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Abstract:

Ca-Looping represents one of the most promising technologies for thermochemical energy storage. This
process based on the carbonation-calcination cycle of CaO offers a high potential to be coupled with solar
power plants for its long-term storage capacity and high temperatures. Previous studies analyzed different
configurations of Cal integrated into power cycles aiming to improve efficiency. However, most of these
assessments based on lumped models did not account for scale effect in the most critical reactor. In this
work, a detailed 1D-model of a large-scale carbonator is included in the comprehensive model of the
integrated facility. The results obtained served to assess the available heat, the minimum technical part load
of this equipment, the required size of the storage tanks and the overall efficiency of the plant. The main
issue in the operation of large-size carbonator is the heat removal, thus a multi-tube internally cooled reactor
is proposed. The designed carbonator provides 80 MWth at nominal operation and 40 MWth at minimum
part load operation. The sizing of storage tanks depends on the operation management, ranging between
5,700-11,400 m® for 15 hours. Different efficiencies of the system were defined and presented through
operating maps, as a function of the reactor loads.
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1. Introduction

Deploying renewable energy sources (RES) contribtdethe decarbonisation of energy systems
[1]. However, curtailments are necessary when REfgesent above 10% of the annual electricity
generation [2], since operators only control 5-16Pavind and solar dispatch [3]. To face this
situation, the European Commission proposed ergggge as solution [4] since 10-20% variable
RES shares are estimated for about 50 region®iwdnld by 2023 [5].

In this study, we focus on concentrating solar po(@SP) plants. Dispatch of CSP has a peak
around noon and significant variations over minue$ours due to cloud coverage. To manage
electricity production, half of the CSP plants vdwvide use thermal energy storage (TES) [6]. TES
systems retain thermal energy within specific malerand release it when needed. According to
the physical phenomena occurring while absorbitegiseng the energy, thermal energy storage is
classified in sensible TES, latent TES and therrapubal energy storage (TCES).

Sensible TES use materials with high specific ji8a1—-4187 J/kg-K) to store/release the energy by
heating/cooling their mass. These systems are sjmeliable and cheap, but the energy storage
density is low (1001-4453 kJ?aK) [7]. Most of sensible TES used in commerciaPQ8ants are
based on molten salts [8], combining two tanks Kpdcbeds) of high and low temperature for
short- and long-term storage [9].

Latent TES use materials with high latent heat 26D kJ/kg), to store/release the energy during
phase transitions at constant temperature, whatcesdfluctuations in electricity production [7].
Phase change takes place between liquid and solidrder to have small variations in volume
(<10%) [10] and high energy storage densities ®@Q%0 kwWh/t). However, the low thermal
conductivity of these materials (< 0.5 W/m-K) pras the time of charging and discharging
energy [7]. To obtain large heat exchange surfacégent TES, shell and tubes configurations are
commonly used [11][12].
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in one direction and exothermic in the other) trestrelease energy through a cyclic process. As
TCES works at very high temperatures (450-1300 RC)y the most promising candidate for
thermal energy storage in new generation CSP plaotking above 800 °C [7][13]. Moreover,
TCES provides seasonal storage with no heat Iqse®nergy is stored in the chemical bound of
the compounds) with higher energy densities thasibke and latent TES (about 240-1090 kwWh/t)
[14]. Among many materials for TCES (hydrides, rhetades and carbonate salts), the calcium
looping reaction (Cal), Cafo»CaO+CQ, stands out because the material is cheap anb-eart
abundant, products are non-toxic, and energy stalagsity reaches 390 kWh/t [14][15].

The utilization of CaL for TCES was proposed by Karin 1974 [16], and the scientific
community intensified its research during the ldstade. Recently, several papers dealt with the
integration of CaL TCES with different power cycldd7][18], efficiency optimization
[19][20][21], and management of the storage sysf2R). Ortiz et al. [17] and Tesio et al. [18]
assessed different power plant options to findtélcénology that leads to better performance when
integrated with calcium looping TCES. Both of theoncluded that best results are achieved with
CO, power cycles (C@closed Brayton cycle according to Ortiz, and sapigcal CO, power block
according to Tesio). After identifying the mosttabie technology, they optimized the efficiency of
the concept by studying different plant layouts.efhfound overall efficiencies (net electric
production to net solar thermal input) in the rar8®44% for the C® closed Brayton cycle
[19][20], and 40.4% for the supercritical €Oycle [21]. Regarding management, Bravo et alduse
a multi-objective optimization framework to determaithe best operational strategy. However,
authors state that further research on this issuecessary to reach authoritative conclusions, as
economic aspects were not included in the optinund22].

So far, the reactors design has not been takeragtount in the existing studies which are mainly
based on lumped models of the process. Howeverextension of the chemical reactions in the
carbonator and calciner clearly affects the massd] the management of storages and the overall
efficiency of the plant [14]. The main reason iattlexperiments on calcium looping applied to
TCES are scarce making difficult the validation d#tailed models of the reactors [23]. Solar
calcination (Ca@—-CaO+CQ, endothermic) has been tested by the Paul Schimisétute in a
cyclone gas-particle separator with a window-lgsertaire. Solar thermal input of the prototype was
54 kW, reaching 85% limestone conversion with 88%ergy efficiency [24]. Carbonation
(CaO+CQ— CaQ, exothermic), within the framework of solar Cas tésted in the SOCRATCES
project. They use an entrained flow reactor of Y0 thermal output, cooled by external cooling
coils. The cooling fluid is air, which is later wkim a Stirling engine to produce power [25].

At industrial scale, the computational fluid dynamisimulations of the Paul Scherrer Institute
show that solar calcination may operate effectively65 MW thermal inputs by using a falling
particle receiver. In this type of reactors, a aimtof falling CaCQ particles absorb the solar
radiation that enters through the aperture of doeiver [24]. Regarding carbonation, Bailera et al.
showed that energy could not be properly recovereghtrained flow reactors when scaled-up to
industrial scale, if they are cooled by externalsc&ince the reactor heats up, the reaction esach
the equilibrium temperature and it progresses échiby the rate at which heat is evacuated. This
leads to unfeasible dimensions of reactors (7 rmeiar and 52 m length for carbonators of 100
MW solar input) [26]. Therefore, other potentiainfigurations must be evaluated to improve the
heat removal in industrial carbonators for CaL TCES

In this work, we focus on the two main gaps founditerature when assessing the utilization of
calcium looping as thermochemical energy storageancentrating solar power plants: (i) the

design of a suitable reactor for carbonation austdal scale and (ii) the analysis of the concept
taken into account the reactor design and its hehaw part load operation. Thus, the novelty of
this work consist in quantifying a realistic efeacy for CaL TCES at industrial scale. First, the
paper introduces the concept of calcium looping $GE CSP, establishing the case under study.
Then, the methodology presents the carbonator niogleind the design criteria from few kW to
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storage management (CaO, CaGd CQ). Finally, we quantify the overall performancetbé
plant.

