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*»*Today’s Session

Outline

- Partl:
1- Motivation behind PtX.
2- Standards: Hydrogen types and requirements for GH.

3- Technicalities: Hydrogen production, storage and transport.

- Part2:

4- Applications and sector coupling:
NEXUS approach reflected to the Joan. market.
- Derivatives Map
- Energy
- Food
- Environment
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“*PtX Concept

A simple definition!

- PtXis a brilliant idea, a fruit of years of research and planning.

- Power to ready-to-use products: PtG, PtL, H2 is the building block.
1- Solves the main issue facing the renewables.
2- Ready to use materials in many applications.
3- Available Infrastructure.

4- Oceans and seas are the raw material.

- H2as the new oil:
1- Must be created by renewable energy [must be green, why?]
2- Any country with access to sea water is a new oil country.

3- Feasibility will ensure it is Green.
Dr. Abdelrahman Al-Attili |
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“*Hydrogen as an Energy Carrier

Hydrogen has seven roles in decarbonizing major sectors of the economy

Energy carrier
111 i
Sources of energy ) B of energy sy ) End uses

Hydrogen as the main energy carrier
4., Decarbonize
transport

. Decarbonize industry
energy use

1. Enable large-scale, 2. pistribute energy across
efficient renewable sectors and regions

energy integration . Serve as feedstock

using captured carbon

_ . Help decarbonize

3 : building heating
. Act as a buffer to

Scurce; Hydrgen Counil increase system resilience

Dr. Abdelrahman Al-Attili |
AbdAttili@htu.edu.jo

¢ Sector Coupling
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*Renewables Penetration

The Duck Curve

California's duck curve hits record lows
Lowest minimum net load day each year in CAISO, 2015-2023

peak

\
Morning '\
peak

Evening ramp
“neck of the duck”

Midday solar saturation
“belly of the duck”

3AM 6AM 9AM 12PM
CAISOT@BPBactholomew.
Vet load shown.is demand minus Utility-scale wind-and soiar
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¢ Pillars of the Energy Transition

Efficiency, sufficiency, RE, Electrification, and PtX!
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+*¢Reducing emissions by 2050 through six technological Methods

> [Energy i Transitiont|Energy transition, as defined by The International Renewable Energy Agency
(IRENA), is “a pathway towards the transformation of the global energy sector from fossil-based to zero-
carbon by the second half of this century” (IRENA, 2020).

Enhancing the energy efficiency of the existing consumption is expected to contribute
to a quarter of all CO2 reduction!

TOTAL MITIGATION IN 2050

DACORCCS

Hydrogen

Renewables

Bioenergy
with
carbon
capture
and...

Energy Efficiency
Electrification

Dr. Abdelrahman Al-Attili |
AbdAttili@htu.edu.jo

Source: IEA REPORT
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**Colors of Hydrogen

Hydrogen is everywhere!

Nuclear Energy
—Electrolysis

—Thermo-
catalytic

Renewable f Natural Gas

energy (Wind — / .
[ Solar) y [ -Reforming

\ -Electrolysis of \\ -Partial
R water | oxidation
. Hydrogen
\
71% of earth surface is covered with \ 7 :
water! O -
[ Biomass q e / Pe":;e;l‘m_
Theoretically, 9 liters of water are \\'Gasm‘ati"" -Gasification
needed for 1 kilogram of hydrogen. .
How much in practical systems? br :;Lﬁ:j%m‘: .2::32“ !
11
s*Colors of Hydrogen
Feedstock Process By-product Designation
of the process

and energy source of hydrogen production

of the hydrogen

Sustainability conditions

| :
| Reforming®

: + Turquoise hydrogen

—_—
—* co T

| coal g

<o, I ciacibycrogen |

Source: Sachverstandigenrat fiir Umweltiragen, Wasserstoff im Kiimaschutz: Klasse statt Masse, June 202\ b4l @

Dr. Abdelrahman Al-Attili |

htu.edu.jo
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Q:Q GH Requirements 2023 i;ﬁvismnal agreement to raise 2030 target to at least 42.5%, aiming for

2022

Energy Dire ..,

REPowerEU Plan: EC proposal to raise target for 2030 to 45%

Renewabl

Renewable Energy Directive: EC proposal to raise target for 2030 to
40%

What ||S RED? 2018

EU power preduction from wind and solar surpass ceal for the first
time

2018 Revised Renewable Energy Directive: 32% renewables target for 2030
The RED II document:
2014 Onshore wind is cheaper than coal, gas and nuclear energy
=S 2009 Renewable Energy Directive: EU target of 20% renewables by 2020 and
a
DL 2008 Olmedilla Photovoltaic park (Spain) - largest power plant (60MVV) in the
world - generates encugh to power 40 000 homes/year
2003 Directive on biofuels and renewable fuels for transport: national targets
for biofuels
2004 Directive on electricity p from : national indicat
https://eur-lex.europa.eu/legal- Sty
content/EN/TXT/?uri=uriserv:OJ.L .20 : '
- 2000 First large-scale offshore wind farm (Denmark}
18.328.01.0082.01. ENG&toc=0J:1.:201
8:328:TOC 1997 Eneray for the future: renewable sources of energy: indicative EU target

of 12% renewables by 2010

| national kinding targets
]

Dr. Abde\rahmﬁm A-A

AbdAt88H® hu. Gdemjany introduces first feed-in-tarif for renewables

“+GH Requirements

t Requirements!
To comply with the RED requirements, two Delegated Acts were approved:

The first act:

Additionality Principle
Hydrogen or hydrogen-based fuels or derivatives can be designated a renewable fuel of non-
biological origin, or RFNBO, if generated using additional (36 months) renewable power.

