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The daunting job of the hii'tigation strategy

_ CCS in the 2DS
How can we meet the Paris targets ?

— There’s NO SINGLE solution 50
— Must pursue a portfolio of strategies ' -
. higher energy efficiency Reference scenario — current ambition
* more renewables " T —
» fuel switching g
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Investment costs of low carbon to manage the = Fuel switching 5%
technologies according to literature transition toward
carbon-free energy
JRC Tecnical Report, 2018, “Cost development of low carbon R
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COZ2 capture from carbthb'as'ed fuels—

In an energy conversion systems fed with fossil fuels, CO,
capture can be pursued according to three basic concepts

1. Treat the fuel - pre-combustion capture

Carbon-

based Fuel Energy Conversion Flue gases
System

Air
.Q/ €O,
> v

Useful
Energy

3. Treat the flue gases 2>
post-combustion capture

2. Treat the oxidizer » oxy-fuel

CLUST-ER

E ——]
= —1
Erm
ol |
—
o —
Z
o =]
£ — —
D

lt(@"‘.‘ LERP _ oo tnergio e smsiente pacens. | ECOMONDO— Rimini, 08 novembre 2018 GIAESOS



CO2 capture concepts

Post-combustion Enerey Conversion & | 18 3565 _| €O, separation |
Aif ey Power Generation & compression |
CO, separation |
& compression |
: H, -rich syngas
Pre-combustion y Ha-rich syng

0.

Energy Conversion &
Alr ===~ Air separation == N, Power Generation

Air 4
Energy Conversion & | | Flue gasE CO, separation |
Power Generation & compression |

Oxy-fuel 1 o,

Alr == Air separation = N,

Fuel ™ Industrial Process entailing Chemical & Energy Conversion ‘

I\ —— as well as CO, separation & compression ‘

‘ Waste streams ‘ Product streams

Industrial-CCS
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What is CC(U)S ?

CCS refers to a set of CO2
capture, transport and storage
technologies to abate
emissions from stationary CO2
sources

1. Capture CO2-rich gas

2. Transport (pipeline or
shipping)

3. Injection (or Utilization)

CO, Sources

Transport

Storage

Upstream O&G

+ Natural Gas Processin

+ CO,/CH, separation

Gas sweetening

Heavy industries

+ Steel
+ Cement

NS

Power generation

+ Coal

+ Gas

+ Petroleum coke
+ Biomass

NS

* CO,/N; separation

* O,/N, air separation unit
= Oxy-fuels boiler

Post-combustion

Oxy-fuel combustion

Industrial hydrogen
production and use

+ Chemicals (ammonia)
+ Synthetic fuels
— Coal-to-liquid
— Steam methane
reforming
— Biomass-to-liquid
+ Refineries (fuel upgrading)

=

Pre-combustion
Gasification or reformers
CO,/H, separation

+ Compression

» Dehydration

Additional equipment

Underground geological
storage
» Deep saline aquifers
+ Oil and gas fields
+ Unmineable coal seams

Pipelines

Ship

Networks & hubs ‘

Beneficial reuse of CO,
+ Enhanced oil/gas recovery
+ Enhanced coal bed methane
* Enhanced geothermal system
« Liquid fuels
— Algae biofuels
— Formic acid
+ Urea yield boosting
+ Mineralization
+ Polymer pracessing

Other options in R&D
stage
+ Storage in basaltic formations
+ Ocean storage

(7=
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CO, CAPTURE

TOP R&D PLAYERS IN TERMS OF PATENTS FILED

TRANSPORT

STORAGE

Key R&D
players

= Praxair

= Air Liquide

= Air products
= Linde

= Shell

= Mitsubishi

= ExxonMoabil
= Arkema

= General electric
* [FPEN

= GDF Suez

= Maersk
= Wartsila

= Shell

= [FPEN

= Terralog

= ExxonMobil

= Schlumberger

» CDX gas

= Air products

= Diamond qc technologies
= Dropscone

= BHP Billiton

“LEADING THE ENERGY TRANSITION FACTBOOK - Carbon Capture and Storage Bringing Carbon
Capture and Storage to Market - SBC Energy Institute - September 2012”
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CC(U)S: Capture

