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Introduction: “je n’y changerai pas une note ...” .
NI BERLIN

How a “Low Carbon” Innovation Can Fail— AE
Tales from a “Lost Decade” for Carbon —Trvep—
Capture, Transport, and Sequestration INEESN TIONA

ASSOCIATION for

(CCI-S) ENERGY ECONOMICS

CHRISTIAN VON HIRSCHHAUSEN.” JOHANNES HEROLD.® and PAO-YU OFI*

ABSTRACT

This paper analyzes the discrepancy between the bigh bopes placed in Carbon Cap-
ture, Transport, and Storage (CCTS) and the meager resudis that bave been observed
in realfty. and advances several explanations for what we call a “lost decade” for
CCTS. We trace the origins of the bigh bopes placed in this technology by industry
and policymalkers alilee, and show bow the large number of demonsiration projects
regueired for a breaktbrough did not follow, We then identify possible explanations
Jor the "lost decade”, such as incumbent resistance to structural change, wrong
technology cholces, overoptimistic cost estimales, a premature focus on energy pro- h tt . / / . t / t b I / 2 6 1 8 9 49 5
Jects instead of industry, and the underestimation of transport and storage issues. pS . WWWJ Stor.o rg stable

We conclude it is lkely that we bave to live for quite some time with a cognitive :
dissonance in which top-down models continue to place bope in the CCTS-technol- 0]
ogy by reducing its expected fixed and variable costs, and bottom-up researchers . :
continue to count failed pilot projects. H

Keywords: CCTS, Innovation, Technology policy, Low-carbon energy
transformation

hetp:/fdx. doi.org/10.5547/2160-5890.1.2.8
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IEAS current Status Quo for CCTS Projects .
V1] BERLIN

Expected Internation operational capacities of Operational CCTS Projects in theier Sectors
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Source: Own Analysis based on IEA (2023), CCUS Database
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This talk in 5 minutes:

5 theses on CCTS and the “carbon circular economy” .
NI BERLIN

1. The objective of the socio-ecological-technical transformation (“transition”)

The objective of the socio-ecological-technical transformation (sometimes called “transition”, or “transition énergétique”) is a fossil —free (and fissil-free???) energy system with a fair

sharing of costs and benefits, and a combination of central and decentral networks and infrastructure (Christian von Hirschhausen et al. 2018).
2. Vision of “techno-fixes”

The dream of simple “techno-fixes” is a constant within the transformation process (Braunger and Hauenstein 2020), be it the “plutonium economy” (Christian von Hirschhausen 2022; C.
V. Hirschhausen et al. 2023), the “hydrogen economy”, or ... “the carbon recycling economy” (Minx et al. 2018; Fuss et al. 2018). These visions may become true, but it is highly

uncertain. They must be disentangled with respect to their origins, their socio-ecological-technical plausibility, and their potential to contribute to the energy transformation

3. Energy system analysis with and without CCTS

There are energy system models that require CCTS for the transformation (IEA 2022; IPCC 2005; 2023), and others that do not (Jacobsen 2020; Luderer et al. 2021; Auer et al. 2020)
4. Significant system challenges to CCTS remain

According to our research trajectory, the latter (without CCTS) are more consistent with a sustainable transformation: The dream of the carbon recycling economy has not delivered for

the last three decades, most of those who promote it currently benefit from the fossil system, and lots of technical and institutional obstacles are unresolved.
5. Our assessment: CCTS is unlikely to diffuse at scale

It is unlikely that innovations in CCTS (i.e. proof of concept, individual pilots) in the power sector or industry diffuse industry-wide, and that CCTS will contribute significantly to

decarbonization in the next three decades.
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NI BERLIN

1. Introduction

2. “Macro”-approach: Techno-historic analysis of energy system scenarios

e Qverview of CCTS since the 1990s

e The vision of the “Circular carbon CCTS-economy” in 2,000 scenarios in IPPC 6th Assessment
Report

3. “Micro” approach: System good analysis
e Technical system
e QOrganizational models

4. Conclusions: 5 theses on CCTS and the “carbon circular economy”
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“Macro”-approach: Techno-historic analysis of energy system scenarios
 Overview of CCTS since the 1990s
* The vision of the “Circular carbon CCTS-economy” in 2,000

scenarios in IPPC 6th Assessment Report



Overview of CCTS since the 1990s
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“Clean coal”

“Clean gas” (oil)

“Clean fossil industry”
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IEA Technology Roadmap Carbon Capture and Storage (2009) .
0 NI BERLIN

