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Why are we hosting this webinar? City Science’s DAC research

Supporting research for the CCC 7CB, working with Upcoming research for Scotland’s
Imperial College Consultants, published 26t Feb ClimateXChange (CXC)

Home News Publications About Climate action (o}

Home / Publications

Assessing the feasibility for large-scale DACCS

deployment in the UK (City Science) Cost and proﬂtability

of DAC in the UK

1. Outline

Science to help inform the CCC's Seventh Carbon Budget advice published in
February 2025. This report assesses the feasibility of deploying large-scale direct air
carbon capture and storage [DACCS) in the UK, including potential costs and
constraints.

Greater a focus on
CO, utilisation than
the CCC study

This report reflects the views of City Science and does not represent the views of the
CCC.

2. Key messages
The key messages of this report are:

+ DACCS deployment is not expected to begin until at least 2030 and the
maximum feasible scale-up by 2050 is deemed fo be in the region of 20-30

I
I
|
|
|
I
I
I
|
|
|
I
I
This report is an external piece of analysis commissioned by the CCC from City :
|
|
I
I
I
|
|
|
I
I
I
|
|
MICO2 capacity. |

Cy

CITY SCIENCE


https://www.theccc.org.uk/publication/assessing-the-feasibility-for-large-scale-daccs-deployment-in-the-uk/

Objectives of this session

On the assumption that DAC may be needed to meet the UK’s net zero target, we attempt to
answer the following questions:

What will be the constraining factors to DAC deployment in the UK?
What level of deployment could we feasibly expect in the UK by 20507
What is the cost of deploying DAC?

Would it be better to deploy DAC in the UK? Or elsewhere?

What this session isn't:
« A comprehensive comparison of DAC vs its alternatives (e.g. BECCS)
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Content

@} The case for DAC

J% Fundamental realities and uncomfortable truths — A brief overview

>id UK drivers and needs
,/g Technology requirements, expected constraints and inhibitors

M. The billion-dollar question — how much is it going to cost?
— The focus of today's session

@ Should we even be deploying DAC in the UK? Or elsewhere?
o 10-15 mins at the end for

audience Q&A

D:@)ﬂ The UK's opportunities and advantages

We will be recording main .
§2 Concluding remarks: moving forward on DAC session but not Q&A
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The case for DAC

The climate risk

423 ppm ¢

CITY SCIENCE

Removal of CO,

Offset hard-to-abate sectors such
as shipping, aviation, livestock,
and industrial processes
Contain or reduce atmospheric
CO, concentrations

oy anll ©

The case for DAC

A carbon feedstock
Fossil carbon makes up many of
the materials we use, we will need
an alternative supply




The case for DAC

The case for DAC - advantages over alternatives

supply enough energy, materials ;
and supporting infrastructure required for energy supply

Scalable — provided we can O Small land footprint — of the DAC plant
/\ ® D itself, but a large land area could be
U

gy Verifialqle — compgrably clear O Location flexibility — where supporting
— monitoring, reporting and O infrastructure can be provided
— \ verification (MRV) of CO, capture O
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_~.  Fundamental realities

DAC IS u phill battle Eéﬁ’] ?rr;ctlhusncomfortable

CO, removal from air is
needle tn a haystack

Alr

78% Nitrogen

21% Oxygen
1% Other stuff Volume of
(420 ppm, 0.042% CO.) co,
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Fundamental realities
A Sense Of Scale and uncomfortable

@ Industry ambition

To capture 1 Gt of CO, — just 2% of current annual global CO.,e emissions:
« Two thousand trillion (2x10%°) m3 of air processed — 400 grand canyons

« 2,000 TWh of energy — equivalent to about 10% of global electricity consumption
« 0.5 trillion dollars (at $500 per ton) — 0.5% of global GDP

§> Where we are today

* Only small commercial deployments and some tiny pilot plants

 Anticipated 2025 level of deployment equates to just 0.001% of current global emissions...

