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CO2 capture 
technologies

M. Babar, M. Bustam, A. Ali, A. Maulud. Int J Automotive 
Mech Eng, 15 (2018), p. 5367-5367
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▪ M. Jensen. Energy Process Enabled by Cryogenic Carbon Capture,
PhD thesis, Brigham Young University (2015)



Equilibrium data

Babar, M., et al. (2019). Thermodynamic data for cryogenic carbon dioxide capture from 

natural gas: A review. Cryogenics, 102: 85-104

Effect of CO2 concentration on the P–T phase

Conventional V-L 

separation
Un-conventional V-S 

separation



Cryogenic separation

Advantages

• low energy requirements

• high product purity

• no chemical reaction involved

• low footprints

• less hydrocarbon losses

• applicability for high CO2 content 
gaseous mixtures at any pressure

Disadvantages/Challenges

• cooling duty requirements

• electricity consumption

• solids handling



Cryogenic processes

V-S Cryogenic

Cryogenic liquid

Sustainable Energy 
Solutions (SES), 

CCC™ 

Heat exchangers

Cryo Pur

Packed bed

Eindhoven 
University of 

Technology (TU/e)

Moving bed

PMW Technology



SES Spray tower

Cold droplets descending and 
flue gas ascending in 
countercurrent flow.

SES Bubbling mode

Heat exchange between 
bubbles of flue gas passing up 
through a cold liquid.

0.5 tonne/day CO2

Compressed Flue Gas (CCC-CFG) process

External Cooling Loop (CCC-ECL) process

Sustainable Energy Solutions (SES)

https://sesinnovation.com/technology/

Brigham Young University

https://sesinnovation.com/technology/


Flows ranging from 200 Nm3/h to 2,000 Nm3/h raw biogas http://www.cryopur.com/en/technology/

Cryo Pur
École de Mines, Paris, CES

http://www.cryopur.com/en/technology/


Packed beds

• dynamically operated packed 
beds

• cooling is provided by the 
evaporation of LNG

Tuinier et al. (2011). Techno-economic evaluation of cryogenic CO2 capture—A comparison with absorption and membrane technology. 
Int J Greenh Gas Con. 5(6): 1559-1565

Eindhoven University of Technology (TU/e)



Moving Packed Bed Capture Concept



Cryogenic Carbon Capture research

2016

Concept developed and 
patented by PMW 

Technology Ltd

2017–2018

Innovate UK grant for 
feasibility study

2017–2020

ERDF Eco-Innovation funded 
PhD at University of Chester

2019–2020

Process modelling 
development University of 

Chester, HEIF KT funded

2020

- DfT funded application 
study for shipping

- Process tomography 
investigation, UKCCSRC 

Flexible Fund 2020



INNOVATE UK

Feasibility study



Study Scope

• Study team
• University of Chester, University of Sheffield, PMW technology, WSP, 

DNV GL, Costain

• Process feasibility 
• Process modelling
• Conceptual process equipment design

• Case study comparison with MEA reference
• Large utility boiler – 14% CO2

• Gas turbine combined cycle – 3.6% CO2

• Biogas plant – 39% CO2

• Life cost of capture analysis



Advanced Cryogenic Carbon Capture (A3C) 
process

PMW Technology



Thermodynamic modelling of A3C process

• A model was developed in using Aspen Plus® software to demonstrate the 
feasibility of the A3C process (Innovate UK, 2018).

• Challenges: the gas-solid phase equilibria, the moving bed of metallic beads

• Consists of two sub-models: the Cooler-Drier and the Core-Fridge

• Extended to include a Pretreatment model and CO2 Liquefaction model

• Integrated model in Aspen Simulation Workbook

• Enabled us to identify an initial target application: Biogas Upgrading



Integrated model in ASW

MAIN CONSTRAINTS

CONVERGENCE CRITERIA B

OUTPUTS B

INPUTS A

CORE-REFRIGERATION SYSTEM 

MODEL

MAIN CONSTRAINTS
CONVERGENCE CRITERIA A

INPUTS B

OUTPUTS A

COOLER/DRIER MODEL

INPUTS C

PRETREATMENT MODEL

MAIN CONSTRAINTS

CONVERGENCE CRITERIA C

OUTPUTS C

INPUTS D

CO2 LIQUEFACTION 

MODEL

MAIN CONSTRAINTS

CONVERGENCE CRITERIA D

OUTPUTS D



Instance of the Core-
Fridge

➢RGibbs blocks can 
handle the vapour-solid 
equilibria in the 
Desublimer and 
Sublimer.

➢ Solids moving bed 
represented by a liquid.

➢Gas contact with bed 
represented by indirect 
HX. ONECOMP
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Study findings

• Process concept feasible

• Suitable for wide range of 

CO2 concentrations

• Competitive with MEA 

despite being unoptimized

• Particularly beneficial at 

smaller scales 

• Up to 70% lower cost of 

abatement than MEA 

reference
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P. Willson, G. Lychnos, A. Clements, S. Michailos, C. Font-Palma, et al. Evaluation of the Performance and
Economic Viability of a Novel Low Temperature Carbon Capture Process. Int J Greenh Gas Con. 2019, 83: 1-9



