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H=2tE P2A2P(Power to Ammonia to Power) &= ¥30U#2g232

- Power-to-Ammonia project: ISTP, Nuon/Vattenfall, TU Delft, University of Twente
-  “ Ammonia can be stored as a liquid; a standard tank of 60,000m? contains -.x ou

200G wh of energy, equivalent to the annual production of roughly 30 wi . ' tuxr b’.«es on

land.”
A power plant as a .. wer-battery 5. .
Nuon and Delft University of Technology are willing touse, = _pawer - >
plants as storage facilities for renewable energy. They Nimtoww sobypro” .ng = % . ~ 3 - 23
- - from energy wh =T s A o' kasy - - - o
Storing renewable energy as ammonia to store on.a long term basis. The ammonia ¢/ tnen’ wedash gas-fired N W
power plants at times when thereis ashort ¢of .» . wenergy. - R . > oy &
- © 14
Wind and solar ener, 1ar » . y g === 2
available onder d.. A TR
) % Vi gt
Sometimes too S L 2 TN
S ..while at other times oL
Thesupr o wind. > 4 N \
solar- . exceeds % Demand is greater than the 3
the beman, production of renewable \
energy at that moment. \
Now: @ b
No -5 > - Gas-fired power plants ::.'z“m \\
aes  usis sold at .~ make up the deficit "
very low prices and Z - by """"‘W";W —
consumed elsewhere = . bt natural gas. Bole .:r @ *.\.
A . - )
2 o 25 e D —~ 4
/) o U o
J ~ 3 %
,,4_' . Inthe : In the
& / future: i future:
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state. instead of natural gas. ammonia is burned.
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g possible to store la ntities of energy produced by wind ot A by
er. imes of over-supply the energy is sold o QU separatar NS ~ ] ‘ @
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Storg I:Q:relaohmmonll. This is later used as fuel for the gas plant... Woter !h“{w: @/" = ‘ ~
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7| (25%) vs & (75%) Al
20204 S2X™# 552 TWh
20504 74209 .1200~1300 TWh ?
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2710 : 160

ot 1,075
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N\ 13gd 859% ¢ 2023 [ 5914
2024 [ 3.826
132¥5,000cH - 2025 [ 321696
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2020042 20250 2050 gy Lo
OXYUHAR - T KHEXE JNEAY, 202191 2% 230 [, 0:7.520
OIS PR TR R, 2021458 HISXIR
=
- T SX}: battery, A=z XX|
L,
AN =1
v FAUeTX XASAE =4 S5 44| § 22}
‘ HHiE 2] &2




‘\

XISXIE Battery JHet = |0

S
Battery demand growth in transport & energy density in the NZE

[ 16 LIE LT R IR LRl Iy L LI IR I LR AL LY L e LY LIS R L IR Ll Il LI LE L Lyl L IR L LTl L IRl LY LRl Il L el Iy LRl LAl ] l] SOD 3
g Li-S (or other) (650 Wh per kg) -
> required for electric aircrafts -, 2
@
o . =
-: 12 LAl LRI R LR Rl L LR Lyl L Ll LRl I LRIl IR Rl Il Ll LAl Ll LR L LRl L Ll Jl Ll LAt Rl I LRl LYyl .f’!?/ EGD g
E Solid state (400 Wh per kg)

required for electric long-haul trucks

400

4 LAL LI R LI LRI LY IRl I e LTl LRI LRI YLl I LY LE L ] ]

200

L
2010 2020 2030 2040 2050

o Long " aul trucks mmmm Cars, buses, delivery trucks Battery cell density (right axis)
IEA. All rights reserved.

IEA, 2050 NZE
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« AEHX| XISXE: LHA7 |2 RSKIRE fAKSt =22 A7 Y W4(104 0]4) =t
SHAl ATH-BE 7|1 X2 MAAIR ME I?_ GVC (Global Value Chain) *%
II

« ZH(3 DOE 2030) : 8xH$50—$30/kW, 5000 A7), SHAXH$5—$65/kW, 25,000 A|ZH
- 145 J0# X F0H, X7k Mo =t I'_” DM, A HA V= &
- £0f 0.3 mg_Pt/cm?2 0|5}, 4M's 840 mW/cm?2 0|&(@ 0 7-2 V),

e @ L

> 0.5 A/mg_Pt
@ 09 V_IR—free

HIHEH A5
(EQE XtSit S

[CHXHE 185 MEA | [BETX| A= 2A/HE)

25 A/cm?2@ 0.6 V

L=t 2HH
7124 1/2 (68
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Electric Cracker

SABIC and Linde, BASF is working on the realization of a pilot furnacs for the
world’s first electrically heated steam cracker. If the necessar, rurding is granted,
start—up of the pilot plant is slated to begin as early as 20?5.