Orca, 4 kt Mammoth, 36 kt ~ STRATOS, 500 kt

C ) @ E— O £ climeworks c7/ earoon

ngineering
2021 2024  Today 2025
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Fundamental realities
and uncomfortable

But won't it become cheaper and better?

"‘ [ ] [ ]
29{ Energy efficiency

 Separation of CO, from air (at 0.04% vol) has a fundamental energy minimum (200 kWh/tCO,")
 Current plants are achieving ten times this energy limit (2,000 kWh/tCO.,).
A reasonable minimum bound might be five times the limit (1,000 kWh/tCO,) (Young et al, 2023)

Need for Customization

‘\ Cost reductions

Mass-customized Customized

. . Complex ’ Standardized g | Platform-based Uuid-State ‘ Complex product

Do not expect cost reductions like we el 0 beeaandll 00 hame

have Seen for Solar PV and batteries CCGT power plants | SMRs, CCS Nuclear power plants, BECCS,

| Liberty Ships, || ]

* We must draw analogies against B e . Petipantenl Compils cstomniod

tec h n O log l'es Wlt h S lm l'l'a r C h a ra Cte rl'Stl'CS g ?;:c(::'ztjehicles ;:ng:/:rwrbmes, D Biomass power plants, geothermal

. . 5 power

* DAC l'S a CO m p leX tec h n O logy; CO m pa rlso n g Simple . Mass-produced ' Mass-customized ‘ Small-batch

Eg a ln St CCGTS’ CC. S’ O r n u C I'ea r powe r m ay g» gc:/oadful:\t/,stDs DV::::;;%( ::;:‘it‘:);tssolar installations Ztr/‘i)l(c‘;:gtsenvelope retrofits

e more appropriate g

Source: Roberts & Nemet, 2024, technology framework from Malhotra and Schmidt, 2020

G *With CO, compression
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Views on future needs P e e

2050 Deployment,

MtCO, g
50
40
30
20
10

Committee on Climate Committee on Climate Net Zero Strategy: Build NESO Future Energy Energy Systems

Change 7th Carbon Change 6th Carbon Back Greener (2021) System Scenarios Catapult (2023)

Budget (2025) Budget (2020) (2023)
Cy
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What might drive this uptake?

=7

N\

N

X
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Voluntary Carbon Market (VCM)
— voluntary purchases by
interested organisations and
individuals. Only expected to play
a small role

UK ETS removals — removals have
been proposed to be included in

y the UK ETS as a mechanism to

meet emissions allowances

UK drivers & needs

GGR Business Model - a proposed

contract-for-difference (CfD) scheme to
support greenhouse gas removal

technologies

UK SAF Mandate - has a sub-mandate
on power-to-liquid SAF, coming into

effect in 2028
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Tech requlremen’;s,
Technology types and development status o oo cons

Recent years have seen a boom in DAC investment and numerous startups pursuing a
variety of technological approaches (Wang et al., 2024)

The technologies can be categorised by separation and regeneration types:

Separation Regeneration
Chemical: Chemical: Physical: temH lgr::cure temLc;Vrva-ture Electrically
Absorption Adsorption Membrane P P driven

heat (>600°C) heat (~100°C)

Our view is that only the following two leading DAC technology manufacturers are > TRL 6

—Z climeworks “Solid” DAC C?/ E,%g,gggr;ing “Liquid” DAC
Separation: Solid adsorbent Separation: Liquid solvent absorption

Regeneration: Low-temperature (~100°C) Regeneration: High-temperature (~900°C)

CCCCCCCCCCC
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Energy configurations for further study 4

Our research focussed on the two following configurations for further study on large-

scale scale-up in the UK:

Solid: Heat Pump, Grid Connected

Heat supply: An air source heat pump

supplies the thermal requirements (~100°C)

Electricity supply: grid connection

Waste heat: opportunities are limited, not
sufficient for large-scale deployment

Nuclear: could supply heat directly from the
reactor, but cost and timeline overruns have
inhibited large-scale nuclear power
development

