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Technology development & delivery

Process modelling
Develop understanding of the impacts on
cost and technical performance

Process modelling in gPROMS and MATLAB
@\ MATLAB
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Demonstration
Demonstrates feasibility and develop
understanding of plant operation
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Operating data
from demo plant
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Modelling — steady state
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Demonstration tests —
steady state & dynamic
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Start-up and shutdown protocol for power
stations with CO, capture

(under review)
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Absorption-based

History of carbon capture and storage (CCS)

Baes Jr. et al. at Oak
Ridge National Lab

publish first work on
CCS. Assume 90%,

cap®

CO, capture
technology was
patented in 1930.

M

R. Bottoms* and
Allen et al. file
for patent
claiming CO,
capture solvents

Although studies
consider different
applications and
solvents, most
studies have
assumed a CO,

for the first time the

Assumes 50%,, and

archetti describes ‘ Steinberg et al.

from Brookhaven
Nat. Lab. begin

‘ work on process
design. Assume

concept of CCS.

90%,-

Rump et al.
analyse the supply
of CO, for EOR.
Assume 90%.,,.

1975 1977 1978

Steinberg et al.
publish report series|
including techno-
economic analysis.

Assume 90%,

cap*

Albanese and Steinberg
compare capture
technologies at 50%,,
and 90%,,,,. Also analyse
impact of capture rate

on generic separation

1980

1981

Barchas reports about
the Kerr-McGee/ABB
Lummus Crest
technology for a range of
flue gases all with 90%,

cap*

CANSOLV achieves
capture rates
85%.p - 95% ap
from concentrated
flue gas

and 95%,

Hendriks et al. compare
post-combustion
capture for NGCC, coal -
fired, and IGCC
assuming 90%,,.

Herzog et al. Conference) Conference: The

Sander states
capture rates
between 85%,

cap

cap

depending on flue
gas composition

Mores et al. design
the capture unit for
combined cycle
power plants for

85%,p = 95%,

cap cap*

/" Abu-zahraetal.

present techno-
economic evaluation

for 80%,

95%,

cap?

Yagi et a;.rand Leci

capr 90%caps
and 99%

cap®

Feron et al. evaluate

combined power and
capture plant for gas
and coal at 90%,,,

95%yps aNd 9%,

Jiang et al. reach
negative emissions
by co-firing coal
with biomass and

99%,

Gardarsdottir et
al. analyse impact
of scale and CO,
composition on
investment cost
for Sweden.

cap*

D18 2019 2020

capture rate of ‘ h il bncng
: techno- Global engineering d Goldth legally binding net-
Nordhaus* . and Goldthorpe gally g
publishes “Can we ::L:S(;c:h;;:ér Horn a.nd Ste";F’erg economically | |Greenhouse| response to evaluate the process zero target by 2050
assesses CO, Problem, global change,
Y 0. control carbon c?i::/turee State d::;f"::;:‘:f;z‘ « I parformance and cost
R : capture MIT, USA. Daytona Beach i .
dioxide? 959%.,, and 9%, assuming 90%.,. tedhincloglés 4 ! forchemical solvants Hirata et al. report

assuming 90%,,,

at 90%,,.

about reaching near-zero
by using the KM CDR™

process for coal power.

Flg et al. analyses the
dynamic behaviour of a
post-combustion capture
unit and its impact on
capture rate and cost

Where did this
assumption come
from?

Conference:
Interaction of Energy
and Climate Change,

Munster, Germany.

1120 t,,/d capture
plant at natural gas
fired flue gas

Conference: CO,
reduction and removal:

Measures of the next
century?, Laxenberg,
Austria

conditions starts
operation. Up to
98%,,, Possible.

* don’t mention capture rates

Brandl, P., Bui, M., Hallett, J. P. & Mac Dowell, N. (2021). Beyond 90% capture: Possible,
but at what cost? International Journal of Greenhouse Gas Control, 105, 103239.
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Earlier work on
CCS arbitrarily
chose specific
capture rates.

