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Current status of CCS development

Proof of concept

. . . Commercial .
Concept Formulation (Iab tests) Lab prototype | Lab-scale plant Pilot plant Demonstration | o .- ¢ required Commercial
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"‘-‘—-_._________"—-—-—-_._______
_—-_-—-____
Post-combustion
lonic liquids Merlnbraqes .
Membranes polymeric Post-combustion
polymeric . (NG industry) amines .
(power plants) Pre-combustion (power plants)
BECCS power IGCC + CCS
. i Pre-combustion
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{non-EOR) . & gas fields
Mineral storage CO,-EOR .
. CO,-EGR
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/ Not an exhaustive list of technologies
. Utilisation

There is a suite of CCS
technologies for capture,
transport and storage of CO.,.

Technologies advance through
a series of scale-up steps (lab
to commercial scale).

Congestion occurs at TRL 3,
TRLG6 & TRL 7.

Development tends to be
hindered due to technical
challenges or insufficient
funding.

Bui et al. (2018). Energy & Environmental Science, 11 (5), 1062-1176.
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Electricity Systems Optimisation Framework
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Heuberger, C. F., et al. (2016). Energy & Environmental Science, 9 (8), 2497-2510.
Heuberger, C. F. & Mac Dowell, N. (2018). Joule, 2 (3), 367-370. 10
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The transition to net-zero in energy systems
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Bui, M. & Mac Dowell, N., editors, (2020). Carbon Capture and Storage, Royal Society of

Chemistry, UK. https://doi.org/10.1039/9781788012744.
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Flexible CCS in future
electricity systems

To accommodate
intermittent
renewables, fossil
fuel power plants
will need to operate
flexibly.

Coordinate the
balance between
electricity demand
and CO, capture
requirements.

Load Factor

Typical modes of operation for fossil fuel-
fired power plants in the UK
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Mac Dowell, N. & Staffell, I. (2016). International Journal of Greenhouse Gas Control, 48, Part 2 (Flexible operation of carbon capture plants), 327-344. 12
Mac Dowell, N. & Shah, N. (2015). Computers & Chemical Engineering, 74, 169-183.



Power-CCS: Load following, start-up and shut down
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Bui, M. & Mac Dowell, N., editors, (2020). Carbon Capture and Storage, Royal Society of 1 3

Chemistry, UK. https://doi.org/10.1039/9781788012744.
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Flexibility of power plants with CCS
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“Elexible Esbjerg CSIRO pilot Brindisi TCM Sulzer pilot PACT bilot TCM demonstration plant in Norway
operation” of pilot plant plantin demonstration demonstration plantin | t'pIUoK Natural gas FG
CCS was in Denmark Australia plantin Italy plant in Norway Switzerland pfan |.n 80 toop/day
proposed for Coal FG Coal FG Coal FG Natural gas FG Synthetic NG Synthetic coal Step-changes C\O/iiriable ramp rate
grid support . . . . R ‘ ne-varying
cinss  D€Veloping understanding of flexible operation ont regen
Crane, 2004) . . . N
1) Process modelling — needs to be validated with plant data. *tal, 20200
2) Develop methodology to acquire reliable dynamic pilot plant data for model development.
3) Gaining experience in dynamic/flexible operation at various test facilities.
2004 4) Scaling up: Demonstration scale test campaign, identifying flexibility limits and providing

data for model validation.
Year of test campaign

Dynamic process data unavailable : : i : .-
. Y P We have gained valuable operating experience at dynamic conditions.

© oynamic process data published Dynamic operating data for model development is being made available.

Gibbins, J. R. & Crane, R. |. (2004). Proceedings of the Institution of Mechanical Engineers, 15
Part A: Journal of Power and Energy, 218 (4), 231-239.




Flexible operation of CO, capture plants at different scales

Pilot-scale: 0.5 tCO,/day
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Bui, M., et al. (2016). International Journal of Greenhouse Gas Control, 48, Part 2 (Flexible 16

operation of carbon capture plants), 188-203.

Tait, P., et al. (2018). International Journal of Greenhouse Gas Control, 71, 253-277.
Bui, M., et al. (2018). International Journal of Greenhouse Gas Control, 79, 134-153.
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Absorption-based CO, capture
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| o Flexible operation of a demonstration-
london scale CO, capture plant
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TCM CO, capture facility, Mongstad Norway
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Flexible operation of the TCM CO, capture plant
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Bui, M., Flg, N. E., de Cazenove, T., Mac Dowell, N., (2020). International Journal of
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The use of solvent storage
tanks involves high capital
COst.

Alternatively, CO, can be
“stored” within the amine
liquid.

The time-varying solvent
regeneration approach
can be used to coordinate
the degree of capture with
electricity price/demand.

Potentially more cost
effective and profitable.

