources, has been presentedlastchted. The visual and structural aspects ol gfac
main component, from renewable energy generatiais tm hydrogen processing and storage systefns,
were emphasized through the inclusion of illuskeatiesign images. This design confirms the featsib
of achieving an integrated and efficient system mptesents the technical foundation upon which|ghe
detailed calculations and analyses presented ipréhaous chapter were built. This design pavesig

for the practical potential of implementing greguliogen solutions as a major contributor to a suskde

energy future.
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1. Introduction :

The field of maintenance is undergoing a radicaatgformation with rapid developments in artific(fl

intelligence and robotics, with smart maintenaneedming the cornerstone of improving operatiojgal
efficiency and minimising costs. This chapter i@nprehensive exploration of the role of Al

modernising hydrogen plant maintenance, from ti@oil methods to smart, data-driven solutions {nd
advanced sensors. We will look at how these tedgieé can enhance safety, reduce unexpected &iljjre

and improve overall plant performance.

2. Maintenance in the Age of Atrtificial Intelligence :

Industrial maintenance systems are undergoing anatra shift from traditional techniques
predictive and preventive maintenance enabled dyahid advancement of artificial intelligence (Ahd
robotics. A Siemens 2024 report found that unexqeetjuipment downtime costs major companies U to
$1.4 trillion annually. As a result, there is awgiog need to deploy intelligent maintenance sohgito

minimise downtime and increase operational efficyef29]

2.1. Predictive Maintenance and Atrtificial Intelligence:

Predictive maintenance uses performance data tadléy sensors on industrial machinery to iden
problems before they happen. Large companies siéimazon and IBM have been using the technolfjgy
for years. Today, startups like Aquant are usingfi@al intelligence-based algorithms to impro\g
predictive accuracy and minimise false alarms. &s3stems analyse sensor data and historical se(prd
to make accurate suggestions about when and wiebfymaintenance is needed, helping companies [guch

as Coca-Cola and HP save up to 23% on service. §2S{s

2.2.The Role of Robotics in Inspection and Maintenance

Gecko Robotics is a leading example of the usatefligent robots in maintenance. The company (§as
developed wall-climbing robots equipped with adwhsensors and high-resolution cameras to insfgect
critical infrastructure such as dams, power plant$ pipelines. Gecko's Al platform analyses th&ectdd

data to detect corrosion and cracks early, enalplingctive maintenance before failures occur. [29]

2.3.Generative Al to Support Technicians :

Companies such as Waites Sensor Technologies higggated Large Language Models (LLMSs) irfjo

their systems, allowing technicians to interacedily with maintenance platforms using natural laage

gueries such as "What are the most failure-pronehimas ?". This simplifies access to information 4
speeds up decision-making without having to naeigaimplex dashboards. [29]
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2.4.Challenges of Adopting Smart Maintenance :

Despite its benefits, Al-driven maintenance faesesal challenges :

High initial cost of installing smart sensors amdjtading existing systems.
Difficulty integrating with legacy infrastructurend disparate data sources.

Skills gaps in traditional maintenance teams unlfiamiith Al tools.

Concerns about job displacement, even though tbtlentdogy is intended to support humigin
technicians, not replace them.

However, industry experts agree that companiesitivasst in Al-assisted maintenance can gaif§ a

significant competitive advantage and improve thag-term operational performance. [29]

3. Maintenance Plan for Hydrogen Refuelling Stations

Regular and methodical maintenance is a key comptoneensuring the safe and effective operatfpn
of hydrogen refuelling stations. These stationsehagorous protocols in place to reduce the rijks
associated with hydrogen's properties, such asftagimability and leakage. With an emphasis ontgalf
and compliance with local and global regulatiohss plan describes the critical actions and prdsfmr

the maintenance of hydrogen refuelling equipmei] [

Section Key Steps/Procedures Details/Requirements

Initial Preparation | Isolation of Energy Source Secure all energy sources (electrical,
(Lockout/Tagout — LOTO) pressure) using the LOTO system to
prevent accidental activation.
Compliance with safety standards such a
OSHA 1910.147 or equivalent local

regulations.

Purging Hydrogen from the 0 Remove hydrogen from equipment usin

System an inert gas (e.g., nitrogen) before startin
work.
Measure residual hydrogen concentratig
to ensure it is reduced to a safe level (belg

1% per standards).

Written Procedures Confined Space Entry Verify adequate ventilation and absence o0f

hazardous gases before entry.