Coal power plant (“Boundary
Dam”) in Canada:

1.3 Mt/year of CO2 captured
(2014).

o e

' BOUNDARY DAM CCS PROJECT -+ *

Coal power plant (“Petra
Nova’) in Texas:
1.6 Mt/year of CO2 captured
(2016).
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CC(U)S: Transport

USA — 6,000 km of pipelines in the last 40 years

CO, pipelines in Morth Amenca
A Insendos

Different colours represent
different pipeline operations !

|'I |
‘LH\__'-_H'"'{ || ]“";"H:: FLI'I Coal Gasification @ co Sﬂum
i ~fUnited States of America

LaBarge Gas Phnt Anthrapogenic / 2 |
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!CC(U)S: Storage

o Srhil
Slelpner
R(A beria Basin (43)
- g
Pembinath, CSEMP" K123‘* ,d‘ %}E - -»—I "': .
Fann Big Valle - P =  Qinshui Basm »
- | "lﬂm Yubari
Teapot Do [ * | Roniﬁ‘ri *
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| o Gas . P
* Comprebensive menliorng |
i (43} Number of projects, f =1 f:‘j‘ [ro—
|47 Area with multiphs projects - 1600 K
=r + | Scale at Equator
~Barents Sea
Chukchi Peninsula —>* l
Miler MNorth Sea Kamchatka volcanic regio
Alberta Basin AT e Brae-y Primoyre —>* \
5 8 / Vorderrhohn——_y atraderecske Wanjinta
La Barge" Niévre. o
Slawter- Brown Sunrise *<—Mihalyi
Four Corners Area - thy—_yﬁ..
(25 oocurrencss)‘—‘w «4—Indian Creek Monlmlral s«Florina ,‘:J'I""E';"gg:a sag
.!;\P radox Basin Laters . .'.\Dodan *_i 9=2g
Gordon Creek Jackson Dome ),u Y \‘ Shanshui Basin Huanggiao
Farnham Dome: San Juan Basin Ceniral Sahara X, Y'lnggehalsﬁ:‘- Oujiang sag
St John's _r Pelagian Shelf ) }.__ B Huizhou sag
Popocatapetl Volcano P SW Sirt Basin Midale East ™Gyt of Thailan: Panyu sag
Masaya & Cerro Negro Volcano$ West Thailand Coast «4-Natuna Irian Jaya
Cakerawal: e
Galeras Volcano Sumatran Basin S&—Timor Sea
Java Basin
Gas Composition Camnarvon Basin Garoline
= 5-50% CO, Ladbroke Grove —pe%™
. - 9%, .
N 50-100% CO, El Trapial Yolla”  Taranaki Basin
1% Area with multiple
*,/ accumulations B o]
Scale at Equator

Sleipner A

T
Norway

Sleipner plant:
0.85 Mt/year of CO2 (1996).
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Reaserch and demonstration efforts—Power

Daging; Oxycombustion; EOR; CO2 to

Amine; Offshore gas reservoir; ;i
: storage =1 Mt/y; Pel=350 MWe

Grangemouth; Postcombustion; Saline; CO2 to storage = 1 Mtfy: Pel=385
CO2 to storage = 3.8 Mt/fy; Pel=570 MWe )
Korea; oxy/IGCC ?; Saline; CO2 to
storage = 1 Mt/fy; Pel
Estevan; Postcombustion Amine; EOR;

Zuid-Holland; Postcombustion Amine;
CO02 to storage = 1 Mt/y; Pel=110 MWe

—— Offshore, depleted gas reservoir; CO2 to

A i | storage=1.1 Mtjy; Pel=1070MWe

North Yorks|
storage = 2 Mt/y; Pel=400 MWe
W
Wy
<@
Thompsons; Postcombustion amine; EOR;
CO2 to storage = 1.4 Mt/fy; Pel=240 MWe

Masdar; Postcombustion amine; EOR; |

COZ2 to storage = 2 Mt/fy; Pel=MWe

ol

Dbﬁé\ring; Postcombustion amine; EOR; Cb2
to storage= 1 Mt/y; Pel=40-250 MWe

CO2tostorage =1 Mt/y -
DEFINE/EVALUATE -
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Reaserch and demonstration efforts—Non-Power