Time-varying solvent regeneration

Combined cycle gas turbine power plant
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References: Mechleri, E., Fennell, P. S. & Dowell, N. M. (2017). International Journal of Greenhouse Gas Control, 59, 24-39.
Mac Dowell, N. & Shah, N. (2015). Computers & Chemical Engineering, 74, 169—-183.
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Imperial College Time-varying solvent regeneration
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Ime-varying solvent regeneration
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Bui, M., Flg, N. E., de Cazenove, T., Mac Dowell, N., (2020). International Journal of
Greenhouse Gas Control, 93, 102879. 23



Ime-varying solvent regeneration
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Ime-varying solvent regeneration
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Time varying solvent regeneration
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Imperial College Effect of scale on process dynamics
London

The flexibility of the capture
plant may be limited by the in E—) »
process control and is a 1 tooo/day

function of plant scale.

60 t-o,/day 80 . /day
UKCCSRC PACT Brindisi CO, capture TCM demonstration
pilot plant plant plant
CO, capture capacity 1 to,/day 60 t-./day 80 — 200 t.o,/day
Volume solvent inventory 0.470 m3 61 m3 38.2-40.8 m3
Solvent circulation time 36 min 105 min 146 min 41 min 71 min
-> corresponding solvent flow 1 md/h 35 m3/h 25 m3/h 58 m3/h 34 m3/h

@YUKCCSRC ~ /P TECHNOLOGY
L C (\| L GENEE

PACT FACILITIES MONGSTAD

Data from: Tait, P., et al. (2018). International Journal of Greenhouse Gas Control, 71, 253-277. 27 Data from: Montafiés, R. M., et al. (2018). Internationa_ll Journal of Greenhouse Gas Control, 73, 42-59.
Bui, M., et al. (2018). International Journal of Greenhouse Gas Control, 79, 134-153. Enaasen, N., et al. (2014). Energy Procedia, 63, 1040-1054.



imperial College  Start-up & shut down of power-CCS systems
London

Rise in the frequency of start-up & shut down (SUSD) cycles is expected with higher IRES.

If CO, emissions increase considerably, this would undermine the value proposition of CCS
as a flexible, low carbon asset.

Objectives:
» Identify measures that can reduce/minimise CO, emissions and duration time of SUSD.

« Use a combination of dynamic modelling with plant test results (e.g., TCM, Boundary
Dam, UKCCSRC PACT plant).

SUSD Test Campaign at TCM with Cesar-1: 27 wt% AMP+ 13 wt% PZ
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TCM CO, capture facility, Mongstad Norway

Depleted

Absorber RCC stripper
Cross section dimensions 3.55m x 2m 2.2m diam
Packing height (m) 18 8
. Flexipac 2X Flexipac 2X
Packing type (structured) (structured)

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

GO}

A

CHP \
DCC

-

Water
Washes

Absorber

flue gas

I

-

\/
/\

Combined heat and power (CHP) mode

Product CO,

® Flow metering

© Composition

—)

~©- |y

5

v/
I\

\/
I\

\/
"\

A

—>

9

RCC

A

Stripper [L[==Z

¢

Steam

Condensate
@ TECHNOLOGY

CENTRE
MONGSTAD

Refinery catalytic cracker (RCC) mode captures 200 t-o,/day, gas CO, content 12.9 mol%

Cesar-1: 27 wt% AMP+ 13 wt% PZ
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Flue gas flow rate (Sm3/h), Solvent flow rate (kg/h)

Cold start-up and normal shut down

Changes in key process parameters
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Column temp during cold start-up & normal shut down

Absorber temperature profile Stripper temperature profile
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Cold vs Hot: Major difference in start-up time
Testing at TCM with Cesar-1: 27 wt% AMP+ 13 wt% PZ

Cold start-up
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—— Inlet flue gas flow rate ——Rich solvent flow rate
—— Lean solvent flow rate ——CO,, product flow
——Steam flow (P & T corrected)

Start-up time =2 h 35 min

Start-up time = time to reach target steam flow rate
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Flue gas flow rate (Sm3/h), Solvent flow rate (kg/h)

“Improved” hot start-up
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Start-up time = 30 min

Conventional hot start-up =1 h 55 min
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Cold start-up
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Higher ramp

rates Shorter start-
up & shut
@ down times
Part-load
efficiency Minimise
co,
ﬂOOﬂ emissions

Shorter =Ei Ability to

minimum = Efa maximise

uptime and power

runtime production
Lower

minimum load

Flexible operation of CO, capture plants

With more intermittent renewables in energy systems,
power plants with CCS need to be highly flexible.

Pilot- or demonstration-scale studies of novel operation
strategies provide certainty around technical feasibility.

Pilot plant studies have demonstrated flexible operation
In processes using MEA at different plant scales (pilot to
demonstration scale). What about other solvent types?