2. Calcium looping for energy storage in CSP plants

The energy storage system based on calcium logmiagess consists of two reactors, namely
calciner and carbonator. In the calciner, solidisfitam the top, and solar radiation provides thatm
energy for calcination (Eq. (1)). In our study, eansider 100 MW of solar power input as nominal
operation. If the availability of solar energy &s$ than the nominal power, the calciner will ofgera
at partial load. The calciner load is defined asrttio between the available solar power input and
the nominal solar power input (100 MW). The solidass flow is a mixture of limestone and lime
(197.7 kgl/s), and its inlet temperature is set5 8 through the heat exchanger HECERs+cao
(Fig. 1). The operating temperature inside theioatds kept below 950 °C, to limit degradation of
the solid particles [19].

CaCO; « CaO + CO, AHY = 180 kJ/mol, (1)

Lime and CQ are obtained after calcination of limestone. Thpsmlucts are conveyed to the
second reactor, where carbonation takes placehenstored chemical energy is recovered (reverse
of EQ. (1)). The heat released is transferred ¢opbwer block through a cooling fluid. The inlet
temperature of the carbonator is set at 850 °C [a0which reason the heat exchangers HE=ER
and HE-ERo; are used. Finally, the solids leaving the carbmnatre conveyed again to the

calciner, thus closing the loop.
Fresh CaCO
200 I

HE-ERCaCc03+Ca0 Venting

A
850 0C
3 CO2+Ca0
é} co2 HE% .

100 MW )
900-950 °C

33
éﬂ@@

HE-EEcao,p

Purged CaO
200 °C

fo=1% CaC03+Ca0 ca0 — C02 —— C02+Ca0
= Fresh CaCO3 = Purged Cal === Cooling fluid

Fig. 1. Thermochemical storage system based olo@ang process for a large scale CSP plant:
nominal operation mode.

Full calcination can be assumed at the outlet efdhiciner. However, the mass composition after
carbonation depends on the average sorption gctwvithe solid population, as only part of the
CaO particle will react with the GQ27]. An average maximum conversion of 13.54%sisumed

for the selected limestone [26][28][29] and the anghtio CaO:C@at the carbonator inlet is set at
6.8:1 [28][29][30].

Additionally, a small fraction of lime is purgedofm the system (£1%) and the corresponding
amount of fresh limestone is added to compensa&eadimoval of calcium. The addition of fresh
limestone to the system increases the averagei@omottivity of lime population given the decay
of sorption capacity of individual lime particlestiwvthe number of cycles. In this layout, lime is
purged after calcination, while limestone is addethe inlet of calciner. It must be noted that¢he
is a net input of carbon and oxygen into the systatause the carbon dioxide released from fresh
limestone calcination is accumulated. Therefor@nall amount of C®has to be removed from the
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input coming from the difference between the freésfCQ and the purged CaO, as the molar ratio
in the carbonator was set to consume the rest efdDfng reaction.

This mode of operation corresponds to the nomioaitpused for carbon capture applications in

which neither storage nor discharge of energy taleee. The energy entering the calciner is
recovered in the carbonator without delaying powerduction. This mode of operation is not

useful for energy storage applications but its progescription is significant to understand the
performance of the calcium looping. In the follogisubsections, the layout of the system under
storage and discharge operation modes is described.

2.1. Energy storage operation mode

When the electricity demand from the system deaaythe selling price of electricity does not
cover the operating cost, part of the solar enbandled in the CSP is stored. Under energy storage
operation, a fraction of the limes{ag and CQ (fs;co) obtained through calcination are stored
instead of conveyed to the carbonator (Fig. 2).sTthe thermal power released in the carbonator is
reduced, and the stored products allow producieghl energy in a later period. Additionally, to
keep constant the mass flow entering the calcs@igds must be added to the loop through the
discharge from a limestone and lime reservoir. disegharge flow of this tank is defined as a
fraction of the nominal solid flow leaving the carator outlet {h caco)-

CaCOg Discharge
200°C| cio | i
Fresh CaCO3 fichcaco3
250c  — P @ B4
HE-ERCaco3+Ca0 HE-EECo2,cR
~
[of
ﬁ 850 °C }’Y o HE-ERCO? CO2+Ca0
1T\ 2
100 MW ’) HE-EEco2 Compressor HE-EEco2,c @'
900-950 °C h—/@4 Y o~ @4 HE-ERCa0
fst,co2 v L
H 100 °oC
L5 [;st,cao /@4 Y 1000C Cooling
R0 co, fluid (CO2)
Rer £ 2000C
HE-EECa0,p Storage :
Purged CaO
200 °C
fo=1% CaC03+Ca0 Ca0 — CO2 — CO2+Ca0
= Fresh CaCO3 = Purged Cal === Cooling fluid

Fig. 2. Thermochemical storage system based olo@ang process for a large scale CSP plant:
partial energy storage operation mode.

If the fraction of CaO and C(sent to storage tanks increases, the load ofaH#oator may be
reduced below its minimum partial load, requirimgshut-down the reactor (the part load in the
carbonator is defined as the ratio between thetinpas flow and the nominal input mass flow).
Under this situation, the plant starts operatinly amstorage mode, not producing thermal power in
the carbonator (Fig. 3). The discharge fractiomfitbe limestone reservoi§ck cacoswill depend on
the amount of solar energy entering the receiver.



‘ CaC0, ! Discharge
200 °Clcio | i

Fresh CaCO3 fdch CaCO3 CaC03+Ca0
25°C > —— Fresh CacO3

Ca0
850 °C = Purged CaO
— CO2

100 MW HE-| EEcoz Compressor HE-EEco2,C
900-950 °C I~ )@(
CO:
L ?

HE-ERCaC03+Ca0

\ 4

@59@ co,
HE- EECao H 200 °C

Purged CaO HE-EEcaop Storage

200 °C

fp = 1%

Fig. 3. Thermochemical storage system based olo@ang process for a large scale CSP plant:
energy storage operation mode.

100 °C

In this study, the properties of stored £&e 100 °C and 73 bar [20], through a compresstiage
including two cooling steps to 50 °C (HE-&f&) and 100 °C (HE-Efp.0. Solids storage
temperature and pressure are 200 °C (HEsBE&nd 1 bar [19].

2.2. Energy release operation mode

Whenever solar energy is not enough to keep catbomarking at a specific load, the plant can
run under energy release mode. In this case, pdheopreviously stored lime and G@re now
discharged from their reservoirs to enter in theogaator and produce the desired thermal power
(Fig. 4). The CQ@and CaO leaving the storage tanks are definedrastsgon of the nominal flow of
CO, (fgch,cod and CaO (ncagd at calciner outlet. Additionally, as there is restough available
solar energy to completely calcine the mass flowirexthe carbonator, part of this is diverted to
storage (& cacoj before closing the loop.

