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Thermochemical

Electrolysis

Upstream

Production technology

Steam methane reforming (SMR)
Autothermal reforming (ATR)
Partial oxidation (POy)
Gasification

Pyrolysis

Alkaline electrolysis (AE)
Proton exchange membrane (PEM)
Solid oxide electrolyzer cell (SOEC)

Conversion
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Mid and Downstream

Conversion, storage,

Transport, and distribution

H, compressed gas
Liquid H,

NH;

LOHC

Trucks
Trains
Pipelines
Tankers

Geological Storage

Storage tanks

Chemical reconversion
Liquefaction/regasification

Mobility
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Consumption

End-use application

Oil refining

Chemicals production
Iron & steel production
High-temperature heat
Food industry

Light-duty vehicles
Heavy-duty vehicles
Maritime

Rail

Aviation

Flexible power generation
Co-firing in PCP and CCGT
Back-up & off-grid power

Energy storage (long term/large

scale)
Blended H,
Methanation
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Adapted from: Aames et al., 2018
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TRANSPORTATION STATE OF TRANSPORT STORAGE
OPTIONS AND STORAGE OPTIONS

Pipeline
storage
Compressed Compressed
hydrogen hydrogen tanks

Pipeline
infrastructure

Cryogenic liquid Liquid hydrogen
hydrogen tanks

Liquid organic Liquid hydrocarbon
hydrogen carrier tanks

Source: Aames et al., 2018
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2020 2030 2040 2050 Segment Low-carbon
O O O O competition?
coe Regional train
cee Heavy-duty trucks
ceccccccs Vans for urban trucks
cee Coach
cecee Urban bus (long distance) Battery vehicles
8 & ® & & & & & Smartferr T T 1
o 0 C—— 13X fleet and large ferrY)
s 3 Large passenger UEhiCIE EIECtriC catena rV (trainS)
0 o o — M]i0-Siz€ lONg vehicle
EEEERY SynfUEI 'For aviation
R T ——————————————————————— Forklifts
New
hydrogen @ & @ @ @ © Exisﬁng network Biogas
1 2 R P EEE—. New network Heat and
applications Blending power for Natural gas/coal
B ———————— o & | M bu"dings with CCS
rrFx®.y S|mp|e Cycle turbine
ceessesssessss s COmMbined cycle turbine Heat and
—————— Back generation power for Heat pumps
00 SO0 0 S0 S 0 eSS 0 CE—— Mid-gl‘ade heal'll‘lg industrv
....... e High-grade heating
Existing T m— Steel
Y rPge_n Methanol feedstock Coal
applications Refining

1. In some cases hdrogen may be the only realistic alternative, e.g. for heavy-duty transport and industrial zones without access to CCS

Hydrogen is competitive in
- average conditions and region

Hydrogen is competitive in
""" optimal conditions and regions

Source:The Hydrogen Council, Path to Hydrogen Competitiveness: A Cost Perspective Report (20 January 2020)
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Cumulative production capacity

Mt p.a.
Projections
from 2020 6.7

I I Mature?

Projections
from 2019 23

Low carbon

Renewable

Mature?

2020 21 22 23 24 25 26 27 28 29 2030

1. Includes projects at preliminary studies or at press announcement stage
2. Includes projects that are at the feasibility study or front-end engineenng and design stage or where a final investment decision {(FID)
has been taken, under construction, commissioned or operational

Source: Hydrogen Insights, A perspective on hydrogen investment, market development and cost competitiveness, February 2021; www.hydrogencouncil.com.
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262
End-use
application
Distribution
~80bn ‘mature’ investment
Production
45 38
_ I
Announced Planning Realized
Projecis in press announcementis FProjects that are at the feasibility Projects where a final investment
or preliminary study stage. Also study or front-end engineering decision (FID) has been taken,
includes required investment (o and design stage under construction,
reach national targets and commissioned and operational

government funding pledges

Source: Hydrogen Insights, A perspective on hydrogen investment, market development and cost competitiveness, February 2021; www.hydrogencouncil.com.