The 90% CO,
capture rate has
now become
ubiquitous in the
literature, which
has led to doubt
around the
feasibility of
>90% capture.

Origins of the

90% capture rate assumption

Baes Jr. et al. at Oak

Stein
publish

includ
econor
Assun

Ridge National Lab
publish first work on
CCS. Assume 90%,.

Marchetti describes
for the first time the

Steinberg et al.
from Brookhaven

concept of CCS. Nat. Lab. begin
Assumes 50%,,and . work on process
90%cap: design. Assume

90%.,-

Rump et al.
analyse the supply
of CO, for EOR.
Assume 90%,.

1975 1977 1978

Nordhaus*
publishes “Can we
control carbon
dioxide?”

Mustacchi et al.
analyse seawater
capture. State
95%.,p, and 99%,,.

Brandl, P., Bui, M., Hallett, J. P. & Mac Dowell, N. (2021). Beyond 90% capture: Possible, 5
but at what cost? International Journal of Greenhouse Gas Control, 105, 103239.




Imperial College Emission sources vary in size & CO,
London concentration

Application Flow rate [kg/s] Yoz [Yomoll
500 MW NGCC 791 4.0
500 MW NGCC 50% Exhaust

Gas Recycle (EGR) 401 8.2
500 MW high-rank coal 503 11.7
500 MW low-rank coal 1077 12.5
500 MW biomass 503 14.4
1 MMtpa cement 162 18.6
1 MMtpa steel 164 23.2

Danaci, D., Bui, M., Petit, C. & Mac Dowell, N. (2021). Environmental Science & Technology. 6
DOI: 10.1021/acs.est.0c07261




Imperial College Capture cost: Effect of plant scale

London
90 % capture rate 99 % capture rate © 500 MW NGCC
1000 1000 A 500 MW NGCC 50 % EGR

. . < 500 MW high-rank PC
‘T‘P ’-(_,, O 500 MW low-rank PC
2 2 > 500 MW biomass
% 100 % 100 v 1 MMtpa cement
;— ; w 1 MMtpa steel
[o] o
= =
& 10 2 40 Economies of scale effect
£ £
2 o apparent once gas flow >10 kg/s.
(O] O]

] ] Lower capture costs ($/tC0O2) at

2 10 18 26 34 42 2 10 18 26 34 42 higher gas CO, concentration.
Yeo, [Yomol Yeo, [Yomoll . . .
Minor difference in capture cost
I 4900 trends for 90% vs 99% capture.
O S SR IR T OB S S However, capture costs for 99%
capture is slightly higher.
Capture cost [US$-t]; ] P ghtly hig
Danaci, D., Bui, M., Petit, C. & Mac Dowell, N. (2021). Environmental Science & Technology. 7

DOI: 10.1021/acs.est.0c07261



Imperial College CCGT: Effect of capture rate on cost

London
Natural gas-fired CCGT power plant
160 - Yoo, =4MOl%, Gjean=0.15mol/mol At capture rates from 90 to 98%, the
140 ] cost of steam (OPEX) is the largest
] contributor to the cost of capture.
120 4
Q . Absorber i
SU 100 4 Stripper At 98% capture rate or higher, th.e
= ] Heat exch main contributor to capture cost is the
£ 80 ) ouner GAPEX absorber column (CAPEX).
a ] /// I Maintenance
o 00 ,// [ ]Cooling
ther OPEX
40 > // [ other
% 2
04, s 0 Does the effect of 99% capture rate
1 vary with different applications?
O ' 1 d 1 d I ' 1 d 1 v 1 ' 1 d 1 1
90 91 92 93 94 95 96 97 98 99
Capture rate in %
Brandl, P., Bui, M., Hallett, J. P. & Mac Dowell, N. (2021). Beyond 90% capture: Possible, 8

but at what cost? International Journal of Greenhouse Gas Control, 105, 103239.