Use continuous gas monitoring devices.
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Verifying Equipment

Readiness for Maintenanc

(0]

Inspect pressure, temperature, and hydro
concentration before work begins.

Document all steps in maintenance report

Work Permits

Issue permits specifying tasks, hazards, &
emergency procedures.
Hot Work Permit :

Require extinguishing nearby ignition
sources and availability of fire
extinguishers.

Compliance with NFPA standards or

equivalents.

Job Safety

Analysis

Break Down Tasks

Define each activity (e.g., valve inspection

pipe replacement).

Identify Hazards

Such as hydrogen leaks, high-pressure
exposure, or spark

Implement Controls

Use spark-resistant tools, protective geag

and worker training.

Documentation

Use a JSA form to record findings and sh

with the team.

Training and

Awareness

Train workers on

LOTO and purging procedures.
Handling leak detection devices.
Emergency response plans for fires ¢

leaks.

Continuous Review

and Improvement

Incident Review

Analyze past incidents to improve

procedures.

Periodic Inspections

Monthly checks of equipment integrity
(e.g., fittings, pipes).

Compliance with Hydroger

Standards

10

Such as ISO 16111 or local regulations.

Table (V-01): Hydrogen Stations Safety and Maintenance Plan [30]
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4. Maintenance of station components

4.1.Solar Panel Maintenance

Solar panels represent a long-term investmentdioaires simple, yet consistent, maintenance tore
optimal performance and energy savings. This ire®Ikegular cleaning to combat efficiency reductpn
from dust and debris, continuous performance mangdo detect drops in energy production, and ah
expert inspections for potential faults like danthgables or inverters. Consideration of locatiod :
climate, such as increased dust in desert aresisoov removal in snowy regions, is crucial for efifiee
maintenance. Proactive measures, such as avoidatigng on panels and inspecting the system glger

severe storms, along with diligent record-keeph@p maximize their lifespaf31]

Maintenance Description Frequency Key Considerations/Notes
Task

Regular Spray panels with a hose | At least twice a year; Accumulation of dust, leaves,
Cleaning or bucket of water ; avoid| more frequently in | or snow reduces light
using harsh chemicals or | dusty areas or whereabsorption efficiency.

abrasive brushes. there is low rainfall.

Continuous | Use monitoring Continuously Pay attention to sudden drog
Performance | applications (such as thos in productivity, as these may
Monitoring provided by installation indicate dirt build-up or a
companies) to track the technical fault.

energy production of each

panel.

Annual Expert | Conduct a comprehensive Annually Recommended to detect
Inspection annual inspection to detec potential faults not visible

potential faults, such as during routine checks.

damaged cables or

inverters.

Post-Storm | Inspect the system after As needed (after | Check for physical damage ta

Inspection severe storms. severe storms) | panels, mounting, or wiring.

Record Keep a record of all Ongoing Provides a history of
Keeping maintenance and maintenance activities for

inspections. troubleshooting and planning

Table (V-02): Solar Panels Maintenance Schedule [31]

4.2.Wind Turbine Maintenance:

Wind turbines, a vital component in hydrogen rahgelstations, require meticulous maintenancefto

ensure their continuous performance and efficie8gsic maintenance involves regularly inspectfihg
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blades for cracks, wear, or damage caused by st@ansl, or lightning strikes, and cleaning the
remove contaminants that reduce pick-up efficieticglso includes inspecting the gearbox for weat
oil leaks, applying periodic lubrication to redufrection, monitoring the generator for electrical
mechanical failures affecting power conversion, imsgecting the tower and foundations for crackhen
metal structure or concrete foundation. Both prévenmaintenance, through periodic inspection,

changes, and component cleaning, and predictivatarance, utilizing sensors to monitor vibratio

temperatures, and the performance of electricapomants, are effective strategies. These procedime

to extend the lifespan of turbines and prevent dgwsaesulting from environmental factors like lighg
strikes or sand erosion, or operational errors sisobxposing the turbine to wind speeds exceedisga
specifications or neglecting to balance blades afetial damage. It is recommended to chooseliagtm
sites away from areas prone to sandstorms or iigisirikes, train teams to use smart monitorirgjeys,

and sign maintenance contracts with specializedoamies to minimize long-term cosf32]

Maintenance
Task
Blade

Inspection

Description Frequency | Key Considerations/Notes

Look for cracks, wear, or damage Periodic Essential for maintaining

caused by storms, sand, or lightning wind capture efficiency anc

strikes. Clean the blades to remove preventing failures.
dust and other contaminants that

reduce pick-up efficiency.

