4@ % NANYANG
TECHNOLOGICAL
UNIVERSITY

SINGAPORE

Carbon Capture and Storage
(and Utilisation)

Liu Wen Paul
Associate Professor

School of Chemistry, Chemical
Engineering and Biotechnology




Course outline

Background
Introduction of CCS technologies
Post-combustion CCS: case study

Challenges of CCS

i A wonNoRE

Future opportunities: CCU (optional)

ETI HWANTANG TECHMOLDGITAL UKIWERSITY SINGAPORE



1. Background




Increasing atmospheric CO, concentration
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Greenhouse gas effect

The Greenhouse losing its balance

49% increase
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Earth’s carbon cycle
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Climate change is more than global warming

Diminishing polar ice caps Extreme weather events
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Climate change is not new

Geological reasons

Astronomical reasons

The speed of climate change matters

Temperature variation (AT)

Interglacial periods Cerbon Dioxide
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Climate change projections

2100 WARMING PROJECTIONS "

Emissions and expected warming based on pledges and current policies

d
o

edar

oy

)

Warming projected
by 2100

Baseline

Current policies

---------------
- LR
- - - -

Global greenhouse gas emissions GLCC

10

-

Eil HWANTANG TECHMOLDGITAL UKIWERSITY SINGAPORE



Consequence of inadequate climate action

* Achieving net-zero ASAP is the pre-requisite to control global warming to within 1.5 °C
* Current policies and industrial efforts are inadequate to achieve the “1.5 °C target”.
* Every additional 0.5 °C means
o 2.6 x more extremely hot days
10 x more ice-free days in the Arctic
2.3 x reduction in agriculture output
41% reduction of coral reefs and their ecosystems
2 x reduction in fishery harvest
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There is no single solution

Circular economy

Energy efficiency

Renewables

CCUS

Radiation management

Reforestation & afforestation
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Global pledge to net-zero
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Development renewable energy
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Trend in global energy production
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Net-zero America 2020
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2.Introduction to carbon capture
and storage (CCS)




Approaches to CCS

No capture

Post-combustion capture _
Lean air
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Post-combustion capture [;
BOILER _0_

w| STEAM
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e End-of-pipe technology

* Retrofitting to existing facilities

 Commercially operating M

COMPRESSOR ! |
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Source of image: Global CCS Institute
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Pre-combustion capture Q

»> NITROGEN
* Energy conversion
GASIFIER
T << FUEL
* Hydrogen as the energy vector | syneas
SHIFT REACTION _@_
e Suitable for transportation sector GAS

* Pre-existing technologies

w | HYDROGEN

e Require overhaul of existing COMPRESSOR ( |
boilers and turbines
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Oxy-fuel combustion @

4

»> NITROGEN
* Combustion in nitrogen-free
environment | moueR I—;
E I - < FUEL
* Energy penalty associated with
air separation | steam
TURBINE

* Recycling CO, to regulate flame
temperature

* Thermodynamically
advantageous when applied for
natural gas powerplants 21
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In essence, CO, capture is gas separation

Physisorption Chemical reaction/adsorption/absorption
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Physisorption
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e Adsorption towers
* Low selectivity

Pressure change * Pressure swings

CO2CRC
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Chemical reaction (carbonation) and chemisorption

Decarbonised CO; to
flue gas T compression
Make-up
* Higher selectivity R TOR Caco,
=650 ° Fuel
T=650°C ue
* Poison by SO,
Fl f Ash and
pl;evvg:rspl'aor:‘rt1 deactivated l T Oxygen
* Energy penalty for sorbent material
regeneration Carbonator: CaOg,, + CO,,, 2 CaCO,,,, + Heat (exothermic reaction)

Calciner: CaCO,, + Heat > CaO(, + COy, (endothermic reaction)

24
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Membrane separation

voo .
hd 2 * Reverse osmosis
o/
- “ ) . H . .
@ N igh selectivit
oL ) ® g y
& OV ,
(™ E
x ) Pressure * Flow flux
k ) Wdifference
"~
B < ‘f * Energy intensive (pressure ratios
o across the membrane)
N A
" % e Cost of membranes
A

* Lifetime of membran
Source of image: CO2CRC € €0 embranes

25

E HWANTANG TECHMOLDGITAL UKIWERSITY SINGAPORE



Air separation (cryogenic distillation)