Alternatives

CCCCCCCCCCC

Liquid: Natural Gas, Grid Connected
Heat supply: Natural gas combustion

(~900°C), with resulting fossil CO,
emissions captured within process

Electricity supply: grid connection

Hydrogen and electrified heat are possible,
but supply chains are nascent and both are
expensive solutions

Onsite electricity generation by natural gas
CCGT, but a firm grid connection may be
preferred



Tech requ'trement's,
What will constrain DAC? Feasibility factors o opeed consai:

and inhibitors

Supporting factors required for both construction and operation:

Construction factors

- Material availability Operational factors

* Electricity
 Natural gas
Supporting infrastructure * Water

5 CES ey e * Chemical consumables (adsorbents
and solvents)

* Construction workforce availability

* Grid capacity

Suppose money is no issue and we need to build a very large amount of DAC in a short
timeframe, which of these factors is likely to inhibit development?

CCCCCCCCCCC



The DAC “ceiling”

Tech requirements,
@//9 expected constraints
and inhibitors

We hypothesise a DAC “ceiling”: the maximum amount of DAC the UK is ever thought to

need, likely well in excess of future needs

The DAC ceiling is not a recommended level of deployment

Should a feasibility factor appear to be non-constraining even under this extreme level of
deployment, we can have reasonable confidence that it is not likely to be a limiting factor.

Ceiling capacity for 2050
« 88 MtCO, DAC capactty

Ceiling build rate

 Assumed celling capacity built over
ten years: 8.8 Mt capacity per year

Cy
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Feasibility factor type

Construction material
consumption

Construction and
operational workforce
required

Electricity grid
connection and annual
electricity requirements

Example non-constraining limits

Assumed non-constraining

level

< 1% of UK consumption

< 5% of relevant UK
construction/operational
workforce

< 1% of UK projected
capacity/consumption

Assessed on current
or future estimated
capacity

Current

Current

Future



The most constraining factors

Feasibility Factor

Tech requirements,
}f expected constraints
and inhibitors

Requirement . o .
to Meet Compared against projections of capacity to 2050 >
Ceiling: 88 2025 2030 2035 2040 2050
MtCO,
capacity

CO, Transport & Storage
Infrastructure

58 MtCO,/yr

Electrical Grid Connection: Solid
DAC

12.4% 10.4% 8.5%

19.8 GW,

Solid DAC (heat pump):
Electricity demand

135 TWh

Solid DAC adsorbent: PEI | 240 kt/yr

Liquid DAC solvent: KOH | 600 kt/yr

Rating Status

Very limiting
Limtting

Somewhat limiting
Not limiting

CCS infrastructure and electricity are thought to be the most constraining factors

The solid adsorbent (PEl) and liquid solvent (KOH) demands of this DAC ceiling
would greatly exceed current production, but these sectors are thought to be
relatively elastic and so can scale to meet future requirements



Beyond technical factors: historical analogues

1.E+08

—

1.E+07
CARS -

1.E406 —
/ REFINERIES — ——

oo S —a

1.E+04

1.E+03

JET NUCLEAR

POWER

Cumulative Total Capacity (MW)

1.E+02 WIND
/ POWER
1.E+01 COAL
[ POWER /
1.E+00 H——+—+—— —

1900 1910 1920 1930 1940
Source: Wilson et al,, 2013
Technology

1950 1960 1970 1980 1990 2000

Achieved diffusion (%)

Natural gas power

7% (Global)

Nuclear power

11% (Global)

Flue gas desulphurisation (FGD)

15% (USA)

Wind power

20% (Denmark)

Source; lyer et al., 2013
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Tech requirements,
}f expected constraints

and inhibitors
Established technologies have gone through real-
world conditions which extend beyond technical
constraints, to economig, political, social, and
cultural factors