» Green Hydrogen, or RFNBO: RE to an electrolyzer, H2 from water.
» H2 from a biomass source: biomass fuel, not' RENBO, carbon neutral
» RE H2 from biomass source can be considered green if certain sustainability conditions are met.

The second act:
Mechanism for calculating GHG emission reductions.
70% reduction in GHG emissions for replacing a fuel with another.

Dr. Abdelrahman Al-Attili |
AbdAttili@htu.edu.jo
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“*GH Requirements

Electrolysis Requirements!

* Drinking water is prohibited.
* RE off-grid: 36-month old RE plant. (Easiest option!)

* RE can be on-grid (with a PPA): The RFNBO producer has signed one or more PPAs
with a RE generators and each of the following requirements has been met:

1. Additionality:

a. a) The RE plant must have been operational earlier than 36 months before the
installation of the RENBO.

b. No governmental assistance or subsidies, such as feed-in tariffs or contract-
for-difference schemes, have been given to the RE plant.

2. Temporal correlation:

a) Hourly matching requires that the RENBO be created during the same hour as
the RE.

Dr. Abdelrahman Al-Attili |
@lbdAttm@htu.edu.Jo
log

Source: Recent in the EU's for certif f green hydrogen - Global Energy

“+GH Requirements

Electrolysis Requirements!

3. Geographic correlation: The RE plant must be situated in one of the following
locations:

a. In the same "bidding zone" as the RENBO installation.

b. In aneighboring bidding zone, provided that the RE price in the neighboring
bidding zone is at least equal to the RE price in the bidding zone where the
RFNBO installation is situated.

c. Inan offshore location, close to the bidding zone where the RFNBO
installation is situated.

* Electricity from the grid (no PPA): RE in the bidding zone in the previous calendar year
was at least 90% (in reality, this will exclude most European electricity markets, for the time being).

* For on-grid RE: emission intensity of the grid in the bidding zone is lower than
18gCO2/MJ.

* For on-grid RE: Curtailment of excess energy is considered renewable.

Dr. Abdelrahman Al-Attili |
AbdAttili@htu.edu.jo
gy Blog

Source: Recent in the EU's for certif f green hydrogen - Global Enery
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s Electrolyzer

https://doi.org/10.1016/j.ijhydene.2011.01.129
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¢ Current Applications in Jordan

Chemical Applications

= The process of BCC and NCl is very similar.
* We will consider Al-Baha as an example,

26000

Number of Years of T/Y (Chlorine)

Clients Experience
Plant

Capacity

Caustic soda Chlorine
Key applications: Key applications:

Sodium
hypochlorite

Key applications:

« Water purification

+ Sewage and industrial « Sanitizers and detergents

effluent treatment industry
« In the PVC industry « Sterilization as bleach and
(polyvinyl chloride) disinfectant

+ Pharmaceutical industry

Cl—Cl

« Food Industry
« Glass industry

« Paper Industry

™y 2 =
man Al-Attil | Nal = _d
Phtu.edu.jo | O
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¢ Current Applications in Jordan

Chemical Applications
= The process of BCC and NCl is very similar.
= We will consider Al-Baha as an example.

PEM
Electrolyze

WEIE
Desalination

Pressure
Regulation 30%
Boiler 50%
HCI 20%

Dr. Abdelrahman Al-Attili |
AbdAttili@htu.edu.jo
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¢ Current Applications in Jordan

Chemical Applications Permeate is clean water ot Cloine
" A-5aba Company For

Reverse Osmosis (pressure through Concentrate is water with

Membrane)! extremely high concentration of

salts, bacteria and viruses

Perforated Central Tube

permeat®

Concentrat®
Permeate Collection Material

Feed Channel Spacer

3 = — T " Dr. Abde\rah[nan Al-Attili |
This step results in 250 micro-Siemens percenti-meter

21

¢ Current Applications in Jordan

Chemical Applications
Demineralization / Deionization
In BCC and NCI, it is resin based!

X Anion Resin ——00}
./ \.o-
H20
A 4

This step results in 1 micro-
Siemens per centi-meter.

Deionized water ready for the
electrolyzer use!

-> sometimes used to wash
high voltage lines (low
conductivity)

3/10/2024

11



¢ Current Applications in Jordan @

Output H2
1000 m3 / hour

—=LEs

. § | |-Attili .
Optimum temperature of the so?ﬂ;fgbﬁﬁém&fz%eﬁsl hiso an optimum pressure.

23

¢ Current Applications in Jordan

s o G

Output gasses
By pipes

24
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¢ Current Applications in Jordan ol gaogss
ORDAN BROMINE
Bromine
Bromide ~ ; rorsine fs-used ithe yrsnilfactiring of icals, flame —
— Bromine Br2 ‘Breazmemcne.zica:sh, insect repellents, phatographic chemicals, perfumes, uye;,anﬁeld

Salts ~_ completion fluids and other chemicals.

