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Basic system layout, membrane-assisted CO, liquefaction process

Neither sub-technology is particularly optimal for post-combustion capture in stand-alone application
By combining the technologies, both can operate in their optimal separation ranges
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Motivation for combining membrane separation and CO, liquefaction
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* CO, liquefaction expected to be a better 2nd-stage g
. o
option than another membrane stage ©
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Pros and cons about membrane-assisted CO, liquefaction

*  Pros:
* Performance of membranes improves dramatically with increased CO, concentration in flue gases
* No need for handling large inventories of chemicals and disposal of degradation products
* No need for large auxiliary steam generation plants = Mostly grid power is needed
* Prospect for low investment cost for CO, capture
* Potential for very competitive per-unit cost [€/ton CO, captured] at optimal CO, capture ratio
* Cons:
* Generally lower optimal CO, capture ratio than solvents and sorbents
* Scaleability: Generally limited size of each membrane module
* Membrane unit scales linearly
* NB: This is not an issue for the CO, liquefaction part of the process

* Membranes are not yet mature technology for post-combustion CO, capture, but already shown to
be mature in other demanding industries (e.g. natural gas upgrading)




Membrane separation of flue gas — Process principle
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Partial pressure differences for CO,, N,, O, etc. between
feed and permeate is the principal driving force of
permeation of the difference gas components.

The membrane's ability to favour CO, over the other gas
components is the membrane selectivity.

The selectivity of CO, over e.g. N, for membranes
appropriate for post-combustion capture are typically
from approximately 50 up to a few 100s.

The result is an increased CO, concentration on the
other side of the membrane.




Membrane separation of flue gas — Pressure levels
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Max theoretical enrichment of CO, through membrane:
CO, permeate concentration - Pfeed

CO, retentate concentration — pyerm

Example: CO, enrichment from 15 vol% to 75 vol%:

Pperm 15 vo0l% a

The actual pr.q/Ppem Pressure ratio must be even higher
than this number, due to practicalities




Membrane separation of flue gas — Pressure levels
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* A membrane process will have typically a moderate flue gas pressure on the feed side and a moderate

vacuum level on the permeate side

* Membrane pressure ratio (Pr..q4/Ppem) Must be high to allow high enrichment of CO,

* Can be promoted by having vacuum on the permeate side, i.e. p,,, < 1

atm

* Membrane pressure difference (pr..q - Pperm) Must be relatively high to allow high flux through the

membrane and thus reduce the overall membrane area requirement
* Can be promoted by raising the feed pressure p,.., by using a blower/co
* There are, however, several trade-offs to consider:

mpressor

* Vacuum pumping power requirement + volume flow increase significantly at low vacuum levels

* Feed gas compression is very power-demaning to the vast volume flows

* Too high membrane pressure difference promotes flux of other components than CO, and therefore

counteracts the desired CO, enrichment effect
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Single-stage membrane process
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a Casillas et al. Pilot testing of a membrane system for
post-combustion CO2 capture. NETL CO2 Capture
Technology Meeting (2015)
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Two-stage membrane process with recycle loop
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Hybrid membrane-assisted CO, liquefaction process
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2-stage membrane CO,
separation process

Optimal CO, capture rate:

=~ 40-60 %

Membrane-assisted CO,
liquefaction process

Optimal CO, capture rate:

CEMCAP research task

Liquid CO,
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Liquefaction process for CO, purification

Simplified process layout CO, purity at -50°C (phase equilibrium)?
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Fig. 7. Isothermal VLE data from literature [37, 28, 27, 52], EOS calculations at mean temperature T = 223.14 K, and measurements with estimated uncertainties

S e p a ra to r P re s S u re I eve I Te m p . | eve I CO 2 p u r i ty from present work: Xeo,» Yoo, Pr Ue ()?caz), U, [37:0,] and u, () from Tables 4 and 5. Critical point estimation and its uncertainties are from Section 5.2.
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Principal layout of combined membrane and liquefaction capture process
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Ongoing and further work

* Modelling and simulation of full-scale process configurations

* Includes in-house model for membrane unit
* Foundation for the techno-economic analysis in CEMCAP

¢ Determine optimal CO, capture ratio and specific cost and energy
requirement

* Bench-scale testing of (pre-)commerical membrane material
* Verify selectivity and flux appropriateness for CO, capture
* Laboratory pilot testing of the CO, liquefaction and purification unit
* Test facility under commissioning
¢ Capacity: Approximately 10 ton CO, per day
* Experimental verification of CO, separation ratio and product purity
*  Comparison with theoretically obtainable performance

- Determine techno-economically optimum full-scale layout and KPlIs

-> Propose layout of a scaled-up, on-site pilot plant
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