Shipping 
Application Study
DEPARTMENT FOR TRANSPORT’S T-TRIG PROGRAMME



Marine Decarbonisation using A3C

• Study funded by Department for Transport grant

• Study team: PMW Technology, Houlder Limited, University of 

Chester

• Evaluated application to two case study vessel designs

• Assessed impacts on vessel stability and fuel consumption

• Estimated costs of abatement on same basis as prior DfT study 

• Examined relationship with onshore industrial carbon capture 

clusters



Findings of 
Study

• Application to shipping is 
feasible

• Impacts on vessel capacity 
are small

• Vessel stability is maintained

• Marine capture adds value 
to industrial carbon capture 
clusters

• Cost of abatement are 
about 50% of zero carbon 
fuel alternative

34.1

41.1

8.5

10.0

Typical Cost of Abatement £/te CO2

Vessel 
capex

Vessel Opex

Unloading and 
transfer

Geological storage

Total £93.7 /te



Visualisation tools
TOMOGRAPHY



Forward problem   C = S · ε

Inverse problem ε = S−1· C

C: Capacitance measured on electrode

S: Constant matrix

ε: Permittivity distribution

System features

❑Adaptive sensing digitalized instrument

❑High imaging speed [>1500 fps]

❑Real-time 2D & 3D imaging

Electrical Capacitance Tomography

❑Non-invasive and non-intrusive

❑Online & offline data analysis

❑ Industrial standard



Typical applications of electrical capacitance 
tomography

❑Oil-water-gas / solid-gas flows

❑Fluidized bed monitoring

❑Chemical reaction monitoring

❑Granular dynamics study

❑High speed flame imaging

Demonstration video



Challenge in Packed 
Columns 

• Random or structured packing materials are 

used in gas separation / carbon capture 

applications to increase contact areas and 

prolong reaction time.

• It is a challenge to quantify gas void fraction 

and image gas distribution in the packed 

column.

http://www.tower-packing.cn

http://www.sulzer.com/
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Glass beads packed column Packing free column Pall rings packed column

Packed Co-current Bubble Column

Co-current

flow
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Gas Distribution in Packed Column

Radial range
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Gas volumetric flow rate (L/min)
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Overall gas void fraction obtained from the bed 

expansion method and the tomography method

Gas Void Fractions for different Packing 
Materials

Wang, H., Jia, J., Yang, Y., Buschle, B. and Lucquiaud, M. (2018) Quantification of Gas Distribution and Void Fraction in Packed Column Using Electrical

Resistance Tomography, IEEE Sensors, 18(21): 8963 - 8970



Parameter Value

Liquid Flow Rate 

Range
6-18L/min

Liquid Level Indicator 0-300mm

Liquid 

Conductivity

（NaCl

Solution）

Low 0.1mS/cm

High 30mS/cm

Pipe 

Diameter

Inner 190mm

Outer 200mm

Pipe Height 1200mm

ECT Location（To top） 340mm

ECT Sensor Height 160mm

Packing Structure

Sulzer

Mellapak

250Y

Counter-current Gas Liquid Flow Loop

Wu, H., Buschle, B., Yang, Y, Tan, C., Dong, F., Jia, J. and Lucquiaud, M. (2018) Liquid Distribution and Fraction 
Measurement in Counter Current Flow Packed Column by Electrical Capacitance Tomography, Chemical 
Engineering Journal, Vol. 353, pp. 519-532.



(a) 6.35L/min                    (b) 8.45L/min                   (c) 10.15L/min  

(d) 13.65 L/min               (e) 14.98L/min                    (f) 17.30L/min  

Experiment Results

Used Sulzer Mellapak 250Y(PE)

Rotate the packing 

orientation



CO2-FROST: CO2 frost 
formation during 
cryogenic carbon capture 
with tomography analysis
UKCCSRC FLEXIBLE FUNDING 2010



Objectives

1. Strengthen current understanding of CO2 frost formation 

and distribution on fixed packed beds  

2. Apply for the first time Electrical Capacitance 

Tomography (ECT) to CO2 cryogenic capture to 

elucidate the mechanisms of CO2 frost formation



Cryogenic rig

Frost front advance

Frost front

Gas flow

CO2 deposition leads to frost 

build up, the frost front 

advances through the bed 

material until saturated



Photos of cryogenic rig

Gas inlet pipe

Screw conveyor

Thermocouples

Gas sensor

Heater



Temperature profiles – steel fixed bed

• Thermocouples placed at 

certain heights above the gas 

injector record temperature of 

the bed.

• When the frost front reaches a 

certain height in the bed, 

thermocouples will increase in 

temperature and plateau at the 

equilibrium temperature for CO2

desublimation.



Materials used in fixed bed

• Thermocouples plateau at 

the same temperature for 

both bed materials. 

• Ceramic bed material has 

lower density and specific 

heat capacity, leading to 

the frost front velocity being 

higher. 

y = 0.7835x - 32.804

y = 1.8125x - 32.961
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Simulated 

phantoms

Reconstructed 

images

Simulation Study
Purple areas simulate ceramic beads with relative permittivity 30.

Grey areas simulate ceramic beads wrapped by CO2 frost, relative 

permittivity 2.

Tomographic images can show the diffusion of CO2 frost.



Simulation Study

Simulated 

phantoms

Reconstructed 

images

More simulation phantoms are attempted



Conclusions

• Shown advantages and challenges of cryogenic carbon 

capture

• Potential applications for cryogenic separation, e.g. 

biogas upgrading, decarbonisation of maritime sector

• Progress on CO2-FROST project:

• Simulation for the prediction of CO2 frost behaviour

• Planning for experimental campaign



Future Work

• Research on desublimation process
• Nucleation of CO2 frost

• Dynamics of deposition process

• Interaction between deposited frost and gas flows

• Impact of desublimed frost on bed material flow properties

• Heat transfer characteristics of frost coated bed material

• Pilot construction and evaluation
• Development and evaluation of novel process components

• Assessment of heat transfer with bed material

• Refinement of process models and characterisation
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