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Context

CSP main research lines

»  Cost reduction: equipment CAPEX and/or higher efficiencies

> Improving dispatchability = - - — = — - -

»  Environmental sustainability

This Project has received funding from European Commission
by means of Horizon 2020,the EU Framework Programme for
Research & Innovation, under Grant Agreement no.727348.

ANDASOL I: 28,500 tons of molten salt. 60% sodium nitrate, 40%
potassium nitrate. 1,010 MWh.
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Thermochemical Energy Storage Calcium-Looping (Cal)

Group Example u '
Hydrogen systems MgH, (s + AH, & Mg(s) + Hy (g 3
MH, + AH, & M + (g) H,
Carbonate systems || CaC0s 5) + AH, & CaOs + CO, (g

MCOs (5) + Ay & MOs) + €02 g) SrCO3 (5 + AHy © STO(5) + COy ()

Calcium-Looping (Cal)

Hydroxide systems Mg(OH); () + AH, & MgO(s) + H0 (o)
M(OH)Z (s) + AHr > MO(S) + HZO(g) Ca(OH)2 (s) + AHT s CaO(S) + HZO(g) . .
calcination
Redox systems 2Ba0, () + AH, & 2Ba0(s + 0, (g

C(lCOg (s) — CClO(S) + C02 (9)

AH,=+178 kJ/mol

y
MxOy () + AHr d XM(S) + (E) 02 @

2C0304_ ) + AHT Rd 6C00(S) + 02 )

carbonation

Ammonia systems 2NHs () + AH, © Ny gy + 3H, (g
Organic systems CHygy + Hy00y + AH, & COgy + 3H, (g
—
With a side reaction: CaO(S) +C0; 9) Cal0s (s)
COcg) + Hy00y © CO; gy + Hy (g) + AH, AH,=-178 kJ/mol

CH4(g) + COZ 9) + AHr g ZCO(g) + 2H2 9)
With a side reaction:

COZ(g) + HZ(g) + AHr A axd CO(g) + HZO(g)

Sulfur systems 1
H2504(g) + AHT g 502(9) + H20 (g) + 502 (g)

LS This Project has received funding from European Commission
£ by means of Horizon 2020,the EU Framework Programme for S ‘ RA I ‘ Es
ok Research & Innovation, under Grant Agreement no.727348. 1
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R Chacartegui, A Alovisio, C Ortiz, JM Valverde, V Verda, JA Becerra, Thermochemical energy storage of concentrated
solar power by integration of the calcium looping process and a CO, power cycle, Applied energy 173, 589-605

This Project has received funding from European Commission
by means of Horizon 2020,the EU Framework Programme for s ‘ RAT‘ Es
Research & Innovation, under Grant Agreement no.727348.




CSP-CalL — Advantages and opportunities

1. High energy density

4500

4000

w
(%2
o
o

3000

2500

2000

1500

1000

Volumentric energy density (MJ/m3)

500

100

NH,/N,

300

Ca0/co
NH,HSO,/NH, é) z
©
Li,/H,0
CaO/H,0 g2
/ 2 @
S0,/S0,
CH/H,0 o
©
500 700 900

Turning temperature (°C)

sro/co,

1100

This Project has received funding from European Commission
by means of Horizon 2020,the EU Framework Programme for
Research & Innovation, under Grant Agreement no.727348.
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CSP-CalL — Advantages and opportunities

2. Low-temperature energy storage

v" Minimizes thermal losses

v Reduces parasitic consumption of auxiliaries
v’ Capacity for seasonal storage

v" Increases capacity factor

Molten salts - T min Storage ~200°C

CO2 storage

0.005
0.004

0.003

volume g, [m*3/kg]

0.002

0.001

R This Project has received funding from European Commission
* * by means of Horizon 2020,the EU Framework Programme for
Research & Innovation, under Grant Agreement no.727348.
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CSP-CalL — Advantages and opportunities ué@f |

3. Abundant and stable materials=> limestone, dolomite, etc.

Low-price Abundant and widely available

2 @

Characteristics for the large scale deployment of an

Non-hazardous or contaminant

energy storage system

This Project has received funding from European Commission
by means of Horizon 2020,the EU Framework Programme for s ‘ RAT‘ Es
Research & Innovation, under Grant Agreement no.727348. g




CSP-CalL — Advantages and opportunities

4. High temperature exothermic reaction

[ |

1
| - POWER CYCLE
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v I
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ANGER |« ——{ EXCHANGER |«§—| R 5 Caco: Q
RK storage NETWORK Ca0 s + CO2 4 = CaCOayy