Conventional
furnace

Raw

' ‘ Naphtha olefin
" 850°C : U U

ooooooooooooooo

~rurnace

Raw
waphtha,

olefins
-7
850°C i U U

eFumace '...............Z

Renewable
energy

E-Drive

Before

=

Compressor Gearbox Steam

Not needed turbine
for eDrive

After

—+N

TP P PP PRI P Pe e et Janbunnsuannn & imnsnsunnsnnunni) VOO Compressor eDrive

Commercially available technologies can be adapted to local needs
and opportunities — the right mix makes the difference

©
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Heat Pump

Energy flow at Ludwigshafen site

BASF

20 TWh

Fossil energy
(natural gas)

Verbund
Ludwigshafen

8 TWh

from chemistry

14 TWh coolir , wate.
V' mgid
8 TWi« ircor'ig
- an WA
t ™. h diff _ive loss

Processes Typ. range Mean input
x temperaturc
Hot water, range: 60 -90 ~
Brewing process cooling g
Hot water,
process cooling

N\

Waste water, wire pit water,
hot condensate. exhauss a,

Exhau.
was . eat

Exhaust a,

0-90C
hot condensate 50-90°C

60-120°C /

Waste heat or
process cooling

waste heat,
process cooling

aste heat, hot condensate,
process cooling

e —

Electricity

~ IR

A 4

Scovery
with heat Renewable energy
A Y pumps

Mean output
temperature
range: 110 - 160°C

Processes

o o =3

Brewing

Hot water or saturated
steamn for brewing, filling
and cleaning processes

Hot water or saturated
steam for pasteurisation

Preheating of make up water,
aturated steam or hot air for!
drying, boiling and bleaching

Hot air for brick drying

Hot air for starch drying Starch

Hot water or saturated
steam for boiling,
compression and distillation

Chemical

Hot water or saturated
steam, preheating of
thick juice

Heat for industrial
processes

80-160°C

0
.,.I_]
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-
Low/medium-temperature heat demand by technology Technology
2020 W Fossil f.cl . ea*e~
2030 M Biomass Fcater
2050 » “lectric heater

2020
2030
2050

2020
2030
2050

. | rt.ydr-gen heater
High-temperature heat demand by technology > 400°C & ' %
: . . _ 7 Other heat sources

al :
W4l @ Sub-sectors

Heat demand by sub-sector B Mining and construction

M Food and tobacco

. . | Machinery
. — M Textile and leather

P = Transport equipment
¢ M Wood and wood products

25% “JY 75% 100%
IEA. All rights reserved.

The =’ ar~ of electricty in satisfying heat demand for light indusfries rises
f o .ec han 20% today to around 40% in 2030 and about 65% in 2050

=X: IEA, 2050 NZE o
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— WHRIAE M7=} Zero GWP heat pump

Air Source Heat Pumps
Cooling Cycle

High-Pressure,
High-Temperature
Vapour

<=
o 4-
<=

High-Pressure,
High-Temperature
Liquid

.<atir 4: Heat pump

Another method for heating with electricity involves the use of the heat pump.
Every refrigeration machine is technically a heat pump, pumping heat from an
area of lower temperature (normally the space to be cooled or refrigerated) to

an area of higher temperature .
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End-u<cs

W Snacc heating
Wte: beating

B < »ace cooling

" Lighting

" Cooking

M Appliances
Other

Fuels

m Coal

m Oil

= Natural gas

m Hydrogen

M Electricity

M District energy

B Renewables

25 £ 75 100 125 Traditional use of
EJ biomass

2020
2030

By fuel

2050

IEA. All rights reserved.

Fossil fuel se .1 ¥ = buildings sector declines by 96% and space heating energy needs
+, two-thirds to 2050, thanks mainly to energy efficiency gains

=X: IEA, 2050 NZE 0O
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— HIO|Q HE: H}O|Q
. EAZEFE:
- SHZRE DS 7)H A
- EX HE 2 ALK

* Lo. WP refrigerants { 5

- ZWP: global warming potential

&+, HI0IE 04, bl0|12 S+

=0
.,.I_'I



‘\

O 2AAXOIT}? &= O |E 072
- 0129| Oj|LiX| : HEIA GIR2 2H, + O, — 2,0

* HIO|OfA — MEL — M7 — MATIA(CH,) — Hy, NH; (BE2EZH 2 E)
(C/H=10) (2) (05) (0.25) 2N|_|D - 3/2 OZ — 3HZO + N‘2

5 20f 2HTIA Nz 1 SAHZHX|RL, QHRLIIIRSKE?

- LHEOF 2ATIA XM - HE K™, 5 /NH; E[HILH, Met/HL|0F =AU
« LEEO0F2EVIA MY 24 = ENE, 4 B

o THHLX] METH ZG - Ao T K

o JXHAHOJL"y T.o' g H2t: HIZHO0|L} shelo| T st I Het (H = XX| E= 513)

o IAuILA] 59 1 2= 780U X] FF oA
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IEA Vision

* A new era of international energy trade based on renewak.es rat.er than
fossil fuels