- TBBPA

~Cl

PEM Electrolyzer
K transport e
Tetrabromobisphenol A (TBBPA)

TBBPA is a reactive component of polymers, and is used to prepare fire-resistant

Use cases

polycarbonates

Use cases

Aqueous HBr [ e
+ N a o H Polycarbonate:

Calcium Bromide (CaBr)

—j Cy5H15Br,0,

Hydrogen Bromide (HBr) CabBr is utilized for hydraulic drilling and are intended to maintain the integrity of the
pressure in the wells, protecting the wells from collapsing during the process. CaBr is used

HBr is used as part of the water purification process and in medications such as Ibuprofen in shallow drilling
and HIV
Use cases

Use cases

shallow driling (CaBr)

Water purfication

= - Sodium Bromide (NaBr)

Aqueous HBr
NaBris utilized for hydraulic drilling and are in  pecanes oF CREATING VALUE, THIS I JBC

HBr is Used in organic synthesis to add a bromine atom to molecules in order to produce pressure inthe wells, protecting the wells fror
used for deep well drilling.

other intermediates for pharmaceuticals.
e caes 370  290M
37

Use cases
T | ‘eden :' “J £ e
o Sl L . FAtti .
“ “'! ‘.‘,‘L)‘ 1) DrAAbbddAe\ra‘hn;’an Al At.tl\l 1 58M 5 1 9,
Pramaceuicals | memmeistes ttili@ tu'emdpqmﬂdn“mgmaﬁr) I e A L
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Source: DNV GL AS Maritime EnvironmentAdvisory,

0:0 Storage Problem Comparison of Alternative Marine Fuels, 07/2019, p.4/fig.1.

Hydrogen Dilemma.

energy density (requires more space ).

= H2 has lower energy density per unit volume which is the main drawback.
= Yet the main plus is that it can be directly stored after electrolysis — a single-step transition from electricity.
= H2is the main building block of Syngas, Ammonia, and Methanol.

Hydrogen has the highest specific energy (lighter than conventional fuels), but it has low

: Reguires
Light
Heavy i mp U9 P
weight
o space
Requires less space but heavier Requires less spsca and lightar [ L
than diessl than diesel @ Uguid |
wiCoal .Dﬁﬂl @ Hydrogen based |
" @ Synthetic diesel @ Uiquefied gas
Riipes - Bretrol @ Natural gas
uiras mare
space and PG W Salid
heaviec than ’!‘E‘Eﬂ"“"’. LING Requires more space but lighter
than diesel
gt
3 @ CNG 200 bar T s ] e 1
c - H; 700 bar 4
5 i
NMC Battery cell 2 CGH, 350 bar & Requires
o ‘Nall..rnl gas @4, mare
3 40 80 80 120 space
natric enargy density - M1/ kg
Dr. Abdelrahman Al-Attili |
AbdAttili@htu.edu.jo
s Start
% Startups

solutions store more than 1000 kg of hydrogen at pressures of 500 bar.

® PED Bundle 1000 bar
® 10ft PED 500 bar
® 20t PED 500 bar
® 40ft PED 500 bar

Dr. Abdelrahman Al-Attili |
AbdAttili@htu.edu.jo

Dutch startup NPROXX develops stationary hydrogen storage solutions. The startup’s storage

28
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e Startups

Swiss startup GRZ Technologies creates solutions for ambient pressure hydrogen storage. The

startup’s Dense and Safe Hydrogen Storage (DASH) modules integrate with renewable energy generation
systems. On coming in contact with the material of the containers, hydrogen molecules dissociate into
hydrogen atoms. The hydrogen atoms are then absorbed in the interstitial sites of the metallic compound at
near-ambient pressures. The stored hydrogen has pressure twice as high liquid hydrogen and four times
higher than pressurized gas.

Standardized dense and save
hydrogen storage module

DASH hydrogen storage modules are
solid-state hydrogen storage
systems, in which hydrogen can be
stored in the solid, atomic form
within a special metallic structure.
They excel through excellent safety
properties, a very high volumetric
density, and a particularly long
lifetime. The materials used in the
storage system are easy to handle,
recyclable, and require
comparatively little energy to be
manufactured. The modular design
enables the realization of storages
containing any desired hydrogen
capacity

Dr. Abdelrahman Al-Attili |
AbdAttili@htu.edu.jo

29

s*Metal Hydrides

— MHT-MAGNUM
Ce—g
«—J LaNi5 HG
stores 200g H,.

Transition
Metal

Dr. Abdelrahman Al-Attil
DOI:10.1002/adma 201902757 AbdAttili@htu.edu.jo

Source: https: mahyt ducts/solid-hydrogen-storage;

30
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¢ Startups

US-based startup Kontak specializes in hydrogen on liquid carrier storage and transportation solutions.