Gearbox

Inspection

Check for gear wear and oil leaks|

Apply periodic lubrication to

reduce friction.

Periodic

Ensures smooth operatiorn
and prevents mechanical

failures.

Generator
Monitoring

Detect electrical or mechanical
failures affecting power

conversion.

Continuous

Identifies problems early

and prevents shutdowns.

Tower and
Foundation
Inspection

Ensure that there are no cracks in
the metal structure or concrete

foundation.

Periodic

Ensures structural stability

and prevents safety risks.

Preventive

Maintenance

Periodic inspection, oil changes,

and cleaning of components.

Periodic
(according to
a defined

schedule)

Reduces the likelihood of
sudden failures and extend

component life.

Predictive

Maintenance

Use sensors to monitor vibrations
temperatures, and performance o

electrical components.

f

Continuous

Predicts problems before

they occur, allowing for

targeted maintenance.
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Damage Consider environmental factors As needed | Helps understand the caus
Management | (lightning strikes, sand erosion) and(after events)| of damage and prevent
(Causes of | operational errors (exposing the recurrence.
Damage) turbine to excessive wind speeds
neglecting to balance blades after
partial damage).

Maximize Choose installation sites away from Ongoing Ensures operational

Lifespan areas prone to sandstorms or continuity and reduces
lightning strikes. Train teams to ug long-term costs.

smart monitoring systems. Sign
maintenance contracts with

specialized companies to minimiz

long-term costs.

Table (V-03):Wind Turbine Maintenance Schedule [32]

4.3.Renewable Energy Storage Battery Maintenance :

Maintaining renewable energy storage batteriesuisial for ensuring optimum performance, extend|fig
system life, preventing safety hazards, and maimgienergy efficiency. Basic maintenance invol\es
regular visual inspections to check for damagerosion, or signs of overheating. Cleaning includges
removing dust and debris and cleaning terminalsptevent corrosion. Professional maintenaifce
encompasses performance testing and system diagmnashile minor repairs involve tightening loofe
connections and replacing damaged components.efties frequency for these tasks is typically mont
for basic visual checks, quarterly for cleaning] gearly for professional inspections. Additionailyis
vital to avoid overcharging, maintain good venidat monitor temperature, and use quality compa{nt

to maximize the lifespan and safe operation ofoidtery storage systeiid33]

Maintenance Description Frequency Key Considerations/Notes
Task

Visual Check for damage, Monthly Crucial for early detection of
Inspections corrosion, or signs of physical issues.

overheating.

Cleaning Remove dust and debris Quarterly Ensures proper electrical conta¢

Clean terminals to and prevents degradation.

prevent corrosion.

Professional | Conduct performance Provides in-depth assessment an
Maintenance | testing and system optimization of the system.

diagnostics.
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Minor Repairs | Tighten loose As needed Addresses small issues before
connections and replace they escalate into major problem

damaged components.

Avoid Ensure the battery system Continuous Overcharging can significantly
Overcharging | is not overcharged. reduce battery lifespan and pose

safety risks.

Maintain Good | Ensure adequate Continuous Prevents heat buildup, which cg
Ventilation ventilation around the degrade battery performance an

battery storage area. safety.

Monitor Regularly monitor the Continuous Extreme temperatures can

Temperature | operating temperature of negatively impact battery

the batteries. efficiency and longevity.

Use Quality Ensure that all Initial installation| Contributes to overall system
Components | components used in the | & replacements| reliability and safety.

battery system are of high
quality.
Table (V-04): Renewable Energy Storage Battery Maintenance Sitdn§8R3]

4.4.Deionized Water Tanks Maintenance

For systems utilizing deionized water, the mainteeaof plastic storage containers is paramourf to
ensure water purity, prevent contamination, mamtank integrity, and extend its operational lif@sp
Maintenance primarily focuses on regular cleanimg sanitization to prevent the accumulation of baat
and contaminants. This is complemented by routispaction for leaks and cracks in the tank's strac
It's crucial to inspect valves and connectiongisuee proper functioning and prevent any leakagéatah
aspect for plastic tanks is protection from diatlight, which significantly helps in prolonginggir life
by preventing material degradation. For regionshvaw temperatures, preparing the tank for winger

involves draining and insulating it to prevent frigg. It is recommended to perform a comprehensink

inspection at least twice a year. You must payecladgention to changes in water color, odor, or [ghe
presence of sediment, as these are indicatorgrihadiate cleaning is required. Plastic tanks, dpenore
susceptible to damage than concrete, also requiteqbion from sharp or heavy objects and ensuf(fing

adequate ventilation to prevent pressure builf4j.