* Cryogenic technology
* Energy intensive
* High CO, purity

e Suitable for co-production

26
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Diverse sources of CO2

* Byproduct of the refining
Oxidative dehydrogenation
Epoxidation
Catalytic cracking (catalyst regeneration)

*  Metallurgy
Carbon
Limestone (for slags)

 Cement industry
Kilns
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Application of CCS in cement manufacturing
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Energy penalty associated with gas separation

Gibbs free energy of gas mixing (and separation)

AiG=nTRY x Inx,

* Separating 1 mole of air (21% O, and 78% N,) requires at least 151 J of energy.
* Separating CO2 from 1 mole of flue gas requires at least 333 J of energy.
* Actual energy penalty is 2-3 orders of magnitudes higher

* Existing gas separation technologies needs to be more efficient to make CO, capture cheaper
29
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Cost of CO, capture

* Energy input for gas separation

* Reduction in powerplant outputs

* Reduction in power generation

* Incrementin levelized cost of electricity (e.g. $ per MWh)

«  Cost of CO, abatement ($ per tonne)

«  Cost of CO, capture by first generation post-combustion capture facilities (US$100/t-CO,)

+  (Estimated) cost of CO, capture by next generation post-combustion capture facilities
(US$40-60/t-CO,)

»  Cost of direct air capture (DAC): US$300-1000/t-CO.,.
30
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Powerplant efficiency, CO, concentration and efficiency penalties

CO, concentration in emission sources

o)
Heat-to-power efficiency 100%
80%
Diesel
|
CCGT 60%
Natural gas
| .
Single stage 0%
. Ultra-supercritical 0 Hvdrogen
Coal fired I Supercritical ycarog
Subcritical 20%
F
0 20 40 60 NGCC urnaces
0% [
Coal Boilers Cracking Ethylene
powerplant

Efficiency penalties (% of heating value)

Post-combustion

20.0% .
capture by amine

Chemical looping OXYfuel combustion Ppre-combustion scrubbing

combustion

0.0%
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Capital cost

Petra Nova CCS project, started operation from January 2017
Capturing from 33% of flue gas from boiler #8

Producing 99% CO, for enhanced oil recovery (EOR)

Total budget: USS1 billion

Stopped operation in 2020 due to low oil price

Operation resumed in Sep 2023




© Science Magazine

CO, storage

Sedimentary rocks
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CO, storage

*  From fossil fuels to fossil CO2
* Possible pathways

— Deep sea

— EOR

— Geological storage

— Mineralisation

s

CO; storage sie

Greater than 1km

CORE SAMPLE

B
/
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N.B. For EOR, the net CO, emissions vary from about 0.7 to 0.8 tonne CO,-equivalent per tonne CO, stored.
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Deep sea storage

* CO, is partially soluble in water
* CO, hydrates
* Risk of seismic activities

* Abandoned by mainstream research efforts

CO, GO,
reachor
Fiy
I . Captured and
Duspersal ot — Loppressed CO,
Dispersal of O, by atip CO, CaCO, ..
s 2500 Refiing ship
- e o
\ . &’
G
> - ‘ S
Co‘ lwen
- O ke

':.::' RARTANG TECHMOLOGICAL UNIVERSITY | SINGARIRE




Enhanced oil recovery

A" oIL PRODUCTION
WELLS

* 30-60% of the oil reserve cannot be
extracted by conventional means

* Economic viability = i AooimonaL

* The pumping cannot stop
 Potential environmental issues

36
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Enhanced oil recovery

e Suitable for areas with oil and gas
fields

* Negative-carbon energy through
biomass powerplant + CCS

* International collaboration

37
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Geological storage

* Inject liquid CO2 to underground cavities, such as oil fields, saline
aquafers, abandoned mines, etc.

« Main CCS pathway
« Suitable for seismically inactive areas

110 MWe CCS project at Boundary Dam, Canada Williston Basin across the US-Canadian border
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CO, mineralisation

* 22% of the Earth crust can react with CO, to form carbonates
e Thermodynamically feasible

* Extremely slow rate (natural weathering)

* Can be accelerated by industrial processes

Limestone

Natural/accelerated
weathering

a
»
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Cost of CCS

* Capture: USD30.00 —40.00 /t-CO,
* Compression: USD10.00 -17.00 /t-CO,
* Transportation:  USD2.00 -10.00 /t-CO,

* Injection: USDO0.50 - 8.00 /t-CO,
* Monitoring: USDO0.10 - 0.30 /t-CO,
e Total cost is UsD60 /t-CO,