Kontak™ Green Hydrogen from ia to lace Fossil Fuel

it

Drones | <0.1kg/hr

%

—
ol
FugICeII 1.0 kg/hr

ars
Intellectual Property m _F
Legend L Class-8 | 2.5kg/hr

Trucks

Store Ammonia Transport

Cell Towers| 0.1 kg/hr

® Process Modular Fueling
Steam Methane X ® Station _
Reforming ® @ @ @ Devices Loco- | 7.5 g/hr
motives i
Electrolysis: @ Catalyst
Wind
Tug 10 kg/hr
Ii;{dar:) Boats -
NGl D1 through D4 would be purpose-
yiear built and optimized for light weight
Geothermal — and eneray efficiency. Ships
Attach Hydrogen to . atSea 5Q kg/hr
Biomass Ni Mak R1 through R2 would be adaptations
Pyrolysis itrogentoMake — of eyisting indlustrial designs where
Anhydrous Ammonia size and weight would not be issues
Natural | 500 kg/hr
Gas Boost
Power | 700 kg/hr
Plants 9

Dr. Abdelrahman Al-Attili |
B.Norton

KONTAK,™ LLC 100 Timber Ricige Way NW, Suite 5116, Issaquah, Washingicy 9802772948 [Y54, bitgs://kop
TEL: +1425.442.5929 Prices and Specifications Subject to Change without Notice  Notan Offerto Sell ©2023 KONTAK, LLC V:;Z‘Aw;f

KONTAK
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% Hydrogen Transportation

Conditioning / storage for export Transport Import storage / conditioning Distribution / conditioning

- —  —
Liguefaction Storage LH,-Shipping Storage LH;-Trailer Vaporizer
Vaporizer

o0 =S =
T = SE
-§ Compression Storage CGH,-Pipeline Storage CGH,-Distribution by o
] (optional) {optional) pipeline or traller _ ~
g‘\ ’
-4
z
-2

Hydrogenation  Storage LOHC-Shipping Storage LOHC-Trailer  pehydrogenation

N, from Alr Separation Unit

NH,-Cracker

NH,-Synthesis Storage NH,-Shipping Storage

C0, .9, from Direct Air Capture

o] '
. = — —
PiL-Synthesis Storage PiL-Shipping Storage
seous hydrogen  Liquid hydrogen LOHC Ammonia Pil Main process energy: Electricity W®  Heat

Dr. Abdelrahman Al-Attili |
AbdAttili@htu.edu.jo

Source: Heinrich BSll, Grundkurs Wasserstoff Teil I, 10/2021.

Use sectors

-

Transport

g

Industry

Buildings

NH, direct use

Pt use

o

33

**Hydrogen Transportation

Transport

Cost-effective Green Hydrogen

Global Wind Potential
W (deal: 6.6+

Units: meters per second at 80 meters

Global Solar Potential
11 \deal: >2,500
Units: KWh per year per square meter

M 1deal solar and wind
| Unsuitable

& Population =1m

Sources: NREL, DOE, IRENA, and EPA

© 2020 Zeihan on Geopolitics

Dr. Abdelrahman Al-Attili |
AbdAttili@htu.edu.jo
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s*Hydrogen Transportation

— —H2 Pipeline — —Liquefied hydrogen — —LOHC Ammonia — —Compressed hydrogen-ship
8
7
6 H2
LOHC -2
Pipeline Liquefied hydrogen =57
5 P
~ e
o = o =
M P o~
x 4 >
[+ 4
-
w 3
2 —
1
0
0 5,000 10,000 15,000 20,000 25,000

Distance (km)
Dr. Abdelrahman Al-Attili |

Source: European Union, Assessment of Hydrogen Delivery Options, 2021 - JRC124206, paAbdAttili@htu.edu.jo
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**Hydrogen Transportation

Key question: Transport electricity or hydrogen? It depends!
Example for cost of importing electricity or hydrogen from MENA region to Germany, 2030.

Scenario 1: End use electricity Scenario 2: End use hydrogen
Option@) HVDC: ﬁ O Option) HVDC: ﬁ [ﬁ]
Option@ H,-Pipeline: Option@@® H,-Pipeline:
- = H 5 y. = - " H , p LU
1 -
P i 59 @® B @

Renewable ** Renewable 2
electricity price electricity price
(Cent/kWh) ¥ cheaper (Cent/kWh) ¥

@)

'®)

H, offers higher L"’ﬁ
value per kWh
(dispatchability) (e
— potentially
offsetting higher | ~
costs

o

0 1000 3000 6000 Distance 0 1000 6000 Distance
(km) (km)

Dr. Abdelrahman Al-Attili |
Source: Guidehouse, Electrons or molecules: Comparing electricity and hydrogen imporék o tfiéliMENA Tregienita Eaope, 2020, p.7.

36
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¢ Derivatives Map

Hyrdogen Applications by Sector
- Lets draw it together!

Dr. Abdelrahman Al-Attili |
AbdAttili@htu.edu.jo
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“*Hydrogen Applications

Applications and Sectors Coupling
= Green Hydrogen investments (2021)

‘O
"

é
$

® 221 large-scale 133 transport 74 integrated ® 51 infrastructure . 43 giga-scale

industrial usage H,economy projects production
Refinery, ammonia, Trains, ships, trucks, Cross-industry and H2 distribution, Renewable H: projects
methanol, steel and cars and other hydrogen  projects with different transportation, conversion >1GW and low-carbon
industry feedstock mobility applicatiofidr, Abdtipehofiend Mbesttili \ and storage Hz projects > 200 ktpa
——

AbdAttili@htu.edu.jo
*  Source: IRENA, Geopolitics of the Energy Transformation The Hydrogen Factor, p.42/fig.3.3.