Hammerfest; NG processing; Pre-combustion;
Weyburn; Syngas production; Pre-combustion Geological Storage; CO2 to storage = 0.7 Mt/y

HygioRe el (Gasification); EOR; CO2 to storage =3 Mt/y

Saline; CO2 to storage = 1 Mt/y

Lost Cabin Gas Plant; NG processing; Pre-
Alberta; Fertilizer production; Industrial combustion; EOR; CO2 tostorage =0.9 Mt/y

1 Pre-combustion;
paration; EOR; CO2 to stora

storage = 0.9 Mt,
Enid; Fertilizer production; Industrial & /

\ \ separation; EOR; CO2 tostorage =0.7 Mt/y _ . . ’ .
Fort Saskatchewan; Oil Refining; R ) -l 3 : - . Yanchang; Chemical production; Precombustion

Industrial separation; EOR; CO2 to CofrerilEiil Fertilizeriproduction; indastsa! (Gasification); EOR; COZ to storage = 0.4 Mt/y

stoeE S MY separation; EOR; CO2 tostorage =1 Mt/y . Saudi Arabia; NG processing; r—combtion;

La barge; NG processing; . ¥ . EOR; CO2 tostorage =0.8 Mt/y
ion- . [ 1 1!- T ; . : : .
Pre-combustion; EOR; CO2 [ ] " f i . : ‘YA b DongYing; Chemical production; Industrial

’

to storage = 7 Mt/y h eolog o } e o = | separation; EOR; CO2 tostorage = 0.5 Mt/y

5 - Ll

&

e =
\"i] Port Arthur; Hydrogen (SMR); Industrial
Fort Stockton; NG processing; Pre-combustion; separation; EOR; CO2 tostorage =1 Mt/y

: Barrow Island; NG processing; Pre-
EOR; CO2 tostorage = 8.4 Mt/y T LR )

combustion; EOR; CO2 tostorage =3.7

EOR; CO2 tostorage =1.3 Mt/y

Collie Burn; Fertilizer production;
Industrial separation; Geological Storage;
CO2 to storage = 2.5 Mt/y

In-Salah; NG processing; ; Geological Mt/y
Val Verde; NG processing; Pre-combustion; Storage; CO2 to storage = 1 Mt/y %, L +
L ?

CLUST-ER
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CC(U)S: Utilization

Technology Readiness Level for main CO2-based products

Polycarbonates
Salicylic acid @
Urea @
Dimethyl carbonate @--- -
Methane " ==
Methanol B - - -~
Microalgae @- - - - :: Demonstration scale

Calcium carbonates A----f--

Commercialized

TRL7-9

Formic acid @----------------- >® TRL 4-6

Magnesium carbonates | ----------------+- > A
Dimethyl ether i -------- === ===~ = >
Formaldehyde @------------==----——-——-~-~--- >0
Aceticacid @-------gr w5 -f-----——------——----- - >0
Acrylic acid @------- R&D >0

Carbamates @ ----=----=-=—====-"————~“~—~~—~—~—~—~~~—~—~—~—~—- >®

Isocyanates @ - = === === =========- e >0 TRL 1-3
Lactones @ --===== === === - e e >
Malate @ -=-==---~-====-"~—~=—~—~~—~~ -~ >0

Other linear carbonates @ == ===--=---====="---c-c e e e m o - >0
@ CO; to chemicals

il CO; to fuels/chemicals 0 5 10 15 20 25
A CO: mineralization Timeframe to deployment (years)