This translates to approximated 6 US cent per kWh

B various Rock Strata
- Caprock
- Depleted Oil Reservoirs

H Saline Formations

40
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3.Post-combustion CO,, capture
and storage (CCS): case study




Commercially operating CCS plants in the world
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Amine scrubbing
towers
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line Puriﬁcoﬂon

An
Units (APU)

‘When the amine caplures
50: and CO:, salt-like
impurities puild up In the
system from other

components in the flue oo
The APU removes the
impurities in @ process
similar fo a water softener
removing the hardness
from water in your home.
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(o Amine Tank

This is where the
DS-Absorbent amine is
sfored. This solvent captures
SO: from the flue gas. This
tank is relatively small
compared to the CO:z
amine storage tank
because there's less SOz in
the flue gas, so less SOz
amine is required.

ki SaskPower

Powenng o Rutiir




This tank stores the DC- 103

amine which is used o
cO: from the

is much larger
than the SOz amine tank
because there's an average
of 150 times more CO:in the
flue gas than SOa.

storage tank

11 SaskPower




8 stage CO2 compression
plant (4 wet stages and 4
dry stages). Power
consumption: 13.6 MW

.
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Experimental site for
CO, injection
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EOR field
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Source: Global CCS Institute
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4. Challenges for CCS technologies
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Failure cases

Mongstad Project, Norway. Abandoned in 2013 after
several billions of USD of expenditure.

 BP DF-1 project; regarded as economically unviable,
Funding withdrawn.

Kemper Country, Mississippi, US. Delay, exceeded
budget, technical issues.

And many more.

68
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Possible reasons to failure

First generation CCS technologies are almost all first-of-
it- kind.

Funding mechanisms

Lack of know-hows

Lack of viable business models

Lack of economy of scale
69
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Voices of skepticism

CCS is a transitional solution and an unnecessary distraction
from developing renewable energies

CCS technology is not mature
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CCS technology is too expensive
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“CCS is a transitional solution”

* Conventional (fossil-fuel powered) thermal powerplants are still required
to provide a stable baseload to our electricity grid.
* CCS technology can address industrial emissions from non-power sectors

Daily renewable energy generation in the UK o Refineries
1o Sl bl pvetondp mampscbtag o Power.~ - Iron & Steel

coal‘; Cement
9%

52% Power: other
B Wind
Solar
B Hydrs
B CHP
BAD | T

Landfill gas

Power: oil

Power: gas

71
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“CCS technology is not mature”

 Both CCS and CCU technologies have been demonstrated at commercial
scales

Petra Nova CCS project could provide 200 MW of low 1000 t/year solar powered CO, to methanol
carbon electricity project, Lanzhou, China




“CO, technologies are too expensive”

When deployed at a global scale, CCS-powerplants offers much cheaper low-carbon electricity than

renewables.

, The cost impact of CCS is less than the
! impact of fluctuation of oil price.
g LADY HI 1] pew basrmed
» = 3
1.“ g g s SR ek T Pl Bl | :;mml
g ° s 100 -
¥ E
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Total CO_ Emisscrs (N1) ->
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Energy Environ. Sci., 2018, 11, 1062-1176
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CCS is not a competitor of renewables. They are scaled up differently.

* CCS sounds less green than renewables
* End-of-pipe technology sounds less attractive than no emission

74
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5. Future opportunities
-CO, capture &
utilization (CCU)
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CCS is not suitable for all countries
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e : CO, capture, storage and utilization (CCSU)

Direct use: F&B, semiconductor, building, niche
applications

casiagia : e Biological: greenhouses, algae cultivation

electrochemical
(ry rraceoren| e wls
i - or chomvcal

i ot S

(mirevalizaton)

Carbonation: mineralization, cement curing
Chemicals: polycarbonate, bicarbonate
Oil production: EOR

Mg eaviro Chemical conversion: CO, hydrogenation to syngas,
formie ackd) A _ _
[ A olefins, alcohols, etc.