39

“*Regional Projects

Sample Green Hydrogen Projects

= NEOM! https://www.nghc.com/
= Around 4 GW!

\ZAM
o= AlKh;
W

Tiht{k Sanc
'NEOM & e
Hurghada
55,3
Alula
Mall
Luxor
]
o
A_s‘:j" Yanbu
ols. s
§ F
el a
I
/
/
[ Dr.

Coming tog

NEOM
GREEN
HYDROGEN
COMPANY

1531G-12gja 1Al og—Lid Sy

GREEN
HYDROGEN
Q1 2023, achieved full financial close at
USD 8.4 billion investment
from 23 banks and investment
firms from across the globe

An equal joint-venture partnership

[ewn power,
p

prooulfB £ L-\-;._[-‘\

AbdAttili@htu.edu.jo
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“*Regional Projects

Sample Green Hydrogen Projects

= HYDROM (OMAN)! https://hydrom.om/

20 Billion USD Investments!
Split into 3 projects:

The three projects were signed with the
consortia of Amnah, Green Energy Oman (GEO)
and BP Oman.

The projects are expected to produce around
half a million tonnes of green hydrogen
annually from over 12 GW of installed
renewable energy capacity.

G hydrom

f2sn

Fazn

Arabian
Gulf

Saudi Arabia

Guif of Oman
United
Arab

Emirates Musert

Ashkarah
Sultanate of Oman

Al Wusta

Dugm

d Masirah I3/

Hatary kot
Dhofar e
All the projects are spread across 320 square Shuvimiya e Arabian Sea
kilometers of area in the Al Wusta and Dhufar. :® e,
Dr. Abdelrahmarf&NAtti $ ‘ Salalah _Mirbat
AbdAttili@htf.eduse Yoar" se O g st we
41
o .
s Potential

Hydrogen Applications by Sector

for storage and transpiration, legislations!.
= Technicians with relevant skills!

} .

A

! ™ o -
b 4 ¥
£ P - 24
i o ( v
2 4 4

= Estimated cost of Kg H2 is one of the lowest globally in Jordan.
= Yet there are many restrictions such as, length of the sea borders, land availability for
installing renewable resources, initial cost as we might need a separate grid!, Infrastructure

UsD/kg
M -
B 16-
B s

5 20

A 22

+ 2.8-

\‘ -‘?‘: L 30-
32

34-

B 36

I 33

B > 40

Dr. Abdelrahman Al-Attili |

AbdAttili@htu.edu jo https://aleasoft.com/green-hydrogen-fuel-future/

H,
6
18

-20
=22
-24
-26
-28

3.0
32

-34

36

-38
-4.0
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s Potential Applications

Hydrogen Applications by Sector

= Applications of H2 can be categorized based on several point-of-views.

= Sector-based categorization makes it easier to track, especially in Jordan.

=  We will consider H2 applications (possible GH applications!) based on the Jordanian
Context!

- Possible Applications in Jordan:

- Aluminum Industries (Heat). - Boilers

- Chemicals (HCI, HBr). - Steam generators

- Petrochemicals and Refining. - Furnaces

- Cement. - Chemical Reactions
- Potash and Phosphate (Heat).

- Steel Industry (Heat).

Storage (Liquid or High Pressure).
- Cooking (Direct Ignition).

- Recycling (Heat).

p—

Dr. Abdelrahman Al-Attili
AbdAttili@htu.edu.jo

Bruce et al, 201
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«*Haber Bosch Process: The route to Ammonia

Main ingredients

ro oo
N el rxczn.“ﬁ%.’ cx

Urea YaraMila"
Nitrate 12-12-17-2MgO+TE

Ammonium Product handling
Consnt information

B S m

Coution | The poduct s pora
mable moteiel, but if

i N 9 Inoived n aie, i
P Total Nitrogen () 12% docomp i

Ao azardous fumes: Keep aua
- NN a5 o CombStnte Iatatel”

dginyVl alawgall palio @Syl Tocas of e ot s

Py = P Total Phosphate  (P,0. 12% ventilate freely.
63ganoll dolell dadluwall i (Pa0s) Tooge | Sto 3wy Fom smreE ot
P205 so.  pox Peor oy, Comoositte
2P0, 10.0% mnteua\;and chemicals.
: : Stor under coveron 907
Totsl Potassium  (K,0)  17% Drteck o et somet.
gt
K Total Magnesium (Mg0) 2% | merat i".l.%‘a’:ﬁi%’a‘u‘.’”as.:.,s; e

2 TR
.. .. 2 returned for le:vung

Vara cortac b intrnet

ko3 %Arab Potash % C\

Imported and distributed by:
VYara International (M) Sdn Bhd @o3aa-1
Lot 3.02, Level 3, 1 First Avenue,
Bandar Utama, 47800 Petaling Jaya.
3 Selangor Darul Ehsen, Malaysia-
Dr. Abdelrahman Al-Afgi Tel: 603-7726 4181

AbdAttili@htu.edugs P Hooks wmme T

= — ———
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“ Ammonia Applications: Fertilizers

Fertilizers' Raw Materia
= Note that the market value is in Billions.