H

'

1 2 T

AH,® =17 kI/mol L

v" Energy delivery at high temperature 650-10002C as a function of CO, partial pressure

v" An advantage compared with molten salts >T max ~550-600°C due to salts degradation

v' Integration of high-efficiency power cycles
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This Project has received funding from European Commission
by means of Horizon 2020,the EU Framework Programme for
Research & Innovation, under Grant Agreement no.727348.
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CSP-CalL — Advantages and opportunities

5. Direct and indirect integration of power cycles OO - T .
v Flexibility for design and operation __ — i} I — :
v' Based on the high temperature of the reaction
Direct (Recuperative Brayton CO2)  wm-Turs Indirect
D @ To storage
> co2 -
9 H 5@4,:‘@, g7 3 storage g4 :
co2 . COMP . 90 HE1 CARBONATOR | % —
storage Dﬂj*@ /J\ ® - /J\g
£ 4 | I-TURB o s Power [,
et e ED Yo |
' I-TURB HE4 _ N2
A A 15

I A

s1
I

92 | L k
ﬁﬂm | CARBONATOR
PN s1
| |
' CaC03/Ca0 ,| CaC03/Ca0O I
_- g(a)(h)dS(Ca(:03 /Ca0) storage — - = Solids (CaCO; /Ca0) storage

Cao
Ca0 e CO; c1

Cao
storage
storage

C Ortiz, R Chacartegui, JM Valverde, A Alovisio, JA Becerra, Power cycles integration in concentrated solar power
plants with energy storage based on calcium looping, Energy Conversion and Management 149, 815-829 2017

AR This Project has received funding from European Commission
o by means of Horizon 2020,the EU Framework Programme for S ‘ RA I ‘ Es
ok Research & Innovation, under Grant Agreement no.727348. 10



CSP-CalL — Advantages and opport

6. Materials y equipment used at an industrial scale

- Proximity with cement industry
-Calciner (solar integration)
-Entrained flow reactors

-Closed CO2 Brayton cycle
-Solids transport

-Cyclons

-Storage tanks

This Project has received funding from European Commission
by means of Horizon 2020,the EU Framework Programme for
Research & Innovation, under Grant Agreement no.727348.
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Main Challenges

1. Solar calciner. High-temperature receivers

Particles residence time

Particles circulation within the system
Closed CO, loop operation

Thermal gradients control

Continuous operation for scaling up

This Project has received funding from European Commission
by means of Horizon 2020,the EU Framework Programme for
Research & Innovation, under Grant Agreement no.727348.
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Ax ko Research & Innovation, under Grant Agreement no.727348.



Main Challenges

2. Multicyclic CaO conversion

k
CaO(s) + CO,; - CaCO;;(s) AH,Q =-179,2 J

mol

Deactivation with the number of cycles

It affects to plant performance

__molCaOreacted mol CaCO3 produced
~ molCaOin mol Ca0 in

CO, captured = CaC0O3 formed = Ca0 - X

(1 — X) = solids inerts =) Efficiency penalty

Deactivation is highly dependent on the design
conditions of reactors,
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HEAT

HEAT
CaCOs —> Ca0 () + COz (g |4 —| EXCHANGER (o (e fes) | EXCHANGER |«f— a
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> 047 . L 7
- “'3.‘_"
- EM%
0.2 o 9 o £ A __-m
D i i i
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N

B Sarridn, A Perejon, PE Sanchez-Jiménez, N Amghar, R Chacartegui, ..., Calcination under
low CO2 pressure enhances the calcium Looping performance of limestone for
thermochemical energy storage, Chemical Engineering Journal, 127922,2020

This Project has received funding from European Commission
kL by means of Horizon 2020,the EU Framework Programme for
Research & Innovation, under Grant Agreement no.727348.
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Summary of main benefits of Cal Storage concept (SOCRATCES) ué@

Ca0 precursors:
v Low price Carbonation for generating

generation of electricity

v wide availability heat ~650-1000°C
v harmlessness ‘ 2\ v High efficient

Reactants and products can be
stored at ambient temperature

Ambient
temperature

High energy density to
maximize storage capacity

NH,HS0,/NH; ca0/co,
Li,/H,0

Ca0/H,0 ®

Materials and process
equipment

v Well-known in the 00 so 60 0 a0 o 10w
g cement |ndustry Turning temperature (*C)