Imperial College Effect of CO, concentration on costs

London Assuming constant flue gas flow rate 500 kg/s
A 500 [ 104%,, B2 [ 104 %,
m 08 %mol {' ] m 08 o/"mol
& 400 - N 12 %y o 12%
3 (K223 21 Yoo @ 1507 R 21 Yo
= 3004 2
E [ | Feed blower E‘ 100 -
8 2004 | Absorber 9
T | Stripper o [ ] Steam
a I HXs = Q- [ Electricity
O 100 - | Tanks o [ | Cooling water
[ | Pumps o) [ Town water
0 B MEA first-fill 0 [ ] MEA make-up
70 80 90 99 70 80 90 99
CO, capture rate [%,,,] CO, capture rate [%,,,]
Capital costs: mainly absorber cost, doubles at 99% Operating costs: Mainly steam costs which increase
capture. Absolute reboiler duty and amine circulation with gas CO, concentration and capture rate.

rate increases with higher gas CO, content, thus
requiring more HX area.

Danaci, D., Bui, M., Petit, C. & Mac Dowell, N. (2021). Environmental Science & Technology. 9
DOI: 10.1021/acs.est.0c07261



Balancing costs: >90% capture vs CO, removal

Imperial College
In a net-zero emissions future, residual CO,

London >0 :
emissions would need to be offset via CO,
2 30 removal from the atmosphere.
400
3 indirect capture via Depending on the CO, concentration of the point
300 negative emissions 25 source, using higher CO, capture rates will likely
4 be more cost effective than paying for CDR
:gi“ 200 . 20 offsets. At this stage, CDR costs highly uncertain.
~ (=}
S 1 5 500
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Z 1257 15 E
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= 100 = DACCS
” 10 & 300
15 :% Enhancgd
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Brandl, P., Bui, M., Hallett, J. P. & Mac Dowell, N. (2021). Beyond 90% capture: Possible, 10 Figure adapted from Fuss, S., et al. (2018). Environmental Research Letters, 13 (6), 063002.

but at what cost? International Journal of Greenhouse Gas Control, 105, 103239. Minx, J. C., et al. (2018). Environmental Research Letters, 13 (6), 063001.



Impact of investment & tax credits

Imperial College

30 mol% | |

For CO, capture from concentrated point
sources (e.9., Yco, = 30 mol%), combining
848A with the 845Q tax credit* is close to
being economically feasible under realistic
CREF scenarios, i.e., 12%. 0 1 9 3 4 5 6 -

London 200 - - - with §48A —— without §48A - - - §45Q tax credit|
: : . - Capital R
The impact of an investment credit (e.g., <150 | icozlo; capa (C‘;CFC;\’ery |
848A) lessens when there is access to cheap & mote 220 [
capital (e.g., low CRF). S 100t ' 1
< |:|
. . . 5 85 B yCOZ = 12% 1
An investment credit is of greater benefit to @ 12 mol%
projects dealing with flue gases that have S 80} yCO, = 200 B |
lower CO, concentration (e.g., gas-power) _Lc’ 75 | 20 mol% |
compared to concentrated sources of the Q _
, = 70 yCO, =
same size. 3
=
=
<
=
=}
=

* This study assumed $50/tCO2, but current proposals CRF 12% corresponds to 11% interest Brandl, P., Bui, M., Hallett, J. P. & Mac Dowell, N. (2021). 11
in Congress could boost 45Q as high as $175/t rate and annuity period of 25 years International Journal of Greenhouse Gas Control, 105, 103239.



