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Unit operations for CO; capture
Distillation
Absorption
Membrane
Adsorption
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Distillation

o Multi-stage countercurrent
o No additional phase/agent
o Energy intensive (cryogenic)
o Good for bulk separations

Gas | T, (CC@1 Teipie ©C
bar) bar)

CO, | sublimation -57, 5.18

CH, h -183, 0.12

-219, 0.0015
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Absorption

solvent
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o Multi-stage countercurrent
o Chemat fysical solvents

absorption T l

o Solvent losses/degradation

o Need for trade-off between
CO,-rich selectivity and energy cost of

) V__solvent solvent regeneration
CO;-rich
gas ‘

v

Pianeta 3000 — Politecnico di Milano - 12.11.07




make-up

lsolvent

absorption T l

__J COy-rich
v solvent

Absorption

—>CO

\4

CO;-rich
gas ‘

CO;-
lean

regeneration

L) T ]

solvent

B reboiler

Pianeta 3000 — Politecnico di Milano - 12.11.07

Eldgendaiache fechsiache Hochachale 2isich
Swinn Fedesal Matitute of Technokogy Zurich

CO,/N,

Pianeta 3000 — Politecnico di Milano - 12.11.07

Adsorption

02/N,

absorption |||

C0,-rich
Bas

selyent

CO,/H,

|—-A co.
= :
|T: Apsorptlon

]
&

CO.-lean
solvent B’um.le.

Membrane

CO,/CH4




he Techsiache Hechuchale 2ieich

Hec!
Swinn Fedesal Matitute of Technokogy Zurich

Adsorption

) o Chemical/physical sorbents
o Zeolites for pure O, (physical)
. o AC, zeolites or CaO for CO,
adsorption ) ]
high p o Multi-stage fixed-bed

o Issues

/ o Cycled operation: high p for
/ adsorption; low p for
ﬁ regeneration (trade-off)

A o High purity+recovery not easy
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. 7# Zeolites for pure O, (physical)
adsorption _
high p NAC, zeolites or CaO for CO,
% a Issues
// o Cycled operation: high p for
// regeneration adsorption; low p for
ﬁ low p regeneration
A o High purity+recovery not easy
Y o Pressure Swing Adsorption
At AG (PSA)
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Membrane

o Single-stage

o Polymeric membranes (low T), A+B
ceramic membranes (high T) R
:] x.—
o Trade-off between selectivity N >
and permeability A (+B) mlallal
(+A)

o Need for multi-stage with
recompression for high purity
and recovery

o Energy intensive
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Unit operations for CO; capture
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Unit operations for CO; capture

CO,/N 02/N, CO,/H CO,/CH
2 2 4
Absorption Distillation Absorption Absorption
(chemical) (cryogenic, (chemical / (chemical /
large scale) physical) physical)
Adsorption
(PSA,
small
Research scale)
o Improved solvents o Improved process design
o New materials for o Hybrid systems

membranes and adsorbents

o New advanced concepts
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Chemical looping combustion

Compression Combustion Expansion

Oxygen
depleted air
=14% O,
Metal oxide CO, + H,0
Fuel Co,
A

Compression
and storage

H,O

Source: IPCC Special Report on Carbon Dioxide Capture and Storage (2005)
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Advanced zero emission power plant (AZEP)
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2. Carbon dioxide storage by mineral carbonation
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Carbon dioxide storage

Power plant with CO, capture

Mineral

carbonation Ocean

Aquifers
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Mineral carbonation

C+0,¢v CO, + 394 kd/mol CO,
MO + CO, > MCO;4 + 60 + 90 kd/mol CO,
P R
??" d %‘" ‘: Total silicate deposits can

B AR ﬁ.’?;._",:_‘ fix CO, produced by all
' ’ 13, fossil fuel resources

Olivine
Mg,SiO, + 2CO, <» 2MgCO; + SiO, + 89 kJ/mol CO,

Serpentine
Mg;Si,05(0OH), + 3CO, <> 3MgCO, + 2SiO, + 2H,0 + 64 kJ/mol CO,

Wollastonite
CaSiO, + CO, «» CaCO, + SiO, + 90 kd/mol CO,
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Mineral carbonation of natural silicates
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Mineral carbonation - the aqueous process
Olivine: Mg,SiO,+2 CO, < 2 MgCO, +
Sio,