Hydrogen costs from hybrid solar PV and onshore wind syst~: s i1 the long term

USD/kgH,

- <=16
B 16-18
Bl 18-20
B 20-22
22-24
24-26
26-28
28-30
30-32
32-34
34-36

' B 38-40

B 36-38
t e - >40

- The " .wre of Hydrogen, IEA, 2019
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CO,—free = M4, X%, 0|5 = U204y
.................... Hydrogen' 5 Transport (Energy carners) f A U Latif‘l—\”
Natural gas - - : -
o = Petroleum
— -Coal : :
=T ' Reforming/ .
_?_i Nl .. .. gaSiﬁcation’, ...................
Power generation
: : : : Fuel cell
Renewable : Carbon capture
energy and storage
el §
A A NH dlrectcombustlom
T =i ; : gas turbine
| “1« ............. . .Prochiop ALK
eleL ricit ¢”.u heat : :
’ ; g\H" : ] Direct use :
—t H2.18Wt% ..................................

e-methanol (CH;OH), S &Y =8 &8
LH17|2tx} &
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B
Production Transformation Transport End use
Renewable energy : s adi Heating |
@ n,LllJl_ :
Pipeline @ It 4o try

179

* | " 1rst stage

I*C“I transformation

Electrolysis 20G (e

D+

Sustainable
CO. capture @ + b . an !

transformation

| Fu Y.er

o+

Z X : thyssenkrupp

transformation

.
107
Green ar .ioni?

— ) e (e e

Synthetic fuels

el

iﬁjﬂmﬂf]

Ammun. " . ‘ng
v ?

\ F-

Storage

Shipping
. o

\

Trucks

A

‘er’ ndus y
« 7 o’ _al industry

Refineries

S
E e =i=
L Ef 3iaS
= -
@@ DD Tensvon
Aviation _ —4‘;'wr- 1
Shipping L
= -
Rail -
e
Cars [T\ — —,

Trucks  jmm=
ol o

- o

Buses j’— O——=0=
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2035, 206504 =4 AJZF X9t = U200

Global Hydrogen Demand and Market Size in 2035 and! 2050
B > 2050t -

Y] IR

1000=~2000= 2/

I%_:u“ 100 i ::
x} : HAr|= 1 AHL7|1E
MIA SRS | $20/kgH2 ' $1.5/kg H?
bX$ ! | 6.5%E
s :
| ; -
AAH~8AHE 50 | \
I

1
11 ~ > Indicative
10 -
2 1.8%4= " - Market Size
11 Feedstock
' 1 Power
( olE 1
! 0.6%1= :: I Transport
I
Ry B— -
: —— :: M Buildings
o 1 NN 3 7] M Industry
1 1
o @ @ il ®  BloombergNEF
Hydrogen A IRENA ﬂ Hydroge;: oomberg )
Council ! Counci Strong Policy

Source: BP Energy Outlook 2020, IRENA, The Hydrogen Council, BloombergNEF @
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IEA, H, & H, based fuels = UL R
-
Sector 2020 2030 Qs
Total production hydrogen-based fuels (Mt) 87 212 579 SSﬁE
Low-carbon hydrogen production 9 150 520
[shar& of fossil-based with CCUS 95% (6% 38% g2AN }
share of electrolysis-based 5% 545, 62% A
Merchant production 15 AT 414
Onsite production /3 a5 114
Total consumption hydrogen-based fuels (Mt) 87 212 528
Electricity 0 52 102
of which hydrogen 0 43 88
[ of which ammonia A\ 0 8 13 ]
Refineries 36 25 8
Buildings and agriculture 0 17 23
Transport 0 25 207
of which hydrogen 0 11 106
[ of which ammor’. 0 5 56 ] Mur=
of which sy .ne” _ i 5 0 8 44
Industry 51 a3 187

Note: Hydrogen-based fuels are reported in million tonnes of hydrogen required to produce them.
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Global H, resources and demand centers i 2
*j) O Dermand o, ters
Green H2
B |n f‘Wwind resources
%‘9 h;rdrrz;i:a:::duction
Least -- Most

AM2C|OL2tH|O, 2%, &, X=
EZ D23 AN S

Blue H2 i

Natural gas res~" .ce.
for low-carbe .
hydrogs production

W s
Ao}, 0|2t L 1E' = ", 2Clofatu|oL, £23
HLIAEL UAE, ¥ 422t 0|2 S

Least

£X: Hydrogen Insight Report 2021 @
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Europe—Algeria using a pipeline = U0 E AT

—~—

Costs for at scale production and pipeline transportation? in 2030

Pipeline from Algeria to Central Europe, 2,800km Costs, USD/kg

w Pipelines

b4
~0
15 -— -
y ‘E:':;h.]r T’S% rET.I’DfII
retrafitted 5
pipeline 257" new
Clean Subsea Onshore Cost at

production pipeline transmission destination

pipelineg

" ssuming route will be built out by 2030 full rollout of backbone (2D35—40) depicted here

EX: Hydrogen Insight Report 2021 @
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Global H,, 2030

= IR0 TI|E

lllustrative routes modeled, USD/kg H,

@ Ei"/ K-
Clean Clean
production production

3544

3.5-4.4 (2.6-2.