The precedents set by historical deployment are

' therefore a useful indicator of future feasibility

More complex and more customised technologies
are likely to scale more slowly

Need for Customization

Standardized Mass-customized Customized

Complex Standardized : \| Platform-based S Complex product
complex product Solid-State ’ complexproduct | Lauid-State || o gramg
systems ( DAC /| systems C Y
CCGT power plants SMRs, CCS Nuclear power plants, BECCS,
Liberty Ships, || |
> Design- Mass-produced Cars Platform-based Complex-customized
§ Intensive | complex complex products products
Q. products Wind turbines, concentrating solar
g Electric vehicles power Biomass power plants, geothermal
: power
ps ! 4
§ simple Mass-produced ) Mass-customized Small-batch
-3 products ( Washing | products products
Y Solar PV, LEDs Detergent Rooftop solar installations Building envelope retrofits
“,SJ’ (st )
O
. Q

Source: Roberts & Nemet, 2024, technology framework from Malhotra and
Schmidt, 2020



https://doi.org/10.1007/s10584-012-0618-y
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https://doi.org/10.1016/j.joule.2020.09.004
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Maximum feasible deployment scenarios

A set of maximum feasible scenarios —

not to be confused with recommended
or probable scenarios

Scenarios constructed with:

« Anticipated CCS infrastructure
timelines and assumed grid
connection constraints

* A maximum diffusion rate of 20%
(equivalent to the historical
expansion of wind power in
Denmark)

Standard scenario assumes first plants
built in 2030, other scenarios delay first
build or make the electricity constraint
more stringent

Cy
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Tech requirements,
% expected constraints
and inhibitors

Maximum Feasible Scenarios
(annual gross captured)

35

= 30 The 20% diffusion rate hits the electrical 29
e infrastructure limit for solid and liquid in
- 75 2042 and 2047 respectively under the
"5_ Standard scenario, but under Accelerated 23
S Electrical Infrastructure (with its less 21
& stringent constraints) this rises to 2045
8 20 and 2050
| -
= 17
= i
[g0)
3 15
~ .
C‘S‘ 2030 is  the
O 10  earliest CCs
et infrastructure is
= assumed to

5 become

available
- —_——
2025 2030 2035 2040 2045 2050
e Standard Delayed CCS Infrastructure
Delayed First Plant Accelerated Electrical Infrastructure



Tech requiremen';s,
Optimal locations in the UK o/ eweded consuins

Legend

Legend Q Industrial clusters

Legend

® (CSsites . High grade waste heat sources

Regional grid carbon intensity
Grid carbon intensity

ol —

50 100 150 200 250
- Offshore Wind Sites

= CCS pipelines ® ncinerators

-10km
.Zokm
| s0km
D‘lOOkm

Q Industrial clusters

@ Nuclear reactors

Electricity transmission lines

=== Electricity transmission lines © CCSsites

~— Gas transmission lines 0 CCS pipelines

@ Nuclear reactors I:I Offshore wind sites

- Gas transmission lines
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<o~ How much is it going

Speculation and uncertainty 11/ e

What's the future cost of DAC? No one really knows

A recent review of academic sources (Stevert et al., 2024) found ranges of costs in
literature of:

* Initial costs (First-of-a-Kind): $121-2,177/tCO,

* Future costs (Nth-of-a-Kind): $37-386/tCO,

All assessments are uncertain and speculative

Data s scarce, particularly on plant capital costs for which only a few sources exist
(Ketth et al, 2018; Young et al, 2023)

We won't know the true costs until more plants are butlt — and the costs are shared.
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<o How much is it going

Cost escalation and technological learning I o cosr

Cost escalation

A

Technological learning

Estimated capital cost per unit of capacity

NOAK
' Demonstration || Deployment Mature
(TRL 6-8) (TRL9) technology

Stage of technology development and deployment

Source: Young et al, 2023
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Costs to 1 Gt deployment

Levelised Cost of Removal (LCOR)

1,800
4 ktCO, Climeworks Orca Electricity unit cost: £114/MWh
1,600 ( Plant Gas unit cost: £45/MWh
High FOAK Cost + Slow CAPEX learning rates:
1,400 K Learning Rate Solid: 8 - 16%
Liquid: 5-11%
1,200
High social cost of
1,000 carbon estimates
Aviation and
800 shipping abatement
Low FOAK Cost +/\ costs
600 High Learning
Rate
US Dept. of
400 500 ktCI?i; :tTRATOSA ety 2050
CDR Cost
200 Target
0.001 0.01 0.1 1 10 100 1000 10000
Cumulative DAC Deployment [MtCO2/year]
Solid Central Case Solid Low/High Case
Liquid Central Case Liguid Low/High Case
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<o~ How much is it going
[ o cost?