CaCo,| | Storage
200°C| cio [«
fst,caco3
...................................... i HE-EECaco3+Ca0
Fresh CaCO3
250C TP @ X
HE-ERCaC03+Ca0 HE-EECo2,CR
12
o HE-ERcO2 C0O2+Ca0
L7,
A
<100 MW ) Compressor HE-EEcoz,C 650 oc [l
900-950 °C — ~ @4 HE-ERC20
L— fdch,co2
100 °C
% (ﬁ@ ‘;_. 100 °C Cooling
229 9, ECOZH fluid (CO2)
Discharge 200 °C
HE-EEC0p fdch,Ca0
cl o
Purged CaO
200 °C
fp=1% CaC03+Ca0 Ca0 —CO2 — C02+Cal
= Fresh CaCO3 —— Purged CaO = Cooling fluid

Fig. 4. Thermochemical storage system based olo@ang process for a large scale CSP plant:
partial energy discharge operation mode.

When solar power is not available, the operatiohnisted to release stored energy (Fig. 5). The
mass flows discharged from the reservoirs depenith@maemanded thermal power to be produced.
In our study, whether we store or release enelgyfractions of CaO and G@ntering and exiting
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fstcac=fstcoz and fich.co=fach,cad. Heat losses of heat exchangers are assumed axd 2% total
released energy.

CaCOg Storage
200°C | %o
HE-EECac03+Ca0
HE-EEco2,cR CO2
—~
/(& HE-ERco2 C02+Ca0
@4_ ) 850 °C
Compressor HE-EEco2,c @
T~ )@7( HE-ERca0
L fdch,co2
N 100 °C
32 2 L 1000C Cooling
299 291 (co, fluid (CO2)
Discharge 200 °C
fdch,ca0
CaCO3+Ca0 Cao - CO2 — CO2+Cal === Cooling fluid

Fig. 5. Thermochemical storage system based olo@ang process for a large scale CSP plant:
energy discharge operation mode.

3. Methodology

Methodology covers carbonator modelling, designega and assessment of the storage tanks
required for the correct management of the plant.

3.1. Carbonator modelling

The energy removed from the carbonator represbatmtin source of heat sent to the power cycle.
However, the operating load in the carbonator réatay varies throughout the day due to cloud
coverage, the solar radiation pattern and the ddno&relectricity. Therefore, its design must be
assessed to quantify the effects of partial loagratpon in the overall efficiency of the system. In
this sense, a detailed model of a large scale natbo reactor has been developed. Besides, the
minimum technical load in the carbonator have decefon the size of storage tanks, and will
determine the minimum amount of heat availablegHerpower cycle.

The carbonator is an entrained flow reactor in Whigactants entrance is located at the top. This is
a complex system where heterogeneous exothermimgicllkreactions take place together with heat

transport phenomena. The model considers carbaonkitietics, heat transfer mechanisms and the
specific geometry of the reactor, in order to cotepaxial profiles of conversion, temperature and

residence time under different operating loads. fHaetor was discretized in 100 slices of constant
length, for which the equations presented in tHieviong subsections were computed. In the case
of those equations that comprise an integratiomesof the variables are assumed constant along
the slice to perform the integration (whenever ¢hee, it is mentioned in the text). The model is

solved in steady-state through a numerical medh 140 discrete 1-D elements.

The Fig. 6 illustrates the flowchart of the carbmnanodel for one slice of the discretized reactor.
There are four main blocks that simulate the sphdse, the gas phase, the kinetics and the heat
transfer. The gas phasemodule provides information to thesdlid phasé module in order to
compute the downward velocity of the solids fallitgough the reactor. Then, theolid phase
module provides the residence time of the solidsth® kinetics module to calculate the
conversion. Also, both thgas phaseand the solid phasemodules transfer the mole flows data to
the ‘heat transfer module in order to calculate the final temperatumside the reactor. At this
point, the computed values of conversion and teatpex must be re-introduced in the different

6
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residence times, conversion and temperature aradec to the next discretized slice. The former
allows computing the total residence time, whilenersion and temperature are used as initial

values in the iterative loops of the next slice.

Gas phase - Fixed variables

Solid phase - Fixed variables Heat transfer - Fixed variables « Slice dimensions, AL, r
« Length of the slice, AL * Reactor dimensions « Pressure, P
« Initial mole flow rate, nca0,0 * Cooling mole flow rate, nc¢  Initial mole flow rate, ncoz o

i-1 \ 4 \ 4 Output

Solid phase - Computed variables Gas phase - Computed variables Initial values for iterative loops (i-1)
» Solids residence time, ts .1 * Gas residence time, tg ;.1 + Cooling temperature, Tef;iq

A

n Iterative loops - Initial values Initial value: X;_q

« Conversion, X.4 (from i-1)
« Temperature, T;_4 (from i-1)
_* Cooling Temperature, T (from i+1)

Iterative loop:
Conversion, X; }

R . —

Initial value: T;.

=

Initial value: Xj.q

Iterative loop:

L Temperature, T;
= \ 4 \ 4 \/\}

Iterative loop:
Conversion, X;

N7 \7 GAS PHASE
SOLID PHASE * Mole flow rate, ncoy i
* Mole flow rate, nca0,i Ncacos,i T + Volumetric flow rate, V;
* Downward velocity, vs i Vg,i» | *Gas velocity, Vg.i
« Solids residence time, ts; Pg,i | *Gas residence time, tg;
Mg, | *Gas density, pg P
* Gas viscosity, g : Initial values:

Initial value: T;.q v Tt Teti

ts;i Ncao,is s
Iterative loop: NCaco3,i

Temperature, T; I]
\ 4 l \ 4 A

Iterative loop:
Temperature, T;

Temperature, Tef i1

T HEAT TRATNSFER \ Used for the calculation of:
KINETIC MODEL emperature, T; 1+ Convective coefficients, hg, hey }
« Conversion, X; + Cooling temperature, Tct ;.4 ! + Absorptance of the gas, A, H

*Recovered heat, Qj | toseeeeeieioiiiiooolld !

|

NO Converged? NO
(Ti» Tefi1)
Simultaneous convergence :
required to proceed
(G OO O R - YES
NO Converged? NO AN
(%9}
YES
- v
A Output
Computed data for slice (i+1) Initial values for iterative loops (i+1)
« Solids residence time, ts; « Conversion, X;
* Gas residence time, tg; « Temperature, T;

Fig. 6. Carbonator modelling flowchart for the distized slice of index i, and its interactionstwit
the previous (i-1) and next (i+1) slice.