COSTS FOR AT SCALE PRODUCTION AND TRANSPORTATION (9,000-10,30" TONS H,)
COSTS ACCOUNTING FOR LOSSES DURING TF.an POy TATION

Liquetaction
Shipping
Import terminal

Cost at port

8)

LHZKGM

[EE,TDD km

Clean
production
o.7-1.0 Hydrogenation
10120 Shipping

024 Dehydrogenation
| 1024 EREE
3.2-3.8

Cost at port

1. Dependent on whether hydrogen feedstock or heat from grid is used for dehydrogenation heating requirement

ZX: Hydrogen Insight Report 2021
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A MM (THIIE/W)
g 22| +HMHZ(65~75%) MLA| MHETUQZ: 3,600TWh (IEA

- EU (277HE, A3 ML) M7z 2,753 TWh (20204)
< 20504 J2I4A 3.224AE (5.22E9| 62%)

- MEe
A

|} 1300 GW x $ 300/kW = ¢ 3,¢ Gud

| -
- ST

29 roport)

~12000 -®... - 75%
L J
o
[
8 000 Arememememes el Sl P e ...-.-.- 50%
7
)
- o
4000 4+ s o el B i eetersarare s nr e s s e s e s e e s . 2509
‘ O e ® ® 9
B :
e == oI -2
Merchant Heawy Light Heating in Cooking Light-duty Heawvy-
hydrogen ) industry industry  buildings vehicles trucks
Electricity demand: = 2020 m 2030 2050

Electricity share in consumption (right axis): ® 2020 e 2030 ® 2050

IEA. All rights reserved.

Global electricity demand more than doubles in the period to 2050

with the largest rises to produce hydrogen and in industry

2k 3.224Y9E x 39.3 kWh/kg = 12,470 “Wa (2iX{Q] 0|=2+Z= FH7|ELCt

(n] K=}
Lo=
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2050 EtAFE AlLE[2 (2
0 (88) 4, 383, % + CCUS ¥ FAyFALAE &Jall S+
(T % . HEE H))

F = 20184 20304
=2 - 2067 100%
O R - 2% 75.0%
pom | @ TN & - .58 12.6%
"EC 1@ == £4A + CCUS 1.51 7.4%
G B 2 P 1.03 5.0%

(Ee M, TWh [ - (110.87)

v' A 2680HE (127 110 TWh)

v P2G: &g IS AT, 623 TWh
=3 AE HME, 129 TWh

SMER U0MW, 2.4TWh/'H): 62HE /A

Power to
54 &

HZ
=

+ 24CHMIE 2002HE)
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A = AL e
R ) V) = U0 |EAT
-
H, storage,
Energy Hz H, distribution, H,
production - production . conversion . retail . applications” ‘ €nd of life
Efj Q2 dZetQl =Mool ol g} mo| = 2} ol T =20 A z=
: e g
I a3 AEM ot Y |
= . N ofL4%|
22 PEM $=H 6} o@L|of 4 o &
CIpVE SOEC LOHC EH
Si=13
HMATIA T=37171Z +CCS 7|H|, s} tT2HNH,, H2)
ME} ATR +CCS axxmy M
HFO| Q7tA o gt BES 2H (HEHMX|, 7IAEH 5)
FotstrA (S- - HE
Haly
H|2 (NH,)

Source: T!ie F,arogen Council, 2021
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By 2030:

o Fuel cell systems: $80/kW, down from $323/kW in 2021.

o H, production costs: $1/kg, down from $5-$6/kg in 7t 2.

o H, delivery and dispensing costs: be $2/kg, dow.» 7.m $9.5-$11/kg in 2021.
o H, onboard storage: $9/kWh, down from $2./k'Wh in 2021.
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L
Temp. Chargg
Technology Range| Cathodic Reaction (HER)| Ca er fhodic Reaction (OER)
-H  20H = }%0,+H,0+2e

40-90°C 2H,0+2e = H,+7Dh

H  HO =40,+2H +2e

©

Alkaline
:8-QQC 22X (S-I) electrolysis
Membrane " " b
; electrolysis S A7+ 2H,
_ | Acn BEE
- : EH,i»electgrolyle H|gh temp 7% - 9 e + 2- 2. 2_:> 4 -
L dachoizs. goosN. 1t 20T ob @RS g0; e
®—BBBB}—@ AEL f‘Hz -“‘502
M M M M M
LT tetronyee P
M = membrane B = bipole Anode
KOH
Ol2X M7|EC A HO
p
Alkaline PEM SOEC
ZX: TCGR 2021