Required reductions in CAPEX & OPEX

Imperial College

London Voo 4% - Yoo, =12%
_ * 90%cirae ° 99%caorae TAC ($-ton”' )
In order for the TAC to break-even with a 100 = = 175COQ
$50/tCO, 45Q tax credit at 99% capture rate:
+ Gas-fired power CCS needs 70% reduction 50 150
in both OPEX and CAPEX
125

» Coal-fired power CCS needs a 25%
reduction in OPEX and 68% reduction in

o
> 80
§e)
CAPEX £
>
W
o
O

100

X
o
=
P
i
o
(@]

75

This study was based on a conventional

process using 30 wt% MEA. 50

.. . . . . 25
In addition to financial incentives, cost

reductions could be achieved with advanced
solvents in modern process topology & 0 20 40 60 80 100

design. CAPEX ($-tons )

Brandl, P., Bui, M., Hallett, J. P. & Mac Dowell, N. (2021). Beyond 90% capture: Possible, 12
but at what cost? International Journal of Greenhouse Gas Control, 105, 103239.



Effect of flexible operation on CO, capture performance

Process modelling:
Steady state models only

Process modelling in gPROMS and MATLAB
@\ MATLAB

Demonstration tests:
Studied CO, capture performance under
steady state and dynamic conditions

TECHNOLOGY
CENTRE
MONGSTAD

~e
e

Operating data
from demo plant
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Brandl, P., Bui, M., Hallett, J. P. & Mac Dowell, N. (2021). IJGGC, 105, 103239. 13 Bui, M., Flg, N. E., de Cazenove, T., Mac Dowell, N., (2020). International Journal of

Danaci, D., Bui, M., Petit, C. & Mac Dowell, N. (2021). DOI: 10.1021/acs.est.0c07261

Greenhouse Gas Control, 93, 102879.



Flexible operation of CO, capture plants

Higher ramp Short ot
orter start-

rates
up & shut
@ down times
Part-load
efficiency Minimise
@ co,
ﬂooﬂ emissions

Shorter Z Ability to
ini — Eﬁ maximise

Power
plant &
CCS

flexibility

minimum

uptime and power
runtime production
Lower

minimum load

14

Electricity grids with high
levels of intermittent
renewables will require
dispatchable low carbon
electricity.

Power plants with CCS
provides greater flexibility.

Improves economic
performance of system.

We have studied the
effects of flexible
operation on CO, capture
performance.




| ol Flexible operation of a demonstration-
London scale CO, capture plant

_ . -~ TECHNOLOGY
e W : \_‘- MONCSTAD

CombBined.Heat & Power
CHP mode (CHP) plant —-_--_-"' _____________________
4 mol% CO, gas == o s
Captures 80 t.o,/day b e E
iz}
RCC mode gg
12 mol% CO, gas gg
Captures 275 t.,/day 4=

http://cdn3.spiegel.de/images/image-349556-860_poster_16x9-ygkk-349556.jpg

Bui, M., Flg, N. E., de Cazenove, T., Mac Dowell, N., (2020). International Journal of 15
Greenhouse Gas Control, 93, 102879.
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TCM CO, capture facility, Mongstad Norway

Absorber RCC stripper
Cross section dimensions 3.55mx2m ;g m 8828
Packing height (m) igﬂ 88%; 8
Packing type l(:SI?r)L(JiESJ?eZd))( l(:slfr)l(jgflljcrezd))(

Capture capacity of 80 tonnes CO, per day

Flue gas CHP
component mole %

N, 78.6

Co, 3.6

H,O 2.5

0, 14.4

Ar 0.9

CHP flue
gas supply

®C

Depleted
flue gas

Combined heat and power (CHP) mode

Product CO,
® Flow metering
© Composition

Water Q

Washes « é} i

==Z RCC -« !
Stripper |.==<

:*: - \\/

Absorber [=== 27~ Steam
e ~

©F® < Condensate

Q 4P TECHNOLOGY

\ &~ MONCSTAD

2017 tests used 30 wt% MEA

2020 tests used Cesar-1, containing 27 wt% AMP+ 13 wt% PZ in June, and 26 wt% AMP+ 9.5 wt% PZ in November
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Imperial College Flexible OFje % Orl