Liquid DAC is cheaper initially, but solid DAC's
cost reduction is quicker due to higher rates of
learning

Neither reach the famous $100/tCO, target
proposed by the US Department of Energy

Technology First plant 1 Gt deployment

Solid | 1,148-1,612 235-557
Liquid | 360-412 224-305

But, it could be less than the abatement
costs of some hard-to-decarbonise sectors
such as aviation and shipping (Martin et al,,
2023)

And it is less than some of the upper end of
social cost of carbon estimates (Rennert et
al., 2022)



https://doi.org/10.1016/j.adapen.2023.100156
https://doi.org/10.1016/j.adapen.2023.100156
https://doi.org/10.1038/s41586-022-05224-9
https://doi.org/10.1038/s41586-022-05224-9

<o~ How much is it going

But what if we don’t get to 1 Gt? Estimates to 2050 I o costy

Applying a range of diffusion rates from the Levelised Cost of Removal (LCOR)
expected 2025 global capacity: 1,200
igh ost + Slow
o Central: . o 1,000 " LFe(anKifg Rtates
Low: 15% 259 High: 35% / /,
(o] ’
2025 800 -
startipg 0.54 o
capactty Q 600
(Mt) )
2050 400 US Dept.
fE
Capacity 18 143 980 Low FOAK Cost +  « ZOOSCF)IeCrgé
(Mt) 200 High Learning -~~~ Cost
Rat
e Diffusion rate = Lot
Diffusion rate < hiah s i
‘< fair but ts high, Dl usion rate
l b l deployment | is very high, 2025 2030 2035 2040 2045 2050 2055
de g[(;) rflent falls well but meets Solid Base Case Solid Low/High Case
POy below industry Liquid Base Case Liquid Low/High Case
appears industr ambition
pessimistic Sty
ambition Technology 2030 deployment 2050 deployment
Under these deployment projections to 2050, Solid |411-1,021 241-804
our cost reductions are less dramatic Liquid | 331-411 230-365
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A giga-pound level of investment

CCC 7CB Balanced Pathway, DAC Deployment, In-year
and cumulative CAPEX*

2,500

2,000

£mn)

=< 1,500

1,000

In-year CAPEX

500

0

2025

2030 2035
In-year CAPEX

2040 2045
——Cumulative CAPEX

2050

30,000

25,000

20,000

15,000

10,000

5,000

*Assumes 50/50 split between solid and liquid DAC, uses central costing assumptions
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Cumulative CAPEX (£mn)

<o~ How much is it going
[ o cost?

£25bn of capital investment required to
reach 7CB level of deployment by 2050
(17 MtCO,)*

In-year investment from mid-2030s
requires in the order of £1.5bn per year

For a sense of scale, London’s Crossrail has
been estimated to cost £18bn

But DAC could attract private investment,
provided there are marketplaces for CO,
storage or utilisation
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Where else might be better? @ o inteucor

Through discussions with industry experts, we chose the following four locations for further investigation:

Middle East (United Arab Emirates) I

Excellent solar potential and low natural gas prices

US (Gulf Coast)

« Has the most lucrative policy support, providing $180/tCO,
for CO, stored, along with direct support for DAC hubs

« Widespread depleted oil and gas reservoirs suitable for

» Low electricity and gas prices, and high potential for solar, CO, storage

wind, and geothermal

« Extensive geology for onshore CO, storage
China * Kenya

*

* An industrial powerhouse with a track record

* Geology f th | d onsh
of delivering megaprojects eology for geothermal energy and onshore

