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» CSIC covers all fields of knowledge, from basic research to technological development
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» Research lines

INSTITUTO DE
GROUP CARBOQUIMICA

COMBUSTION & OCb
GASIFICATION

O Combustion & Gasification

Renewable fuels (biogas, biomass, waste) in fluidized bed reactors

O Hot gas cleaning of SO, and H,S with calcium sorbents

o CO, capture | N, (0] CLC €0, HO g

" Chemical Looping Combustion (CLC) | AL \ |

" Oxi-combustion in fluidized beds ( 1;_1&:_::1;——1 ; H,0

| Air Fuel O

O Syngas / H, production with CO, capture o reactor y reactor

® Chemical Looping Reforming (CLG) . AN J MeD.: \ J

® Sorption enhanced CLR ' I I I

Air Fuel (gas/liquid/solid)

® Chemical Looping Gasification (CLG)




CHEMICAL LOOPING TECHNOLOGIES

FUELS CHEMICAL LOOPING PROCESS PRODUCT FINAL USE
Gaseous:
f Natural gas, syngas, refinery gas, )
sour gas
» >
Biogas, syngas from biomass
gasification, volatiles from Combusti
torrefaction ombustion CcO CCS Power
| 2 Steam/Heat
Liquids:
Kerosene, vacuum residue ]
Biofuels (bioethanol), glycerine Storage
NH;
ids: Reforming Chemicals
SO“GIS . Syngas I‘ """""" Metanol
Coal CLG Nafta
- > I CH
Biomass, organic wastes T Hz )
Gasification Transport
v
Other fuels >
Plastics
Storage
CO, Splitting

CO

Green H2

>‘ HZ/CO I ———————————— Bio-Keroseno




BIO-FUELS CHEMICAL LOOPING TECHNOLOGIES

Negative emissions

E Bio-fuels :] CHEMICAL LOOPING PROCESS PRODUCT FINAL USE

Gaseous:

-
Natural gas, syngas, refinery gas,
sour gas )

—

~

Biogas, syngas from biomass BECCS

gasification, volatiles from Combustion
torrefaction CO CCS cower
2 Steam/Heat

Liquids:

Kerosene, vacuum residue
Storage

Biofuels (bioethanol), glycerine
NH;
ids: Reforming Chemicals
Solids ) Syngas I """""" Metanol
Coal CLG Nafta
= > | CH,
Biomass, organic wastes T Hz
Gasification Transport
v
Other fuels >
Plastics
Storage
CO, Splitting

CO

Green H2

7y :‘ H,/CO I ____________ Bio-Keroseno
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CSIC ICB-CSIC milestones in Chemical Looping

CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS

MILESTONES Long term operation (200 h)ﬁ .First successful CLC operation~
1 H with  Cu-based  oxygen with sour gas (H,S) using Fe-
h /\n > 2000h COI’]'[IHUOUS operatlon ca:riers at 1(.Iaks‘|a"!\.fthsca\levg bazeds:xygeg:carriers ¢
C »  Special menton to the use of fuels
A containing S compounds 2005 2010 2015 2020

First successful CLC operation
with solid sulfur

MILESTONES First CLR operation with

\ § bioliquids in a continuous unit }_"_NEGATNE co.
=S

» 500 h continuous operation ;
==

0 2005 2010 2015 2020 2025

8H=
First CLC operation with —--NEGATIVE CO,

bioliquids in a continuous unit

MILESTONES

Proof of concept of 'First CLG operation with
CLOU in fluidized beds oxygen supply control in AR

»  +2000 h continuous operation
Combustion and Gasification 2005 2010 2015 2020 2025

First biomass-fuelled CLOU
in a continuous unit

+----NEGATIVECO,
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AN AR ARANAA NN

Oxygen carriers development | Testing in continuous units Optimization

mg-g | | ke ton |
Reactivity oo Design, modelling, simulaiton
* Thermobalances. Cl Electronics. Setaram. Automatic g * Process optimization
. system for gas and liguids feeding. \
Impregnation AernAnnns — : :
; * Pressure Thermobalance. CAHN. Design/ supply of pllots

* ASTM-D-5757 ! * Continuous pliot plants ( CLR/CLG).
Granulation Atrition ' (Petrobras, Senai, Petrogalp)