39.4 kWh/b, +



‘\

DOE, J2I12A 20 = A2 |E0 72

Cost of Clean H, from Electrolysis

2020
~ $5/kg  Electricity

5 ' W Capital Costs
—~ ® Fixed O&M 1 decade
Eﬂ 4
: 2025
= 3
5 52/kg 20,9
E 2

1 (2020) PEM, $1500/kW, ™ 7| = ¢5/kWh

(2025) $300/kW
0 (2030) $150/kW

Potentizl [~ .chways exist for $2/kg but $1/kg is
very challenging
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01||_-|x|0n| 8 AA (2U2EIo1 2X5H) gl e FURE
- 7 |E7H-u-
— TYol|L X[t 2 AA| 7tSet FotHE thEd orZig}o| JF_'I%
OIZ1aj0| AX{5| AEH SHAI 7|& ALS) -
- 1 -JF-.I_- == E (v] HoO L E = — O
MA =12 +F AB §8 (82%, HHV, 0.4A/cm?) 7| Chel Z|I) A|AE | ABNGS
HeI2HH] (10~110%) 24 27p Alqg =T~} (HHV)
- OiE &t Thyssenkr.o
- 7|&0|H : : HITH(AET|=), HAZA(AHT]|S) N\ - 3.3MW 20 MW 82%
S ZBIBHWIILRI) L
- JlsAget - BIRER| AAEH 24 NEL
(=29j0)) 2.1 MW 17 MW 80.4%
0.01~0.TMW =
McPhy
2 MW 20 MW 78.6%
(ZEA)
35 MW
Asahi Kasei
10 MW (T AEH) 82%
(=)
(244 =2H)
KIER 0.1 MW 82%
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OILiX|A, 18l 4 (PEM +T

= |0

(=

Ol
=
-~

PEM %ol
‘ )
7|3 T ZIh AlA | ABNSS*
(=71 2=l =T (HHV)
NEL
) N.A. Scalable 78%
(le=%0])
<. mens
o)
Energy 0.73 MW" | 17.6 MW 75%
(AIAE‘II B.E
(=%)
Plug Power
2 MW Scalable 77%2
(O]=)
KIER M 5S(HX 10cm?) ) 82%

g
~

.ack-CM
/B,C 110°C
12

00 05 10 15 20 23 30
Current density (A cm?)

1) Silyzer 300
2) Allagash, DOE report
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. = W 201710
OILIX|H, T3 44 (SOEC: 124H5H) = U
T-_—
SM7|256l7|=(2="H5H) : SOEC SOEC ME7| U M= ML=X|E
« MHIZ 1§= T 4 MiT = 7 71 ol OEAled | AEGS
- 1.5kW = A8 &) AR =1 (HHV)
- X 2L 700°C
— AE 98 85% (MAE ¢IA| A[AH) Sur | bea
urair
- M4 02k 3 5 kWh/kg_H, ~ 150kW | 2,680 kW
\S5Y) (ArH )
Fuelcell
290
Energy 4.7 kW 25 kW
(Nuclear)
03)
|
| Olet Ol 83
— _— KIER 1.5 =
[22 436 M F, | [XIMICH SOEC T As] (short stack)
o [IREXISS7 AN+ _ut | o 07| (21) 2N EH| T
-2 RHE 15 kW - AR Skwg
_RHERE 75000 _RHEL L 700°C 1) GrinHy2.0, F && 150~200°C ¢t E A A A2 E (750°C)
.85283% S B2 >85% 2) S0/ aM|tf 202 AXIE(GEN4) HAAAE (> 800°C)

©
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O X|H, AEM 12l 4

—~——

g =L R B

(=

AEM (= ALK + PEM) $213l 7| 2 AFst

2e’ 2e
| v 1/20,
Hz Anion +2H,0
¢ Exchange >
Membrane
20H"
—
2H,0
—
Cathode Anode

Cathode: 2H,0 + 2e — 20H" + H,
Anode: 20H- — H,0 + 2e + 1/20,

Non noble materials
& Simplicity (= ALK + PRIV

<1.0A/cm?, < _, <35 ba
° Polymer e} e’ .e ~ 'mbrane
witl L M «0C" or NaHCO,
°Ni, Fe, Co - uy catalyst
° Ni coated stainless steel
*Pt coated Ti (PEM)

Jn
ne

e
re

IILH:P dl=

f-w—”

} \’ t o Q‘J.J
FuMA-Tech}} i ¥o maj- ' 1 4| uJJ,
FAA-3 esoA201, A901 ; ion"

° AEM (Anion Exchar s Mom..ane & lonomer)

- Trade-off for ALM (5tability vs. OH™ conductivity, and cost)
Novel PT’ (Po' vus rransport Layer)

- Poi s <ir.*ered Ni sheet (< 300 um)
* 5 &'t -up unit size ( 2.5 kW to 2 MW)

(Ol 2| ) Zaymaa 7jur Mo Uy, Ch3U 34 PTL 2H7|& e
I Mo AEH MF 7|2EE

e

(3h=t, KRICT) Z2|Ij2tH 3l oA e/0| M HHI |z &
(0]=, RPI) Z2|H| <27 |8F a2l ar fzx7|4 &5

(5%, Fuma-tech) 247 & daid2
(¥ =, Tokuyama) E2H0|ZH 7|2t & M5

(2h=t, Hanwha) 223 ¢jst S8 AEM3of| 4 L A8 7|57l S
(O|Ef2| o}, Enapter)

TNm3/h &2 2& 7|9 50 kW2 7| & & &, Tokuyama A2014 52 8f
22 ZE MWZ A5 Al A Y & (94)
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UL =Tl 7|& & Hlu

= IR0 TI|E

i

]
1 T
1 22
\ 72%
GRZZNHYDROGEN.OK s IMWHE S L
- \\~ "’
2H T} %45} on. 3 SRR Z e
20 :‘, ; L, _genics(ZHLITH i
— ! 81%~87% g
Hoid 500 Nm3/h )
peeiE D REENHYDROGEN (%013 Lt otnaadly) Asahi Kasei(212)
i 84.1% i 2
1 Nmé/h 60 Nm?/h 10O n 80~2,000 Nmé/h
I
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Cooling is essential; it keeps vaccines safe, food fresh and buildings con fortable.

