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Proposed green hydrogen projects for Libya;
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Introduction

WHAT IS
MOST ABUNDANT
Hydrogen is the first element in the periodic
H Y D R o G E N , table. It is the lightest, most abundant and
- one of the oldest chemical elements in the

universe.

NEVER ALONE

On Earth, hydrogen is found in more complex
molecules, such as water or hydrocarbons. To
be used in its pure form, it has to be extracted.

@ FUEL OF STARS

Hydrogen fuels stars through nuclear fusion
reaction. This creates energy and all the other
chemicals elements which are found on Earth.
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EXPORTING HYDROGEN FROM THE MENA REGION TO EUROPE

Q Spotlight on Hydrogen projects in the MENA:

v UAE: A solar-powered green hydrogen project is in operational in 2020. and an operational
hydrogen fueling station for cars since 2017. And a project to research the establishment of a
Hydrogen-Based Society,

v Saudi Arabia: Hydrogen fueling station for cars, operational since 2019,

4

v Oman: A new hydrogen center that aims to build an economy around ‘green hydrogen
started at the beginning of 2020 and plans are under way for a 500 MW Hydrogen production
facility,

v MOrocco: Partnership to research the synthesis of green hydrogen started in 2019,

v" Jordan: Investment plans for a green hydrogen production facility.
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HYDROGEN production and transport initiatives from EU

from blending to dedicated infrastructure GAS FOR CLIMATE
A path to 205¢

ﬂ'« Hydrogen
¢ Europe
Green Hydrogen
A Hydrogen Strategy
forra climate neutral Europe for a European Green Deal

A 2x40 GW Initiative

by 2030: '

» 40 GW electrolyzer installations within EU boundaries O LY e
» 40 GW electrolyzer installations in Ukraine and(North Africa _ ' sl N . 1

v very good solar and wind resources; R

*

v" Space availability for large RES installations;

» Domestic market installation: 5.5 GW;

» Export market installation:  24.5 GW;J More than half of the proposed
¢ electrolyzer installation outside
EU in North Africa for H, export!
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HYDROGEN transport: the role of North Africa - Europe infrastructure

Hydrogen policy in NDC , {3

E No 1
B Not Ratified —- o~ A A A
M Yes l

.\

Morocco

= Institut de Recherche en Energie Solaire et Energies Nouvelles
(IRESEN): feasibility studies and plans for green H, development;

= IRENA and Ministry of Energy, Mines and Environment (MEME)
strategic partnership to explore green H, opportunities

United Arab Emirates:
“hydrogen as a key carrier for decarbonization”.

- Several industrial project planned with authorities
and private companies for green and blue H,
production for several uses (including ammonia
production

- Some efforts have been also done to build a
technical regulation for hydrogen-powered vehicles.

—~ Oman:

25 GW of renewable power capacity to produce
H, to decarbonize industry and transport.

Egypt's 2035 Energy Strategy:

~ 100-200 MW electrolysis system to supply Green H, to the Egypt Basic
Industries Corporation (EBIC) for the production of ammonia.

- Annouced investments the field of green hydrogen production 4 USD
billion
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HYDROGEN transport: the role of North Africa - Europe infrastructure

— 2 Comm. 2020
eat "F :,\é. o B capacity  length year e
“\%{"&"'"w“ 4 Greenstream: 11 bcm/y 540 km 2004 4.07 bem
8bcm/y 757 km 2010 5.13 bem

o= = M C TN MEG: 12bem/y 1620 km 199 4.09 bem

TransMed: 33.5bcm/y 2490 km 1983 10.78 bem

3 e

MOROCCO

/ ) : S | /\" ° LYBIA \-_ Shares Of
0" Ny \ | : TS Pipelines Capacity
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Production, Storge and Transport of Hydrogen

HOW IS IT PRODUCED?

Hydrogen can be produced using a number of different processes. The source of energy used and the
method define whether it is informally considered grey, blue or green.

GREY HYDROGEN

Currently, 96% of hydrogen is produced from fossil
fuels via carbon intensive processes.

Main production routes Characteristics
Intensive CO,
@ Steam Methane RE'FDrm]ng (SMR) ﬁ
Low cost

—_—

@ Coal Gasification Social acceptance
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Production, Storge and Transport of Hydrogen

BLUE HYDROGEM

Grey hydrogen whose CO, emitted during production
is sequestered via carbon capture and storage (CCS).

Main production routes Characteristics

Loy O,

Expensive

.
@ + Coal gasification + CCS Social acceptance
GREEN HYDROGEM
Low or zero-emission hydrogen produced using
clean energy sources.
Main production routes Characteristics
Fero emissions of CO,
O D -
Expensive
Electrolysis using renewables .