PRC - Supporting Oil & Gas Technology Advancement




@ KISR

<
Kuwait Institute for Scientific Research s ‘ x ;1  / : ‘
**’J " 6 ?

csosch LA gn dgalle 30l g Cpa g Hnedl Galas

i — Ay ld sy S Al oy sl elay )
em i g .- -

eCF cCh ours & cwxctm M e DAIMLER :\EDF d)é J;Y\ ‘dgjL ‘\AjALj EJA}.A

| ——. ‘ - " e e
EOS &RGE equnor}f fauredo | _“_J e - I®11 YUMOR IR e Aalail A8Uall QU jadl a5 gl
mmm ' . ‘ o N 5 ot o {
g i ‘ @e S——~ .. MRS nAEE nun Mjf ~):\S‘j d.l.b&‘ desm d;‘
o @R ) @romdroror i, v
— thyssenkrupp
o ST e S5 109 el pumy

Cove rce.. BB iy Quoconses &
| - Al Alis i Allad) J pm 4153 20
CLARIANT @ dingingr) | ENBRIDGE M ﬂm galp @ Iﬁ@fﬂ" ILJn L] ;L
I;“‘wﬂm LtBHERR mHHI.E mﬁ'ﬁﬁ Maoarubenk MCDERMOTT Atf'tl s Mitsuhishi Corponstion 0‘ MITSUBISHI Lé..\ Yy LS ﬁ 4 u‘.& L . S‘ . aj o
GK NTK - i i :
MITSUI & CO, e e ([(NINIKOLA = NYK... A R e & I
$ nel* & i L) iy ki S 558 3 5 Al

am arsus (@) popiiss mstom O @cm B

SO SMEK UG COLATR

@ ’;E‘*:L" o HR[ Rellance @ E?NEO?I{E t.o&a o "“m‘( RN

L L
Iodassnss Lanitnd

@ms” Sumitomo Corporation “§ TechnioFMC l 7 TOYOTA TSUSHO m,@ e W:p;’. Wwoodside ( e ) S ).\S M jLA.\S.. 9 )J.\ CalS ).u::' 9 5aal 3
108 ST By vy VR WY

Sl
ANTIN ﬁanpmmm o - LI ’-& A [ e )ohn lalngwﬁiALA 7 naTiS (T)PRVOSCE B SOCETE o .( -

Source: www.hydrogencouncil.com.
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- Projects per region:
1206 Europe
4.5 Asia
24 Oceania

10 North America

8 Middle East and Africa

O Latin America 2 2 8 announced projects
. 17 ® o0 ©53 @45 @23
i _— Large-scale industrial Transport: trains, ships, Integrated H, economy: Infrastructure projects:
G'gﬂ'siﬂel_lpmd'?'::t'g"' usage: refinery, ammonia,  trucks, cars and other cross-industry, and H, distribution,
EII-IGE;"”U’E 1 2 Py power, methanol, steel, hydrogen mobility projects with different transportation,
oroj and low-carbon H, and industry feedstock applications types of end-uses conversion, and storage
=200 kt p.a.

Source: Hydrogen Insights, A perspective on hydrogen investment, market development and cost competitiveness, February 2021; www.hydrogencouncil.com.
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Source: J.D. Holladay *, J. Hu, D.L. King, Y. Wang. 2009. An overview of hydrogen production technologies, Catalysis Today 139, 244-260; P. Nikolaidis and A. Poullikkas. 2017. A
comparative overview of hydrogen production processes, Renewable and Sustainable Energy Reviews 67, 597-611
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T MO, T T MO, T T MO, T
Reducer e Oxidizer Reducer = Oxidizer Reducer s Oxidizer
MO MDD MO
I ! I | g ! | g !
CrHy Air CenHn Alr Heat CO./H0
Full oxidation Partial oxidation Thermochemical
A B C CO/'H50 splitting
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Source: Zeng, et al. 2018
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Source: J.D. Holladay *, J. Hu, D.L. King, Y. Wang. 2009. An overview of hydrogen production technologies, Catalysis Today 139, 244-260; P. Nikolaidis and A. Poullikkas. 2017. A
comparative overview of hydrogen production processes, Renewable and Sustainable Energy Reviews 67, 597-611

: PRC - Supporting Oil & Gas Technology Advancement




@ KISR

o o
Kuwait Institute for Scientific Research ‘ S‘ ‘ Sb's S‘ S s : S‘ 1 e 4 #‘
o » UA *JJ » c. ) s