It is also energy intensive; the electrical energy used by cooling eciprier.t
accounts for more than 7% of global greenhouse gas emissionc.
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Energy-related CO, emissions and reductions in the Sustainable Development Scenario b: . ~urce

Current Trends
GtCO, 40
Stated Policies Sco~.2rio
1 "’h' electric motors ///i Fqﬂf,trial electric motors
i n‘t industr . .
B J Efficienc
30 gﬁ". ndustry Y
Wilnd
%E??;;\;trans ?rt REHEWBb'ES
er renewabies power
20 Wind
Solar PV .
Fuel switch, CCUS
Electric vehicles ’
;I_Ii'q‘f‘u'e'k ."af”p?'.‘ ceus "mg{"i. and other
N renNewaDIes | ¢ Behavioural change
10 | ! Resource efficiency
cenario
[lectr. /2 ices
CC‘ > v’t 4 I 1
2010 r 2040 2050
cwhavloural Zhange

A host of polici~. / 25" wce efficle across every sector to keep climate targets within reach,
and further ch .0™ ,y‘innovation will be essentlal to aid the pursuit of a 1.5°C stabilisation

(X : IEA, World Energy Outlook, 2019)
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CO, X% = U278

Source: Bellona
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13,000

Ex: GCCSI, 720

GEOLOG(CAsr ~ «ORAGE RESOURCES FOR CO:z IN SALINE FORMATIONS IS HUNDREDS OF
TIMES LLP .cR THAN THE RESOURCES OF OIL OR GAS FIELDS SHOWN IN THIS FIGURE.
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2] CCS A= = VAT
T
Petra Nova CCS plant (0]=2) ZZE CO, X% (EOR),S "
| |

Parish MEMIT A 24OMW HH7}* x5

Input CO, =& 13%, ZXES 90% ZHE CO= o

1409HE CO, /1 TLX! EOR (Enhan :e'] Uil Recovery)0i| 0| &
2 £ 130 k2! L0002 0|

e %

Absorber . Regenerator

CO2 Pipeline Route

i} CO, Pipeline i , R ) et . nies / % P
[~ : : => : , (= I- SR

Plpellne approx. 81 miles ..""
(130km)

[

Petra Nova CCS

Il Compressor

Quencher

B Flue Duct

I W—
v B g E]

4
B
S Topynght © X Nippon Oil & Gas Exploration Corporation All Rights Reserved.
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L-290] Longship (Langskip) Z2HE

OZHE Timeline $1.8B

18] E42{(2.63=3)

Feasiblility study

Final Investement

Concept studies o
Decision

2018 2020

Pre-feasibility ) In
study FEED studies Operation
b

GASSNOVA

« LZE : Fortum Osic Varae (H|7|2 A2 4H[), 400,000£C0,/4 (Aker O ZZE7|=)
Nor sm (AT =A4AHMH(), 400,000=C0,/4 (Cansolv Ot21 EE|7|2)

22,084 1 Y13, =572 700 km, &St CO,(15 barg, —26°C),
0 km IIO|Z2IQI (214 12)

. X S5 S 3000 m AR J
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- 7t E|l= ccs AdH|2o| N

- T LY 0.4MtCO,/'H 0]

Application

(CO2 destination)

Enhanced
Oil
Recovery

Dedicated
Geolcugic .«
Storage

CCUS Project

Xt
o

Al
o

22 2F 40MtCO,/yr (GCCSI, 2020)
H| 187H(eor 1371, XIZ®Z 57H)

M
=

Capacity
(MtCO%/yr)

Operatiog

Shute Creek U.Ss. 7.00 1786 "«atural Gas Processing
Century Plant U.s. 5.00 Yot Natural Gas Processing
Petrobras Santos Basin Brazil 47 ~J13 Natural Gas Processing
Great Plains Synfuels Plant U.S. 3.07 2000 Synthetic Natural Gas
Qatar LNG CCS Qatar . 10 2019 Natural gas processing
Alberta Carbon Trunk Line Cana 'a 1.40 2020 Oil refining
Boundary Dam “ar.ada 1.00 2014 Power generation (coal)
Air Products SMR uU.s. 1.00 2013 Hydrogen production
Coffeyville Gasification Pla- « uU.s. 1.00 2013 Fertilizer Production
Uthmaniyah CO2-E R De .ir .istration Sauc!i 0.80 2015 Natural gas processing
Arabia
Abu Dhahi CC -~ UAE 0.80 2016 Iron and Steel Production
CNF  _ilin China 0.60 2018 Natural gas processing
.err U.Ss. 0.40 1972 Natural Gas Processing
—,or’_. Australia 4.00 2019 Natural Gas Processing
~uest Canada 1.20 2015 Hydrogen Production
Sleipner CO2 Storage Norway 1.00 1996 Natural Gas Processing
lllinois Industrial CCS U.S. 1.00 2017 Ethanol Production
Snghvit CO2 Storage Norway 0.70 2008 Natural Gas Processing