of the CO, capture plant

London = - I S =
= o o o o 0 o g o
— —_ —_ —_
— 70000 . . , : 7000 —
There are also strategies useful g Effect of steam flow rate  TiMe varyig regeneration. variable ramp B,
- - = L e
for operating the capture plant in 3 60000 1 - 6000 5
a “load following” manner. e =
50000 5000 E
= g
3 H &
. a (7]
Previous MEA test campaign at — 40000 - 4000 2
- =
TCM was conducted in July 2017. E 30000 - 2000 .,—%
2 :
This studied the performance of g 20000 - - 2000
the TCM plant during three 2 10000 1000 ~
- - w -1 - O
flexible operation tests: S o
]
+ Step-change of steam flow 2 0 +——F+r—F——r+——+———+—+—+—————F+——+———- 0

* Time-varying solvent
regeneration
* Variable ramp rate

20/07 16:00 +
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21/07 00:00 T
21/07 04:00 -

T
o
o
[
—i
I~
o
T
o

19/07 04:00

19/07 08:00 +
19/07 12:00 -
19/07 16:00 T
19/07 20:00 +
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20/07 08:00 +

2

——Inlet flue gas flow rate ——Rich solvent flow rate
= CO; product flow ——Steam flow (P & T corrected)

Bui, M., Flg, N. E., de Cazenove, T., Mac Dowell, N., (2020). International Journal of
Greenhouse Gas Control, 93, 102879. 17



Time-varying solvent regeneration
Imperial College R

London

ICL_10
ICL_12
ICL_13

70000 7 000

Off-peak electricity prices:
Solvent is regenerated, reducing
power output = expect lower flue
gas flow rates.

-

60000 ! - 6000

50 000 1. lfj
40000 -~ I
30000 -~

10000

5000

- 4000
Peak electricity prices:
accumulate CO, in the amine.
Power output increases, burning
more fuel = higher flue gas flow.

- 3000

|

CO, product flow and steam flow [kg/h]

2 000

- 1000

Note: Operating more flexibly

Flue gas flow rate [Sm?3/h], Solvent flow rate [kg/h]

0 T I T I T I L) I T I T I T I T I T I T I L) I T I T 0
means the steady state capture S 8§ 8 8 8 8 8 8 8 8 8 8 8
rate cannot provide an indication § § E E § § § § E E § § §
1 1 1 o o o o o o o o o o o o o
of residual CO, emissions. Need S 5 s s s s s s s 33
to calculate cumulative amounts. .
——Inlet flue gas flow rate ——Rich solvent flow rate
= CQO: product flow ——Steam flow (P & T corrected)
Mac Dowell, N. & Shah, N. (2015). Computers & Chemical Engineering, 74, 169-183. 18 Mechleri, E., Fennell, P. S. & Dowell, N. M. (2017). International Journal of

Greenhouse Gas Control, 59, 24-39.



Capture rates

Time varying solvent regeneration

97% ICL_7 Off-peak mode: 1 STRT » | lean loading » 1 CO, capture rate » 1ABS T
14.5% ICL_8 (:
89% ICL_9 Peak mode: | STRT » 1 lean loading » | CO, capture rate » JABS T
330 I T T 4 I T ' T 420 T T T T T T T T T
®|CL_7 T TCM min - max Off'Peak ®|CL_7 T TCM min - max
325 ::gt:g e TCM data T x . o o ) i 4104 ::g:::g ® TCM data i
B
i
& 320 1 t ! 1 <400+ Off-peak mode ]
o { } ] o Reb T =118.8°C
=1 ) 2 ® ® .
T 315+ 4 390 - . i . i
g af 8 = .
£ - Peak mode €
2 310 - I]'I L1sst | fif 1 2 380 .
IEXIR
SR $ ¢ Peak mode
305 - ichz%tn.------!” 1 370 Reb T=115.8°C 1
L J Y L 2 L J ] ] L
300 T T T T T T T T T 360 1 T I T 1 T I T
0 5 10 15 20 25 0 2 3 4 5 6 7 8
Height from bottom of absorber (m) Height from bottom of stripper (m)

