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Project overview

» A project funded by the French Research Agency (ANR)  /\ NR(Ei

P 6 partners (4 industrial and 2 academic)
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P 3years : Dec. 2005 — Dec. 2008

P Objective : Develop new oxygen carriers for CLC in replacement of Ni
based materials that are cheap, resistant and without safety issues.

2

2 17 March 2010, Solaize ToTAL



Tasks decomposition

MANAGEMENT
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Synthesis and characterisation of new OC

p Different mixed oxide Fe,Mn,_,O; have been synthesized by different
methods and varying the Fe/Mn ratio :
Oxalic co-precipitation followed by calcination at 1000°C

in aqueous solution with chloride or sulphate precursors
in hydroalcoholic solution with chloride precursors

Hydrothermal treatment with nitrate precursors
Ureic combustion (nitrate precursors)

P The ureic combustion has also been used to prepare different ferrite
with Cu, Co, Ni, Zn and Cr. (ex: ZnFe,O, or NiFe,O,)

P Some mixed oxides with Fe, Cu and Al (ex : Cu,osFe, osAlO,) have also
been prepared by co-precipitation of nitrates with soda. Binder was
integrated during the precipitation.

P Several YSK (Yttria-Stabilized Zirconia) binders and aluminas have been
prepared and shaped with different active phases. (ex : CoFe,O,/Al, O,
(60/40) or CuFe,0,/YSK (70/30) )
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Synthesis and characterisation of new OC

P A total of more than 80 materials have been synthesized

P All these materials have been characterized with classical method :
ICP (elementary composition) , DRX (phases characterization)
N, physisorption (surface area) ; Hg microporosity ; Scanning Electron Microscopy

Thermo Gravimetry Analysis :

- Measure stability and oxygen transport capacity
- Unsuccessful

- to evaluate kinetic behaviour (reactivity)

- to detect agglomeration problem

Modified SETERAM Thermobalance
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Material production (5-10kg scale)

P Tested technologies for particle shaping

Spin Flash Drier (ANHYDRO)
Turbo-drier/granulator (VOMM)
Spheronizer (ROMACO)

Fluidized bed atomizer (AEROMATIC)

Result from FB Atomizer test

P Based on the results of the screening phase, 6 batches of solids have
been produced for test on the 10kW ageing pilot

Batch (0) : NiO/NiAl,O, (60/40) - Reference
Batch (1) : Cug gsFe; sAIO, - Coarse

Batch (3) : CuO / Cug gsFe, osAlO, (23.5/76.5) - Coarse
Batch (4) : CuO / Cu, gsFe; ¢sAlO, (23.5/76.5) - Fine

Batch (5) : CuFe,0, / YSZ (70/30)

P Estimated production cost of material

6 17 March 2010, Solaize

Batch (1) — Produced by spinflash

: 9-17 €/kg (2008)



Ageing tests on a 10kW unit
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* build at EMN

* 9.6 cm internal diameter
* up to 10kg solids

* batch mode (reduction/
purge / oxidation / purge)
* 800t0 900 C

e up to INm3/h CH,



Ageing tests on a 10kW unit

P Batch (0) NiO/NiAl,O, (60/40)
No sign of chemical ageing of the material after 120 hours of operation

Mass loss evolution for the batch (0) after 72 cycles (nearly 40 hours)
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Ageing tests on a 10kW unit

Low reactivity revealed (non expected from TGA)

Reference : 3 Kg Batch (0) at 800°C 1Nm3/h CH, inlet
average outlet gas composition : 94% CO,; 3.2% H,; 1.2% CO; 0.3% CH,

Test 1 : 3 Kg Batch (1) at 800°C 1INm3/h CH, inlet
average outlet gas composition : 9,7% CO,; H,>30%; 15,9% CO; 37,4% CH,

Test 2 : 3 Kg Batch (1) at 850°C 1Nm3/h CH, inlet
average outlet gas composition : 17,1% CO,; H,>30%; 13,9% CO; 29,5% CH,

Test 3 : 3 Kg Batch (1) at 850°C 0.1Nm3/h CH, inlet
average outlet gas composition : 67,8% CO,; 26% H,; 3% CO; 6,3% CH,

Test 4 : 6 Kg Batch (1)+(2) at 850°C 0.1Nm3/h CH, inlet
average outlet gas composition : 97,1% CO,; 0,2% H,; 0% CO; 0% CH4

No sign of chemical ageing
2009 lost as fine over 60 cycles (6kg inventory)
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Ageing tests on a 10kW unit

P Batch (3)&(4) : CuO/ CuggsFe, osAIO, (23.5/76.5)
Pressure drop variations showing partial to complete defluidization of bed
Agglomerates were found in the bed confirming the phenomenon.
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Ageing tests on a 10kW unit

p Batch (5) : CuFe, O,/ YSZ (70/30)

From the pressure drop curves, a defluidization of the system was observed,
mainly during the oxidation phase

Pressure drop [CH4 : 0.1 Nm3/h (600 seconds)], [N,, Air : 0.4 Nm3/h
(150 seconds, 2400 seconds)] temperature 850 C
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Ageing tests on a 10kW unit

P Batch (6) : Mn, 4,5F€( 585 O3

A defluidization of the bed was observed at about 600 — 700 °C while heating with
air
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Attrition test

P Davidson Index (Jet Cup test) was measured in order to compare
resistance of materials with standard FCC catalyst :

____ Material | Dl

FCC catalyst 5.2
Cu, osFe; ;sAlIO0, used 6.9
NiO/NiAl,O, used 8.7

NiO/NIAL,O, new 9.2
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Modelling - Sizing of industrial unit

P A complete model of the system was build, including
A global heat and mass balance
2 detailed reactor models coupling kinetic and hydrodynamic

P For kinetic, use of the Shrinking Core Model considering one global

reaction

dX 1 | ror
A(g) +b.B(s) ® products - = with — f = ML

* g olcs - c.)

2
I‘R' 3(1' XB) 3
To be determined

P For hydrodynamic
Fuel reactor : 2 phases model from Orcutt and Davidson + freeboard zone

Air reactor : "Core — Wall" model from Kunii and Levenspiel + lean zone (plug flow
for gas)

o
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Modelling - Sizing of industrial unit

P Kinetic constants have been determined from pilot results

P Specific breakthrough curve have been realised (by reducing the bed
high and CH, flowrate or increasing O, content for the oxidation phase)

D Cu,gsFe; osAlIO, exemple :
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Modelling - Sizing of industrial unit

P A 120 MWy, fuel gas steam boiler for refinery application has been designed
and estimated

Inventory (t) M 8.8 M
Fuel reactor Diameter (m) D 1.8D
Fuel reactor High (m) H 2H

Vg4 in fuel reactor (t) V 0.3V
Solid circulation rate (kg/s) Q 2Q
CAPEX ($) Capex 1.31 Capex
OPEX (%) Opex 2.49 Opex

P Importance of reactivity on design
NiO/NiAl,O, : huge design but realist
Cug, gsFe; osAIO,: non realist design

P Opex are highly dependent of attrition rate

Opex equivalent to oxy-combustion with an hypothesis of an inventory replacement
every 3 month

16 17 March 2010, Solaize



Conclusions

P Around 80 materials have been synthesized and characterized

P 6 material have been selected and produced at 5-10 kg scale

P None of them has shown equivalent performance than NiO/NiAl,O,
P Agglomeration behaviour is an issue for the design of new materials
P Reactivity analysis from TGA is arisky game

D Models have been constructed to design a 120 MW, boiler

P Attrition control is a major issue for operating cost reduction

17 17 March 2010, Solaize