Baseline emissions 62 Gt — &

&0 CCS industry and transformation 9%

CCS power generation 10%

0 MNuclear 6%
= Renewables 21%
S
2 40 Power generation efficiency
) & fuel switching 7%
[ =
2 End-use fuel switching 11%
E 30 L
L End-use electricity efficiency 12%
o
i

20 End-use fuel efficiency 24%

BLUE Map emissions 14 Gt ——
10+

- - L
WEO2007 450 ppm case ETP2008 BLUE Map scenario
0 | I I | ! I I I |
2005 2050
Source: https://nachhaltigwirtschaften.at/de/iea/publikationen/iea-technology-roadmap-carbon-capture-and-storage-2009.php

Seite 9 Von Hirschhausen, Gast, Prager; Barner, Steigerwald | Séminare CCTS | Paris, 29. November 2023




=

V1] BERLIN

e e o o e R B B e e e o o e OO O O O
O
l
I
I
I
I
I

IN

I0S

000 scenar

2

in
Electricity with and without CCTS

economy”

The vision of the “Circular carbon CCTS

IPPC 61" Assessment Report

3
Frbll

—

==
=R
»—H
G
PR

b L
Q
(&}

euwiolg

90 —
80
70 —

0

0

0
30 —
20
10 —

100|l|||||||IIIIIIIII||llllllggll||||II|I|II||II||II|||II

0012 S o/m
0602 SJJ o/m
0802 S99 o/Mm
0£02 S3J o/m
090Z S o/m
0502 S o/m
0102 S o/m
0€£0Z SJJ o/m
0202 899 O/m
0012 SJJ /M

0602

nnnnnnnw

8JJ o/m
0602 mwo o/m
0£0Z 83 o/m
090Z S o/m
0502 SJJ o/m
0102 SJJ o/m
020Z SJJ o/m
mmwu $JJ o/m

OO0 O0O0O

O NWN0D

OO0 O0O00O
NN NN ONONNNNN
[rplrplioliolinlinlinlioles]

0012 S o/m
0602 SJJ O/m
0802 S o/m
0£0Z S99 o/m
0902 S o/m
0602 S3J o/m
0702 S99 o/m
0£0Z S o/m
020Z SJJ o/m
0012 SJJ /™

0£02 SJJ /™
0202 SOJ /™

0012 S o/m
060Z S o/m
0802 S o/m
0£0Z 899 o/m
0902 S o/m
0502 S o/m
0¥0Z S99 o/M
0£0Z SJJ o/m

Source: Steigerwald, Weibezahn, Slowik et.al. 2023 based on Byers et.al. 2022

Von Hirschhausen, Gast, Prager; Barner, Steigerwald | Séminare CCTS | Paris, 29. November 2023

Seite 10



The vision of the “Plutonium breeder economy” in 2,000 scenarios in IPPC
1.5 and 6" Assessment Report: Electricity from nuclear power

NI BERLIN

Energy and Climate Scenarios Paradoxically Assume
b Considerable Nuclear Energy Growth

HOME | PUBLIKATIONEN | ENERGY AND CLIMATE SCENARIOS o [

DIW Weskly Repors 45-45 / 2023,5.293-301

Abstract

Most climate and energy scenarios created by International organizations and researchers
include a considerable expansion of nuclear energy. Tn the IPCC Sixth Assessment Report.
for example, nuclear energy inereases from a current 3,000 terawatt hours on average to
over 6,000 terawatt hours in 2050 and to over 12,000 terawatt hours in 2100, This doubling
e and quadrupling of nuclear energy production by 2050 and 2100 is contradictory to the
technical and economic realities: At no point have newly built nuclear energy plants ever
been competitive, nor will they become so in the foreseeable future. This contradiction.
referred to here as the nuclear energy scenario paradox, can be explained by a series of
politico- econamic, institutional. and geopolitical factors. In particular, the close
relationship between the military and commercial uses of nuclear energy as well as the
interest of the nuclear industry and its organizations in self-preservation play a role. The
- assumptions and model logic of the scenarios must be critically scrutinized. There is the
risk that considerable public and private funds will be invested in developing technologies
for the commercial use of nuclear energy despite the fact that other technologies are
5 . expected to offer a significantly better cost-performance ratio with fewer economic
technical, and military risks. In light of the urgency of climate change mitigation,

continuing to channel personnel and financial resources into nuclear energy is problematic.