0
.,.I_]
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of|{X|H, CO, ZE7|= 0L

2N X E§2t 0.5MW (10 ton CO,/day)
= o - )

10MWe . P
60,000~70,000 ton-CO,/year : Ao

Chemical Looping Combustion

N, O, €O, H0

O O
371937| = =S|
Oxidizer Reducer )
CH,*
CO,+2H,0+4M

4M+20, > 4MO

700-1200 °C Mol 600-1200 °C

| Lo —
Thermal NOx &4 gig L0, 7 _gsEa|
371824 2R gls 1 | I (cr .| 2101 >98%)

@ L@ Hus s yuus)

M: 3%
Mo : S£L0iE

Oxy—-Fuel Combustion

82 ) 50%, 200~300bar 27

ASU (air separation unit)

- 5C0; (supercritical CO,)
: turbine & generator
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CO, EZ! 7= (KIERSOL) Ao 2m™ HA 7 ‘
- JlEMe Y IEY Te)
- MejO) M8 JH53 B CO, B 71& ~ OJAMSIEIAS HED! = 3| AHIZH0| 98%O0NA &A1
- MA =1 sFE2| F2 IAEEE (2.2 GJ/tCO,) oz 2al
- L2 IE| ofSH|E : $51/tCO, (X MHI : $55/tCO,) — XOMH™ 7= FE HAMSKE Xz
o EHE gjl_l- . [nJI k'lﬂ.
- [ R4 at 1004 (2012) - AT LA MT} 100 (20204)
- SKHEIZI2X@) (FU +20)) (2021) - M7 HATIA WHA U B M 7|
* X J|SE 1 27.322U(K) + ZAE 1~1.5% (30,Y) * 7t 20|9] 1442181, WHEE 4% Y
* EEHI% 30% I‘|7 ﬁ 5|I:|_E Coz I‘|7|'

[KIELRSL. & x1|] [KIERSOL Mobile plant] [ADIZE2Y ALTE HEE]
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CO, EZ 7I& (MAB ENH)

- 712 e - 7=
= (MA =|1) CtFst x| HeSo| HA = CO,E — Korea CCS 2020 AFD 775, 21-30)0HA] 7H
S 0| MH| 210] 96 vol.% Ol 4 X 22| 2z Z2|0tal/H| WL M2 EE S
- QS HIEQI0| TAE CO,0H s, HIE5to =M - MA Z|1 2 =2 R WS (2.2 GJ/LCO,)
CCUS 3712} ¢iA[510] ‘=25 Q= YA E 73 - 2?13’ S U= XE HISH SH|Water Lean Solvent)
T kljl_l. - E® Ju
AE

- BRI A AR S A
- (MA =
(EHQHES, 4,000A]ZH 0|4 MS 23)
- [IT72 CCUS AZ 7]dt 2= QIst FII AS
(CHEX 150MW AZ J|HIE 21~23H)

’u——" ) ’.

[EfOF 0.EMW &A1 X! A= MH|]
(1949 =3, 2 Test bedE 32 X)
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CO, Utilization = U208
A1 E 0] CO, & X7t $A 32?7 2 &2Kx7

1 ton CO, M=tA| 150kg H, 282

(+ € E= HI))

Chemical/
Biological Electrochemical
Conversior.

¢ o g
J’ :, 0O, Syngas (COH,)
N Formic acid

Gas & Liquid
Fuels

Conversion
_

Algae,
Greenhouse Gases

Carbonated
Beverages

Flavors, e

Decaffeination | -

Secondary
Chemicals

Methanol
Ethylene (C,H,)
Urea

=P Fertilizer

a Carbonates

Mineralization

V < N Polycarbonate
% Refrigerant Polymerization JELULEE

IEA, 2050 NZE : EZIEl CO,2| 95% X|Z KX, 5% SHAHE Alrto] &8
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Reducing
Clinker to cement
ratio*

Fuel Switching

CCUS

Hoffmann Green Cement
Technology (I)

CemZero(2), Solcerent(. ),
Leilac(4])

Rer.det -U), Cimentalgue(EU)
atel/.climate(S), Cleanker(0])
CO_MENT(H), LafargeHolcim(D|)
CO,EMA(Y), CO, EHMA(SH