It must be noted that each slice does not onlym#gpen the previous one, but also in the following
one because of the heat transfer model. Since é¢aetar uses a counter-current cooling
configuration, the initial temperature of the caglifluid is provided by the following slice, which
is not yet solved. The boundary condition thatdixiee inlet temperature of the cooling fluid, irth
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in the first slice. The list of boundary conditiotigt allow solving the system is presented in &abl
1. These variables are commented in the followirgsections.

Table 1. Boundary conditions of the simulation.

L;=0 Li=L I = Tout,c
Solid phase
mole flow rate, 140 Ncao,co (EQ. (58)) = =
mole flow rate, 1icqco3 Neacos,eco = 0 = =
velocity, v V5o = 0.01m/s = =
residence time, t; tso=0 = =
Gas phase
mole flow rate, 1i¢¢, Nicoz,c0 (EQ. (59)) = =
velocity, v, Vgo = Ncozeo* (1 —Xp) - R+ To/(P : Seff) - =
residence time, t, tgo =0 = =
Kinetic model
conversion, X X, = 0.00078 = =
Heat transfer
Temperature of reactants, T T =850°C = =
Temperature of cooling, T, = T. =100 °C -
Heat transferred, q' — — q =0

3.1.1. Kinetic model

The kinetic equation used in the model was pubtidine Ortiz et al [31]. The carbonation reaction
is described by Eq. (2), giving the conversion afdCas a function of time and reaction rate,
Xk

X(t) = Tt ! (2)

whereX, is the conversion at the end of the reaction otlett phase (assumed as 0.1354 in this
work) andt, the time taken to react),/2 conversion (equal to 1.515 s). The reaction rates
given by Eq. (3) as a function of temperature ag Qartial pressure,

-1

r=ay-elH) (L o1) (L elstmeCommn)) © ()
eq eq

whereE, is 20 kJ/molAS3 is -68 J/mol-K andH; is -160 kJ/mol. Beside$,, = A - exp(—a/

T), whereA is 4.083-107 atm, andis 20474 K.

3.1.2. Solid phase

The time spent by the solids traversing the reactoresponds to the reaction time (i.e., the time
used in Eg. (2)). This is given by the entrainirmgvdflow velocity of the solids, which depends on
its terminal velocity and the gas velocity. Accaomglito Wen et al. [32], the downward velocity,

of small particles under low Reynold numbers is patad by Eq. (4):

Vs =g - e P 4+ (v + 1) - (1—e7Phs) (4)

wherev; is the initial velocity of the solidy, is the velocity of the gas phase (volumetric flow
divided by the cross section), andis the terminal settling velocity of the partiatea static fluid.
The parametel, and the velocity, are given by Eq. (5) and Eq. (6):

p=_24 (5)

deIZJ ’
— d2
— (pS pg) pg, (6)
18u

Uy
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the diameter of the solid particles (assumed 60anj¢ andg the gravity.

Integrating Eq. (4) gives the reactor length agrection of the residence time of solids, Eq. (7),

L= fOtS'L vedts = %(1 — e_bts) + (vg + vt) . (ts _ 1—eb_bts). (7)

The Eq. (7) is integrated for each slice of thecidized reactor, so it can be assumed that;,

andb are constants in the range of integration (theycalculated at the specific temperature and
pressure of the gas in each slice). Thus, totadease time considers the variation in temperature
and gas volume along the reactor.

3.1.3. Gas phase

For the sake of simplicity, we assume that thedfloi a slice is not mixed with the fluid of any
other slice ahead or behind (flat velocity profil€his implies that the residence time in the react
is the same for all elements of the fluid. Thedesce time of the gas is given by Eqg. (8),

LSe
ty = Jy %dL, (8)
whereV is the volumetric flow rate an} is the effective cross-sectional area of readter, (

cross-sectional area minus the area occupied syorhe Eq. (8) is integrated for each slicel’so
andS.sr are constant in the interval of integration, anel tesidence time in that interval becomes
tg,i == Li . Seff/Vl
Besides, it is assumed that the pressure insiderdhetor remains constant at 2.0 bar. The
volumetric flow rate as a function of the conversis given by Eq. (9),
— flCOZ,O : (1 - XLi) ‘R TLi (9)

P

3.1.4. Heat transfer

In this section, it is presented (i) the energyabaé on the gas-solid mixture in which carbonation
takes place, (ii) the heat transference (conveetneradiative) from gas-solid mixture to the walls
(iif) the conduction through walls to the coolingifl, and (iv) the energy balance of the cooling
fluid. It should be noted that heat transfer equetidepend on the carbonator configuration and
geometry, which have been selected differently ddpeg on the scale (see Section 3.2). To this
regard, clarifications are made when required.

3.1.4.1. Reactants side

The energy balance in the cloud of gas and pastidedescribed by Eq. (10), considering the
exothermal heat from carbonation and the heat exgghper length of reactor (from_; to L;):

YiCpj-tjy, - (T, —Tu_,) = —AH, - (ficacos ., — Ncacosn,,) — 4i, - (Li — Li—1),  (10)

Vii

whereCp ;j andn ; are the specific heat and mole flow of componentespectivelyT is the
temperature of the cloud of gas and particles (assluto be homogeneous in the slidgj, is the
enthalpy of reaction (-178 kJ/mol), agfl is the heat flow throughout the wall per unit oz

length. This heat flow through the wall accounts radiation,g;q4,;,, and convectionj gp,, ., in
the form of Eq. (11):

qii = q;‘ad,LL- + qéonv,Lil (11)
Radiation is given by Eq. (12):

. Ew 4 4
o= -0 (g -T7. —« Y I 12
qrad,LL AgiptEw—gip Ew ( g+p L; g+p lw,LL) ’ ( )
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emissivity of the wallg is the Stefan-Boltzmann constafitis the temperature of the cloud of gas
and particles (assumed to be homogeneous in te),slndr;, is the temperature of the inner wall
(wall in contact with the cloud of gas and partleThe variable is defined in such a way that
¢?=a/(L; — L;,_,), anda is the surface area where the heat transfer tplke® within the slice,
which depends on the geometry of the reactor.

The model for the calculation of the emissivity (,) and absorptivity ¢,.,) of the gas-particle
mixture is borne out ofVDI Heat Atlag Part K4 [33]. They can be described as

E _ (1 . ﬁ) . 1- exp(_¢)emi,g+p) (13)
e 1+ ﬁ : exp(_(pemi,gﬂ?)