Average of generated erzeugte
Elektrizitdt in 1000 TWh

1 https://doi.org/10.18723/
| diw_dwr:2023-45-1
D T L T L T T T T T T T T T T T 1

2020 2030 2040 2050 2060 2070 2080 2090 2100

IAMC 1.5 - Secondary Energy | Electricity| Nuclear (1000 TWh/year)

e ARG - Secondary Energy |Electricity | Nuclear (1000 TWh/year)

Source: Steigerwald, Weibezahn, Slowik et.al. 2023 based on Byers et.al. 2022
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The vision of the “Hydrogen economy” in IPPC 6" Assessment Report .
V1] BERLIN

Statistical development between 2010 and 2100 Secondary Energy Hydrogen [EJ/yr]
I I I T I I I I I I
300 .
Year 2010 2020 2030 2040 2050
Scenario count 934 771 896 978 1013
Min [EJ/yr] 10,850 1,360 1,003 1,003 1,104 250
Max [EJ/yr] 10,850 10,990, 35,759 77,891 150,332
Median [EJ/yr] 0,098 0,014 0,719 3,268 7,591 :
Average [EJ/yr] 0,194 0,323| 1,893 7,506 16,612 200 - T
. :
Standard 0473| 0507 2,090 7,431 15,794 " | |
Deviation [EJ/yr] > | |
- T I
| I
Year 2060 2070 2080 2090 2100 T | | l
Scenario count 1027 1026 1027 1028 1029 : | | O : i
Min [E}/yr] 1,200, 1,035 1,001 1,072 1,174 100 - | | | L
Max [EJ/yr] 129,447 164,183 231,455 288,493| 316,933 : : : ‘ ' S S : = '
Median [EJ/yr] 15,492 25,937 38,499 51,414 59,961 : |
Average [EJ/yr] 26,528| 37,324 47,981 58268 66,714 | '
50 - j i
Standard |
Deviation [EJ/yr] 22,924 29,835 36,702 43,484 49,597 . . . ae . | . : : : : .
|
0 ] 1 - 1 I | | | |

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Source: Steigerwald, Weibezahn, Slowik et.al. 2023 based on Byers et.al. 2022
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The vision of the “Hydrogen economy” (with CCTS) in IPPC 6™ Assessment
Report: Electricity with CCTS .

V1] BERLIN

Statistical development between 2010 and 2100

Gas (w. CCS) for Hydrogen prodcution [EJ/yr]

40 T T
Year 2010 2020 2030 2040 2050 35 F T T _
Scenario count 159 372 460 529 550 - | |
Min [EJ/yr] 0,000 0,000 1,018 1,035 1,010 | | | T
Max [EJ/yr] 0,000 0,194 5,581 22,532 57,379 30 + : : | |
Median [EJ/yr] 0,000 0,000 0,079 0,769 3,292 B B | : : ,
Average [EJ/yr] | 0,000 0,061 0,431 2,061 4,896 - | | I I
Standard 25 | >| | O .
Deviation 0,000 0,053 0,586 2,158 4,678 | | I | |
[E}/yr] s | N | o B

S 20 - | | | | N

Year 2060 2070 2080 2090 2100 L | : : : ' : : '
Scenario count 579 595 576 552 534 45 Lo — I o | e -
Min [EJ/yr] 1,031 1,013 1,024 1,006 1,014 I I | |
Max [E)/yr] 84,957| 104,191| 117,397| 121,265| 119,539 ! | :
Median [EJ/yr] 5,798 6,551 6,817 5,707 4,549 10 - : ! |
Average [E)/yr] | 8,629 11,341| 12,507 12,795 12,249 |
Standard T l
Deviation 8,569| 12,438 14,250, 15,019 15,038 5 L | |
[E)/yr] |

0 1 1 —— I } I I I } 1

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Source: Steigerwald, Weibezahn, Slowik et.al. 2023 based on Byers et.al. 2022
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“Micro” approach: System good analysisOverview of CCTS since the 1990s
« Technical system

« Organizational models



Derivation of organizational model .
Bringing it together: technical system, actors and institutions
V1] BERLIN

REMINDER: Organizational models represent the Actor o (incl'_'}::j;;‘;lgglfoles)
institutional design that enables the offering of system  Institutions Actor
(incl. institutional roles) Actor
goods
e /_____7.__\ Vs ask
. ) /ﬁg Tam_;;?wmns(p}roc::clgve} \Relations /  task I()
« What interests do the actors have (profit versus \ T = — [pmdu;;e' /
L SUREE | Trole
common good maximization)? —
« What resources do the actors have (know-how, _
. ) o ioods techmical / .
capacities, infrastructure, ...)? assels TR oystem [/ >
S/ process/value chain /demand -
. . .. goods / . /
- Derive options for the provision of a system good &h_as_seis__@oceisivﬂugmiﬁl/ e

