From Clean Combustion to CCU: intriguing topics for
process engineering and materials scientists

0.Sennecal?’, P. Ammendolal, M. Alfél, S. Cimino?, R. Chironel, A. Coppola?, R, Kneer3, G.L. Landi?,
L. Lisit, F. Montagnaro?, F. Raganati!, M. E. Russo?, P. Salatino?, F. Scala®, R. Solimene!, M. Urciuolo?!

ICNR-STEMS, Ple V. Tecchio 80, 80125, Napoli, Italy
°RUB University, Universititsstr. 150, 44780, Bochum, Germany
SRWTH Aachen University, Augustinerbach 6, 52062, Aachen,Germany
“Universita degli Studi di Napoli Federico I, Ple V. Tecchio 80, 80125, Napoli, Italy

*+39 081 7682969, +39 3395709346,
osvalda.senneca@stems.cnr.it

- )
Napoli, Torino, Ferrara \ \ \

(q 98 Tenured researcher
58 Administrative and technical staff Istituto di Scienze e Tecnologie per I'Energia e la Mobilita Sostenibili



mailto:osvalda.senneca@stems.cnr.it

Outline

* Intro: the fossil fuel lean and fuel fuel rich scenarios

e Capture ready combustion: Oxycombustion and CLC

* CO, capture: Cal, Capture with fine powders

* CCU: methanation; Met-OH production; enzymatic CCU

* CCU and solar energy: Solar aided Cal,; Thermochemical splitting of CO,

C'fl Consiglio Nazionale delle Ricerche @S |EM5



CcuUs is one of the pillars of global energy transitions, together with
renewables-based electrification, bioenergy and hydrogen

Why?

Energy Agency (IEA) Energy Technology Perspectives 2020

C'fl Consiglio Nazionale delle Ricerche @SlﬂMS



Two trends:

The fossil fuel rich vs the fossil countries
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The threat to climate change mitigation posed by the abundance of fossil fuels,
Filip Johnsson http://orcid.org/0000-0003-3106-5379
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Fossil fuel lean countries

...are facing a remarkable increase of renwable energy but---

Moreover fossil power will still be needed to some extent to balance the

fluctuations in Solar/wind power

Carbon removal technologies are still required in certain sectors: steel,

chemicals and cement, aviation, road freight and maritime shipping
technologies can provide a means of removing CO, from the

atmosphere, i.e. “negative emissions (eg. power station fueled with biomass

and equipped with CCUS)

The use of the CO, for an industrial purpose can provide a potential revenue

stream (not only enhanced oil recovery, but also as feedstock for synthetic

fuels, chemicals and building materials.




Fossil fuel rich countries...

...will not stop producing energy from fossil fuels neither easily nor shortly

CO, emissions from fuel combustion: trends for selected economies
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Example: China

* Chinese coal-based power generation capacity
doubled in less than 10 years

* Chinese coal-fired power plants are relatively
new: 70% of installed capacity less than 10 years
of age (power plant life time=40 years)

* CO, capture technology can be retrofitted to
existing plants

China has stated, in its nationally determined
contribution to the Paris Agreement, that it

aims to Qeak GHG emissions in 2030

@5TEMS



* Share of CCS in electricity
generation of only 3% in 2030 for

the USA, China, Japan and the
European Union.

e Currentyly 37 projects of CCS

@ Consiglio Nazionale delle Ricerche

Adapted From Energy Environ. Sci., 2018, 11,1062
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Fig.2 The CO; capture capacity of commercial-scale CCS projects
worldwide. The number labelled on each proportion of capture capacity
corresponds to the number of projects. Data from the Global CCS
Institute.*
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Adapted From Energy Environ. Sci., 2018, 11,1062
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The current benchmark is chemical absorption with aqueous amine solutions (30 wt% MEA
which was originally proposed in 1930).

Energy intensive CO, desorption
step: high cost

HOW CARBON CAPTURE WORKS
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The cost of CO, removal is high if CO, is diluted

Levelised cost of CO2 capture by sector and initial CO2 concentration, 2019
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Capture ready combustion: oxycombustion

Post Combustion A ercor
- % -Efficient and scalable

&l_‘ CO, -Well suited for retrofit

-Well suited for BECCS

Air

Air

separation

 Oxycombustion is a combustion process using oxygen and
recirculated flue gas
* exhaust gas consists almost exclusively of CO,

@ Consiglio Nazionale delle Ricerche @grEMS
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Challenges — Scales involved