Bui, M., Flg, N. E., de Cazenove, T., Mac Dowell, N., (2020). International Journal of

Greenhouse Gas Control, 93,

102879.
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Off-peak: solvent regenerated and Time-Varying solvent regen eration

lean CO, loading reduced. —— Online TCM lean CO, loading @ TCMlean CO,loading @ TCMrich CO, loading
Reboiler temperature: 124.1 °C Min-max CO, capture rate Average TCM CO, capture rate
CO, capture rate: 89-97% — TCM reboiler T
Lean CO, loading: 0.16 molcqo,/MOlyea 125 Offpeak Peak Offpeak .,
4 \

Peak: CO, is “stored” in solvent and 1 ® ° ®
lean CO, loading increases.

1
o
o

C
S
CO, loading (mol CO,/mol MEA)

. 97% capture rate
Reboiler temperature: 109.5 °C

CO, capture rate: 14.5%
Lean CO, loading: 0.48 molsq,/mOlyea

89% capture

o
»~

115

Rich CO, Loading:
0.52-0.53 mol.q,/molyea

T
o
N

Reboiler temperature (
o
1
w

—_

o

[&;]
1

Reboiler duty: 3.93-4.11 MJ/kg CO,

I
©
—_

14.5% capture

Cumulative CO, capture rate: 66.5%
100 T T T T T T T T T

o
o

. O
For max cumulative CO, capture, we need /\QQ" /\Qq‘,- ,\Q&- «an- R SN TSR R
to optimise the duration between modes (]99 QIQSB NN

Bui, M., Flg, N. E., de Cazenove, T., Mac Dowell, N., (2020). International Journal of 20
Greenhouse Gas Control, 93, 102879.



Performance during start-up and shut down

Hot start-up and shut down with 53 m3 solvent inventory

Rise in the frequency of start-up
80000 8000

and shut down cycles will be

expected with higher levels of 70000 4 Start Shut } 7000
intermittent renewables. up down
> 4+—

60000 - 6000

Steam flow

If this significantly increases CO,
emissions, it would undermine the
value proposition of CCS.

Inlet flue gas flow

50000 - 5000

40000 Lean solvent flow rate 4000

In 2020, we studied the effect of

\
- =

Flue gas flow rate (Sm3/h), Solvent flow rate (kg/h)

CO, product flow (kg CO,/h) and steam flow (kg/h)

30000 3000
start-up & shut down on CO, CO, product flow
emissions at TCM. 20000 4 - 2000
Studying the following: (i) hot vs 10000 - L1000
cold start-up, (ii) timing of steam ‘DL
availability (conventional vs 0¥ —+ = + —+ T 0
preheat vs delayed), (iii) solvent O & & % 3 S O
inventory capacity, (iv) start-up - - - - - - -
solvent loading/composition. 3 S, S, S, B W W

Bui, M. & Mac Dowell, N., under review, Start-up and shutdown protocol for power stations 21

with CO, capture, IEAGHG report.



Effect of process dynamics of the capture performance

Hot start-up and shut down with 53 m?3 solvent inventory
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As shown previously, balancing the duration of capture modes is important in ensure capture requirements are met.
In the above test, the plant cumulatively captured 90% of the feed CO,, despite online capture rate varying from
99% to 83%, then increasing to 90% and 96%.

Bui, M. & Mac Dowell, N., under review, Start-up and shutdown protocol for power stations 22
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Improving capture performance during start-up

Cold start-up with 42 m?3 solvent inventory Cold start-up with preheating and using 45 m? inventory