Source: Based on (Beckers, Gizzi, and Jakel 2012)
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Overview of the technical system of carbon capture, transport and storage .
(simplified overview) T R L

Carbon capture Flue gas treatment Transport Permanent storage
Industrial process with CO2 emissions IAdditional processing of CO2 to Pipeline infrastructure for safely Permanent storage of carbon dioxide
that cannot be mitigated / avoided increase CO2 share in stream. This transporting compressed carbon using safe, long-term and economically
with current technologies compression and treatment requires dioxide streams (gaseous or liquid) to Viable storage options

energy storage destinations

—>

- L Compression
i Pipeline pressure level C/B
el )

Technical infrastructure and challenges: Infrastructure policy:

1) Transport infrastructure: pipelines, compressors, 1) Provision of infrastructure within short amount of
etc time (and several economic, political and social

2) Renewable electricity: for industrial process, factors that need to be considered
compression, operations 2) 2) Financing of infrastructure: definition of the

3) Storage: near-distance locations for (permanent) organizational model to finance the infrastructure
storage
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Brief overview of milestones of CC(T)S .
V1] BERLIN

Initiation of the CCS UK sets legally binding
Technologies Program at target of 80% reduction of European Commission
MIT (1989) net emissions by 2050 highlights relevance of CCS
(Climate Change Act 2008) as technology to achieve
. goals of Green Deal and Net
'-_ v'o. Zero Industries Act (2023)
Waste CO2 is used for . Norway imposes CO2 tax '0,. M .
enhanced oil recovery * | onemissions during e, wlntroduces K4
(1972) % | offshore il and\gas ’0.’ regulations on CCS Global CCS :'
‘-_ recovery (1991)l (2009) capacity: ~42 Mt__ |4
o . v ’0.. . . 0
L} L

.
.
o** . . o
Y v
m 1995 2000 2005 2010 2015 2020 2025 >

C
®
1970 1980 1985

IEA’s ETP report includes CCS as IPCC report AR6 and IEA

a key decarbonization scenarios include CCS to
technology for steel and cement remain within 1.5°C carbon
(with estimate of 200Mt for budget

2021)
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Status quo: CCTS today [ |
V1] BERLIN

N 1) Current application of CCTS: Power
2 S generation, natural gas production and

20% industrial processes (fertiliser, steel,
methanol & ethanol)
— 2) Significant funding for CCS projects:
e over US$12 billion for CCS and related
E———., activities in the US; EU Innovation Fund,
UK Government CCUS Investor Roadmap

T 3) Global capacity of CCTS: approx. 40
@ OPERATIONAL @ IN CONSTRUCTION Mtcoz per year (g|0ba| COZ: Ca. 38 GtCOZ)
@ ADVANCED DEVELOPMENT @ EARLY DEVELOPMENT

OPERATION SUSPENDED

Fig. Capacity of CCS facilities in development (©Global CCS Status Report 2022,
Global CCS Institute)

Examples of CCTS in industry

Steel Ethanol Fertiliser

ABU DHABI CCS ILLINOIS INDUSTRIAL | [ENID FERTILIZER, 0.2
(PHASE 1 BEING CARBON CAPTURE Mt

EMIRATES STEEL AND STORAGE, 1 Mt

INDUSTRIES), 0.8 Mt/a

Seite 18 Von Hirschhausen, Gast, Prager; Barner, Steigerwald | Séminare CCTS | Paris, 29. November 2023



CCTS deployment in steel and cement production: estimates, status quo .

and outlook
AP BERLIN
b 1) Deployment of CCTS
250 A Projected carbon capture for 2021 9500 Projected carbon capture for 2050 slower than projected:
B Cement CCTS capacity falls short of
200 - oS the levels that past IEA

reports assumed would be

150 - deployed by 2021

2) From 1 Mt to 2000 Mt: The
2050 CCUS capacity
envisaged in the IEA

Construction
plan for 2030
(~19 Mt-CO,)

100

CO,, captured (Mt-CO,/yr)

50 - Current capacity K .
(~1 Mt-CO,) scenarios requires an
“““““““ Vo expansion at a rate that far
0_ T T T
exceeds current
0'\6\ 0'3’\ s'\b‘\ 0@ 0'\/\\ 0’19\ Q‘ib\ .
R R R VR U construction plans for steel

& ¢ ¢ & &

Fig. (a) Carbon capture capacity for 2021 projected by the International Energy Agency (IEA) scenarios
(b) Carbon capture capacity for 2050 projected by the IEA scenarios.