RUHR <45 TECHNISCHE
UNIVERSITAT /5. UNIVERSITAT
BOCHUM “ ' DARMSTADT

> 3 project areas

_ Scales involved?
Micro scale

> Atoms and particles
> 1019-104m

Intermediate scale

)
@ CRC/TRR 129 Oxyflame

nY/)

Full scale

> Apparatus dimensions
> 101-10°m

[ENBW]
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Materials in Oxycombustion

Fragmented or
unfragmented char ?
particle

Model of fragmentation for thermal
stress and internal pressure
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Fig. 4. High resolution transmission electron micrographs of the
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Capture ready combustion
Chemical Looping Combustion (CLC) of liquid and gaseous fuels

N, CO, H,0 - Oxidation : exothermic
B 1 m+lo,smo
Oxidizer MO Combu 7,
>
. v
e Dt JD@ » Reduction : endothermic
—‘_..
; J Mg : ] CH,+4MO — CO, +2H,0 +4M
Air CH, M : metal, MO : metal oxide

Mr Carrier,
would you
please serve me
ome oxygen?

Oxygen for
Mr Fuel

C‘rl C THE “GOOD” WAITER @S5STcMS



L INTERCONNECTED
—_n~no,_ FLUIDIZED BEDS FOR CLC

| — I_‘ Cyclone

(0 \j Ping pong reactor

s for lab scale testing

- CO,+H,0

Air reactor

seenee= 50| 1d fuel

Fuel reactor
R
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Oxygen carriers

v'High reactivity

v'Good selectivity

v'High oxygen storage capability

v'No carbon deposition

v Environmental friendly

v'No attrition

v'No agglomeration

v'Long lifetime over high temperature
redox cycles

In anatural gas-fired CLC system, operating at 10 bar with an
oxygen carrier consisting of NiO on alumina ($15.3 per kg) to
break even with a NGCC system fitted with an amine scrubber,

@ the particles would have to last 500-700 hours.
Consiglio Nazionale delle Ricerche

Materials in CLC

Ni-based oxygen-carriers

v'very high reactivity with almost complete CH,
conversion

Xprone to carbon deposition .

Cu-based oxygen-carriers

v'high reaction rates and oxygen transfer
capacity

Xhigh tendency to agglomeration

Fe-based oxygen-carriers

v'low cost and environmental compatibility
Xlow CH, conversion and low oxygen transpor
capacity

@5TeMS



Lisi et al. Int. J. Hydrogen Energy 2015, 40, 204.
Cimino et al. Catalysts 2019, 9, 147

Novel oxygen carriers for Chemical Looping Combustion at STEMS

5% CH,/air cycles @800°C over Co-doped

Lanthanum oxysulphates doped with trantion metals (Co, Mn, Cu) janthanum oxysulphate
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carrier and the solid fuel

0,-depleted air
CuO (50%) on TiO,

Flue gas

MeO/Me

A

Char
(+ Me/MeQ)

Me/MeO

.

Air reactor

Me/MeO
Te=1193K |y oo

(+ Char) Carbon

stripper

Coal

Fuel reactor |

Ter=1193K

Air

CLOU concept
@ Consiglio Nazionale delle Ricerche

Flue gas recirculation

1.

2.

Capture ready combustion
Chemical Looping Combustion (CLC) of solid fuels

Is difficult because we cannot realize the contact between the solid

Coal is firstly gasified and then, CLC for
gases is applied

Gaseous oxygen is released from the
metal carrier to burn coal (Chemical

looping with oxygen uncoupling,
CLOU)

@5TeM>S



Capture ready combustion
Chemical Looping Combustion (CLC) of solid fuels

Mr Carbon, why
don’t you uptake
it yourself?

Mr Carrier, would
you please serve
me some oxygen?

2C

¢ TO

b > 2C(0)

OXIDIZER
low-to-moderate temperature

2C(0), —CO,, +Cy

DESORBER
moderate-to-high temperature

THE “LAZY” WAITER

Carboloop concept
@ Consiglio Nazionale delle Ricerche ©grEM5



or materials scientists il bl il Rl
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Carboloop versus metal based CLC for solids

Less complex (no stripper needed)
Lower temperature (600-1000K vs 1193s)