Maintenance Description Frequency Key Considerations/Notes
Task
Cleaning and | Clean and sanitize the | At least once a year| Essential to prevent the

Sanitization | inside of the tank using accumulation of bacteria and

mild cleaner and brush, contaminants that could affect

deionized water purity.
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then rinse thoroughly

with clean water.

Leak and
Crack
Inspection

Regularly inspect the
tank for any leaks or
cracks in the structure,
and repair them
immediately upon

detection.

Every six months (or
more frequently
depending on

usage/conditions)

Prevents water loss and
degradation of water quality,
especially crucial for pure

water.

Valves and
Connections
Check

Ensure all tank valves
and connections are
functioning correctly,

and replace any showin

signs of wear or damage.

Every six months

Prevents leaks and ensures

proper control of water flow.

Protection

from Sunlight

Cover the tank with a
shade cloth or paint it
with UV-resistant paint
if it's exposed to direct

sunlight.

Continuous

Extends the lifespan of the
plastic tank by preventing
material degradation due to U

exposure.

Winter

Preparation

Completely drain the
tank and disconnect all
pipes and fittings before
covering it with an
insulating blanket in

cold regions.

Before freezing

temperatures set in

Prevents water from freezing
and damaging the tank

structure.

Monitoring

System Check

(if applicable)

Verify the proper
functioning of any water
monitoring systems
(e.q., purity level,
temperature).

Regularly

Ensures the deionized water

quality is maintained.

Physical
Protection

Keep the plastic tank
away from sharp or
heavy objects that coulc

cause damage.

Continuous

Prevents punctures or structt

damage to the tank.

Ventilation
Check

Ensure the plastic tank

has adequate ventilatior

Regularly

Essential for safe operation an

to prevent deformation due to

pressure changes.
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openings to prevent

pressure buildup.

Indicators for | Note any change in

Upon observation

These are signs of water

Cleaning water color contamination and

(dark/cloudy), a foul accumulation of
odor from the water, or bacteria/germs, indicating
the presence of sedime immediate cleaning is needed.

at the bottom of the tank.

Table (V-05):Deionized Water Tanks Maintenance Schedule [34]

4.5. Electrolyser Maintenance :

Maintenance of electrolysers requires a thorougterstanding of their operating characteristics {§nd

associated hazards to ensure efficient and safeggd production while minimizing the risk of acerds.
A major safety concern is hydrogen-oxygen gas oness which can lead to the formation of flammalgle

mixtures under conditions such as startup and skwrtdStrict adherence to manufacturers' guidelioeg

system operation and maintenance of safety deVikesgas detectors and recombiners is esserjial.
Electrolysis stacks can retain electrical chargerafhutdown, posing an arcing or discharge rigkndu
maintenance, thus technicians must ensure fulhdrge before work. Installation in well-ventilatedn-
classified areas away from ignition sources, alwitly the use of certified components, is crucialdafety
and code compliance. Furthermore, waste processnssr containing dissolved hydrogen or oxygen njjust

be discharged to open, ventilated areas to pr@anaccumulation and hazardous incidents. Oxygelf
poses serious fire hazards, especially under messuin enriched environments, necessitating prdgpe
material selection and venting away from ignitioni€es. In emergencies, the system must autorniwgtifal

shut down hydrogen production, isolate storage,safely vent gases while maintaining ventilati@]

Maintenance
Task

Description Frequency Key Considerations/Notes

Operational Continuous | Prevents hydrogen-oxygen gg
Safety & Gas

Crossover

Adhere strictly to

manufacturers' guidelines for| operation & | crossover and formation of

system operation. Maintain | regular checkg flammable mixtures, especiall

Prevention safety devices such as gas during startup/shutdown.

detectors and recombiners.

Electrical
Maintenance &
Discharge
Verification

Technicians must check that

the electrolysis stack is fully

discharged using appropriate

measuring tools and protectiy

Before any
maintenance

work

Electrolysis stacks can retain
electrical charge after
shutdown, posing
arcing/discharge risk.
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equipment before starting

maintenance.

Installation Ensure electrolysers are Initial Enhances safety and code

Considerations | installed in well-ventilated, installation | compliance.
non-classified areas away fro
ignition sources. Use certified

components.

Handling Waste | Discharge liquid waste Continuous | Prevents gas accumulation ar
Process Streams containing dissolved hydrogen operation & | hazardous incidents.

or oxygen to open, ventilated| system design
areas. Avoid connecting drains

to closed or shared systems.