« Granulador Procells: Glatt * Air jet attrition tester. ATTRI-AS (MaTec). ASTM-D-5757.
Calcination muffles Magentic properties

* High capacity muffles * Magnetic susceptibility meter. Bartington MS2G/MS3 X

CLC/CLR—-500 W CLC/CLR—10 kw

Lixiviation o
+ System VELP ROTAX6.8. DIN38414 and UNE10802. Liquid fuels

Solid fuels

Determination of Hg

A A AN AN VAL

* Atomic absorption spectroscopv LECO AMA254.
Liquid flows and in solids.
Patents CSIC Reactioon in fluidized beds
* Batch fluidized beds. Redox cycles.

Conceptual design of a hydrogen
production plant (100,000 Nm?/h) from
diluted bioethanol (CLRa)

Automatic system for mixtures gases&steam.

CLC/CLR—1kwW CLC/CLG/CLOU 1.5 kW
Solid fuels

Granulat Th bal Batch fluidized bed = . CLG — 1 MW TUD Darmstadt (Germany)
P i L CLC/CLG/iG-CLC/CLOU- 50 kW Collaboration
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IG-CLC / CLOU Coal- Biomass

Air Reactor e Fuel Reactor
exhaust gases Solids exhaust gases
(N2 = O2) circulation (€CO:2 - H20)
measurement
devices

T

Double
Loop Seal

Solids /

reservoir &

Fuel Reactor
Air Reactor (FR)
(AR)

N, / €O,

Coal
Loop Seal

(LS-AF)

Screw
Feeders

= f

Solid fuels o ¥ 12




Recent and on-going
|CB-CSIC research projects
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INSTITI.ITO DE
CONSEJO SU CARBOQUIMICA

Centro de Tecnologias do DE INOVACAC
c."(l':"::hl'suxi 1ovaw :f-:

@ CTGAS-€ER Em U PErRoBAus lerlruroSENAl

- Produccion de H, a partir de Bioetanol diluido mediante proceso CLR. CTGAS-ER (PETROBRAS). Brasil. 2013 - 2016

- Disefio conceptual de una planta de produccién 100.000 Nm3/h de H, a partir de etanol diluido por reformado autotérmico
(CLRa) con transportadores solidos de oxigeno. SENAI-DR/RN, Brasil. 2019- 2020.

Hydrogen production from diluted bioethanol by Chemical Looping Reforming

Brasil is world leader in bioethanol production PETROBRAS needs H, in refineries
(sugar cane)
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CLRa Syngas K Wes o
- H,, CO, CH,, CO,, H,0 . } 2 * No ASU needs
:,—1— MeO, [ \ Qj_’ H,0
: 7\
I l’ AN
1 Air Hea Fuel ! _ \
. |£‘> i Chemical
i;:% : reactor reactor Hzi [ absorption ]__' co, -
- ; urification| '
N I
I \TJ Me,O, , \—T_/ N\ S N
I

E“V . PSA-offgas
A4 air (CO,, CO, H,, CH,) O
Plants . <
(A) Storage

Diluted

Bioethanol « The use of diluted bioethanol in CLR produces pure streams

of H,, N, and CO, at autothermal conditions.

« Linked to CO, storage introduce the concept of negative emissions
in the hydrogen production process.
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Oxygen carrier
' CLR unit for liquids

NiO18-aAl,05
CSIC patent: WO2009/022046

4.6 mol H,/mol C,H;OH
Autothermic Condiciones autotermicas
100

90
80
70 B

ol NG
50

4

30

Composiciéngas (%, base secay libre de N,)

a oy Turnkey project Conceptual design of a 100,000 Nm3/h
YLy to H duction plant from diluted bioethanol

CH, , production plant from diluted bioethano
0 1 . 3 4 s s CTGAS-Petrobras by autothermal reforming (CLRa)

Onio/EtOH



Project: AEI proyectos de transicion ecoldgicay transicion digital 2021.
Circular economy of plastics based on Chemical Looping processes CIRCPLAS. TED2021-129842B-100