Source: J.D. Holladay *, J. Hu, D.L. King, Y. Wang. 2009. An overview of hydrogen production technologies, Catalysis Today 139, 244-260; P. Nikolaidis and A. Poullikkas. 2017. A
comparative overview of hydrogen production processes, Renewable and Sustainable Energy Reviews 67, 597-611
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Source: J.D. Holladay *, J. Hu, D.L. King, Y. Wang. 2009. An overview of hydrogen production technologies, Catalysis Today 139, 244-260; P. Nikolaidis and A. Poullikkas. 2017. A
comparative overview of hydrogen production processes, Renewable and Sustainable Energy Reviews 67, 597-611
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Source: J.D. Holladay *, J. Hu, D.L. King, Y. Wang. 2009. An overview of hydrogen production technologies, Catalysis Today 139, 244-260; P. Nikolaidis and A. Poullikkas. 2017. A
comparative overview of hydrogen production processes, Renewable and Sustainable Energy Reviews 67, 597-611
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Source: J.D. Holladay *, J. Hu, D.L. King, Y. Wang. 2009. An overview of hydrogen production technologies, Catalysis Today 139, 244-260; P. Nikolaidis and A. Poullikkas. 2017. A

comparative overview of hydrogen production processes, Renewable and Sustainable Energy Reviews 67, 597-611
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Electrolysis

7/27/2021

Steam Methane
Reforming (SMR)

TRLS
Aut
U ﬂthenﬂal TRLG
Reforming (ATR)
Partial Oxidation
TRLS
(POy)
Gasification TRLS
Pyrolvsic Qil/Coal TRL 9
Uil Gas TRL 4-5
Alkaline [AE) TRL9
Proton-exchange
TRLS
Membrane (PEM)
Solid Oxide
Electrolyzer Cell TRL 6-7
(SOEC)

AR g A ol g3l 4y ALl (g ghena 1 gutgd) L) L ol 4iSS

Matural gas

Matural gas

Refinery fuel gas,
naphtha cracker

gas, LPG, fuel oil,
heavy oil

Coal

Matural gas, oil, coal

Water +Electricity

Water + Electricity

Water + Electricity

200-500 ton/day

500-1,000 ton/day

500-1,000 ton,/day

500-B00 ton/day

50 ton/day

<70 ton/day

<300 ton/day

MA

B3% (3 Hafor each
CHa molecule)

90% (3% Hz for each
CH4)

70-80% (3 Ha for
each CHa molecule)

MN.g.

MNA

63-71% (Stack) /
51%-60% (System)

60-68% (Stack) / 46-
60% (System)

100% (Stack) / 76-
B1% (System)

50.9-1.8/kg

n.4.

n.4.

51.6-2.2/kg
52.2-3.4/kg

52.6-6.9/kg

$3.5-7.5/kg

55.0-B.5/kg

Mature Technology for
Blue Hydrogen Already
Used in Kuwait and
Other Arab Countries

Mature Technologies
for Blue Hydrogen
Using Oil with
Potential Application
in Oil Producing
Countries Requiring
Economic Data

Mature Technologies
for Green Hydrogen
Requiring R&D to
Reduce Cost

Source: Kuwait Hydrogen Blue Paper, Berenschot Consultancy, Kearney Energy Transition Institute (Hydrogen Fact Book), ETN Global

(Path Towards Zero-Carbon Gas Turbines), and Commonwealth Scientific and Industrial Research Organization (CSIRO)
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Depleted gas § Pressurized Metal
Salt Ca

Usage Volume Large, Large, . Medium, Large, Large, Small, days-
& cycling) months- ceasonal Small, daily davsweeks months- months- weeks
yciing weeks Y weeks weeks
LCOE (S/kg) 50.23 $1.90 50.19 S4.57 52.83 54.50 n.a.
Projected LCOS $0.11 $1.07 $0.17 $0.95 $0.87 $1.86 n.a.
(5/kg)
Geographic Limited Limited Unlimited Unlimited Unlimited Unlimited Unlimited

Availability
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Overview of Hydrogen Production Routes

Hydrogen containing compounds are forced to react and rearrange the /
chemical bonds to produce hydrogen and a side product, or forced to
breakdown into their elemental components

(Reforming) C.H.,+nH,0— nCO + (n+tm/2) H,
(Water gas shift) CO +H,0 - CO, + H,
(Partial oxidation) CH_ +n/20,— nCO+m/2H,
(Cracking) CH, —nC+m/2H,

(Water splitting) 2H,0 —» O, + 2H,
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@l& n-Réforming of Natural Gas and light liquid hydrocarbons

Steam reforming of hydrocarbons is a catalytic process in which the ~

hydrocarbon-stream mixture is converted to hydrogen and carbon oxides:
c:nHm+nHzo—>nCO+(n+%)H2
Feedstocks include: methane and light hydrocarbon feedstock that ~
vaporizes completely such as naphtha
Typical operating temperature for steam reforming is between 700-800°C, ~

and the pressure varies between 3-25 bar.