FERTILIZER MARKET SIZE, 2021 T0 2030 (USD BILLION)

$271.6

soa571 $254.05 $262.68

soiagy S22229 S2884
$207.93
$201.1

Dr. Abdelrahman Al-Attili |

AbdAttili@htu.edu.jo Source: www.precedenceresearch.com
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s+ Ammonia Applications: Fertilizers

Demand.

North
America
24%

4 & Africa \
- 4%
Latin
.| America

6% .
Py L

L

Dr. Abdelrahman Séilirée: www.precedenceresearch.com
AbdAttili@htu.edu.jo
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“ Ammonia Applications: Fertilizers

https://www.fertilizerseurope.com/paving-the-way-to-

Current Ammonia Production green-ammonia-and-low-carbon-fertilizers/

Natural Gas -> Syngas (CO+H) -> H2 + N2 -> Ammonia

Ammonia production is mainly
based on natural gas as a raw

material and steam methane Qegv‘)
reforming (SMR) as the main >

technology. §;\/
The first step involves splitting \
the natural gas molecules with

the help of steam and high

temperatures, to obtain
hydrogen and CO.. ST

In a second step, this hydrogen is
then combined with nitrogen
from air to produce ammonia.

Not green! generates large

quantities of CO,.
Dr. Abdelrahman Al-Attili |

AbdAttili@htu.edu.jo
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https://www.fertilizerseurope.com/paving-the-way-to-

Q:QAmmOnia Reactor green-ammonia-and-low-carbon-fertilizers/

Heat exchanger

Compressor
NH; +
Ny Hy — [ unreacted unreacted
feed gases N,, H, N,, H,
o~ o~
T I \ Hot water out
& )
Catalyst beds 5 5
2 @
Feed gases BS S Condenser
prewarmed by 5 °
heat of reaction = s
Cold water in

Heater

\4

Compressor

Dr. Abdelrahman Al-Attili | . .
Reactor AbdAttili@htu.edu.jo Refrigerated unit
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https://www.fertilizerseurope.com/paving-the-way-to-

Q:OAmmOnia Applications: Fertilizers green-ammonia-and-low-carbon-fertilizers/

GREEN Ammonia Production
Electrolysis from RE + N2 from Air
-> H2 + N2 -> Ammonia

Alternative sources 6 o#“» Electrolysis - technology
2 allowing to replace natural

of hydrogen S5
lydrogt = s / gas with low-carbon
< hydrogen

- 2
" Flexibility - green ammonia appli-
Ammonic - a key factor in the EU ) Ny Y \ cable io: engergy storage, trung:or»
decarbonisation efforts, can be used \/ totion & clean chemiculs’
as a energy carrier with zero- or near b 1 \
zero carbon footprint

Dr. Abdelrahman Al-Attili |
Disclaimer. This infiybrelgiict # i@the iverdiejo

purposes only
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s+ Ammonia Applications: Fertilizers

Most of the fertilizer market is in the form of Urea!

Figure 1. Global nitrogen fertilizer consumption by product (2018)

100% Carbon-
Others free N sources?
Ammonia direct applic. i
Ammonium sulphate N

Nitrogen solutions

CH4N,0
Ammonium phosphate
Global N Urea
consumption
Nitrates (AN/CAN)
NPK Cﬂmp@&bﬂ“man AI-ATT
AbdAttili@htu.edu.jo - Source: Argus
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“ Ammonia Applications: Fertilizers

Ammonia + CO2 (to be green this must be from CCU)

2NH3+C02 2 CO(NH2)2 + H20 + 110 kJ

liquid gas melt liquid

Chemical- _technological

Urea production.
system_ ___

s ¥ e CO(NHZ)Z

melt

Ammonla producnon

Air separation

gas N2

/

AIR

gas

o oon

Condensate;

=4
>
o
o
0O
20
0
B

Abd

$t8ahF Préduction
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% Ammonia Applications: Energy Carrier

| Green ammonia production |

Ammonia molecule
Ammonia is the basic building

block of all nitrogen fertilizer.
Water i .
6 Flexible
Ammonia
Production
1 { Green ammonia is made from water, renewable electricity and air.
g It can be used in agriculture, Iﬂdustnal appl!:auons, and as a fuel
or hydrag e iR e .