CLC
N+O> CLG

C02+H20 ®Symhetic
condenser fuels
Mxoy N, syngas @
| \ ‘ 1 ﬂ M,O, r ‘ [

New

o H20 l_ﬁ Chemicals Monomers
reactor reactor @ Air Fuel
" & reactor reactor Abs. ®—> I, o)
electricity + Transport
\ Ile()y-l PSA
I I I PSA-off gas
Air

Plastic waste Air H,0 Plastic
waste

COg'based Storage
plastics



« No NOx
« No dioxines

N2+O, CO,+H,0
" . -
X y - -
\ l Reason: Combustion without gaseous O,

CLC

o H,O
ea Air Fuel
— reactor reactor O _
electricity PCDDS fOrmatlon
\Mxoy-l / \
I Deacon reaction 4 HCI+0,—2Cl,+2H,0

Ir Plastic waste

Chlorination of o Gl @ O Cly,
the benzene ring @ @ + C|2 — n«\QE D
CO,-based 0 0

plastics Polychlorinated
dibenzodioxins

\ (PCDDs)




New chemical looping process to obtain pure CO from CO, and green H, as a route for

aviation biofuel production (CO2SPLIT) (PID2020-113131RB-100)

The CO2SPLIT process uses three reactors instead of two commonly used in CLC.
o Fuel Reactor (FR), the OC is reduced with green H, that is oxidized to H,O (MeO, _,/MeO,).

o The reduced OC goes to the Splitting Reactor (SR) where it is partially oxidized by CO,, generating CO (MeO,_,/MeO, ,).

o Air Reactor (AR), the OC is fully oxidized, being again prepared for a new cycle (MeO,_,/MeOQ,)

0,/N,

4

Air
Reactor
(AR)

H,0

4

Fee;O«

Z I

ﬁ

4

Air

Fuel
Reactor
(FR)

Fe

p

FeO Green H, |

CO

Splitting
Reactor
(SR)

f r Fischer Tropsch

I—b Bio-kerosene

synthesis

Green H,
Tail gas
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CO, splitting

Fuel Reactor: Fe,O;,+3H, <—> 2Fe+3H,0 AH>0
Splitting Reactor: 2Fe+2C0O, €«<—> 2FeO+2CO AH>0
Air Reactor: 2FeO +0.5 0, «<——> Fe,04 AH<0

1.- Loop seal

2.- Sample
extraction

3.- Solids feeding
4.- Riser

5.- Cyclone

6.- Furnace

7.- Diverting
solids valve

\

Fe,0, Fuel Reactor |
z (FR),

Cco/co,
Splitting Reactor I

3
Air Reactorg (SR)
(AR) "

1 kWth CO2SPLIT plant at
ICB-CSIC

Air . co, H,



CSIC ©cb.. Hydrogen production

Hydrogen production with CO2 capture by one-step and fuel-flexible sorption enhanced
chemical looping reforming (HYSERLOOP). PID2022-1380850B-100

The Sorption Enhanced Chemical Looping Reforming, SE-CLR, is a combination of the aCLR and Sorption Enhanced
Reforming (SER) processes that allows obtaining separate streams of hydrogen and CO,. Three reactors are used.

o Elimination of the subsequent H, purification stages needed in the aCLR process
o Elimination of external energy supply for the regeneration of the sorbent needed in the SER process

))))))))))\)‘))))))))L
A N/ H,0/CO,
a : ." » Proof of concept using bifunctional
R " ¥ " materials (Metal and sorbent phase)
» Design and modeling of a SE-CLR
Calciner unit
H,0/CO, H,Ol | Biofuels
AR: 0.5 0, + Ni—> NiO (R1) CR: CaCO; + heat > CaO +CO, (R2) FR: CH, + NiO > CO+2H, +Ni AH,=203.8 kJ/mol (R3)
AHg=-239.7 kJ/mol AH,=178.2 kl/mol CH,+H,0 > CO+3H, AH,=205.9 kJ/mol (R4)
CO+H,0 CO,+H, AHy=-41.1kl/mol (R5)
CO,+Ca0  CaCO, AH,=-178.2 kJ/mol (R6)
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WGS'HZ (NH3)