: "“E:‘i:{a::?g"' | “towpH) (hi‘gh pb.-l) Siica
Accelerating dissolution: Accelerating precipitation:
* Strong acids © High pH
® Weak acids/ligands © High CO: pressure
® High surface area © Seeding?
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. o e Feasibility study
Operating conditions
Albany Research
. Center, WA
* Aqueous process, batch MgCO;
* Parallel dissolution/ precipitation
 Particle size: 37 micron
¢ Solid concentration: 30 wt.% serpentine
¢ Residence time: 1h
Carbonation conditions
Mineral T, °C | Pco, atm Carrier solution
.. 0.64 M NaHCO ;,
| Olivine 185 | 150 1 M NaCl
Wollastonite 100 40 Distilled water
. 0.64 M NaHCO ;
HT se rpentine 155 115 !
pe 1 M NaCl
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[Err—

Feasibility study

Albany Research
"""" L Center, WA

Source: IPCC Special Report on Carbon Dioxide Capture and Storage (2005)
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Assessment and costs
Feasibility study

Albany Research

Best option: Olivine Center, WA

* Cost: $50 - 100/ t CO, stored
* 30 - 50% additional energy requirements

* Scale: 1.6 - 3.7 t mineral / t CO, stored
(similar scale as corresponding coal mining)

For comparison:
* Capture & transport: $ 15+ $ 80/t net CO, captured
* Geological storage: $0.5+ 88/t CO, stored

We are seeking a 2-fold to 5-fold improvement!
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Mineral carbonation - the aqueous process

Olivine: Mg,SiO,+2 CO, < 2 MgCO, +

.
SiO,
2
co,
Silicates Pr&gi:i:::‘:sm o €O; and silicate Cartonate Carbonates
— " (mechanical i -
thermal) (low pH) {high pH) Silica
costly slow
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Experimental set-up

Low pressure and temperature reactor High pressure and temperature reactor

€O, butfer tank

Feed vessel

Stirred tianium | ‘

=

Procedure: MgCly(aq) + Na,CO,(aq) - MgCO, | +2NaCl(aq
* Heating up of Na,CO; + H,O Measurements:

* pressurization with CO, * On-line: Raman

* dosage of MgCl, e Off-line: SEM and XRD
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Olivine dissolution (low pH, fast)

0.25 T T T T
0.20 — Model -
=  Experimental values (R28)
pH=2
T =120C
V =160 ml
015 @ = 10 mifmin 1

010

concentration (5i/Mg average) [mMal/1]

005

0.00

r =1.03 10" mal/em’/s

k =3.57 m'smal

o Population balance equation:
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Olivine dissolution rate vs. pH and T
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F.

log(r) = -n pH -E /(RT) + C

T=150°C:
log(r) = -0.46 pH - 7.58

. T=120°C:
log(r) = - 0.46 pH - 8.07

T=90°C:
log(r) = - 0.46 pH - 8.66

T= 26"0:*
log(r) = - 0.50 pH - 10.64

e r = [mol/cm?/s]

* Pokrovsky and Schott (2000) ™

Hanchen et al., Geochim. Cosmochim. Acta 70 (2006) 4403-4416
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12 Activation energy:
E, = 52.9 kJ/mol
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Nesquehonite
MgCO;°3H,0
£ 7 Hydromagnesite
g (MgCO;)Mg(OH),
:33, *4H,0

Magnesite: MgCO;
Brucite: Mg(OH),
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Nesquehonite Hydromagnesite Magnesite
MgCO3°3H20 MgCO03)sMg(OH): «4H>O MgCOs
T=25°C, Pcoz = 1 bar T=120°C, Pcoz = 3 bar T=120°C, Pco2 = 3 bar
texp <4 h texp > 12 h

Hanchen et al., Chem. Eng. Sci. (2007) in press
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Precipitation: high T, high Pco;

Time-resolved
o Raman spectra
o T=120°C, Pcoz = 100 bar
z'
5=

Magnesite

raman shift [1/cm]

Hydromagnesite

Hanchen et al., Chem. Eng. Sci. (2007) in press
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Mineral carbonation of APC fly ash

E carbonated
21 (@30°C, 3
<1 bar, L/S 0.02,
| 24h)
0 10 20 30 0 , 5; o 60 70 80 90
%/—/
Ca hydroxides
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Mineral carbonation of APC fly ash
. CaCoO
1 3
. carbonated
e 1 (@30°C, 3
bar, L/S 0.02,
I M 24h)
0 10 20 30 0 , 5; o 60 70 80 90
%/—/
Ca hydroxides
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Concluding remarks

o “Technologies are available to reduce greenhouse gas
emissions but policies and measures are needed to realize
the technological potential” (IPCC, 2001)

o Achievement of emission reduction targets require that all
options be exploited (renewables, efficiency, savings,
nuclear , CCS). Without CCS targets will not be achieved.

o CCS is expensive, particularly at this early deployment
stage (6 Mt CO,/y out of 25 Gt CO,/y). We need new global
and local regulatory, fiscal and financial instruments to
make it possible.
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