Institution of

MECHANICAL
ENGINEERS

Removal of CO, from

the Atmosphere

Dr Tim Fox

Head of Energy and Environment
Institution of Mechanical Engineers
@TimFox_IMechE

Improving the world through engineering www.imeche.org



Institution of

HANICAL
ENGINEERS

IMechE reports

Institution fully engaged in the public debate

Institution of

MECHANICAL
ENGINEERS

Improving the world throug:

i

'S

A LCL AR iAGA A ARALLARRRARAMS

ICAL

BECC:

FOR ELECTRICIT
LAND-USE TENSIO

Bioenergy is widely sxpected to
maks a contribution to global

electricity production in the coming

dacades, bacauss of its potential
t0 be a cost-sffective source of

The anslysis preseated i
statement suggesis that
current global membitins
clectricay bors bemass
“ensicns weith food proc
prescrvation mey not nes
Biven that the sxasion |
energy mix would s

power
with low carbon emissions"™¥,

The combination of carbon capture

and storage (CCS) with bioenergy

o,
energy system, the Ini
Engineers uges Coverns]

following recommendatid
1. Undersake a tharough

power plant, a
bioex

carbou dioxide (CO,) from the
atmosphere and thereby provides
further opportuuities for climate
change mitigatios

Howsver, the poambility of s wiserpresd sdoption

Enown as
xgy with CCS (BECCS), offers
the additional prospect of removing

econun of farurs inter)
needs, scosystem pred
climats change mitigal
2. Take an intemnational |

CARBON CAPTURE AND STOR/

NATURAL GAS
POWER PLAN

of
M
ENGINEERS

‘With ambitious targets set by the

2008 Climate Change Act' to reduce
Greenhouse Gas (GHG) emissions by
80% in the UK by 2050, the clectricity

generation sector is being forced

to address its emissions and, in

particular, to rapidly decrease
issions of CO, (i.e.

).

With the aversge emissions intensity frof
current equipment fiset at around 600gCH
this will mean reducing overall missiond

‘amount of fogsal fusl be
still likely to be sded mm to mest der

ecosysiem pressovatiol

elsctrizity from o

soope for relsied impad

i hep enzurs o

40 undegized land-u

3. Suppors UK researeh,
monstraticn of OCS

b other buman needs, such

R

o5
= food supply, the desite 1o
Taintain giobal ecosystems.

Improving the world through engineering

o
climate change mitigal

Improving the world through engineering

To achieve this, ‘the Commlltea on

icularly
plants ich will iely B raquart o 2

NEGATIVE EMISSIONS
AND CARBON RECYCLING

AIR CAPTURE

of h

This p role that such

Climate Change has

for the entire UK fleet of electricity
generating ﬂlummﬂn the overall

ko iptiants

gases (GHGs), while maintaining

an spproact, known a3 sirosprure, could play |
tareiing the challengs of giobal iarming an

Ir targets are to

on ic growth, is

‘polic
n this area.

intensity of CO,

uld be

under 100gCO,, /&Wh by 2030 (Figure

1) and even lower thereafter.

Improving the world through engineering

generation squipment i that incuces 1

amajor for i

ture
ruge sommwhors Babvrean 100 30060
Currently, new coal fizad.

GCS would emit in the region of 760 gCOJ
wihersas slsctricity generation using com|

(full load). But given

and wave power,

and i ialising nations alike.
In recent years,

Ths Institution of Mechanical Enginssrs recommends:
1 i

across lh: wnrld have become

‘of air capture technology and to demonstrate
its teasibility.

aware of the
gas plants emito a lower figure of around| _ 2 lop policy
EWh when the machine is working at full] ~ secial and b
Bt g at =] in meeting the emissions targets Tecydling 'F!‘mm"“""m
‘many ranewabls sources of nstgy, sud : : " . .
a2 planis depioyed as | Yequired to avoid climate aer:
generat mgmnwmnmm:mhewef:; change, and struggled to develop ‘contribbution that air capture can make.
e average missind  effective mi policies to

Ioad, This part load

sfficient,
use in the pawer sector would be above
IV Open cycle gas plants used to mee]

ity demand and to provide a quic]
or macrytamcy ate oven aos fheien o
higher emissions rates.

address the issue. Policymalters
have largely ignored the potential
contribution that can be made from
the implementation of methods
that can directly extract GHGs,
particularly cnllnn dioxide (CO,),
from the atmosp!