Mow et e s Moty v T ] Years 1o

10 decades cerourwa 20 ymary OOt ey Nature 603' 780—783 (2022) 77
T e e e e e e e e doi: https://doi.org/10.1038/d41586-022-00807-y
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Fuels Food
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Fire Extinguishers «Blanket Products *Injected into metal castings
«Protect Carbon Powder *Added to medical O, as a respiratory stimulant

*Aerosol can propellant
*Dry ice pellets used for sand blasting
*Red mud carbonation 78

«Shield Gasin Welding
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|| Technological challenge

Direct use
Fire extinguishers
Supercritical CO,

Agricultural stimulant
Dryice

Blanketing gas
Respiration stimulant

Direct hydrogenation
Methane
Methanol
Formic acid
Formaldehyde
Ethanol

Dimethyl ether

Carbonation
Fizzy drinks
Bicarbonate
Polycarbonate
Cement curing
Carbon aggregates
Urea

Hydrogenation via CO
Methane
Methanol
Formaldehyde
Ethanol
Ethylene
Aviation fuels




CO, hydrogenation

. C1 conversion:
CO,+H,=CO +H,0
CO, +4H, =CH, + 2H,0
. Carboxylic acid

CO, + H, = HCOOH (Formic acid)
CO, + 2H, =% CH;COOH + H,0 (Acetic acid)
CO, +7/3H,=1/3 C,H,COOH +4/3H,0 (Propanoic acid)
*  Aldehydes
CO, + 2H, =HCHO + H,0 (Formaldehyde)
CO, +5/2H, = 1/2CH,CHO + 3/2H,0 (Acetaldehyde)
CO, + 8/3H, =1/3C,HCHO + 5/3H,0 (Propanol)
e Alcohols
CO, +3H, =CH;0H + H,0 (Methanol)
CO, + 3H, = 1/2C,H.OH + 3/2H,0 (Ethanol)
CO, + 3H, = 1/3C;H,0H + 5/3H,0 (Propanol)

80

tﬁ KANYANG TECHNILDGICAL UNIERSITY | SINGAPORE



CO, hydrogenation - thermodynamics

* Many CO2 hydrogenation reactions are limited by thermodynamic equilibrium
* Low comversion = high recycling ratio = high energy penalty

* High boiling point products favour high pressures
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The cost of CO, hydrogenation is dominated by the cost of green hydrogen

Hydrogen Reaction heat Breakeven hydrogen price (S/kg)
demand

H,/CO, kJ/mol No carbon tax Carbon tax = USD/tonne,
usbD100/t-Cco, approximately
Methanol 3 -49 3.30 3.37 526
DME 3 -61 0.11 0.26 63
Ethylene 3 -40 0.19 0.31 119
Methane 4 -160 -0.09 -0.04 13
Formic acid 1 +15 2.43 2.62 120
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Methanol is a gateway chemical

Fuel additives

Resin 1,4-butandiol )
Anti-freeze
) Waste water treatment
Methylamine
Formaldehyde Methanol fuel cell

Halomethane
DME Dehydration Direct use
Methyl formate
Biodiesel Methanol Cativa process

Zeolite \ Acetic acid

catalysts

- + Isobutylene

Long chain hydrocarbons
Gasoline
Olefins Methyl tert-butyl ether (MTBE)
Aromatics
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Electrochemical CO, reduction _ _
«  Near-ambient-pressure operation

«  Driven by renewable electricity

«  Direct hydrogen supply from water
electrolysis (electro CO, reduction)

L « Oxygen as byproduct
N | * Intermittent operation
’ R = « Catalysts determine product distribution
/
‘e e , - Requires electrolytes
! \ Pt wire counter
7 electrode
1 Es HCOO™  CO,,
m ‘A -
g CO; M "‘. show
3 0, "~. - 2°2e 2H Ct)
8 / --7-;.’-6\' O _‘Q i H;0 = (l; Conhnuod’ s
} ‘Jbg"»t.)'o"" £ 5 i, hydrogenastion
\ H,0 YN
/ metal electrode
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Challenges in electrochemical CO, reduction

*  Overpotential determines energy penalty (@) 1.5p (
*  Scalingup 1.0k G .
o oxide-derived Au
*  Demand for noble metals £ 0.5 56 mVedec-'y ®
5 L
*  Product extraction and purification g ook -
- o
*  Three phase systems — reactor design E 0.5
challenges :§
-1.0pF
gy .
15k polycrystalline Au
114 mVedec™'
20 1 1 1 1 1 ]
00 01 02 03 04 05 06
n(v)
6V Yihong Chen; Christina W. Li; Matthew W. Kanan; J. Am.
rechargeable Chem. Soc. 2012, 134, 19969-19972.

battery
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Hybridising electrochemistry and thermal chemistry to achieve CO, recycling
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