To development robust dynamic process models:
- Availability of dynamic plant data is top priority,
- Ensure experimental methods provide reliable data.

Experimental R&D will help identify how to maximise
flexibility through design/operation and optimised
process control, especially during highly transient
conditions, e.g., start-up, shut down.
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Imperial College Role & value of carbon capture & storage
London

Nay,, .
Onay The technical elements of CCS are well-understood

and the financial/commercial models are becoming
increasingly clear.

Large-scale deployment CCS is needed for deep
decarbonisation. There is substantial evidence of the
economy-wide GDP and employment benefits
associated with CCS deployment.

CCS to provide dispatchable, low-carbon power to
balance the increased intermittent renewables.

CCS will also have important roles in greenhouse gas

removal (GGR), hydrogen production and industrial
decarbonisation.
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Extra slides
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* Start-up times are longer for cold start-up (plant shut for more than 48 hours) than for hot start-up (plant shut for less than 8 hours).

Notes: h = hour; min = minute; MW = megawatt; Pnom = nominal power.ICE = Natural gas fired internal combustion engine
Sources: 2Agora Energiewende (2017); "Henderson (2014); <Feldmdller (2017); “Wartsila and Roam Consulting (2018).

International Renewable Energy Agency (2019), Innovation Landscape Brief: Flexibility in
Conventional Power Plants, Abu Dhabi.



Imperial College TCM demonstration of flexible operation
London

Novel flexible operation strategies shown to be feasible at demonstration scale.
Time-varying solvent regeneration: CO, can be “stored” within the amine liquid

Variable ramp rate: different ramp rates can be applied in succession. By maintaining a
constant L/G ratio, CO, capture performance (capture % and loading) will remain constant

Start-up and shut down protocols: demonstrated strategies to reduce start up and shut
down time and CO, emissions.

This dynamic data has been published, making it available for others to use for dynamic
model development.

Bui, M., Flg, N. E., de Cazenove, T., Mac Dowell, N., (2020). International Journal of 38
Greenhouse Gas Control, 93, 102879.



Electricity Systems Optimisation Framework

ESt)

Characteristic Model Name
complexity (size/non-convexity of model) 1 4 | q

A node, clustere

__________________________________________ and full hourly, one @ ESO
_________________________________________ year

. o |

° 1 node, full hourly,

@ ® @ | =

1 ° o | 35 years ® ESO-X
ot 1 A 3|5 85 t > 1 node, 35 years,
3 7 time {years) endog. tech. LR ° ESO-XEL

space (zones) ~ T
_ _ multi-zone,
Available in GAMS, AIMMS, clustered time Q) ESONE—X/-XEL

(soon) python/pyomo
-

Heuberger, C. F., et al. (2016). Energy & Environmental Science, 9 (8), 2497-2510. ; . .
39 Heuberger. . F. & Mac Dowell, N. (2018). Joule, 2 (3). 367-370. Open source on GitHub: https://zenodo.org/record/1212298
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Power Plant Type

A Coal
A CoallCCGT/IOCGT

Power generation, &
storage capacity  *

A CoallOCGT
A CCGT
6 5t A CCGT/OCGT
| A oceT
Rl A Conventional Thermal Gas
A Oil
A Diesel
A Biomass/CoallOCGT
A Biomass/OCGT
A Biomass
A Hydro
A Pumped Storage
A Nuclear

A Wind

Transmission 2

capacity & |

ESONE Model Formulation

Viel Ky
Va € A

expansion .

Initial supply and transmission capacity

Build rate constraints (supply, store, transmiss.)
Life time constraints

Maximum resource constraints

System-wide .

Vee U constraints .

Electricity demand
Reserve requirements
Inertia requirements
Emission target

Transmission between zones

Tech.-wise
constraints .
Integer

scheduling

VteT

Power, Reserve, inertia provision
Flexibility of generation/storage units
Carbon emissions by technology
Uptime and downtime

S Objective

min { CAPEX + mode-specific OPEX }




ES

Characteristic

Model Name

ESO-X Model Formulation

1 node, clustered
and full hourly,
one year

1 node, full
hourly, 35 years

1 node, 35 years,
endog. tech. LR

multi-zone,
clustered time

ESO

ESO-X

ESO-XEL

ESONE-X/-XEL

Viel NETETaia, .
Va € A E2CELHE) .

Initial supply capacity

Build rate constraints (supply, store)
Life time constraints

Maximum resource constraints

System-wide .

Vee O constraints .

Electricity demand
Reserve requirements
Inertia requirements
Emission target

Tech.-wise

constraints
A A = B —

Integer
scheduling

Power, Reserve, inertia provision
Flexibility of generation/storage units
Carbon emissions by technology
Uptime and downtime

sum  JolJfTad\':!

min { CAPEX + mode-specific OPEX }




