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Introduction: Framework



Steelmaking industry and CO2 emissions

Direct CO2 emissions in industry by sector, 2007
- Second largest industrial user of energy

and largest industrial source of CO2

emissions (2,3 GtCO2 in 2009)1.

- Integrated steel mills based on blast
furnace-basic oxygen furnace
technology dominate global steel
production.

- Most of emissions come from the blast
furnace gas. Typical composition:

17-25% CO2

20-28% CO
1-5% H2

50-55% N2
Source: International Energy Agency (IEA) (2010),
Energy Technology Perspectives 2010, Scenarios and
Strategies to 2050.

Framework: Global warming & CCUS 
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Issues: 
Feasibility (separation performances)?
Energy requirement?
Cost ?

Input Separation and conversion processes Output

Framework: VALORCO Project
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D.S.Sholl, R.P. Lively Seven chemical separations to change the world. Nature
(2016) 532, 435-437.

W.J. Koros, R.P. Lively Water and beyond: Expanding the spectrum of large
scale energy efficient separation processes, AIChE J. (2012) 58, 9, 2624-2633.

Separations processes are costly:

Energy requirement is one of the key issue of process selection 



Membranes: a key technology for energy efficient processes…

Membrane Separations
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Energy & education: a Master 
research project case study



Master research program (Energy & Fluids)

• Transport phenomena (mass & heat transfer)

• Fluid mechanics (CFD)

• Thermodynamics & Energy

• Modelling & simulation (methods & tools)

• Process Systems Engineering (PSE)

• Experiments (design, planning, error analysis…)

• Materials science, chemistry
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Specifications

Membrane 
material

Operating
conditions

Set of 
solutions
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Requirement
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Compressors
Vacuum
Expander
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Membrane gas separations: the long & complex road 
to industrial development



Experimental permeation tests in laboratory unit



The separation challenge: purity, recovery, energy, productivity, cost

Selectivity 

Purity y or xout

Recovery R

Separation factor

Productivity

Energy efficiency

Cost

Permeate composition

y

Outlet composition

xout

Feed composition

xin



Pushing process energy efficiency performances through PSE

MEMSIC simulation toolbox

PSE software environment
(Aspen, ProII, COFE…)

Bounaceur, R., Berger, E., Pfister, M., Ramirez, A., Favre, E. (2017) Rigorous variable permeability modelling and process simulation

for the design of polymeric membrane gas separation units: MEMSIC simulation tool. Journal of Membrane Science, 513, 236-249.
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The ultimate target: cost analysis
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Energy & education:
One step further…



Energy engineering & education… 

• Advanced thermodynamics (IPT, Energy)

• Technico-economical analysis

• Optimization methods (process synthesis)

• Environmental impact evaluation

(LCA, C footprint, water foot print…)

• Innovation methodology

• Systems analysis



Air Liquide DOE project

Low temperature (-30 C)

Compression + ERS

Hybrid membrane / cryogenic process

Energy requirement ~ 204 kWh/ton (1.9 GJ/ton)

Advanced energy integration concepts



Towards process synthesis

Example of a phylogenetic process synthesis tree

(starting from a blank page) 

Courtesy of T. Neveux (EDF)



Thank you for your attention!



Questions? 

Eric.Favre@univ-lorraine.fr