CLG Syngas _ _
> SYNGAS FT-diesel, gasoline
N H,, CO, CH,, CO,, H,0
2 Methanol (DME, MTBE)
chemicals
MeO, v
m O
Air fieat Fuel
reactor : reactor Slorage
Biomass, "~ . Pure syngas stream (no N, dilution and no ASU unit)
wastes Me,O, ,
. Autothermic
. Low tar generation (catalytic properties of the Me,0, )
air steam Biomass . Negative CO, emissions to the atmosphere (CO,
concentrated in syngas)

e g . Less corrosion in heat exchangers (located in AR)
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BIOMASS CHEMICAL LOOPING GASIFICATION

Control of the oxygen-to-fuel ratio

60
Syngas ;\3 50 - H HZO
N, H,, CO, CH,, CO,, H,0 oCM-1 5 2
! £ .
r e o BY VARYING THE O, FED IN AR S co
l & | . | 15
! T o Allows operation at different AT and solid B 30
Nz= === | FR circulation rate (F,) with any OC. 3 20
S ]
I ~__ o Allows production of pure N, o
I Me,O, . . 10 -
= o Allows higher syngas yield at autothermal © cH
AIR steam biomass conditions 0 — ' '
0.0 0.2 0.4 0.6 0.8 1.0
I CLG units: 1 kW CSIC, 20 kW CSIC, 1 MW TUD Oxygen-to-fuel ratio, A
Syngas
N, (+0,) H,, €O, CH,, €O,, H,0 Lines correspond to autothermal conditions
ne OCM-1 | OCM-2
0y OoOCM-2 250 | F=1.6 kg/s
HEAT BY VARYING SOLIDS CIRCULATION RATE 200 1 increasing £ l‘\O
=) | FR ) ) o in OCM-1 : — © 2.0
o Produces big changes in temperature T 150 | s6d | AR
Me,O . . ) ] . Z i [ in OCM-2
o Dilution of oxygen carrier is possible. 100 |
AIR steambiomass 50 1 15.4 :‘

0.30 0.35 0.40 0.45 0.50 0.55

Oxygen-to-fuel ratio, A

Samprén et al. Energy 226 (2021) 120317 Lines correspond to autothermal conditions
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Cl/a ra Chemical Looping Gasification for Sustainable Production of Biofuels

H2020-No. 817841

Nov 2018 - April 2023
https://clara-h2020.eu/

&W) R The aim of CLARA was to develop a new
' @ concept for the production of biofuels
[E%@ G based on chemical looping gasification
l’:ﬁ’:ﬁ;’s >, Pre-Trestment S of biogenic residues, through a Fischer-
= e Tropsch process.
Fuel Synthesis

Chemical Looping

X i Raw Purified
Gasification

Syngas Syngas

Syngas Cleaning
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: 50 kW,,, Chemical Looping Gasification unit at CSIC

yngas
H,, CO, CH,,
H,0, CO,

Solids valves
for circulation
measurement

« To select the oxygen carrier for TUDA tests (ilmenite)

« To test several biomasses

Fuel Reactor
(FR)
Air Reactor|
(AR)

« To demonstrate a new method for control the oxygen used in
gasification

(By controlling the oxygen introduced in AR to produce almost pure N,

i at the AR outlet)

Loop Seal iomass
(LS-AF)

Operating conditions
T=980°C

2=0.3

S/B= 0.7

limenite in CLC
(active phases)

Oxidized Reduced
Fe,TiO, 4= FeTiO,

Gas composition (vol%)

CO; 27.4

Fe,0, = re.0, . co s
Iimenite LD Slag Hz 38.3

Option 1 Option 2 CH, 9.8

c2-C3 13

Syngas yield, Y 0.61
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Cl/a ra Chemical Looping Gasification for Sustainable Production of Biofuels

H2020-No. 817841

Nov 2018 - April 2023
https://clara-h2020.eu/

- BCLG technology demonstrated at 1 MW,,, scale
in TUDA (Germany) during summer 2022

 More than 130 h of autothermal operation

« More than 75 tn of biomass used

« 3 biomasses: IWP, PFR, WSP

Industrial Wood Pellets
Coémmoditised & densified biogenic feedstock

‘ ‘ Pine Forest Residue

| Forestry residue
Figure 8 Drawing of .‘ — Wheat Straw
TUDA 1 MW pilot plant w ' Agricultural residue

e Increased from TRL4 to TRL5-TRL6
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Gasoline
Diesel Olefins
\ Methyl Tertiary
/ Larger BL“YI Ether Olefins
Alkanes Alcohols (MTEBE) Gasoline
Aldehydes 3 H -
°olg & & | IO Bt
Alcohols 5|82 % 3 &
3 &