* JLESH Slag Cer _nt: 8,7728E (2019, =3Ul E5HH & 18%), St=AIHER S

bl. -. fur~.ace slag, clay, gypsum
29t
250,000t/y

XS X] + CCUS

Mg Jts¢t BE CCUS 7|=

M 7K Capture, Oxyfuel, Chemical
Looping, Microalgae)
ZXIxH(CaCOy), HIEHE, SSR,
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AHIEAA |EA in the NZE by 2050 Y=L R/
. SATIA HiE
- AJHIE Mt ZHO| BIE : 0.6 1.CO, / AIHE 15 (2/3= FE(MBIM) AIROE E.5 tE)

* 2050 Net ZeroE ¢fst WitSd M
— Conventional 7.0%, CCUS-equipped 85.7%, Hydrogen-ba se 1 4.6%, Other 2.7%

= A
o5 T .- 100% .
B Conventional routes

Innovative routes
m Other

CAHE F 27 HIS L 75% -
Hydrogen-based
(0.71 (2020) — 0.57 (2050)) CCUS-equipped
- CCUS S0% o

- HIO| U2, XY 17| &
- 24 (L2 FOILX)

- AHE ZEC 17|zt

25% -

(31X -m"_ r _otype, 20404 0|5 ZHEH 7}5) 2020 2030(2050

- |[EA, Net Zero 2050 — A Roadmap for the Global Energy Sector (2021.5)
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Towards a Climate—Neutral by 2045

KIER

Energy sector

IAL1I| g7

—
Xt : Agora Energiewende, Europe’ s leading energy and climate policy think
Measures for the climate-neutral 2045 scenario (CN2045)
(Greenhouse gas emissions in Mt COe)

Coal phase-out 2030, roughly 70% renewable electricity
generation, decarbonized district heating, deployment of H;
14 million electric cars, 30% of road freight kilometres

Transport
electric, more public transport, walking, cycling and rail

Industry

)

Industrie

Figure ES
H2 and biomass for high-temperature heat, } _ ror

chemical recycling, CCS for process emission

teel,

Energy sector

100% renewable geners .or ,
with Hz, carbon-fr. ~dist™ .. ' -~

«~ ement of fossil fuels
2
Trans port
.;‘ Electrific .don of cars, carbon-free freight transport,
% xpan..on of public transit system
Buildings | ..dildings
9 - Retrofit rate of 1.75% per year, with over 90% of the
e e e [T FEET, & ml_lllon 9 buildings upgraded or new by 2050, complete shift
heat pumps, faster expansion of district heatine N
to carbon-neutral heat production
Agriculture
Reduction of fertilizers and liv stoc  fe
mentation of farm manure, en. av fide -y
; *
@ Was*»
~
n
'
B, W

Introduction of DRI, coal phase-out,
deployment of H: for steam

73

72

Agriculture
7 Reduction of fertilizers and livestock, fermentation

of farm manure, energy efficiency, 15% market share
of plant-based and synthetic milk and meat alternatives

@ Waste

. \Negative emissions
BECCS, DACCS, and green
S5

/.\ polymers offset

for residual emissions

2018

2030

17 §

®)

Net
\
|

negative
\ emissions**

N
Q
ul
Og

40

21
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=9l Towards a Climate—Neutral by 2045 R ERRERE
——
Three steps to climate neutrality: Step 1 - 65% reduction by 2030 (in relation to 1990)
(Greenhouse gas emissions in Mt COze) Figure 1
Transoort Buildinas
14 million e-vehidles, Retrofit rate of 1.6% per ye~., 5 -
30% of trucks powered lion heat pumps, greater « ¥n.nasior
by electricity, more public of district heating r~* . oks
858 transit, bicycles, walking,
and rail

+ NNiculture

Reduction of fertilizer and livestock use,
fermentation of farm manure

-207
438
—>
-12 -5
Energy sector

Coal phase-out in 7430,

approx 70% rc - wa vle

generation, u 7. boni Industrv Waste

zatior . district brating, Introduction of DRI, coal Mare landfill

v of Ha phase-out, H; use for steam. aeration
2018 2030

Prognos, Oko-ins _ut, Wuppertal Institut (2021)

MNote: H; = Hydrogen
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=, Towards a Climate—Neutral by 2045 = U872
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Step 2 - 95% reduction without negative emissions
(GHG emissions in Mt COze) ~igure 5

Energy sector

Buildings
100% renewable generation*, Retrofit rate of 1.75% per v __-
replacement of fossil fuels with H;, with aver 90% of the bui lin’ s
carbon-free generation of district upgraded or new by 2M50,
heating complete shift to rsrb~» neu_.al

heat production

Industry
H: and biomass for

high temperature heat,
H; for steel, chemical

Transport
recycling, CCS for Electrification of  ars, )
process emissions carbon-free freigh. *ransport, Agriculture

expansinn  f puk’ic . ansit Reduction of fertilizers and livestock,

, fermentation of farm manure,
| energy effidency, 15% market share

of plant-based and synthetic milk
438 and meat alternatives

-109

44 Waste

-89 ‘ 63
-62

4 17 3 I’
2030

Prognos, Oko-Institut, Wuppertal Institut (2021)

* This includes power generation from renewable hydrogen as well as stored and imported renewable electricity. @
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