. _ (1 . ﬁ) . 1- exp(_(pabs,gﬂ?) (14)
gre 1+ ﬁ : exp(_(pabs,gﬂ?)

with
y—1

= ——— 15

=+ (1s)

—~ 16

_ 2 - Qpsc (16}

y= [14+—
Qabs
¢)emi,g+p = (Qabs A Lp + Kemi,g) (o 2 17 (17)
¢abs,g+p = (Qabs A - Lp + Kabs,g) “Lmp * ¥, (18)

WhereQ,,. andQ,, are the particle scattering and absorption caeffts,Kepy; g andKg,s 4 are
the gas scattering and absorption coefficieljsis the particle loadind,,, is the mean beam
length of radiation within the relevant geometryda is the specific projection area of the
dispersed particles.
The particle scattering and absorption coefficid@s,. andQ,,;) are taken from the limestone’s
data graph included in the Heat Atlas (referen&,[8ection K4, page 993) as a function of the
particle diameter. The specific projection aredhaf dispersed particleg, is calculated from their
diameterd,,, and densityp,, by Eq. (19).

3

dp=—2-pp-A (19)
The gas scattering and absorption coefficiekits, ; andK,,,; 4, are computed from
In(1—c¢
Kemi,g = _g (20)
mb
In(1-4,) (21)
Kabs,g = _l—
mb

whereg, is the emissivity of the gas adg is the absorptance. The valuespfre taken from the
data graph included in the Heat Atlas (referenc®,[3ection K3, page 982) as a function of
pressure, temperature and the equivalent layekrtegs. The latter is tabulated in [33], section K3,
page 981, for different geometries. Regarding thsogptanced,,, it is a function of the wall
temperature, the gas temperature and the emissivihe gas, following:

T 0.65

Ay = fpco, - (ﬁ) ‘&g (22)

10
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by equation (23), wherg, is the equivalent layer thickness (tabulated i8],[3ection K3, page
981, for different geometries).

2
A,
fo.co, =1+ A — 1) exp’ 0.5 (10g100°pc02 'Seq> ] -

with
Tg \ 1% Pco2
01-(2%) " +1|-p-(1+0.28-292) 4023
1000 P
= T — (24)
) 2
01(=%) " +p-(1+0.28-222) 1+ 0.23
T, \°
0225'(1000) for T, > 700 K
AZ = T 2 (25)
| 0-054- (10%0) for T, <700 K

Regarding convection, which is the other term dfthil®w in Eq. (11), it is given by Eq. (26)
q.é‘OTLU,LL' = g,L; * (TLL' - TiW,Li) ’ g’ (26)

whereT is the temperature of the cloud of gas and padi¢hssumed to be homogeneous in the
slice),T;,, is the temperature of the inner wall (wall in amttwith the cloud of gas and particles)
and h, the convective coefficient [34]. The variabfeis defined in such a way th#t=
a/(L; — L;_,), anda is the surface area where the heat transfer falkes within the slice, which
depends on the geometry of the reactor.

The convective coefficient at each axial posit®calculated by Eq. (27) [34]:
Nuy; - ky;

hg1, = —
WhereNu is the Nusselt numbek, the thermal conductivity of the gas {gt andP,,) , andD, the

hydraulic diameter. The latter is defined accordiogeq. (28), which relates the cross-sectional
area of the flows,(r, and the perimeter of the sectipay.

(27)

4.5
Dy = —3JL (28)
per
It should be noted that the hydraulic diameter ddpeon the geometry of the reactor. In our study,
we use two types of configuration (see Fig. 7)aanular single-tube (reactants in the outer side)
and a tube bundle in triangle configuration (reaistan the shell side). The hydraulic diameter for

these two cases are:

Dh(annular) =2-(r.— rcf) (29)
b B (2 —N-1&) =)
h(bundle) —
(bundle) (rc +N - rcf)

Wherer is the radius of the carbonator tube (the enctpsip, is the radius of the cooling tube,
andN the number of cooling tubes.

The Nusselt number, which is necessary in Eq. @%@ depends on the geometry of the reactor. In
the case of an annular configuration, the cormhsti developed by Bennett are used [35].
Specifically, the correlation corresponding to badary conditions of adiabatic outer wall and
constant inner wall temperature (in our simulatime, use the average temperature of the cooling
wall for the calculation of the Nusselt number)eTdusselt number in the inner surface, at an axial
positionL; (of the total lengtil) is given by Eq. (31):

11



GZpi n/3 NUco—UOLep |
— 3 /(GZLL' +(A- Re 1/3) )
(fRep)
NuLi(annular) = NuL(annular) | 1- 1/n (31)
1+ ( OLev )/(G n/3 + (Nuoo_OLev )n)
A-(fRep)1/3 ZLi A-(fRep)t/3
WhereWL(annular) is the average Nusselt number over the total dewajth of the reactof,Rep,

is the friction factorNu,, is the Nusselt number for fully developed heatgfar,0,.,, is the offset

in the extended Lévéque solutianis an exponent factohd is a constant factor equal to 0.40377,
andGz;; is the Graetz number for a duct of lenfithThese variables are computed by Eq. (32) to
(37).

S n 1/Tl
NuL(annular) = [(A : (fReD ) GZLi:L)1/3) + (Nug, — OLev)n] + OLev (32)

Rep = 32- <1 — 1;) . (—2 2 —(1- r*Z)/ln(r*)> (33)
T, 1+7r2+(1—-r2)/In(r)

Nue, = 4224 — 1492 - 773 +1.972 . 77%% 4 0.1370 - 1,1 (34)

OLep = Nu2,/310 + 0.911 - Nu,, — 4.81 (4 < Nug, < 24) (35)

n=A3-exp(fRep/350 + 3.6) (70 < fRep < 400) (36)

Gz = Dy - Rep ;- Pryi/L; (37)

WhereA is the same constant factor than before (equald@377)y, is the ratio between the inner
and outer radius (i.e., between de radius of thairop tube and the carbonator tube, Eq. (38)),
Rep ;; is the Reynolds number based on the hydraulic eli@mat the axial positioly (Eq.(39)),
and Pr is the Prandtl number at the axial positioficq.(40)):

T, = Ter /T, (1/50<rn<1) (38)
my; - Dy

Reyp,;; = — 39

D,Li Seff . #Ll ( )

Pry; = Cppi - 1pi/kyi (40)

Alternatively, in the case of a tube bundle confagion with longitudinal flow, the Nusselt number
is calculated through the correlations of Taboré®].[ Taborek only provided the correlations for
the average Nusselt number over the total lengtheofeactor, instead of the local Nusselt number
at positionL;. The correlation for the laminar region follows.E41), which will be the case of our
reactor (correlations for the transition and tudmlflow can be seen in reference [36]):

Nuy (punaiey = [Nus, +9.261 - Rep, - Pry, - Dh/L]l/ 3 ( Rep < 500) (41)
WhereNu,, is equal to 4.12 (in this case, it representsstiiation aske tends to O)Rep ; is the

Reynolds number calculated as Eq. (39) with theespondingy, ,unaiey Of EQ. (30),Pr, is the

Prandtl number as Eq. (4®), is the hydraulic diameter for tube bundle (Eq.)(2MdL is the total
length of the reactor.