Methanol

Copper and Zinc Oxide

& ) £ = .
= %\ % ﬁ-: S Sa % %E““f
i-C, 5 3 \% /& €| 2 2
iy e =
E 5 N % F 29| §
i % H R & M100
Ethanol = Dimethyl M85

ether

Spath and Dayton, 2003
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Bio Methanol Production via Chemical Looping Gasification

Funded by
the European Union MeCa Coupled with Membrane Reactors
HORIZON-No. 101147737
Sep 2024 — Aug 2028 The aim is to develop a novel efficient, and scalable process to convert low-

https://www.biomegafuelproject.eu/ . . . . ) i
g 2 ke value biogenic residues and organic waste to biomethanol through chemical

looping gasification coupled with membrane reactors by using renewable H,

Renewahle
hydrogen
Depleted air s Membrane
{No CO,) SR Syngas reactor for .
cleaning methanol ]
Oxygen Y synthesis Biomethanol
Carrier
Alr Gasifier
reactor
D}wg.en co,
Carrier
o Biogenic residues/waste

Air Steam |
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Bio Methanol Production via Chemical Looping Gasification

Funded by .
the European Union Bi_)MeCaFuel Coupled with Membrane Reactors
HORIZON-No. 101147737
Sep 2024 — Aug 2028 The aim is to develop a novel efficient, and scalable process to convert low-

https://www.biomegafuelproject.eu/ . . . . ) i
g 2 Pre] value biogenic residues and organic waste to biomethanol through chemical

looping gasification coupled with membrane reactors by using renewable H,

/ Key component Development Applications
Methanol Biomethanol

Chemical
Looping Gasifier

[ oo [ ronicens |

EL- o g ae ,, sut CALL
t‘.. e Blue ; : B & .’ﬂCUBE

Process evaluation and optimization TEA, LCA, S-LCA Diss, Communication & Exploitation
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Funded by Y A Flexible chemical looping combustion for combined heat and power
the European Union ?_':Oikg production from biogenic residues with negative emission (Bioflex-CLC)

HORIZON-No. 101147904

June 2024 - june 2028

https.//www.bioflexcleproject.eu/  © The concept is based on dual Circulating Fluidized Bed (CFB) reactors, which can operate in

Chemical Looping Combustion (CLC) mode while both reactors are in use or switch to
conventional CFB operation when only one reactor is in use.

o Operating in CLC mode enables CHP production with negative emissions at low-cost while the
concept is flexible to switch to CFB boiler mode to produce CHP with net-zero emissions.

_,-""f_ _---H z'f--}-'_ _-\-\-H""'h-\
y ™ i Operating in CFB mode .
/ Operating in CLC mode N Ilr.-’ \\"-,
f \
| | i Flue gas \
Flue gas treatment and C0, for storage I Flue gas treatment -
Flue gas O, liquefaction | | o emeeeeo___
i |
I In stand by mode :
Oxygen _ post-oxidation _ : |
chamber I post-oxidation !
. L e
M, (+0;) : 1 Flue gas
I
I Heat <:> : . Heat
oc [ ’ : : -
I |
Fuel Air I Fuel ! Air
e —— I | = Generator -
reactor reactor eRerRtOr ectricity . B B e Electricity
Biogenic residues I I ‘;ﬂw
and Waste oc | I and Waste
| I
| I l ) | \ e o e e e e l Al |
\ Steam,/CO, Air / \ — ir /
\\ 7 N, -‘Kl
Y / " //
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TO DE
CARBOQUIMICA

Funded by . Flexible chemical looping combustion for combined heat and power
the European Union %Olflé( production from biogenic residues with negative emission (Bioflex-CLC)
HORIZON-No. 101147904

June 2024 - june 2028
https://www.bioflexclcproject.eu/

Model 100 MW
commercial scale
Bio-FlexCLC

1 MW TUDA



Use of Iron for Energy Storage

- Funded by The Combustion of Rechargeable Metal Fuels in Fluidized Bed Boilers

the European Union i :
P project (CORAL project)
Research Fund for Coal and Steel (RFCS)