Oxygen Hazard | Proper material selection and Continuous | Oxygen poses serious fire
Mitigation venting away from ignition operation & | hazards, especially under
sources. system design pressure or in enriched

environments.

Safe System | In emergencies (e.g., Emergency | Crucial for preventing
Shutdown ventilation failure, gas leak), response | escalation of hazardous
Procedures | the system must automaticall situations.

shut down hydrogen

production, isolate storage,

and safely vent gases while

keeping ventilation active.

Table (V-06): Electrolyser Maintenance Schedule [30]

4.6.Hydrogen Diaphragm Compressor Maintenance

Maintenance of hydrogen diaphragm compressorsitisatrto the safe and efficient operation (§f

hydrogen systems. Maintenance schedules are tiypicated on operating hours and time intervigls,
encompassing start-up inspections, periodic maames at regular intervals, and major mechanjgal
maintenance after a certain number of years orruselere operating conditions. Procedures for tlse
maintenance types involve filter checks, compowrésdning, oil changes, replacement of certai partd
inspection of wear parts. Due to the nature of bgdn gas, special considerations during maintenince
include ensuring the integrity of seals and gaskgtsevent hydrogen leakage, using hydrogen-cairipa
materials to avoid corrosion and deterioration, eeglularly inspecting components for cracking, Wh

can result from hydrogen embrittlement. A listefuired spare parts, such as seals, gasketss,fitteeck

valves, and diaphragms, is also crucial for effectnaintenancg35]
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Maintenance
Task

Description

Frequency

Key Considerations/Notes

Start-up
Inspection

Filter checks,
component cleaning,

and oil changes.

On first start-up

Ensures proper initial

operation.

Periodic

Maintenance

Component checks,
replacement of certain
parts, valve checks, an
parts cleaning.

Regular intervals based @

operating hours or years

rMaintains ongoing
efficiency and prevents
minor issues from

escalating.

Major

Mechanical

Maintenance

Replacement of major
parts such as bearings
and rings, and
inspection of wear

parts.

After a certain number of

years or under severe

operating conditions

Addresses significant wear
and tear for long-term

reliability.

Leak

Prevention

Ensure the integrity of
seals and gaskets to
prevent hydrogen

leakage.

Ongoing, during

inspections

Critical due to the
flammability and leakage
properties of hydrogen.

Compatible
Materials

Usage

Use hydrogen-
compatible materials to
avoid corrosion and

deterioration.

During
replacements/repairs

Prevents material
degradation caused by

hydrogen.

Crack
Inspection

Regularly inspect
components for
cracking, which can
result from hydrogen

embrittlement.

During inspections

Hydrogen embrittlement ¢
compromise component

integrity.

Spare Parts

Management

Ensure availability of
spare parts (seals,
gaskets, filters, check

valves, diaphragms).

Ongoing

Essential for timely
replacements during

maintenance.

Table (V-07): Hydrogen Diaphragm Compressor Maintenance Sché¢8be

4.7.Hydrogen Cooler Maintenance:

Maintaining hydrogen coolers is vital for ensurigificient and safe operation of hydrogen refuel(fag

stations by effectively removing heat generatednduthe compression process. Without proper cool(lhg

the hydrogen could reach dangerously high tempestumpacting safety and system performarjge.
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Regular maintenance typically involves several kega cleaning, checking for leaks, and inspec{ing
components. Routine cleaning of the heat exchafngeiis crucial to prevent dust and debris build{§p,
which can significantly reduce cooling efficiendyrequent checks for hydrogen or coolant leaks|fare
essential due to safety concerns associated wittoggn and the need to maintain optimal coolardl$e
Furthermore, inspecting components like fans, pymapg valves for wear, damage, or malfunction hefps
prevent system downtime and ensures consistenhgoélollowing the manufacturer's specific guides

for maintenance is paramount, as different coolesighs may have unique requirements. Proadfive
maintenance ensures the cooler operates at peeiermdly, contributes to overall system reliabilignd

helps mitigate potential hazards associated wgh-temperature hydrogefi36]

Maintenance Description Frequency Key

Task Considerations/Notes

Cleaning Heat | Remove dust, debris, and any Regularly (e.g., | Prevents reduction in
Exchanger Fins | obstructions from the heat monthly or cooling efficiency due to
exchanger fins. This can be quarterly, buildup.

done with compressed air, a depending on
soft brush, or water, environmental
depending on the conditions)
manufacturer's

recommendations.