4 CO; tomicroalgae
UWHEENIEUH 13
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CC(U)S: Utilization

Novel CCU Technologies, research and climate aspects. A SAPEA Report

« Under what circumstances CCU for SATPEA
- - - i dvice f licy b demi
production of fuels, chemicals and materials >« Advice forolicy by European Academies
can deliver climate benefits and what are @]m 10. Working Group members
their total climate mitigation potential in
- Schlogl (Chair) Robert Fritz-Haber-Institute Germany
the mid- and long-run? e T [ ey
Aresta Michele CIRCC, University of Bari Italy
i} oo i} i} Blekkan Edd Anclers :cow:nndufl"mm Norway
« How can the climate mitigation potential of e Ty e
COZ2 incorporated in products such as fuels, o= e B e e
- - Duic Neven i University of Zagreb Croatia
chemicals and materials be accounted for EL Knamiici mena | aoevE France
Hutchings Graham Cardiff University United Kingdom

considering that the CO2 will remain bound s e —
for different periods of time and then may Olsbye = | Universty of Osio Norvey

| University of Zagreb Croatia

be released in the atmosphere? _ _

Sherpa
Caristan Yves
Where does
it come e
from??? Where does technologies
it go??7? Snhniiee

4. Disposal SAIPEA

of CO,

[ 1.Co,

C-rich 3. Product
capture

roduct . .
P utilization

conversion

CLUST-ER
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CCS policy and political support-over-time

Committed public funding is a fraction of initially hoped-for levels, due to
depressed carbon prices, projects being cancelled and funds not being
reallocated

Announced global public supportto CCS exceeds $30 billion as part of recovery plans

COP 19 conference in Copenhagen postpones global climate-change mitigation plans to 2015

IEACCS
Roadmap

Atractive

Public opposition to onshore storage in Europe

G8 leaders pledge to
build “20 new large-scale
CCS demonstration projects”

Economic crises deepens in Europe
EU CCS Directive

CCSincluded in Clean Development Mechanisms of the Kyoto Protocol

Shale revolution makes cheap natural gas available in the US:
various coal CCS projects cancelled

IPCC Special EU ETS carbon price collapses UN COP 21 on Climate Changil 't?
Report on CCS
Rl N
* ~7

NER 400 and EU 2030 energy
and climate policy announced

First CCS power plant begins operation

MNER 300 round 1 results in zero projects selected
for funding. Funding is re-routed to other
climate-change mitigation projects

FutureGen 2.0 cancelled

Oil-price fall threat
to CO--EDR?

Firstlarge-scale projection
aguifer (Sleipner)

China increases focus on CCS under
its 5-year plan 12 new large, integrated | .
CCS projects are identified US and China issue joint statement

on climate change? and announce

CCS collaboration initiative

Large methanol projectwith CCS & EOR
cancelled for economic reasons

1996 2005 2008 2009 2010 201 2012 2013 2014 2015

IPCC new report confirms CCS as critical part of least-cost mitigation portfolio
NER 300 round 2 results 7 EU projects cancelled

Unatractive

SBC Energy Institute (2016), Low carbon energy technologies fact book update: carbon capture and CLUST-ER
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Multi-scale approach

to the development of CO2 capture technology

Experimental data

(4

Modelling & simulation

“Presentation: “The role of research in realizing CCS” — Nils A. Rokke — SINTEF — ECRA/CEMCAP/CLEANKER
workshop, 2018” CLUST-ER
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Non-power: the Norwegian Project

Cﬂz capture co, transport t:lilz storage Storage under the seabed
Alternative A - Injection from shore ~
1] Alternative B - Injection from floating storage ship —+
o0 Ej - whbbdd - RN T
CO, is captured CO, is chilled, Chilled and partially 2 § s
fro:n industrial plants cnr;gmsad. compressed CG, is Alternative C - Direct injection -
placed in transported by ship
intermediate —  —
storage and loaded
+ EGE Klemetsrud l
+ Norcem

+ Yara Porsgrunn

« 1,580,000 tonnes of CO2/year
coming from:
« 400,000 t/y from FORTUM
OSLO VARME;
e 400,000 t/y from NORCEM,
HEIDELBERG CEMENT,;
« 780,000 t/y from YARA’S CO, Storage
AMMONIA FACTORY.
« Storage: 50 km from the coast;
« The cost for planning and |
investment for such a chain is V' i
estimated to be between 0.750 and Y ¢ 9% CO, Capture
1.32 billion euro (exluding VAT) | o