>

nammo u Y
role in the decarl g X AEner S h L
: Feeding the Future~

our curre nergy

https://www.researchgate.net/publication/327875102
ReviewAmmonia_Oxidation_Electrocatalysis_for_Hyd

s Ammonia Applications: Energy Carrier e s

fusion m
{a l 100000 chemical m

coul fission
E 10000 electrochemical
; aned inert II.: i Ilytlrw
& g
10041 e e
'E I ﬂ ultimane
E Nywheel battery
100 | J
clectropiatic hot ral g
T mag. u|!1 Ph-oeid i natural gas
10} .. battery waler 2
gravitation | a A l.‘ H
hws::f::- EDLC Somp. air | Ilydln;gun
ek 0.01 01 1 10 100

capacitor

Energy density (k Wh kg ')

Ammonia-based

- a0 36 gL
.‘wl-‘wm‘---

102 kg 100 kg 10 ke 392 kg 10 kg
CalHyleCly Me(NH)Cl, NHG  Hafliquid)  Mg;NiH, LaNigHs H,(200 bar)

Dr. Abdelrahman A\ Attili
1U.('nr5'ughl 2004, Ravyal Seciety of Chemisary. (b} Energy dersity

Figure L (a) Energy density of vartous fuels by mass. With permissiog
ol warious fuels by volume. With permission to repring from Ref. 11, C&‘gﬁlﬁ %@lpf{i&%y of Chaemisiry.
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Hydrogen Council. (2017b). Hydrogen scaling up: A

0:0 EnVironment sustainable pathway for the global energy transition

Hydrogen Applications by Sector

- According to Hydrogen council (2017, global study) ~70% of energy (mainly Heat) is
consumed in 5 main industries: Aluminum, Cement, Chemicals, Pharmaceuticals and
Refining, Iron and Steel, and Pulp and Paper.

70%

L

r )

2% Ei 29 £ hi gt
E i 8i EE@! o f i
S5 : g8 P g
< 5 -§ -3 Dr. Abde\rahman@\gAt@ﬂ
‘ £ AbdAttili@htu-edu f |

2

Energy Consumption, 2014, EJ Low-grade heat [J] Medium-grade B High-grade heat Electricity
heat
EJ 6 11 18 36 6 53
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*Environment

Hydrogen Applications by Sector

= Energy consumption in Jordan (compare it to worldwide!).
= Transport! -> Industry -> Residential!

Total Final Consumption (T3)

&l T i I 1 T R
1990 1995 2000 2008 2010 2015 2020
Transport Industry Residential Commercial &
Public Services
— Agriculture, —— Non-Specified Non-Energy
Forestry Dr. Abdelrahman Al-Attili |

AbdAttili@htu. .
bdAttili@htu.edu J?EA. (2019) Data and statistics. https://www.iea.org/countries/jordan

57

+*Environment

Hydrogen Applications by Sector

= CO2 emission in Jordan hints us towards the main application sectors of H2.

€05 emissions by sector, Jordan 1990-2018

Electricity and heat producers.

Final cxmmumption ret alsewhernapecibiol
| I

| I | | I I I
1990 1992 1994 1996 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

Dr. Abdelrahman Al-Attili |
Electricity and heat producers B Other eaergy industries B Industry B TidkobA U @00 OB @ comsupmtion mot elsewhere specified B Agricutture 8 Commercial and public services
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¢ Industrial Applications

https://www.cementequipment.org/ho
me/fuels-in-the-cement-industry/

Cement Applications

Clinker Cooler

Rotary Kiln

Precalciner

Raw Meal (Cyclone) Preheater
Raw Mill

paorog

Conventional and
Alternative Fuels

Bag Filter (or Electrostatic Separator)

Exhaust
Gas

Gas Temp. Special Features

ﬂ 2000-1050 All organics burnt, fuel ash =
1aw material. incorporated in clinker

E) 7200830 S0, and HCI trapped due to

presence of CaO
G R 010  Actasa 5-stage dry scrubber
Clinker for combustion gases
3 20-100  99.999% dedusting effinciency
1] 5|
Dr. Abdelrahman Al-Attili |
AbdAttili@htu.edu.jo
59
o .
*»¢ Transportation

Vehicles in numbers! Jordan/Amman

https://www.ceicdata.com/en/i
ndicator/jordan/number-of-

registered-vehicles

https://www.ceicdata.com/en/j

ordan/number-of-

vehicles/number-of-vehicles-
amman

“The Jordan Strategy Forum, citing
data issued by the Ministry of
Transport, wrote on Twitter that the
total number of vehicles in Jordan
reached 1.5 million, of which 1.2
million are in Amman” Jordan
Times.

View Jordan's Number of Registered Vehicles from 1970 to 2021 in the chart:

1 900k
1 800k
1 700k
1 600k
1500k
1 400k
1300k

1200k == 147051
1100k 107345008

1000k
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

8 No of Registered Vehicles: Annual: Jordan

View Jordan's Jordan Number of Vehicles: Amman from 1998 to 2015 in the chart:

700k 661 065.0870 7530 922 9%50 5359994 00

800k

600k
500k
400k
300k

Dr. Abdelraba, 33
AbdAttili@htu.edu.jo

2007 2008 2009 2010 2011 2012 2013 2014 20}

I Number of Vehicles: Amman
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s Transportation

Amagzing Element!

* 3 — 4 minutes to fill-up the H2 tanks.

* 500 km per charge.

« 2 carbon-fiber hydrogen tanks, 6 kg H2 700 bar.
* Hybrid H2 combustion and plug-in EV.

* H2 Fuel-cell EV.

*Currently, 10S / kg H2.

https://www

61

com/2022/03/10/bmw-ix5-hydrogen-review, bmwAPdAttli@htu.edu.jo

s Transportation

Domestic Heating?!