40 % Lower capital investment cost

CarbolLoop= 107 €/MW,,
CLC=190 €/MW,,

O,-depleted air Flue gas
. A = Fao=11.1kgls
CuO (50%) on TiO, : N Fop=3Tkals | | ¢°
: — : RIS |
MeO/Me 5 Me/MeO : |
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Desorber Oxidizer
Char g |
(+ Me/MeO)| I 4p=21.6MW gg=2.5MW
| i . == ST 2
Air reactor Fuel reactor | : | T,=1000K To=600K
Me/MeO 4. |
stripper E | Fe=4kgls
| W,=3600kg (o W =450k Fc,o=1 kals
A A A
Coal : f
[ LA S | N S H I_ —_——— | —> sold l FG!O'i”:13'7kg/S
Air Flue gas recirculation - __: - |

C From M. Spinelli et al. / Energy 103 (2016) 646e659
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e TRL6-7
. . e Calcium looping can be combined with

COZ CClP"'Llr'e . CG' C | Um LOOP [ ng cement industry

* Costs are in the order of $30 per tCO2 (lile
MEA)

* Integrated Cal process would offer a
carbon capture cost of less than S30 per
tCO2

Auxiliary
Fuel

Flue gas
(without CO,)

CALCINER
T=850-950°C
CBCng_S] - CE]O{S} + COZ{g} CEO/CECOg

Fresh
limestone

Flue gas

sorbent (with CO,)
(make-up)

@ Consiglio Nazionale delle Ricerche @5TeMS



Decay of CO, Capture Capacity
of the sorbent

U

» Sintering
» Presence of SO,

CaO + SO, + 50, - CaSO,

>

S

g ®

1]

O

o

2 Y

[

O

e
®
® ¢ 0006060 @ 0 ©
2 4 6 8 10 12 14

Cycle #

@ Consiglio Nazionale delle Ricerche

Attrition/Fragmentation |:>
Phenomena

Modified sorbents:

* hydration, re-carbonation, doping with various reagents, pellettization,
thermal pre-treatment, sol—gel or precipitation of calcium carbonate,

Ca-L for materials scientists

» Primary Fragmentation
» Secondary

Fragmentation
» Attrition by Abrasion

after abrasion

|
JA\

after fragmentation ™

¢ initiai 3
T\ distribution

preparation of nano-materials

* Some additives may actually weaken the resulting sorbent which

fragment under FB conditions

@5TeMS




CO, capture: Calcium Looping +CLC

CO;-depleted
flue gas CaO/Cu0O

r

N,

Air
* Ca0O/Cu

Carbonation reactor
Ca0O + CO,—CaCO;

3

CaCO;/CuO

Flue gas
Reducing gaseous fuel,

like CH

Self-activated, nanostructured composite for improved
CalL-CLC technology, Edward J.Anthony, Chem Eng.
Journal 2018

@ Consiglio Nazionale delle Ricerche @5TcMS
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Materials in CaL+CLC
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CO, capture: fine powders in a sound assisted fluidized bed

1.78 MJ/kgCO2 (against 3.6-4 in case of MEA)
Tested with low percent of CO2

- iem

A — Analyzer — &
F — Feed :
L — Loudspeaker

P — Pump

S — Stack

SP — Sampling probe
WG - Sound wave guide

Consiglio Nazionale delle Ricerche

Effect of sound
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Adsorption performance
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Link between adsorption performances and

Adsorption performances porosi ty

HKUST‘ 12 11 o AC Norit
© AC Sigma
4 A H-ZSM-5
18 a 13X
= HKUST-1
CB-FM 2 084{| o CBFM
=
g
E 06
o1
o
S 04

AC Sigma |

0.2 A

0.0 T - .
0.00 0.05 0.10 0.15 0.20

PCOz’ atm
13X
; ’ore volume,
Wednesd ay Materials BET, m%g emlg
H-ZSM-5 at 10.00, AC Norit 1060 1.34
Michela Alfé AC Sigma 1038 1.14
H-ZSM5 400 0.41
13X 960 041
H-KUST-1 680 0.66
CB-FM 157 1.05
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CCU: Chemical Looping Sorption Enhanced Methanation (CL-SEM)

Methanation: T> 300°C
Regeneration: T> 400°C

—=-
CO +3H,=CH, +H,0 (g) | Sorbent

>_____ Advantage: lower pressures
compared to commercial
methanation (fixed bed-
adiabatic stages).

o
CO,+ 4H,=CH, +2H,0 (g)

-Need for tailored sorbents
So far CaO and a 3A zeolite

|

|

|

|

|

|

|

Regenerator- Methanator- P
Dehydrator Hydrator [ have been tested

|

|

|

|

|

|

|

|

-3A zeolites (low adsorption
capacity) CaO fragile and
active towards CO,

N, /Air H,, CO/CO,

S + H20<:>S(H20) qe==—————

Massa et al., Journal of CO2 Utilization, 2020
Coppola et al., Biomass Conversion and Biorefinery, 2020



CCU: Combined CO, Capture & Methanation

Dual Function Materials capture CO, from industrial flue gases (or even air) and release it as concentrated synthetic

natural gas (SNG)
Two key capabilities: 1) large & fast CO, adsorption 2) high catalytic activity for the hydrogenation of CO, with high

selectivity to CH,.