Social acceptance

QY19 adLl e (55Sall sbadll be grud lgalii (I AdLEN drwliaad! OB gILall Abidis (o> 64 OglLI
b = il b, 2023 glo 06 Cotud!



Production, Storge and Transport of Hydrogen

- ™
Thermochemical process
Electrolysis
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i Nuclear energy I Renewal energy
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geothermal [7—
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Biofuel | f
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Potential pathways and requirements of hydrogen production
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HOW IS IT USED?

Hydrogen is not a source of energy but an energy carrier. It must be produced and stored before use. This
molecule of gas that stores energy can restore it in several ways:

1. COMBUSTING IT: combusting one kilo of hydrogen releases three times more energy than a kilo of
gasoline and produces only water.

2. FUEL CELL: a fuel cell is an electrochemical cell that conwverts the chemical energy of hydrogen and
oxygen into electricity through a pair of redox reactions. The waste product of the reaction is water. Fuel
cells can produce electricity continuously for as long as hydrogen and oxygen are supplied.

HYDROGEN OXYGEMN
— e
H . CATHODE 142 Oz

rd

H,+ 1/2 O,= H,O
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Hydrogen Energy System
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electricity generation
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Energy Consuming
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Sources

Source: United Nations Industrial Development Organization.
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Renewables
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Hydrogen : Current Merchant Demand N.A.

Government (Asrospace) Fue! Cells Petroteum
16.6% 0.1% 33.5%

Power Utilites
1.7%

Glass
8.3%

Electronics
12.5%

Laboratory
0.9% Speciality Chemical
Metallurgy 8.3%
Hydrogenation of Edible Oil 10.0%%
and Fats
Footnote: Based on 1.25 million tonnes 8 3%,

Source:interview with Karen Campbell, Air Products and C-219 Hydrogen as a Chemical
Constituent and as a Energy Source, Edward Gobina, Business Communications Company, Inc.

Current commercial demand for hydrogen in North America
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Hydrogen Cycle

An area of just 100x<X100 km (10,000 km?) of solar panels with an efficiency of 10 2% - for example
in the Great Sandy in Western Australia - would produce encugh energy for 1 billion people with
an average consumption of Skw per person.
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Figure 4.0 : Hydrogen utilization
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/I Hydrogen market segments
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Refrence : Hydrogen market segments in 2003 [Source : Air Liquide - www.airliquide.com]
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> Methods of Hydrogen Storage:
Several kinds of technologies of hydrogen storage are available. Some of them will
be briefly described here.

A. The simplest is compressed H: gas. It is possible at ambient temperature, and

in- and out-flow are simple. However, the density of storage is low compared to
other methods.

B. Liquid H, storage is also possible: from 25% to 45% of the stored energy is
required to liquefy the H,. At this method the density of hydrogen storage is very
high, but hydrogen boils at about -253°C and it is necessary to maintain this low

temperature (else the hydrogen will boil away), and bulky insulation is needed.

QW)Y POl 5o (Sl sladll lus gl lgalaiy I AN dpunbiad! B gILall Aisdas (paud 64 OgILII .
b = bl pb, 2023 golo 06 Cotusd!




Production, Storge and Transport of Hydrogen

C. In metal hydride storage the powdered metals absorb hydrogen under high pressures.

During this process heat is produced upon insertion and with pressure release and applied
heat, the process is reversed. The main problem of this method is the weight of the absorbing
material - a tank’s mass would be about 600 kg compared to the 80 kg of a comparable
compressed H, gas tank.

D. More popular at this time is carbon absorption: the newest field of hydrogen storage. At

applied pressure, hydrogen will bond with porous carbon materials such as nanotubes.

So, it can be summarized that even mobile hydrogen storage is currently not competitive

with hydrocarbon fuels; it must become so in order for this potential environmentally

lifesaving technology to be realized on a great scale.
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2.1. High pressure hydrogen storage:

v The most common method of hydrogen storage is compression of the gas phase
at high pressure (> 200 bars or 2850 psi). Compressed hydrogen in hydrogen
tanks at 350 bar (5,000 psi) and 700 bar (10,000 psi) is used in hydrogen
vehicles. There are two approaches to increase the gravimetric and volumetric
storage capacities of compressed gas tanks. The first approach involves cryo-
compressed tanks as shown in Figure 4.0.

