Energy transition and the future of energy research:
Innovation and Education

Carbon Capture Utilization & Storage

A case study
Eric FAVRE

@ Ll%’l') @ UNIVERSITE
e DE LORRAINE

Laboratoire Réactions & Génie des Procédés (UMR CNRS 7274)
Université de Lorraine Nancy FRANCE



Outline

ii)

i)

iv)

Introduction: Framework

Energy & education

One step further

Conclusion




Introduction: Framework




Framework: Global warming & CCUS

Steelmaking industry and CO, emissions

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

Aluminium and largest industrial source of CO,
[_ 2% Cement emissions (2,3 GtCO, in 2009)1.
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Framework: VALORCO Project
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Separations processes are costly:

Energy requirement is one of the key issue of process selection

COMMENT ... .CUTTINGCOSTS

energy use and 10-15% of the nation's total energy consumption.
ey rﬂ“ | e l — L M M, Developing alternatives that don’t use heat could make 80% of

these separations 10 times more energy efficient.

Commercial
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Transportation
28%

TOTAL
US ENERGY
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Seven chemical separations
to change the world Residential @

Purifying mixtures without using heat would lower global energy use, emissions and 21%
pollution — and open up new routes Lo resources, say David S. Sholl and Ryan P. Lively.
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scale energy efficient separation processes, AIChE J. (2012) 58, 9, 2624-2633.

*Aquad is a unit of energy equal to 103 British Thermal Units
(1 BTU is about 0.0003 kilowatt-hours). onature



Membrane Separations
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Membranes: a key technology for energy efficient processes...



Energy & education: a Master
research project case study

Mass and energy fluxes Transmembrane mass transfer
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Master research program (Energy & Fluids)

e Transport phenomena (mass & heat transfer)

* Fluid mechanics (CFD)

e Thermodynamics & Energy

Hollow fibers
Module frame

Sealing
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e Modelling & simulation (methods & tools)
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e Materials science, chemistry



Membrane gas separations: the long & complex road
to industrial development
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Experimental permeation tests in laboratory unit
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The separation challenge: purity, recovery, energy, productivity, cost

Mass and energy fluxes

Transmembrane mass transfer
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Pushing process energy efficiency performances through PSE

Mass and energy fluxes Transmembrane mass transfer
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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

Equppment cost
Ly = Am * K (4.1) Membrane cost
Inp = (4n/2000)%7 » Ky o (Prap/55)°% 7" (4.2) Membrane frame cost
08
Ie = Coc* (:;"6’0) # (Poye /69)%18 = MFs » MDF¢ = UF = ER (4.3) Centrifugal compressor cost
P \°% Reciprocating compressor
Ip =Cop* (7220) # (P, /69)°18 x MF. * MDF, + UF = ER (4.4) cost
Lyp = Pop * Cupy (4.5) Vacuum pump cost
0.68
Iyrer = HX, * (%‘) * MFy, * MDFyy * PF + UF + ER (4.6) Heat exchangers cost
Caprtal expenditures

CAPEX = (Z I +Z Ly + ZJHEX + Zlmf +Zlm) = ICF 4.7) Total capital cost

Operational experiditutes

Cognt = Am *V * Ky +0.036 % (Z I+ Z L+ Z IW) + 001 (Ly + Lny) (4.8) O&M Cost
Con =top * Prot * Kal (4.9) Energy cost
Cew = top * Weor * Koy (4.10) Cooling water cost
OPEX = Con + Ce + Cosar (4.11) Total operational expenditures
Anoual and specific separation costs
(4.12) Annual capital costs
Ceap = [(ZICJrZIW +Zlm +1mf) *1.31+0.31*Zlm a4 Iy * O P
Ctot = Ccap + OPEX (4.13) Total annual costs 50 . . - ; ; T g . .
Coroduct gas = Ctot! Mproduct gas—year (4.14) Specific separation cost
Journal of Membrane Science 526 (2017) 191-204 s T = Feed compression
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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

Skid footprint is 24’ x 7’
250,000 scfd flue gas slipstream
Captures 1 ton CO,/day




Advanced energy integration concepts

United States Patent 9

Moll et al.
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TSD056TI133A

1 Patent Number: 5,679,133
(451 Date of Patent: Oet. 21, 1997

[54] GAS SEPARATIONS UTILIZING GLASSY
POLYMER MEMBRANES AT SUB-AMBIENT
TEMPERATURES

Inventors: David J. Moll; Alan F. Burmester,
both of Midland, Mich.; Thomas C.
Young, Walnut Creek, Calif.; Kent B.
McReynolds; James E. Clark, both of
Midland. Mich.; Charles Z. Hetz,
Wilnut Creek; Ritchie A. Wessling.
Berkeley, both of Calil,; George J.
Quarderer, Midland, Mich.; Ronald
M. Lacher, Midland, Mich.; Stephen
E. Bales, Midland. Mich.; Henry
Nelson Beck, Walout Cresk; Thomas
O Jeanes, Antioch, both of Calif.;
Bethanme L. Smith, Freeland, Mich.

[73]
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Towards process synthesis
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:  [stream 1 5 Jumt
Pressure 100 101325 _|bar
| Flow rate 100 210258 |mol/3|
| * [ Mole frac Carbon doxide | 023 074029
gk frac Carbon monoxide| 0.25 0.0366747
Wole frac Hydrogen 0.04 018%32 | |
Wole frac Harogen 048 00372081 |

Example of a phylogenetic process synthesis tree
(starting from a blank page)
Courtesy of T. Neveux (EDF)



Thank you for your attention!
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Questions?

Eric.Favre@univ-lorraine.fr