STEP 1:
CO; ADSORPTION

@ PR
A 5=

peSETY

®

CO2+ 4H; - CHs + 2H.0

Highly exothermic 11:30 Efficient Combined CO2 Capture and
process Methanation S. Cimino




CCU: CO, Capture & Met-OH production

PtL-MetOH/EtOH

Sorption Enhanced Processes

CO,+ 3H,=CH,0H + H,0

Cu-based Catalyst
220-300°C
50-100 bar

H,0 CH,;0H/C,H;0H
S(H,0)
Regenerator- MetOH/EtOH
Dehydrator > Reactor
: [
N,/Air H,, CO/CO,
S+H,0=5(H,0)

2€0,+ 6H,=C,H.OH + 3H,0

Co-based Catalyst
200-300°C
>50 bar




CCU: enzymatic CO, capture and utilization human Carbonic anhydrase |l

Who? Carbonic anhydrase (CA) (ec number 4.2.1.1):

enzyme expressed in different forms in most of the living
organisms and microorganisms

what>»  Catalyzes CO, hydration reaction
CO,+H,0 <> HCO; + H*

Reactive CO, absorption in aqg solvents
(KCO;, NaCo;, ...)

Where? Post combustion in power plants, industrial plants

CO2 Prodect Gas

=5

e
/L

Why? Alternative to amines as absorption rate Water Wash
promoter: advantages in use of CA in case Lean Amine Coee
of CO, conversion in aq phase =
construction materials through
mineralization, microalgae cultivation,
biochemical CO, fixation (enzyme cascade)

Stripper

Solvent Flow Rate Absorber
S Regeneration Heat
50-60% OFEX

Redoiler
Rich/Lean Exchanger T

Rich Pump Lean Pump

Sohest Makenp




Enzyme immobilization: enabling the use of CA in continuous CO, absorption

units (e.g. packed columns, bubble columns, G-L membrane, ...)

CA immobilization:

Confines CA into CO, capture units: biocatalyst morphology “ reactor design

Stabilizes CA up to 70-80°C

/CA covalent attachment on solid

M

\-

onolith

supports

Paramagnetic nanoparticles
Polymeric resins

Siliceous supports

Tube wall (membrane)

CA Cross Linked Enzyme\
Aggregates (CLEA)

Carrier free biocatalyst

In vivo immobilization

CA as cell membrane protein:
biocatalyst = cell membrane
debris dispersed in liquid
solvent



Concentrated solar radiation

calc
CaCO3 — CaO + CO,
co,

T 950° C

T 650° C

S carb
co, 4 ! Ca0 + CO, — CaCO0;

|AH| = 178 kJ/mol = M2
18 MJ/kgCaCOB

CaCo,

Carbonation




TC Thermodynamic Cycle

= Day

TC Thermodynamic Cycle

= Night

= 24h operation

= Day

= On demand

Cao
storage

— 24h operation

flue gas
(CO,-rich)

-

Ca0/CaCO,

Ca0/CaCO{ Ca0/CaCO,
storage

@ Consiglio Nazionale delle Ricerche @grEM-S
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Generates concentrated H, (CO)

11:45 Thermochemical cycles for
CO2 capture/utilization, R.
D Solimene/ G. Landi
Co2

MO.X' o) H20 @

Red. T, °C

Tonloxde 2000-2300 400 ® Very high temperature

(>1300°C)

Zinc oxide 1600-1800 400 . ,
* Stability of materials

Cerium oxide 1300-1600 1000-1300
Perovskite 1200-1600 3800-1000
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Conclusions

* | tried to provide a very quick overview of research topics in the field of
CCSU. | picked some «research topics» that we are currently investigating
at STEMS-CNR, but there is much more going on worldwide.

* There is a lot to do for materials scientists in all the fields: Cal, CLC,
Capture with solid sorbents, Splitting of CO,/H,0, methanation...

* The rate at which new materials progress from the lab- or bench-scale to
the pilot-scale is too slow.

* Laboratory-scale work should investigate materials under conditions
representative of the real world.

* The take home message is: «process engineers and materials scientists
need to work together». Any collaboration is welcome
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