80000 , 8000 __ _ 80000 8000 —
=  Start up = = Start up Steady state <
£ 70000 { : L 7000 £ £ 70000 { L 7000 =
2 Rich z £ E
S 60000 {solvent;  Steam flow F 6000 = o 60000 + \/\/\_,_' 6000 ¢
_C) 1 o o 3
% 50000 - ' 5000 € & 50000 1\ | aan solvent flow 5000 @
g : Lean 5 8 r Inlet flue gas flow z
© E ! - c O g . - —
& 40000 : solvent 4000 = 5 40000 Rich solvent flow 4000 =
—_— I ‘-.?_.\‘ E‘ o~
< 30000 - Flue flow L 3000 O 30000 - L 3000 S
& gas, CO, product flow o £ CO, product flow K,
o 20000 1 flow: - 2000 § '@ 20000 - Steam flow - 2000 2
e : 3 C S
2 10000 - [\ - 1000 & £ 10000 o - 1000 ©
._,—9 g o= J -g
a 0 T : T T : T T : T T : T T : T T : T T : T T : T D —E & 0 LELEL) : LELELEL] : LELELE ] : LELELEL] : LELELE] : LELELEL] : LELELEL] : LELELEL] : LELELEL] : LELELEL] : LELELEL] : LI 0 E-
3 a 3 2 @ N B X 3 & - g8 ¥ L & 4 I & I ] @ ¥ 3 S
= g & & g & = & 8 = g = T & 8 g 8 &2 g 3 4 8§ § ¢ ©

— — — — — — | — — (=] (=] (o] o =] o o (=] (=] o o o

= = = - p pa pa = h © 2 © © © 9 o © 9 o 9 °

e & & & & & & & g 3 8 3 8 38 & 3 & 3 & 3

Steam flow started at the same time as the Steam flow started earlier than the flue gas

flue gas flow, i.e., “conventional” start-up. flow rate to simulate “preheating”.
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Improving capture performance during start-up

Start
Up  Cold start-up with 42 m® solvent inventory Cold start-up with preheating and using 45 m3 inventory
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Conventional start-up: Reboiler is not at the set-point Start-up with preheating: Reboiler reaches set-point
temperature at the time FG starts, causing the CO, capture rate temperature much quicker. The CO, capture rate remains
to drop from 99.8% to 44.6%, before increasing again to 87%. stable, starting at 99.3% before reduces slightly to 92.5%.
-
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Conclusions: Delivering over 90% CO, capture

Process modelling and plant demonstrations show that high CO, capture rates of 95 to 99% are technically
and economically feasible.

The modelling work shows CO, capture costs for different applications and illustrates the effect of plant
scale (i.e., flue gas flow rate), flue gas CO, concentration and capture rate.

Economies of scale has a clear impact at >10 kg/s gas flow rates, also opportunities for lower capture costs
for industrial capture applications with higher gas CO, concentration.

When capture rate increases from 90% to 99%, the main contribution to the increase in capture costs is the
larger absorber column, with a minor increase in steam costs.

A balanced portfolio of investment credits and tax credits will likely be required. There is also the potential
for further cost reductions through using advanced solvents, modern plant topology and process
intensification.

The demonstration studies at TCM shows the importance of considering cumulative capture rate,
particularly during flexible operation. We also demonstrated different operating strategies that can be used
to achieve higher CO, capture rates during flexible operation, e.g., preheating before start-up, lower loading
upon start-up, optimising duration of time periods.
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Future considerations: Delivering over 90% CO, capture

In countries with net-zero targets, higher CO, capture rates of 95% or higher will be essential to reduce the
burden on CO, removal from the atmosphere (may be more expensive and limited in scale).

We have mainly focused on increasing CO, capture rates of MEA-based absorption for post-combustion
capture applications, i.e., power plants and industry.

We also need a systems approach to reducing CO, emissions. The supply chain CO, emissions associated
with the fuel (e.g., natural gas, coal, biomass) will also have an impact on the actual CO, reduction potential
and will be an important consideration for further work, e.g., integrate LCA with process modelling.

Future work could explore the potential for maximising CO, capture rate in other non-combustion
applications for CO, capture processes, e.g., hydrogen production.

The studies on flexible operation demonstrate that there is a temporal element that needs to be accounted
for when determining CO, emissions and cumulative CO, capture %. This will likely have an impact on
regulation and policy for CO, emissions from power and industry.
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