Currently, it is the main route for hydrogen production 7~
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~Stages of the Steam Reforming Process

The reforming process consists of 4 stages:

Reforming: An exothermic reaction produces synthesis gas (CO and H,) »
CH,+H,0 >CO+3H,

Water-gas shift: »
CO+H,O0—->CO, +H,

Gas Purification: CO, absorption in amine unit >

Methanation: This exothermic reaction removes residual CO and CO, >

CO+3H, »>CH,+H.,O
CO,+4H, > CH,+2H.,0

PRC - Supporting Oil & Gas Technology Advancement
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Auto-thermal Reforming

Auto-thermal reforming utilizes oxygen and carbon dioxide to form the syngas from ~/

methane or other light hydrocarbon feedstock in a single chamber:

2CH, +0,+CO, >3H,+3CO+H.,0O
4CH, +0O, +2H,0 -»10H, +4CO
The outlet temperature and pressure of the syngas are 950-1100°C and 100 bar. 7

The main advantage is the H,/CO ratio in the syngas can be varied (i.e., the usage of ~/
CO, in the reforming reaction result in H,/CO ratio of 1/1; whereas the usage H,O

produces a syngas with H,/CO ratio of 2.5/1)
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e Partial Oxidation (POX) of Hydrocarbons

Feedstock is heavy hydrocarbon fuels and coal 7~

Syngas is generated by partially oxidizing the hydrocarbon feedstock with ~
pure oxygen, then, the carbon monoxide is shifted by stream to produce

carbon dioxide and more hydrogen.

The reactions are as follows: 7~
CH +go2 —>nCO+%H
CH +nHZO—>nCO+(n+%)H

COWHePe nEPantd m=1.3 for residual fuel oil, and n=1 and m=0.8 for coal
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~'Partial Oxidation (POX) of Hydrocarbons (Cont.)

Air is not used because hydrogen separation from nitrogen is difficult ~

Partial oxidation can operate with and without catalysts, depending on the
feedstock quality.

For feedstock with high level of impurities (i.e., sulfur), the process ~/
proceeds without catalysts and it is called Thermal Partial Oxidation (TPOX)
with reaction temperature is typically around 1200 C.

The Catalytic Partial Oxidation (CPOX) is utilized with feedstocks having ~
low level of impurities; hence, the catalyst reduces the reaction
temperature to around 800 C.

A substantial amount of produced hydrogen in the POX comes from the ~/
steam. The amount of hydrogen produced from steam increases up to 83%
when coal is used in the POX [Steinberg and Cheng, 1989].

AN

Source: Steinberg and Cheng, 1989
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“Gasification of Residual Fuel Oil or Coal

The gasification process is given by the following endothermic and exothermic ~/
reactions

C(s)+H,0—->CO+H,

CO+H,0—->CO, +H,
Common gasifiers are the counter-current fixed bed, co-current fixed bed, fluidized 7~

bed, entrained flow, plasma, and free radical.
The Integrated Gasification Combine Cycle (IGCC) utilizes high pressure gasifiers to ~/
convert coal to purified syngas. The syngas purification is achieved through a pre-

combustion separation process that removes CO, and other impurities.
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Steam-Iron Process

The steam-iron process is basically a coal-based process in which hydrogen ~/
is derived from the steam reacting with iron oxide.

The process mainly composed of four stages. Initially, coal is gasified with ~/
steam and air to produce the syngas, which is then mixed with iron oxide in
an iron regenerator where the following reactions occur:
Fe.O,+H, > 3FeO+H,O
Fe,0, + CO - 3FeO +CO,
FeEO+H, > Fe+H,0O

FeO+CO — Fe+CO,

Not all syngas is completely converted in the iron oxide reduction. The ~/
regenerated iron then goes into the steam-iron reactor where it oxidizes by
steam to produce Fe;0, and a hydrogen rich gas.
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