Sep 2024 - Sep 2028

The cyclic reduction/oxidation of metal oxide/metal is a promising approach for energy storage and flexible CO,-free
provision of heat and power.
The project explores a novel concept of metal oxidation utilizing retrofitted coal-fired fluidized bed power plants.
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SatekaLaboctoryof CodCombustion

Moderator: Prof. Haibo Zhao

Venue: N209 conference room of New Energy Building
Fime: 9:00AM-12:00AM, Date: April 11th, 2025 (Friday)

Combustion and Gasification Group
Instituto de Carboquimica (ICB-CSIC)
Zaragoza, Espafia

www.icb.csic.es/grupo/grupo-de-combustion-y-gasificacion/

Dr. Francisco Garcia-Labiano glabiano@icb.csic.es

Dr. Alberto Abad abad@icb.csic.es

Dr. Luis F. de Diego ldediego@icb.csic.es
Dra. Pilar Gayan pgayan@ich.csic.es
Dr. M2 Teresa lzquierdo mizg@icb.csic.es

Dr. M2 Teresa Mendiara tmendiara@icb.csic.es
Dr. Arturo Cabello acabello@icb.csic.es

Dr. Marga de las Obras mobras@icb.csic.es
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CLC - 500 W
Natural gas

CLC - 10 kW
Natural gas

CLC - 50 kW

Oxicombustién — 3 kW Carbén/biomasa
coal
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Chemical Looping Combustion

Transportador calor

Transportador oxigeno C02 + HZO

N, (+0,) ﬁ M,O,
) I

‘ ; H,O
Reactor Reactor
oxidacion reduccion
| | @,
Aire Combustible Almacenamiento

Reduccion CH, + 4 M,0, — 4 M,0,, + CO, + 2 H,0 AH_

Oxidacion 20,+4M,0,; — 4M,0, AH,

cb

S

INSTITUTO DE
CARBOQUIMICA

GRUPO DE
COMBUSTION.
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CARBOQUIMICA Y GASIFICACION

CS[C Chemical Looping Combustion OCb A0 % o

CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS

o¢ N, (+O,) Oxigeno se transfiere del aire al combustible por

medio de 6xidos metdlicos (Transportadores de
Oxygen Carrier oxigeno) utilizando la tecnologia de los lechos
C‘) aggfn fluidizados.

~

9 C02+HZO—I—> CO, fc

aptura inherente de CO,
| Condensador |
O Aire y combustible nunca se mezclan
R_eact_o,r Reactor H o) o No existen etapas de separacion de gas
oxidacion Y
reduccio o Se evitan los costes econémicos/

n energéticos de dichas etapas

A o Se basa en la tecnologia de lechos fluidizados
Aire Combustible disponible comercialmente

KO Bajas emisiones de NOx /




Chemical Looping Combustion In situ gasification CLC

p
© co < Drying and devolatilization:
2 5 . .
N Meo Biomass — H,O + Volatiles + Char
(L/\ t_'HZO % Char gasification:
Char + H,O — H,+ CO
Air Heat Fuel
reactor ﬁ re:cetor Char + C02 — 2 CO
e , Biomass -C < Volatiles oxidation with the oxygen carrier
char-C 4 .
ﬁ ‘K-/ t Volatiles Me,O, — Me, O, + H,0 + CO,
. Mexoy-l H2 + CO y y
air steam
1 [ ) % Water-Gas Shift

co,

. Oxygen

carrier

0,

freeeeeeit

Air (N2)

unburnt co,
H,0  volatiles H,0

carrier ,

Volatiles / HZCO

Rt Char

Biomass % o
2
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H,0 and/or CO,

CO+H,0 < CO,+H,

Oxygen carrier oxidation:

Me,O,, +0O, — Me,O,

Char combustion:

C+0, — CO,




Chemical Looping Combustion
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Advantages of bio-CLC versus conventional biomass combustion:

 Lower corrosion and longer life of components (heat extracted in AR where no alkalis components

are present)

O Higher thermal efficiency
d NO, formation reduction
 Negative CO, balance achievable