This Project has received funding from European Commission
by means of Horizon 2020,the EU Framework Programme for s ‘ RAT‘ Es
Research & Innovation, under Grant Agreement no.727348.
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SOCRATCES operation conditions

10 +
: Pco2
Ca0 + €O, -> CaCo, (atm) Carbonation

AH®=-178 kJ/mol X
| EXOTHERMIC Carbonation :

=/}

Calcination

0.01 +

CaCo; -> Ca0 + CO,
AH%=+178 kJ)/mol
ENDOTHERMIC Calcination

~ 3.5 GJ)/m? . . . . . . .
600 650 700 750 800 850 200 950 1000
T (°C)
Figure 1: Schematic representation of SOCRATCES. Figure 2. Calcination-carbonation reaction equilibrium

CaOo

storage

csp CALCINER CARBONATOR
Thermal » CaCO,(s) > CaO (s) +CO, (q) Ca0 (s) +CO, (g) >CaCO;(s) » ;hetr f.“aF! Eng'ge ot
Power Input AH,°= +178 kJ/mol AH,%=-178 ki/mol ectric Fower Lutpu

o CO

storage

This Project has received funding from European Commission
by means of Horizon 2020,the EU Framework Programme for s ‘ RA I ‘ Es
Research & Innovation, under Grant Agreement no.727348.



Material behauviour under SOCRATCES operation conditions lig

1.0 - -

CSP storage conditions
{He calcination 700°C)

® Limestone; X.- .53
W Dolomite; Xr= 0.65

CO2 capture conditions
(CO, calcination at 950°C)

O Limestone; X,=0.08
[0 Dolomite; X =0.18
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Figure 1: The humble limestone and dolomite show high residual
conversion (Xr) at SOCRATCES conditions

This Project has received funding from European Commission
by means of Horizon 2020,the EU Framework Programme for
Research & Innovation, under Grant Agreement no.727348.
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Objectives. u%-

e SOCRATCES global objective is to advance in the knowledge of the Calcium Looping (CalL) for
thermochemical energy storage (TCES).

* The project develops prototypes of the different components and implements their integration in
order to reduce the core risks of scaling up TCES-Cal technology, to identify and to solve challenges; to
advance in the understanding of the processes and to optimize the performance of components and
global systems with the longer-term goal of enabling highly competitive and sustainable TCES-CSP
plants integrating the TCES-Cal technology.

e SOCRATCES is oriented to generate new knowledge about the whole Cal process: equipment,
materials, reactions, transport, etc. in order to identify and solve the challenges for the development
of the TCES-Cal system at a commercial scale of MWs.

This Project has received funding from European Commission

by means of Horizon 2020,the EU Framework Programme for s ‘ RAT‘ Es
Research & Innovation, under Grant Agreement no.727348.




New : .
materials R&D i (0ns Scaling-Up
(Ch/Ph) Assessment
CaO (s) Ca0 )
. ., @ | [orommemoimg
: : : storage 1 : :
| ' |
CALclmER l . l : EARBDT‘.IATDR POWER CYCLE
h J | h J |
- HEAT CHCD;}'CHU HEAT ‘
€aC0s s > CaO + CO2ig [4 E:E:&E‘:i“ < storage 4 E:Emziiﬂ a0 + CO29 > CaCOs¢y / Q
AH” = +178 kI/mol 'y : T AH,” =-178 ki/mol
i ; i i CO2 TUR i i T
£ 3& R X iD, co: G TR - '
.__\\.- Prgsbﬁ })_ CO2 (g} storage CO2 (g)
.\" ');’ | COz COMP
Yy
Systems
_ _ development
Systems Engineering Power
integration Construction Systems
& control

technologies

This Project has received funding from European Commission
by means of Horizon 2020,the EU Framework Programme for s ‘ RAT‘ Es
Research & Innovation, under Grant Agreement no.727348. 19




SOCRATCES Prototypes. First of their kinds S

Downer carbonator reactor
CO,+Ca0 particles

Secondary (B0
reflector/reactor i

!

prehening Downer closed loop
oK €09 HTF to g carbonator
SOIar CyCIOne A | - = stoc::e o=y b=ttt _____ thermal engine
. : :
calciner ey B l ! pv: POWER CYCLE M

: |
AN CaC0s > Ca0 ) + COx (g |4 =] EXCHANGER (o 14— EXCHANGER | HTF from
NETWORK storage NETWORK Ca0gw +U CO2( > CaCOsgy thermal eng
AH,’ = +178 ki/mol y — . AH, =178 ki/mol
i |