and cement
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Global feasible supply of steel and cement within Paris-compliant carbon .
budgets by 2050

V1] BERLIN

a Steel within a 1.5 °C budget b Cement within a 1.5 °C budget
3000 6000 . .
1) Scenario analysis:
4 |EA Baseline d d—o 4 o .
o R B Percenties Feasible supply of steel and cement
§2000- IEA Net Zero demand —> < §4000-/\/J\/ gg:: Wlthln the 15°C bUdget |S I|ke|y tO
= > 9ot
§1soo-/‘//v 2 30001 I 15" fall short of the expected demand:
7] [ ealan
2. ol / 8,00 25 58-65% for steel and 22-56% for
3 Feasible supp! 3 th . .
& " £ o cement (interquartile ranges)
500 LED scenario demand—> % 1000
2010 20'20 20'30 20'40 20'50 2010 20'20 20'30 20'40 20'50 2) DiSCUSSion:
Yeer Yeer e Large uncertainties in
30000 Steel within a well-below 2 °C budget 6000d Cement within a well-below 2 °C budget g
deployment rates of CCTS
2500 1 ° 50001 i * Different alternatives for net zero
£ 2000 /‘ §;4ooo-/\’f\/ production routes exist (e.g.,
51500_/ % son0- steel DRI but no cement
2 2 alternative at scale available yet)
21000 - 2 2000 . . . .
i i * Differences in available evidence
5001 ¥ 1000 of material demand reduction
0 : : : : 0 : : : : strategies
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050
Year Year

Fig. 2 Global feasible supply of steel and cement within Paris-compliant carbon budgets by 2050. a Steel supply
within a 1.5C budget. b Cement supply within a 1.5C budget. c Steel supply within a well-below 2C budget. d
Cement supply within a well-below 2C budget. The expected demand data are based on the International
Energy Agency (IEA) Baseline scenario (Stated Policies Scenario), the IEA Net Zero scenario, and the Low Energy
Demand (LED) scenario.
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Delivering the infrastructure needed for net zero industrial production

« Technical system: currently installed CCTS capacity is very small compared
with overall CO2 emissions (~0.1 %)

« Scale-up: little historical evidence of successful CCTS deployment in energy-
intensive industries (one steel, a few fertiliser and chemicals; no cement; etc)

« Deployment of CCTS significantly slower than projected: feasible bulk material
supply is likely to fall short of global demand

 Technical system for CCTS requires system-good approach to appropriately
address the complexities of infrastructure delivery and to accelerate it

* Priorities for infrastructure policy: scale-up renewable electricity sources,
accelerate deployment of alternatives to emissions-intensive processes and use the
limited storage / CCTS for hard-to-abate processes

L]

VAT BERLIN
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This talk in 5 minutes:

5 theses on CCTS and the “carbon circular economy” .
NI BERLIN

1. The objective of the socio-ecological-technical transformation (“transition”)

The objective of the socio-ecological-technical transformation (sometimes called “transition”, or “transition énergétique”) is a fossil —free (and fissil-free???) energy system with a fair

sharing of costs and benefits, and a combination of central and decentral networks and infrastructure (Christian von Hirschhausen et al. 2018).
2. Vision of “techno-fixes”

The dream of simple “techno-fixes” is a constant within the transformation process (Braunger and Hauenstein 2020), be it the “plutonium economy” (Christian von Hirschhausen 2022; C.
V. Hirschhausen et al. 2023), the “hydrogen economy”, or ... “the carbon recycling economy” (Minx et al. 2018; Fuss et al. 2018). These visions may become true, but it is highly

uncertain. They must be disentangled with respect to thei origins, their socio-ecological-technical plauability, and their potetntial to contribute to the energy transformation

3. Energy system analysis with and without CCTS

There are energy system models that require CCTS for the transformation (IEA 2022; IPCC 2005; 2023), and others that do not (Jacobsen 2020; Luderer et al. 2021; Auer et al. 2020)
4. Significant system challenges to CCTS remain

According to our research trajectory, the latter (without CCTS) are more consistent with a sustainable transformation: The dream of the carbon recycling economy has not ddelivered for

the last three decades, most of those who promote it currently benefit from the fossil system, and lots of technical and institutional obstacles are unresolved.
5. Our assessment: CCTS is unlikely to difuse at scale

It is unlikely that innovations in CCTS (i.e. proof of concept, individual pilots) in the power sector or industry diffuse industry-wide, and that CCTS will contribute significantly to

decarbonization in the next three decades.
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