Leak Checks | Inspect all connections, hoses, Frequently (e.g., | Crucial for safety due to
and pipes for any signs of weekly or daily, | hydrogen's flammability
hydrogen or coolant leaks. depending on | and to maintain system
Use appropriate leak detection operational performance.

methods for hydrogen. demands)

Fan Inspection | Check cooling fans for propef Regularly (e.g., | Ensures adequate airflow
operation, unusual noises, monthly) for heat dissipation.
vibration, and blade integrity.
Ensure they are free from

obstructions.

Pump Inspection | For liquid-cooled systems, Regularly (e.g., | Ensures effective

(if applicable) | inspect the coolant pump for monthly or circulation of the cooling
proper operation, leaks, and quarterly) medium.

signs of wear.
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Valve and Sensor
Checks

Inspect all valves for proper
functioning (opening/closing)

Periodically (e.g.,
quarterly)

Ensures precise control
over the cooling process

and check sensors for accurate and system safety.
readings of temperature and

pressure.

Coolant Level | Monitor coolant levels and Periodically (e.g.,| Maintains optimal heat

and Quality quarterly or transfer properties and
Check (for

liquid-cooled

quality; replenish or replace as

needed according to annually) prevents corrosion.
manufacturer specifications.

systems)

Adherence to | Always follow the specific Continuous Different models and

Manufacturer maintenance schedule and designs may have unique

Guidelines procedures outlined in the maintenance requirements.

hydrogen cooler's manual.

Table (V-08): Hydrogen Cooler Maintenance Schedule [36]

4.8. Maintenance of Hydrogen Storage Containers :

Hydrogen storage containers are a critical compoineany hydrogen system, and their maintenandg i
paramount for ensuring safety, preventing leakd,maintaining the integrity of the stored hydrogéne
primary focus of maintenance involves routine itsipms to detect any signs of physical dama
corrosion, or deformation. Given the high pressune@slved and the flammability of hydrogen, le
detection is a continuous and crucial task, reqgithe use of specialized detectors and regulaspre
checks. Furthermore, periodic re-qualification &gdrostatic testing are essential to comply witletya
standards and ensure the structural integrity ®efcttintainers over time. Material compatibility Is;a

key consideration; using materials resistant torbgein embrittlement and corrosion is vital to pray|

long-term degradation. Any internal or externaltowa systems should also be inspected for integ

Additionally, ensuring proper ventilation in stoeagreas helps mitigate risks associated with pate
leaks. A robust maintenance plan, combining visugpections, advanced leak detection, and scheqg

certifications, is indispensable for the safe aglble operation of hydrogen storage facilit{@8)]

Maintenance Key

Task

Description Frequency

Considerations/Notes

Visual Inspection | Check for physical damage, Regularly (e.g., | Early detection of physica

dents, cracks, corrosion, monthly or issues is crucial for safety

deformation, or any signs of quarterly) and integrity.
wear on the container's

exterior and structural




Chapter 05: Station Maintenance in the Context of Artificiatélligence Developments

supports. Inspect external

coating systems.

Leak Detection

Use specialized hydrogen
leak detectors to check all
connections, valves, and
welds. Monitor pressure
readings for any unexplained

drops.

Continuously (via
sensors) &
periodically

(manual checks,

e.g., weekly)

Hydrogen is highly
flammable; preventing

leaks is paramount.

Pressure Relief
Device (PRD)

Inspection

Verify that PRDs are not
corroded or blocked and are
functioning correctly. They
are vital for preventing over

pressurization.

Annually or as per
manufacturer's

guidelines

Ensures safe release of
pressure in case of

overpressure.

Valve and Fitting

Inspection

Check all valves, gauges, and Regularly (e.qg.,

fittings for proper operation,

signs of wear, or leaks.

quarterly)

Ensures precise control af

containment of hydrogen.

Re-qualification
and Hydrostatic
Testing

Periodically re-qualify the
containers according to
national and international
safety standards (e.g., DOT
ISO). This often involves

hydrostatic testing.

As per regulatory
requirements (e.g.

every 5-10 years)

Ensures structural integrity
under pressure over the

container's lifespan.

Material
Integrity Check

Pay attention to signs of
hydrogen embrittlement or
material degradation,
especially in critical stress

areas.

During re-
gualification and

major inspections

Hydrogen can affect
certain materials over time

leading to embrittlement.

Ventilation

System Check

Ensure the storage area has
adequate and functioning
ventilation to disperse any

potential hydrogen leaks.