8
Figure 4. Hydrogen storage in tanks presently used in hydrogen-powered vehicles

- — S
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v This is based on the fact that, at fixed pressure and volume, gas tank volumetric capacity
increases as the tank temperature decreases.

v Thus, by cooling a tank from room temperature to liquid nitrogen temperature (77 K), its
volumetric capacity increases. However, total system volumetric capacity is less than one

because of the increased volume required for the cooling system.

v' The limitation of this system is the energy needed to compression of the gas. About 20 % of
the energy content of hydrogen is lost due to the storage method. The energy lost for
hydrogen storage can be reduced by the development of new class of lightweight composite
cylinders. Moreover, the main problem consisting with conventional materials for high
pressure hydrogen tank is embrittlement of cylinder material, during the numerous

charging/discharging cycles .
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2.2. Liquefaction:

v The energy density of hydrogen can be improved by storing hydrogen in a
liquid state. This technology developed during the early space age, as liquid
hydrogen was brought along on the space vessels but nowadays it is used on
the on-board fuel cells. It is also possible to combine liquid hydrogen with a

metal hydride, like Fe-Ti, and this way minimize hydrogen losses due to boil-
off.

v' In this storage method, first gas phase is compressed at high pressure than
liquefy at cryogenic temperature in liquid hydrogen tank (LH:). The condition of

low temperature is maintained by using liquid helium cylinder as shown in

Figure 5 .
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LH2-Tank System

super-insulation
level probe

inner vessel

outer vessel

o

filling line suspension

gas extraciton ‘ , g o
liquid extraction '/ _ liquid Hydrogen
- : . (—253°C)

filling port" > //‘

safety value

gaseous Hydrogen
(+20°C up to +80°C)

shut-off value

electrical heater
reversing value

(gaseous / liquid)

k cooling water

heat exchanger www.Linde.com

FIGURE 5. Schematic illustration of a representative cryogenic vessel
(Liquid hydrogen storage tank system, horizontal mounted with double gasket and dual seal )
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v Hydrogen does not liquefy until -253 °C (20 degrees above absolute zero,
—273.15°C ) such much energy must be employed to achieve this

temperature. However, issues are remaining with LH. tanks due to the

hydrogen boil-off, the energy required for hydrogen liquefaction, volume,

weight, and tank cost is also very high. About 40 % of the energy content of
hydrogen can be lost due to the storage methods. Safety is also another issue
with the handling of liquid hydrogen as does the car's tank integrity, when

storing, pressurizing and cooling the element to such extreme temperatures .
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2.3. Solid state hydrogen storage

v As mentioned above, certainly some practical problems, which cannot
be circumvented, Ilike safety concerns (for high pressure
containment), and boil-off issues (for liquid storage), both are
challenging for hydrogen storage. There is a third potential solution
for hydrogen storage such as (i) metal hydrides and (ii) hydrogen
adsorption in metal-organic frameworks (MOFs) and carbon based

systems.
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Figure 7. Hydrgen gas (red) adsorbed in an array of carbon nanotubes (grey). The hydrogen inside the
nanotubes and in the interstitial channels is at a much higher density than that of the bulk gas.
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Figure 8. Structure of graphane in the chair conformation. The carbon atoms are shown in
gray and the hydrogen atoms in white.
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3.0 Hydrogen Transportation
3.1 Road tanker transport:

Road tankers are currently used worldwide for fuel deliveries. Since the energy
density by volume of liquid hydrogen is three times lower than that of gasoline, a
much greater number of tankers would be required to deliver the same quantity of
fuel. The relative fuel demand for hydrogen would be lower, however, as a result of
the greater efficiency of hydrogen fuel cells compared to internal combustion
engines.

3.2 Ship transport:

Ships could be used to transfer hydrogen across the planet. Hydrogen ships are
expected to be similar to the liquefied natural gas (LNG) ships that are widely used

at present.
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Figure 9: Compressed Hydrogen Gas Tube Trailer — 30 Cylinders and 43,260 SCF (105 kg) Capacity

2L Yg pddl e (6Kl sLadll lus gl lgalaty (@1 3L Alewd! ULl Aidis a2 64 DL
b = bl jb, 2023 golo 06 Cotud!




Production, Storge and Transport of Hydrogen

- ll
eA . -tt’h!—-"fkﬂ?d“

Flgure 10: Cryogenic Liquid Hydrogen Traller - 13,000 gallon (3,500 kg) capacity
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Figure 11: Next Generation Hydrogen Delivery System Undergoing Testing — 3,600 psi ISO Container for 600 kg of Transport Storage
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Figure 12: ‘Ground Storage’ Systems
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3.4 Pipeline transport :
v' Pipelines are the most efficient method of transporting large quantities of hydrogen,

particularly over short distances. Almost 3000 km of hydrogen pipelines have been

constructed since 1938 in Europe and North America.