B -
q

CO, Transport

CLUST-ER
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Non-Power: Cement - LEILAC project

m Consortium

i, Calix (Gfthoist e
amec )

HEIDELBERGCEMENT i
—,
Onmemac Memex ——

Building a beter future TRUST

Imperial College

L ,
ondon Qucntis pﬁﬁ
g E C N >u5'.a--'|at||‘...' counts . _'

m Indirect heating raw meal:
— Separate process CO,

— Calix MgO proven process

m 10 tph demonstration plant,
Lixhe-Belgium
— Cement & Lime applications

— www.leilac.org.uk

GREENTECH 18
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The ultimate objective of CLEANKER is
advancing the integrated Calcium-looping
process for CO,_capture iIn cement plants.

TALLINN UNIVERSITY OF

i
110l TECHNOLOGY

CLEANM zlinkER By calcium
looping for low-CQ, cerment

CLEA]NKER

|vdz.

{¢ 7) POLITECNICO
MILANO 1863

Universitat Stuttgart Italcementi

@ HEIDELBERGCEMENT Group

Buzzi Unicem\

della ]’}‘}’.

© %
%

o
S

CONEEY

-

Objective  Key indexes Target

CO, emissions | CO, capture efficiency | Cement plant CO,
CO, specific emissions | capture efficiency =
90%

MNegative direct CO,
emissions by biomass
co-fifing (Bio-CCS)

Economics Cost of cement Increase of cement
Cost of CO, avoided cost < 25 eurn/t, .,
Cost of CO, avoided

< 30 euro/tos,

-Kick-eff méefing = Piacenza, 18-19 ottobre 2017
— : CLUST-ER
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CLEANKER project

17-18 October 2017
Kick-off meeting
(Piacenza)

July 2018
Raw meal
characterization

™~

—

o

o~

.

CIJ

O

O

]

8]

@)

2 June 2018

— Measuring points
and

instrumentation

e =im
ey e R
Lot - .
'I_ . —t IH—"
A& T I
™ T el
July 2018

&(‘;{ﬁ; =T ——

December 2019
Erection

March 2020
Running tests and
data analysis

April 2021

Casting concrete results
and full economic analysis
of cement plant with Cal

January 2020
Inspection

-,

March 2019
Main items fabrication

September 2021
Strategic conclusions

CLUST-ER
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EU Emission Trading System (ETS) ™

25

€/ teoz

“The recent
increase in CO2
prices might
indicate that this
B9 will change in
the future, and
10— our analysis
shows that
prices of €10-
30/ton could be
sufficient to
make low-
emission
- alternatives

€ / teoz compete with
coal and gas
during 2020-
2030~

20—

5 - YEARS

]
11/6/2013 8/13/2014 5/20/2015 2/24/2016 11/30/2016 9/6/2017 6/13/2018

20—

ERCST, Wegener Center,
Nomisma Energia, 14CE
and Ecoact, «2018 State
of the EU ETS Report>»,
2018

15—

1 - YEAR

10—

5=
11/8/2017 1/15/2018 3/25/2018 6/4/2018 8/13/2018 10/22/2018

CLUST-ER
https://markets.businessinsider.com/commodities/co2-emissionsrechte GH[[NT[E“
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Revenues from auctions of EUA (EU"AHowances)

Italy (GSE data)

In EU (EU data, 2017)

Data Quote Prezzo medio ponderato Ricawi
2012 11324000 £6,76 £ 76497240
Trim. 4 11324 000 £6,76 £ 76.457.240