In order to compute the local Nusselt number fer tibe bundle configuration, the correlation of
Taborek can be differentiated according to Eq. (82Z] (note that this expression is only valid for
ducts of constant wall temperature):

Nuy; = :—L(WL Dy (42)
Thus, the local Nusselt number in a tube bundlel(side) can be computed through Eq. (43) as:
Nud, + 6.174 - Gz,
(Nu3, +9.261 - Gz;;)?/3

Where Nu,, is equal to 4.12 and the Graetz number is cakedlavith Eq. (37) using the
correspondind®y, punaiey Of EQ. (30).

Nuipunaiey = (Rep < 500) (43)
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3.1.4.2. Cooling side

The heat conducted through the wall separatingctiwing and reactants is given by Eq. (44),
which allows computing the temperature of the vgade that is in contact with the cooling fluid,
Tow:

1
ar; Tiw,Li_Tow,Li

N - ReypeLi (44)
In(724L)
Reupe = g—— (45)

whereR,,;. IS the thermal resistance of the cooling tuhg, andr the outer and inner radius of
the cooling pipeN the number of cooling tubes, akg,;,. the thermal conductivity of the tube
(0.025 kW/m-K).

Once the temperature of the inner wall of the ecwpliube is known, the energy balance on the
cooling fluid is performed, by Eq. (46):

Cpes tier * (Teppm1 — Tern) = A1, - (Li = Li=1), (46)

whereCp s andn., are the specific heat and mole flow of the coofingl. It should be noted that
Eq. (46) is valid for a countercurrent heat exclearand therefore it is heated from positigrio
L;_, (carbonation goes from positidn_, to L;).

The heat transferred to the cooling fluid per wfitaxial length, Eqg. (47), is composed by the
convective and radiative terms:

q;~i = q;ad,cf,Li_l + qéonv,cf,Li_li (47)
Radiation is given by Eq. (48):

o — EW . . . 4 —_— . 4 .
Qrad,cf,Li_l_1_(1_£W)(1_AVCf'Li) o (Avcf,Ll- Tow,LL- Ecf ch,Ll-) ‘ch, (48)

whereA4, ¢ is the geometry-dependent absorptance of the rapdluid (calculated through Eqg.
(22), since we assume G@Q@s cooling fluid),e, the emissivity of the wallg is the Stefan-
Boltzmann constant,,, is the temperature of the wall in contact with doeling fluid, andl’; is

the temperature of the cooling fluid. The variabls defined in such a way thét= a/(L; — L;_,),
anda is the surface area where the heat transfer fg&es within the slice.

Regarding convection, which is the other term dthil®w in Eq. (47), it is given by Eq. (49)
C'Iéonv,cf,Li_1 = hcf,Li_l ’ (Tow,Ll- - ch,LL-_l) ) {)cf ) (49)

whereh, is the convective coefficient of the cooling fluid,,, is the temperature of the wall in
contact with the cooling fluid, arifi is the temperature of the cooling fluid. The vales? is
defined in such a way thét= a/(L; — L;_,), anda is the surface area where the heat transfer takes
place within the slice, which depends on the geonddtthe reactor.

The convective coefficient at each axial positisrcalculated by Eq. (27), with the corresponding
D, computed with Eq. (28). In the cooling side, weréha circular tube configuration, so the
hydraulic diameter is the one presented in Eq.:(50)

Dh(tube) =2 Ter (50)
The Nusselt number for this configuration is cadtedl through the correlation of Nellis G and
Klein S (Eq. (51)) [34]. This expression providas aiverage Nusselt number over the length of the
cooling tube, assuming constant temperature wall:
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1+ 0.065 - Gz07

To compute the local Nusselt number at an axiaitiposL;, Eq. (42) is used, obtaining the
following expression (Eq. (52)):

Gzi** - (1.8473 - Gz);” - Pry; + 0.754 - Gz);” — 5.88 - Pry; — 2.4)
103 - Pry; - (1 +0.065 - Gz%7)°
Where the Graetz and Prandtl numbers are calcuhatadEq. (37) and Eq. (40).

With this methodology, the temperature along theb@aator can be calculated by knowing the
initial temperature of reactants and cooling fluid.

Nuy(eypey = 3.66 + (51)

NuLi(tube) = 3.66 +

(52)

3.2. Design criteria at different scales

The scale of the system is characterized by thar gmwer available in the calcinglg; (from 10
kW to 100 MW). The corresponding input flows of Cafd CQ entering the carbonator (at
nominal load) are computed through the energy loalamthe calciner (Eqg. (53)).

.1 (950°C) (950°C) . (950°C) . (850°C) .
QCL - h(;ao *Ncao,c,0 + h(;oz *Nco2,c0 + h(;ao *Ncaop — hCaCO3 *Ncacos,cout
; g (53)
h(850 c) h(25 c) .
—Neao " Ncao,cout ~ Neacos * Neacos,f

whereth is the specific enthalpy of the compongat temperatur&, n; ., is the mole flow of
componeny entering the carbonator (which are outlet flowsthe calciner)s; o, iS the mole
flow of componenj exiting the carbonator (which are inlet flows etcalciner)sic,o ,, is the lime
purged after exiting the calciner, ang,cos is the fresh limestone introduced in the calcitwer
replace the purge. All these mole flows can betemitis a function ofc,o o (EQ. (54) to Eq. (57))
by fixing the conversion achieved in the carbondtmssumed a%¥;,=0.1354) and the CaO:GO
molar ratio R = 6.8776).

0 ﬁ'CClO,C,O

Nco2,c0 = R (54)
Neacos,cout = Ncao,co * Xk (55)
7;lCaO,c,out = flCaO,c,O ) (1 — XK) (56)
) ) \ 1

Ncaop = Ncacos,f = Ncao,c,0 ° (ﬁ - XK) (57)

Operating in Eq. (53) and using enthalpy data faspen Plus database, it is found Eq. (58) and
Eq. (59) for the calculation of the nominal inplaws of CaO and CQ@in the carbonator as a
function of the solar power entering the calciner.