v Transporting hydrogen through high-pressure steel pipelines is more difficult than
transporting methane because of hydrogen embrittlement, which makes strong steel pipes
vulnerable to cracking, and because of hydrogen attack that allows reactions with the steel
carbon atoms under certain operating conditions, again leading to cracks. Hydrogen has a
lower energy density by volume than methane but a faster flow rate; this means that the
total pipe capacity is around 20% lower for hydrogen than methane but the total hydrogen
stored within the pipe is only a quarter of the total methane at the same pressure in

energetic terms.
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NORTHERN EUROPE
networks
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Figure 13 : gas networks in North Europe
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SOLAR RESOURCE MAP
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» Solar hydrogen from North Africa to Europe through Greenstream:

v’ Blending green hydrogen within the gas infrastructure is seen as the first move towards

Europe's climate neutrality by 2050.

v Adding hydrogen to natural gas is showing benefits including a higher efficiency and lower
CO, production and emissions.

v Especially, Europe and North African have privileged role in energy cooperation sharing a
woven and complex set of natural resources, knowledge, infrastructure, clear goals towards
sustainable development. Developing common projects about hydrogen can mutually help
both Europe and North Africa to achieve more sustainable, reliable and modern energy

systems.

Reference : Marco Cavana, Pierluigi Leone , International Journal o f Hydrogen Energy 46 ( 2021) 22618- 22637
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v This proposed project simulates the Greenstream gas corridor (Connecting Libya to
Italy) under increasing hydrogen blending scenarios using a transient and multi-component

fluid-dynamic model of the gas transmission system.

v The additional compression energy required and the compressors’ operating hours are
evaluated under the hypothesis that the energy content of the transported gas is maintained.
The hydrogen profiles needed to generate the blends are obtained and used to optimally size a

photovoltaic-powered electrolysis system, minimizing the compressed hydrogen storage.

v The results indicate that the additional energy costs of transporting hydrogen blends are up
to 32.5% higher than natural gas transport, while negligibly impacting the overall efficiency of

energy transport.
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v/ The additional compression energy required and the compressors’ operating hours are

evaluated under the hypothesis that the energy content of the transported gas is maintained.

v The hydrogen profiles needed to generate the blends are obtained and used to optimally size

a photovoltaic-powered electrolysis system, minimizing the compressed hydrogen storage.

v The results indicate that the additional energy costs of transporting hydrogen blends are up to
32.5% higher than natural gas transport, while negligibly impacting the overall efficiency of

energy transport.
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Case Study
Hydrogen blending within Greenstream

Making the Greenstream Greener: The chance to boost the Green
Hydrogen Libyan sector for domestic market and export to EU

Ref: M. Cavana, P. Leone, «Solar hydrogen from North Africa to Europe through Greenstream: A simulation-based analysis of blending scenarios and production plant sizing»
International Journal of Hydrogen Energy, Vol.46 n°43, 2021. https://doi.org/10.1016/j.iihyde
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B Overview of the activity
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Case Study 2
Hydrogen production falicity for

Greenstream blending

Making the Greenstream Greener: The chance to boost the
Green Hydrogen Libyan sector for domestic market and
export to EU

Ref: T.A. Gunawan, M. Cavana, P. Leone, R.F.D. Menaghan «Solar hydrogen for high capacity, dispatchable, long-distance energy transmission — A case study for injection in the Greenstream
natural gas pipeline»
Energy Conversion and Management, Vol.273, 2022. https://doi.org/10.1016/j.enconman.2022.116398
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B Description of the System
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B Techno-economic behaviour of a solar H2 production system
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B Optimization model for the Mellitah blending case

Equipments to be
sized
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B Results (compressed storage)
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B Results (liquefied storage)

é 1.3 kt
6.2 kt

b 510 MWh il

ol s B
COFsICR N s bar-
e 2,140 MWh 4barg
= 3735 MW | o =
: ‘ = 4 Oxygen liquetaction /
. Balicry evaporation
+ |- 30 bar-
Electrolyzer S 80 bar-g
. 530 MW
Desalinated Water H
pa b o 3,735 MW 5% blending
3.23 €/kg = H2 demand:
‘ . ‘ 25.5 kt/a
= The Levelised Cost of Hydrogen (LCOH) is a metric that LCOH -
calculates the average cost of hydrogen production over 20% blendin
its lifetime, including all costs associated with its - 2.81 €/kg R g
production, distribution, and use. ) ' :;;e::/"d:
a

68




PROPOSED GREEN HYDROGEN PROJECTS FOR LIBYA

1 111

Green Hydrogen: Opportunities for Libya

Harvesting the renewable energy potential
Valorizing current infrastructures
Take advantage on already existent interconnections

Boosting the energy sector bridging the oil and gas towards
Renewable gases

Developement of high quality, innovative and competitive
industrial sector

taking advantage of lower cost of production of green hydrogen
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Conclusions and Recommendations
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Thank you for your Kind listening and attention

Questions?
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