Downer gravity closed
loop calciner

This Project has received f » | + rom European Commission
by means of Horizon 2020,the EU Framework Programme for s ‘ RA I ‘ : Es
Research & Innovation, under Grant Agreement no.727348.
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Published results, analysis, data (a non complete sample)

Integrations
and processes

Materials

e -
R Chacartegui, A Alovisio, C Ortiz, JM Valverde, V Verda, JA Becerra, Thermochemical energy storage of concentrated solar power by
integration of the calcium looping process and a CO2 power cycle, Applied energy 173, 589-605  First publication
A Alovisio, R Chacartegui, C Ortiz, JM Valverde, V Verda, Optimizing the CSP-calcium looping integration for thermochemical energy
storage, Energy Conversion and Management 136, 85-98 2017 Seasonal storage
C Ortiz, MC Romano, JM Valverde, M Binotti, R Chacartegui, Process integration of Calcium-Looping thermochemical energy storage
system in concentrating solar power plants, Energy 155, 535-551 2018 Hot storage
C Ortiz, R Chacartegui, JM Valverde, A Alovisio, JA Becerra, Power cycles integration in concentrated solar power plants with energy
storage based on calcium looping, Energy Conversion and Management 149, 815-829 2017 Power cycles analysis
C Ortiz, M Binotti, MC Romano, JM Valverde, R Chacartegui, Off-design model of concentrating solar power plant with
thermochemical energy storage based on calcium-looping, AIP Conference Proceedings 2126 (1), 210006 2019 Off design

C Ortiz, JIM Valverde, R Chacartegui, LA Perez-Maqueda, Carbonation of limestone derived CaO for thermochemical energy storage:

from kinetics to process integration in concentrating solar plants, ACS Sustainable Chemistry & Engineering 6 (5), 6404-6417 2018

Scales impact
C Ortiz, JM Valverde, R Chacartegui, Energy Consumption for CO2 Capture by means of the Calcium Looping Process: A ComparatRle

Analysis using Limestone, Dolomite, and Steel Slag, Energy Technology 4 (10), 1317-1327 cttact of different materials
Biomineralized materials

J Arcenegui-Troya, PE Sdnchez-Jiménez, A Perején, JM Valverde, ...Calcium-Looping Performance of Biomineralized CaCO3 for CO2
Capture and Thermochemical Energy Storage, Industrial & Engineering Chemistry Research 59 (29), 12924-12933, 2020

Biominerals

« B Sarrion, A Perejon, PE Sanchez-Jiménez, N Amghar, R Chacartegui, ..., Calcination under low CO2 pressure enhances
the calcium Looping performance of limestone for thermochemical energy storage, Chemical Engineering Journal,
e 127922,2020

Low-Pressure Calcination

This Project has received funding from European Commission
by means of Horizon 2020,the EU Framework Programme for S ‘ RA I ‘ Es
Research & Innovation, under Grant Agreement no.727348.



Publlshed results, analysis, data (a non complete sample)

Components

CalL
Perspectives
and challenges

CSP/PV

Hybrid CalL {

CalL Combined
Cycle

B Sarrion, A Perejon, PE Sanchez-Jiménez, N Amghar, R Chacartegui, ..., Calcination under low CO2 pressure enhances the

calcium Looping performance of limestone for thermochemical energy storage, Chemical Engineering Journal, 127922,2020
Calciner Effect of Low pressure calcination

U Tesio, E Guelpa, C Ortiz, R Chacartegui, V Verda, Optimized synthesis/design of the carbonator side for direct integration

of thermochemical energy storage in small size Concentrated Solar Power, Energy Conversion and Management: X 4,

100025, 2019 Carbonator

C Ortiz, JM Valverde, R Chacartegui, LA Pérez-Maqueda, ..., Scaling-up the Calcium-Looping Process for CO2 Capture and
Energy Storage, KONA Powder and Particle Journal 38, 189-208, 2021 Reviews

C Ortiz, JM Valverde, R Chacartegui, LA Perez-Maqueda, P Giménez, The calcium-looping (CaCO3/CaO) process for
thermochemical energy storage in concentrating solar power plants, Renewable and Sustainable Energy Reviews 113,
109252 2019

R Bravo, C Ortiz, R Chacartegui, D Friedrich, Multi-objective optimisation and guidelines for the design of dispatchable hybri
solar power plants with thermochemical energy storage, Applied Energy 282, 116257, 2021  Data clustering

R Bravo, C Ortiz, R Chacartegui, D Friedrich, Hybrid solar power plant with thermochemical energy storage: A multi-objectiv
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