Maturity of hydrogen solutions

it . HYDROGEN
(compared with other decarbonisation solutions)
i é
Chemicals
and refineries

ELECTRIFICATION International Export

. (4 S %
Competitiveness et

trucks =
Urban vehicles ()

Short-term
storage Trains
Mid
temperature
Residential heating
heating
>
Distributed applications Dr. Abdelrahman Al-Attili | Centralised applications

AbdAttili@htu.edu.jo

Source: IRENA (2022), Geopolitics of the Energy Transformation: The Hydrogen Factor,
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*DAC

Direct Air Capture (DAC) technology can be used to obtain CO2 / CO from air directly.
This CO content is used with Hydrogen to produce SynGas or Synthetic fuel.
Synfuel is Green although it produces CO2 when it burns, because it emits what it already

captured, so

PHASE 1 PHASE 2
‘ Once the filter is saturated with
CO, the filter is heated to 100 °C.
L g e
Ambient . >
¢ air * CO,-free air
P 5 tge e
ce D o'
*d. .
o
v CO, is then released e
CO, is chemically from the filter and
bound to the filter. collected.

3/10/2024
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“*DAC

Notice the use of the electolyzer!

Electrolyzers emit heat that can be used to drive CO2 out of the DAC filters.

CO, is captured ., " = i 10 TR L Syngas is turned into
directly from 8 o Bty B0 < o, COFREEAR hydrocarbon fuels,
ambient air using S N . ' N Because the CO, has

renewable energy. been captured from the

atmosphere, the
produced fuels are
carbon neutral.

SYNGAS

(CONCENTRATED (0,

4, RENEWABLE
ENERGY

WATER SUPPLY
HEAT RECOVERY

)
CO, and water is l"l’ = & " LT
provided to the r//// 4 HYDROGEN 5 £
electrolysis unit. The | z% & ‘
Climeworks plant is able £ 2 @ e
to run on excess heat HYDROCARBON
from the electrolysis. OXYGEN FUELS

Dr. Abdelrahman Al-Attili |
AbdAtti‘i@ht“-eduH?tps://www.frontiersin.org/articles/l().?:389/fclim.2019.00010/fu||
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+*Fuel Cells

= Efficiency of DMFC is very high

Methanol FC
Is it really better?

80 Solid Oxide FC - Heated

ombined
gas turbine cycle

70

DMFC

60

50

40

Electric efficiency [%]

30 |--=--5~-- e

A’B’:EC’““‘ kW 10 kW 100 kW 1 MW 10MW  100MW  1GW

Power
Electric efficiency of the systems according to their production technology [21] (DMFC-
direct methanol fuel cell-MCFC-molten carbonate fuel cell-fuel cell with molten

carbonate, SOFC-solid oxide fuel cell~celissolid oxidé fuel).
AbdAttili@htu.edu.jo DOI:10.1088/1755-1315/214/1/012019
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Toward An Overview of the Use of Green Hydrogen in the Agriculture and Livestock Sector (nih.go}

+*Wastewater Treatment

As-Samra Wastewater Treatment
Plant, Jordan

With a peak flow of 840,000m? each day, the facility =
treats an average flow of 267,000m? of wastewater,
serving a population of 2.2 million living in the
Greater Amman and Zarqa areas

iomass/
BT G @ Al

i
Ireal in atmosphere

Catad
Y T T
Hydroponic/Aquaponic

— I Dr-Abdelratliinan Al-Attili |
Renewable energy ") .edu.jo
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% Water Requirements

Withrdaw

Water problem

Green_Hydrogen_Water Use 56b96f577d.pdf (itm-power-: 3.eu-west:: com)

beswick-et-al-2021-d h hyd h: oblem.pdf

water returned directly to the source it was extracted from.

Consumed: water transformed into another form.
‘Annual Global Water Withdrawals and Consumption By Sector

MASS OF WATER, kg {LOG SCALE)

13—

* Assuming all
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&
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10000

E

3
8

E
z
2

ANNUAL
CONSUMFTION FOR

ANMUAL GLACIER ICE MELT
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is replaced with

drogen (162,000 TWh)
Dr. Abdelrahm

= Water Withdrawals = Water Consumption

2770

Fossil Fuel Energy Production Irigated Agriculture (2014) Future Hydrogen Economy
and Power Generation (2014)

Optimistic view: “Based on the reaction stoichiometry, for every kg of
hydrogen produced, 9 kg of water must be consumed. Therefore, 2.3
Gt of hydrogen requires 20.5 Gt, or 20.5 billion m3, per year of
freshwater, which accounts for only 1.5 ppm of Earth’s available
freshwater” =~ 20.5e9/1e17, not sea water!

2.3 GT Hy2 can decarbonize around 18% of energy-related sectors.
https://doi.org/10.1016/j.coche.2021.100701

However, fresh water is not uniformly distributed.

In Jordan, already water deficiency is a problem, even after Aqaba-
n Amman PNater Desalination and Conveyance Project (AAWDCP)

u.edu.jo
Greén must be seawater!

= Water
= land

= Market
= Policy
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Thank you.

Dr. Abdelrahman Al-Attili | AbdAttili@htu.edu.jo
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