Qct or _ Qct
Ca0,c,0 — 171
32162.19 [%] e 573.53[1’:—;

Qct or 1 _ Qct
c02,c,0 — — 171
221,198.68 [% “* 5027.24 [;%

In addition to the input flow calculation, some id@scriteria have been followed to keep similar
conversion and temperature profiles along the oceadtdifferent scales. First, a single tube reacto
with inner cooling has been modelled, looking fooper heat removal at small scale (10 kW). This
reactor is made of two concentric tubes of smalhditer. The reactants flow from top to bottom
through the outer tube, while cooling fluid flows ¢ounter-current throughout the inner tube (Fig.
7). The aim is to recover few kW at this stage. Téwired input flows for 10 kW are 0.0174 kg/s
of CaO and 0.0020 kg/s of GO

Once proper dimensions are fixed for single-tubenudti-tube configuration is stablished. This
multi-tube reactor encloses 150 — 200 cooling tubesveen which the reactants flow from top to

14

Neaoco = (58)

Ncoz,c0 = (59)



NULWwUILTL. Tn] 'JIIIIL;IPIC, LiIc bUUIIIIg pIpCD alic vl oogliIcT uiallicLct alilu ICIIleI uiat uiIc uUlic uoed |n
single-tube configuration (the enclosure is alsaha same length than the cooling pipes). The
cooling tubes are set in triangular configuration @ahe distance among them is fixed in order to
keep the cross-sectional area in proportion tartbleement of reactants volume. In other words, the
cross-sectional area through which the reactamw ik N times the area of the single tube
configuration, beingV the number of cooling tubes inside the enclosdréhe multi-tube. This
configuration is aimed to reach the MW scale (alihyt= 2 MW), by keeping similar temperature
profiles along the reactor.

Single-tube Multi-tube Large-scale multi-tube

CaOo
CO2

------------------

Cooling
Fig. 7. Carbonator configurations for small andde scale.

Lastly, the large-scale multi-tube configurationdessigned by keeping constant the ratio between
the length of the reactor and the velocity of ths-golid mixture flowing downward.{v), and the
ratio between the length of the reactor and thendtar of the enclosurd./d) [38]. Besides, the
number of cooling tubes is increased, instead ofeising their diameter. The aims of this
configuration is to achieve the 100 MWth scale tmduantify the behavior at partial load. Again,
we look for conserving temperature profiles, antletdemperatures of both products and cooling
fluids, since power production is the main objeetf this reactor.

3.3. Operation modes and efficiency definitions

The two operations considered in this study areggngtorage operation mode (ESOM) and energy
release operation mode (EROM). Under these modisga number of operation points leads to
different pairs of calciner-carbonator powers arfteent values of storage power. The operation
points are related to the mass flowrates storedleased from the tanks.

3.3.1. Energy storage operation mode

Two parameters are used to describe the operabamspof ESOM: the fraction of the lime
produced in the calciner that is sent to storage, the fraction of limestone in the tank that is
discharged.

The storage fraction of limé, .0 in Eq. (60), is the ratio between the mass flogvdiverted to
the CaO storage tank and the maximum mass flowmatecould leave the calciner operating at full
capacity (100 MW).

fot.cao = 2205t (60)

mCaO,max
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discharged from the limestone tank and the maxirmass flowrate that could leave the carbonator
operating at full capacity.

__ Mcaco3+Ca0,dch
fdch,CaCOB s (61)
CaC03+Ca0Omax

All the potential pairs of these two parametersetothe operation points encompassed during
ESOM.

The specific storage consumptiddSG expressed in Eq. (62) provides the amount ot erargy
(thermal and electrical) required to store a mass af lime. This value is useful to understand
whether the storage process is profitable or ntgrims of energy under specific operation poirits. |
must be kept in mind the qualitative interest of fparameter but its limitation as quantitative
measure given the mix of energy types in its de@ini The energy consumed in the process
includes the fraction of heat used to produce thee Isent to the storage tank ), the
preheating of the limestone discharged from theage® tank which is later stored in the form of
lime (Qug er cacosst) @nd the electric power demanded in the compnessicathe stored carbon

dIOXIde M/compressor)-
Q +Q +W,
SSC — CL,st HE ER CaCO0O3,st compressor (62)

Mcao,st
A storage efficiencyys, is defined by Eq. (63) to compare the amountarfesl energy and the net
energy consumed during the storage process. Thedsémergy comprises the sensible heat of the
stored substances (lime and carbon dioxit#®,,+cq0s:) and the chemical energy potentially
stored in the lime which will be latter carbonat@#g - ficacos,cr- This parameter provides an idea
of the portion of energy that is stored and thdiporthat is lost during the storage process.

. 0.
Qst,cao _ CSco2+ca0,stTAHR N Caco3,CR (63)

Nst =

QCL,st"'QHE ER CaCO3,st+Wcompressor QCL,st+QHE ER CaC03,5t+Wc0mpressor

Another significant value for the operation is #iféiciency of the carbonator in reference to the
energy provided by this equipmentgr, Eq. (64). It compares the amount of power rel@@sehe
carbonator and the energy invested. The latteudsd the heat of calcination required to produce
the lime fed into the carbonathCL‘CR, and the preheat of this limestone prior the oaiGi

QHE ER CaCO3,CR*

Qcr
Mer = QcL,cr+QHE ER CaCO3,CR (64)
Finally, an efficiency related to the availablerthal energy is defined by Eq. (25) and Eg. (65),
with the former including the sensible heat of #hered substances. This efficiency compares the
available heat to the energy invested. The avalhbht accounts for the thermal power released in
the carbonator, and the thermal power provided ty different heat exchangers (EE heat
exchangers always provide thermal power, while ERt lexchangers only provide thermal power
under ESOM).

_ Qcr+Y Qe EE+QHE ER co2+QHE ER Ca0 (25)
nav,l — A 3 cs
QcLtQHE ER cac031+CScaco3+ca0,dch

_ Qcr+Y QuEe EE+QHE ER c02+QHE ER Ca0 (65)

Nav(Esom) QcL+OQHE ER caco3

3.3.2. Energy release operation mode

Analogously, the storage fraction of the limest@meduced in the carbonator, Eq. (66), and the
discharge fraction of lime from the storage tartks, (67), describe the set of operation points that
conform the energy release operation mode.
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fst'caco3 — —Gatus TLUU,SL (66)

mCaC03+Ca0,max

m ,dch
fdch,CaO = mcao < (67)
CaOmax

The storage fraction of limestong; c,co3, represents the ratio between the mass flowratted

to the storage tank from the outlet stream of #mba@nator and the maximum mass flowrate which
could leave the carbonator operating at full cayadine discharge fraction of limg; ., cq0, is the
relation between the mass flowrate discharged fileenCaO tank and the maximum mass flowrate
of CaO leaving the calciner at full load.

The energy efficiency in the carbonatgggr, under EROM is calculated through Eq. (68). The
energy invested in this process includes (i) alliat of calcination demanded in the calcifgy,
(since no calcined material is diverted to storigdgs under EROM) (ii) the storage consumption
of the mass flowrate of lime discharged from theksa (iii) the preheating of this limestone before
introduced into the calcine@yg r cacos @and (iv) the preheating of the mass flowratesroéland
carbon dioxideQ s £z cor @aNd0us £k cao (if Needed).

Ncr 9er (68)

QcL+SSCMcao,dchtQHE ER cac03+QHE ER c02+QHE ER Ca0

Under EROM, the thermal efficiency of the systendédined both considering, Eq. (30), and not
considering, by Eg. (69), the sensible heat ofstioeed substances. In this case, the available heat
only includes the thermal power from the carbonatat EE heat exchangers.