Regularly (e.qg.,
monthly)

Prevents accumulation of
hydrogen, reducing

explosion risk.

Documentation
and Certification

Review

Maintain updated records of
all inspections, maintenance
activities, and re-

gualification certificates.

Ongoing

Ensures compliance and
traceability of maintenance

history.

Table (V-09):Maintenance of Hydrogen Storage Containers SchddQ]e
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4.9.Hydrogen Dispensers Maintenance

Hydrogen dispensers are the interface betweenyitioden station and the vehicle, and their pro
maintenance is paramount for safety, accuraterfgend operational reliability. Maintenance ofsig
units focuses heavily on preventing leaks, ensupregise metering, and verifying the integrity df
components that come into contact with high-pressydrogen. This includes routine visual inspedi
for signs of wear, damage, or leaks around hosez|es, and connections. Leak detection is a cootig
and critical process, often supported by integrattsors, but also requiring manual checks. Caélilore
of the flow meter is essential to ensure accurgtirdgen dispensing for billing and safety. Reg
inspection and replacement of filters prevent comation and maintain flow rates. Given the hi
pressures and flammability of hydrogen, all maiatere activities must strictly adhere to safetyquols,

including depressurization of lines before sengciproper lockout/tagout procedures, and the us

specialized tools and personal protective equipm&rdetailed maintenance log should be kept for

checks, repairs, and calibrations to ensure comgdiand traceability. [37]

Maintenance Task Description Frequency Key

Considerations/Notes

Visual Inspection Check dispenser body,|  Daily/Weekly Early detection of
hoses, nozzles, physical issues is crucia
breakaways, and for safety and operationa
connections for continuity.
physical damage, weatr
kinks, cracks, or signs
of hydrogen leakage
(e.g., frosting, abnormg

sounds).

Leak Detection Use portable hydrogen| Weekly (manual | Critical for safety due to
leak detectors to check checks) hydrogen's flammability
all potential leak points and stealthy nature of
Monitor built-in leak leaks.

detection systems if

available.

Flow Meter Calibration | Verify the accuracy of Annually Ensures accurate billing
the flow meter against and proper fueling.
certified standard.

Adjust if necessary to
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ensure precise

dispensing.

Filter

Inspection/Replacement

Check filters within the
dispenser for
contamination or
clogging. Replace as
per manufacturer's
guidelines or if flow
rate is impacted.

Quarterly or as per

manufacturer's

recommendations|

Prevents contaminants
from entering the vehicle
and maintains proper

flow.

Hose and Nozzle

Functionality

Test the functionality of
the nozzle (e.g., proper
engagement,
disengagement) and
inspect the integrity of
the fueling hose. Checl
for wear on breakaway

couplings.

Monthly

Ensures secure and

efficient fueling process.

Pressure Gauge and

Sensor Verification

Verify the accuracy of
pressure gauges and
other sensors. Calibrat
or replace if readings

are inconsistent.

Annually

Critical for monitoring
system pressure and sat

operation.

Safety Interlock Testing

Test all safety
interlocks and
emergency stop button
to ensure they function

correctly.

Quarterly

Ensures that the system
can be safely shut down

in an emergency.

Structural Integrity of
Mounting

Inspect the dispenser's
mounting to the island

or foundation for

stability, corrosion, or

damage.

Annually

Ensures the dispenser is
securely fixed and stable

during operation.

Documentation

Maintain detailed
records of all
inspections,

maintenance activities,

Ongoing

Essential for compliance
troubleshooting, and

warranty purposes.
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repairs, and

calibrations.

Table (V-10):Hydrogen Dispensers Maintenance Schedule [37]

5. Hydrogen Station Maintenance from traditional technques to Artificial
Intelligence advances :

5.1. Traditional Maintenance of Hydrogen Stations :

Traditional hydrogen station maintenance metholysa® manual procedures and reactive responges,
such as [37] :

Scheduled Maintenance :Inspecting equipment on a fixed schedule, evennwtie working
normally, resulting in wasted time and resources.

Manual Inspection : Relying on technical teams to identify faults tgh visual inspection o
limited testing, which can miss subtle issues (fagbmall cracks or minor leaks).

High Costs :Reactive repairs after failures result in extende@ntime and expensive fixg¢383]

Safety Risks : Hydrogen leaks (which are flammable) can go urdetk until the next inspectio
increasing the risk of acciden[38]

5.2. How Artificial Intelligence Is Reshaping Station Mantenance :

Atrtificial Intelligence transforms maintenance fr@amoutine task into a data-driven intelligent syst

a) Continuous monitoring with intelligent sensors [38]:
Vibration sensors : Detect small changes in the movement of motorsoonpressors tq
predict bearing failure.
Acoustic sensors Detect high frequency sounds caused by hydrogass e pipelines.
Thermal cameras :Take infrared images of electrical connectiongrevent overheating.