Improving the world through engineering

www.imeche.org




Introduction

e Presentation overview
= Removing CO, from Air
= Removal techniques
= Air capture machines
= State of play
= CO, recycling
= Carbon pricing

= Unlocking innovation

= Conclusions
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=y More energy - mainly fossil

e Global growth

= JEA predicts 40% increase faw o i
in primary energy demand - =
by 2035, with 90% of o .
growth in non-OECD. . —

= Possible doubling of LM T

today’s demand by 2050,
tripling over 21st century.

= 81% of primary energy
currently from fossil fuels
(coal, oil, gas), potentially
still 75% in 2035 [IEA].

= On-track for mean global temperature rise of 3.5°C by 2100.
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Removing CO, from air

e Principal advantages

= Removes CO, regardless of location.

= Tackles difficult sources (transport,
domestic, dispersed industry; circa 50%
of global emissions).

= Enables ‘carbon recycling’ through ‘closed’ carbon loops.
= Puts a credible ‘ceiling price’ on CO, emissions.
= Can address past emissions (and enable geo-engineering?).
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Removal techniques

e Top candidates

= Air capture machines (Direct Air Capture — DAC).
= Bioenergy with Carbon Capture and Storage (BECCS).
= Augmented ocean sequestration.
= Biochar production through pyrolysis.
Reforestation and afforestation.
Enhanced weathering.
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Air capture machines

e Key process steps

= Capture CO, to filter medium.
= Remove CO, from filter.
= Storage of CO, or recycle.

COLLECTOR
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Air flow at exit

280 ppm CO;
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Airflowatentrance  N#  Regenera tion
380 ppm CO, (V4

ACCESS™

Atmospheric Carbon
CapturE System$S

i
REGENERATOR
e Early Pioneers

= Klaus Lackner, Peter Eisenberger, David Keith, Aldo Steinfeld
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State of play

e Entrepreneurial commercial players

= Carbon Engineering
= Global Thermostat
= Kilimanjaro Energy
= Sapphire Energy

= Air Fuels Synthesis
= Climeworks

e CO, markets

= Enhanced Oil Recovery (EOR)
= Algae for Fuel (Aviation)

= Synthetic Fuel (Aviation)

= Chemical processing

= Horticulture

= Military
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Y CO, recycling -

e Challenge of transportation fuels

= High energy densities found in hydrocarbon liquid fuels.
= Replacing enormous global infrastructure for liquid fuels.

e Carbon recycling for fuel

= Captured CO, used as
feedstock for a biological or
chemical process for
production of fuels.

= ‘Closed-loop’ carbon cycle
when CO, from air capture.

e Algea based production

= CO, and H,O as feedstock to
algae cultivated in sunlight.
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CO, recycling - 2

Carbon recycling and synthetic fuels

Long term realisation - CO, capture from the atmosphere

CO,
inthe Released to the
/ atmosphers \ / S tcshen
CO; collection Consumption
CO, + 2 OH (membranc) = Hz20 + CO3* membrane) Synthetlc
petrol/diesel
Fuel synthesis
2H;+ CO — -CH~+ H:0 Fuel transport
CO+H;
Electrolysis cell
2H,0 — 2H, + 05 — Renew_raple
2C0, — 2C0 + O, ALY electricity
Concentrated
CO; H.0

From Mogen Morgensen, DTU Energy Conversion, Technical University of Denmark
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e i Carbon price challenge

e Emitting greenhouse gases is largely cost-free

= Challenge is setting a credible, meaningful penalty and
creating a mechanism to apply it.

e Two choices

= Reqgulate for outright global emissions ban; eg HFCs, CFCs.
= Economic instruments that create a cost for emitting.

e Challenge for economic instruments

= Direct carbon tax or tradable permits scheme?
= Price setting clear for tax, opaque for tradable permits.