CO, storage, coupled with excellent climatic
conditions, makes the Kenyan Great Rift
Valley a "goldilocks” location for DAC

* Low-cost, abundant energy sources with large renewable
potential and relatively low industrial electricity prices
» Indicative estimates that the Great Rift Valley could store
 Initial estimates suggest over 1,000 GtCO, of potential up to 400 GtCO,
geological storage capacity

CITY SCIENCE



The UK is unlikely to be cost-optimal

New Unit Abatement Cost (gross captured & net captured) - Central Case
(NOAK is at 71.5 GtCO2 cumulative deployment)

3,000
UK \ us UAE
2,589
US net capture
2,500 approx. Net capture not
£10,000/tCO, achieved by UAE
and China as
current grid
2,000 carbon intensity
is too high
o —_
O 1,500
<
(§N]
1,327
1,000
597 974 . 950 599
414 770
500 288 287 294
182 173
402 375
266 243
233 157 215 218 137
Y X ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ~ x
< < < < < < < < < < < < <
O O O o O o o o o o o o o
L = L = L = L = L = L = L
2 - 8 ©-w B ©v T ©-w B ©vw T - B
S 8 2 283 23838 8 2 8
- - -

New Unit Abatement Cost (Gross Captured)
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China
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Solid NOAK

2
38 148

Liquid FOAK

Liguid NOAK

Kenya

1,359

1,135

326

w
o
o

Solid FOAK
Solid NOAK

New Unit Abatement Cost (Net Captured)

@ DAC in the UK? Or
< elsewhere?

Factoring in differences for:
* Material costs
Energy prices
« Labour costs and productivity
« National grid emissions intensity

The UK is a higher cost location in
most of the situations investigated

But, the lower emissions intensity of
the UK's national grid results in “net
captured” costs being lower against
UAE and China for solid DAC (which
ts fully electrically powered)
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UK’s advantages and

The UK still has a chance

CCS infrastructure — plans for CO, PN UPCO“_‘i“Q policy support & a
transport and storage with the Track Cluster commitment to net zero — proposed
developments ——  GGR business model and removals

inclusion in the UK ETS. UK SAF mandate
could drive DAC CO, feedstock. The UK is

Geology and advanced assessments — at at less risk of reversing this policies than
/8 GtCO, we have ample storage capacity other countries due to political swings
for our own emissions and others.

Assessment and mapping of this storage ) ) )
Skills and innovation world-class

(o)
capaclty ts advanced too. “/ X engtneering talent, research institutions,
— and a track record of innovation in clean
‘ Low-carbon electricity — a rapidly technology
\ decarbonising grid with ambitious further

targets: Clean Power 2030

CCCCCCCCCCC
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Concluding remarks

CCCCCCCCCCC

Assessments are still speculative and uncertain

Supporting infrastructure will be a constraint — particularly electricity and CO, transport and storage

Estimated costs are high, and whilst there will be cost reductions through learning, do not expect this
to become cheap

Drawing parallels with the scale-up of other technologies reveals a much lower level of deployment
than many authoritative scenarios and corporate targets suggest

Furthermore, there is not yet a firm market to drive uptake of CO, removals — waste removal services
require mandates from governments

The above statements set a pessimistic outlook for DAC; the scale of physical challenges is huge, the
costs will be high, and public policy support is essential



Concluding remarks

Yet, the key arguments still hold:

1. We need significant amounts of removals to maintain safe levels of CO,
concentrations, and it is too early to say whether other removal methods can fulfil that
need without DAC

2. We need sustainable carbon feedstock, and it is not clear whether biogenic carbon will
be enough to meet future needs

3. Whilst DAC will never be cheap, its costs could fall below abatement costs in some
sectors, and could fall below the upper end of social cost of carbon estimates

Moving forward then, it seems fair to argue that at least some of our resources should be
directed towards the research and development of this technology.

We will never know its true potential until we see more large-scale plants built...
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