Benefit : 24/7 equipment monitoring without human interventi

b) Integrated data analysis [38] :
0 Aggregates data from multiple sources (pressunepeeature, flow, vibration) into a centr{l
system.
Use machine learning algorithms to uncover hiddemetations - for example, linking a risg

in temperature to an increase in pressure as amgaoha clogged filter.

Benefit : Predicts failures days or weeks in advance.
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c) Targeted proactive maintenance [38] :
0 Sends customised alerts to maintenance teamsapgdifie likely type of failure and its exa
location (e.g. "Cooling valve in unit 3 is expectedail within 14 days").
Recommends the optimum remedial action (replacepooent, clean filter, etc.) based on
severity of the fault.
Benefit : Reduces downtime by 30-50%.

d) Learning from historical records [38] :

0 Analyses historical failure data to identify rocduses (e.g. the effect of humidity on pi
corrosion).

o Automatically refines predictive models with eachintenance cycle.

Benefit : Prevents recurrence of similar problems.

e) Improved safety [38] :
o Detects small leaks in hydrogen tanks by analypiegsure and flow data.
o0 Monitors structural integrity using Al-processedetie or drone imagery.

Benefits : Reduces the risk of accidents by up to 90%.

5.3. Practical examples [38] :

o Germany : Siemens used Artificial Intelligence systems tedict failures in electrolysers
reducing maintenance costs by 25%.
Storage projects :Analysis of sensor data in large underground tgm&sents cracks caused |
pressure fluctuations.
Oil and gas sector :Companies such as Shell are applying similar isidf Intelligence driven

maintenance to shared pipeline networks, reduaimgrgency shutdowns by 20%.

6. Conclusion :

This chapter emphasises that the shift from trawlt to Al enabled maintenance is not just an opt
but a necessity to ensure the efficiency and safetyture hydrogen plants. By leveraging smartsses
and advanced data analysis, failures can be peedlmtfore they occur and preventive actions ca
identified with high accuracy. However, the succe$sthese technologies requires investments
infrastructure and upskilling of technical teamsad#ical examples from various industries show #ia

can deliver significant cost savings and increassdty, making it a key pillar of modern maintera

strategies. Ultimately, this chapter is a call thoe Algerian state to embrace these transformatilis

utilise their full potential to build a more sustable and reliable infrastructure.




General Conclusion

The transition to a clean and low carbon energtesysepresents one of the greatest challengeg df th
modern era, with hydrogen especially green hydrdggeng a pivotal element in this transformationisT:
thesis addresses the subject from multiple persgscto present a comprehensive roadmap for|ghe

conception, design, and maintenance of a greerogdrstation that aligns with the Algerian context.

In Chapter One, the strategic importance of hydnagtethe global level was highlighted through [n
analysis of its properties and uses, a review ppsttive policies and initiatives, and a focus dgekia’s

potential in this field.

Chapter Two focused on translating the generalsietthe project into precise technical requirera
using functional analysis tools, thereby estaltiglihe scientific and practical foundation for gtation’s

design.

Chapter Three added a practical dimension to tidydty providing realistic calculations, a detailf§d
feasibility study, and an analysis of the techn@sgnvolved, demonstrating that the project isitecally

feasible.

Chapter Four serves as the field implementatiothefprevious chapters, embodying the propofjed

design of the station as an integrated entity.

based on artificial intelligence, contributing tahanced performance, reduced failures, and relifgble

operation.

This study opens up wide prospects for future appibbn, both academically and industrially. On dpe
hand, the theoretical design can be transformedaractical prototype to be tested in southegeAan
regions rich in renewable energy. The researchatsmbe deepened through a comprehensive econgmic
feasibility study and the expansion of the mainbteea system to include artificial intelligendg
technologies. On the other hand, the project ptesereal opportunity for the creation of start-upihin

the framework of the national policy to supportamation in renewable energies, contributing to Allgs

objectives in the field of green hydrogen.

In conclusion, this thesis serves as a scientifictachnical reference for the development of hgdro
projects in Algeria. It is an open call to researsh engineers, and policymakers to unite theareffand
invest in this promising field, which can enhanegional energy security and contribute to addrgs{n

climate change both nationally and globally.
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