= Setting the price is highly problematic; future energy price
sensitivity, unforeseen consequences, hypothecation.

= Need credible, logical, tenable, justifiable price applied
through transparent, legitimate mechanismes.
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Setting the carbon price

Gas plant CCS retrofit

Abatement cost

EpertCO.e __Reduced slashand burn agriculture .
I 2 conversion Iron and steel CCS ne?w build
80 — Reduced pastureland conversion Coal CCS new build
_Lighting—switch incandescent Coal CCS retrofit
60 | to LED (residential) Grassland management
Appliances electronics rganic soils restoration
40 Motor systems efficiency
20 15t generation biofuels
|7|- Cars full hybrid
0
20 5 10 L 15 20 2b B0 35 38
eothermal Abatement potential
. GtCO g g
-40 Rice management 2eperyear
60 Small hydro Solar CSP
\Waste recycling Reduced intensive
80 L Efficiency improvements other industry ~ agriculture conversion
L Landfill gas electricity generation —High penetration wind
-100 | LClinker substitution by fly ash . Solar PV ]
_— . . ow penetration win
-120 -Bullc.img efficiency r.'new l?u”d —Degraded forest reforestation
L Insulation retrofit (residential) L pastureland afforestation
-140 ~Tillage and residue management L Degraded land restoration
—Cropland nutrient management L Nuclear
-160 - Cars plug-in hybrid
180 Retrofit residential HVAC
- 2nd generation biofuels
200 L Appliances residential

McKinsey & Co., 2010, Impact of the financial crisis on carbon economics:
Version 2.1 of the Global Greenhouse Gas Abatement Cost Curve.

Improving the world through engineering www.imeche.org



e Unlocking innovation

e How to levy price and drive innovation?

= Requirement to abate emissions, or
undertake air capture and CO,
sequestration through own machines, or
pay third party machine fleet operators
to create ‘negative emissions’.

= Requirement could be applied initially to ==
the G20 nations, who collectively
account for 80% of global emissions.

e Price competition

= Competition amongst fleet
operators would innovate the
costs out and drive the ‘ceiling
price’” down.

= Drive Cleantech innovation.
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e Chances of success?

e Using air capture to set carbon price satisfies
three rules for successful technology fixes to social
problems.

= Embodies cause-effect relationship connecting problem to
solution.

= Effects of fix are assessable using relatively unambiguous
criteria.

= R&D necessary to realise the technology improves an
established core that already exists.
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e Conclusions

e Access to secure and affordable energy crucial

= Essential to human progress and increased well-being.
= Demand expected to increase substantially in 21st century.
= Continued fossil fuel usage threatened by environmental risk.

e Removal of CO2 from the atmosphere

= Removal can take place anywhere independent of source.
= Several technologies available and in development.
= Enables negative emissions and carbon recycling.

e Direction of travel

= Entrepreneurs stepping into niche markets

= Potential to fix market failures and drive innovation to reduce
costs of clean technologies.

= Secures continued exploitation of affordable fossil fuels and
embedded infrastructure while reducing environmental risk.
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e Conclusions

e Air capture technology
= Several machines in (commercial) development.
= Enables negative emissions and carbon recycling.

= Potentially helps secure continued exploitation of embedded
infrastructure while reducing environmental risk.

= Potential to fix market failures and drive innovation to
reduce costs of clean technologies.

e Direction of travel

= Entrepreneurs stepping into niche markets.
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in meeting the emissions targets
required to avoid dangerous climate
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