e 3.7 billion € in 2013

2013 87_873.000 €439 £ 385 979,650 e 3.2 billion € in 2014
Trim. 1 23.004.000 €450 £ 103.578.565
Trim. 2 23.004.000 €383 £ B8.028.640 e 4.9 billion € in 2015
Trim. 3 20.767.500 €461 £ 95 680.665
Trim. 4 21.097.500 €468 £ 98 691.780
2014 61.175.500 €591 £ 361.249.645
Trim. 1 23_281.000 €591 £ 137.676.580
Trim. 2 13.020.000 €525 £ 68.373.600
Trim. 3 12.648.000 £6,01 £ 75.990.300
Trim. 4 12.226.500 €648 £79.209.165
Trim. 1 18 360.000 €6,96 £ 127.755.000
Trim. 2 17.340.000 €730 £ 126.602.400
Trim. 3 16.320.000 €792 £ 129.203.400
Trim. 4 17.234.000 £838 £ 144 438 280
Trim. 1 20.720.000 €540 £ 111.935.360
Trim. 2 20.128.000 £567 £114.184 960
Trim. 3 17.024.000 €447 £76.163.040
Trim. 4 19.504.000 €538 £ 104.948.250
Trim. 1 25 _848.000 £510 £ 131.846.340
Trim. 2 23.694.000 €477 £ 112.948 580
Trim. 3 22 258000 €590 £131.261.170
Trim. 4 22 926.000 €739 £ 169.387.200
2018 24,395 000 £€9,69 £ 736.401.450
Trim. 1 24.395.000 €969 £ 236.401.450
Totale complessive  426.123.500 £5,96 £ 2.540.802.045 CLUST-ER
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CO, market: practicing CO,, utilization™

Other

Precipitated Calcium Food
Carbonate ™\ l Industry
Other liquid CO,
Applications

Beverage
Carbonation

Oil and Gas
(non EOR)

€0, enhanced ol recovery

*https://hub.globalccsinstitute.com/publications/accelerating-uptake-
ccs-industrial-use-captured-carbon-dioxide/2-co2-market
**(PRODUCT FACT SHEET FOOD-GRADE CO2 - CEMCAP project)

*The CO2 market:

Demand: The current global CO2 demand is
estimated to be 80 Mtpa, of which 50Mtpa is
used for EOR in North America. The future
potential demand for CO2 that could eventuate
by 2020 is estimated to be 140Mtpa, taking
into consideration the current development
status of the short-listed reuse technologies.

Current CO2 used for food sector
worldwide: approx. 12 Mt/y

Price of CO2: 80 — 150 €/tonnes>**

Possible saving: average 1.4 B€ per year

Rapporto di Sostenibilita

2016

G

(7=,

Nogara plant: 10026 of CO2
used (99,9% purity), comes
from the Nogara
guadrigeneration system
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Summary

® Need to speed up CCS in lieu of the IPCC SR15

e CCS is now a viable technology, although integrated, large-scale
projects need further demonstration. Must cover the whole

value chain for CCUS
e Innovation needed:
 Policy perspective — Measures, regulations and incentives for
CCUS

 Systemic perspective —Evaluate energy system and its CCU
sub-systems with consistent definitions of system
boundaries and reference datasets.

« Technoloqgy perspective — Must overcome a number of
scientific and technical challenges

e R&I key for CCS to happen - derisk, optimize, reduce costs. Cost
reduction appears to be the first R&D’s priority

e Stakeholders of demonstration projects need to secure public
support for storage and develop awareness of CCS benefits

e Utilization can accelerate initial penetration into the market
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The End - '

Thank you for
your attention
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Contacts at LEAP = -

LEAP s.c.ar.l.
Via Nino Bixio 27/C — 29121 Piacenza

Tel.: 0523-357779
E-mail: info.leap@polimi.it

www.leap.polimi.it
www.mater.polimi.it

www.cleanker.eu
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http://www.mater.polimi.it/

CC(U)S — Storage vs Utilization

Utilization
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Geophysical
methods for
monitoring
subsurface
storage of CO,

Savings:
~€100
million/site

Improved Capture and Capturing CO,  Avoiding
completion of  liquifaction of  using CLC running ductile
CO, wells CO, for ship cracks in CO,
transport transport
Savings: Savings: Savings: Savings:
~ €20 million ~10% cost Could cut capture ~€25 million for
Icompletion reduction per costs by 30-40% a 500km
ton CO, pipeline
captured

“Presentation: “The role of research in realizing CCS” — Nils A. Rokke — SINTEF — ECRA/CEMCAP/CLEANKER

workshop, 2018”
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Smart design of Efficient capture

CO, value processes
chains

Savings: Savings:
~10-15% of Energy- €10

mitigation costs mill/yr (1Mt/yr)
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