0 _ Qcr+Y QHE EE (30)
a1 ™ Gen+QuE ER cac03+CScao,dchtCSco2,dchtSSCMcao,dchtQHE ER co2+QHE ER Ca0
. Qcr+Y. QHE EE
Nav(EROM) = (69)

QcL+QHE ER cac0o3+SSCMcq0,dch+QHE ER cO2+QHE ER Ca0

3.4. Sizing of storage tanks

The sizing of storage tanks accounts for the opgranode and the introduced/extracted mass
flowrates of CQ, CaO and CaC® The operating mode dictates the number of hoots the
storage/discharge fractions. Storage and dischieg#ions directly define the inlet and outlet
flowrates, while the number of hours provides fiheetinterval to integrate. The storage volume of
the tanks is calculated through Eq. (70).

Ve (0) = fti (W) dt + Vo (70)

The maximum storage flowrate of @@nd CaO takes place when solar calciner operdtes a
nominal load and carbonator operates at minimurm. loa

4. Results

In this section, the model validation and the rsstdr the small- and large-scale carbonators are
presented. Besides, it is assessed the partialdpeaxhtion for the large-scale carbonator. Lastly,
model of the coupled CaL TCES and CSP systemsnsatuthreshold operation conditions to
provide the sizing of storage tanks.

4.1. Model validation

The first important issue to be validated is thaependency of results with respect to the number of
discretized elements (i.e., with the length of edidtretized slice). As case of study, it has been
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defined as the ratio between the input mass flod the nominal input mass flow). The Fig. 8
presents the relative error that exists in the nmpbrtant computed variables versus the number of
discretization elements, with respect to 300 diszagon elements (in a 4-meter reactor, the latter
means slices of 1.3 cm). It can be seen that tlaive error remains below 1% in all cases
whenever the number of discretization elementbava 15. Therefore, we select 100 discretization
elements for the simulations presented in Sectign 4

8
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©Final CaO conversion
20utlet T (gas+particles)
aAverage T (gas+particles)
*Recovered heat

<Outlet T (cooling fluid)

Relative error (%)

SUINC N, B Nt
o

0 50 100 150 200 250 300
Number of discretization elements (-)

Fig. 8. Relative error in the most relevant congulivariables vs. the number of discretization
elements (with respect to 300 discretization eldg)en

These small variations in the computed variablesecérom assuming constant volume flow in Eq.
(8) when integrating over the length of each disoed element. This can be clearly seen in Fig. 9
when comparing the temperature and conversionlesoff a simulation with 100 discretization
elements (depicted with symbols) with a simulatiath 300 discretization elements (depicted with
lines). In those regions in which the variation valume flow occurs faster (i.e., with higher
reaction rates), the error becomes noticeable. ustnbe noted that, since the case chosen as
example is operating at 50% partial load, the reaabccurs in a shorter length, what accentuates
the relative error. If the reactor operates at lindld, the variation in volume is less steep, dred t
error less significant.

Furthermore, the selected operating conditions un gimulations make COto react almost
completely, so any variation in volume flow is rekable compared to the total volume flow in the
reactor. This makes the relative error to be magaifecant. Still, our simulation keeps relative
errors below 1% in the variables of interest. la ttase of analysing a reactor setup with higher
ratio of CQ:CaO, the error would be even lower.
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on CaO conversion and temperature profiles (reaetwd cooling sides) vs. length (from top to
bottom), in a single-tube carbonator operating @¢&partial load.

The second important issue to be validated is épeoducibility of experimental results. In this
aspect, the model is validated using experimeesllts of an entrained flow carbonator from Plou
et al. [39]. The reactor of Plou et al. is a 24-enapiral-shaped stainless steel tube, with amrmaite
diameter of 3/8” (inner diameter of 7.54 mm). Tlaes gelocity used during the experiments avoids
saltation conditions within the entrained flow meegi (i.e., avoids falling of particles towards the
wall). The reactor is kept isothermal at 650 °Chglthe whole path. Three different materials were
analysed: two types of high-purity calcined limedamne cement raw meal. The results of the
material tagged as “Lime #1” are used in this stiadycomparison as it has a similar valueXpf
(i.e., conversion at the end of the reaction cdieiophase) and, (i.e., the time taken to reach a
Xy /2 conversion) than the material assumed in the siimuns of this study. Lime #1 hag =
0.10 andt, about 2 seconds, while the material used in omnulgitions has(; = 0.1354 and

to = 1.515 seconds. These are typical conversions of higbhctivated materials.

The Fig. 10 shows the GQapture efficiency, which is defined as the ;Gfaptured versus the
maximum possible according to the equilibrium. Tdwperiments were carried out with a gas
velocity of 13.5 m/s at 650 °C and 1 bar (abdt- 10~* kg/s). The gas is composed of 10%,CO
and 90% air. The mass ratio between the solid badyas was varied between 0.125 and 0.400 by
modifying the mass of CaO entered in the reactor.
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Fig. 10.CO, capture efficiency achieved in the entrained fteactor of Plou et al[39] and in the
simulations of this study under the same setup, fasction of the solid/gas mass ratio.

The results show a good agreement with the expeatsred Plou et al. for Lime #1. The measured
residence time is 1.8 seconds, while the simulegsitience time 1.78 seconds for the gas and 1.77
seconds for the solids.

4.2. Carbonator assessment

The technical data regarding the three carbonatwier study are presented in Table 2 (single-tube
at lab scale, 7.6 kW, multi-tube at pilot scalel MW, and the large-scale multi-tube, 79.9 MW).
The reactants enter at 850 °C and 2 bar, and thlengdluid is CQ entering at 100 °C and 50 bar.
The mass of the cooling fluid is calculated toiteéxit temperature at 650 °C.

Table 2. Technical data of the studied carbonators

Single-tube Multi-tube Large-scale multi-tube
Carbonator
Length (m) 4.0 5.0 15.0 Design criteria (Section 3.2)
Enclosure inner diameter (m) 0.074 0.970 3.3 Design criteria (Section 3.2)
CaO mass inlet (kg/s) 0.01740 3.2533 178.6 Eq. (58)
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Final CaO conversion (%) 13.53 13.54 13.54 Output of the model

Gas residence time (s) 7.1 10.0 7.55 Output of the model

Solid residence time (s) 4.8 6.6 6.51 Output of the model

Inlet T (°C) 850.0 850.0 850.0 Boundary condition

Outlet T (°C) 850.7 844.8 841.1 Output of the model
Average T (°C) 850.8 871.5 850.6 Output of the model
Pressure (bar) 2.0 2.0 2.0 Fixed

Reynolds (-) 34 — 493 0.4-55 15-213 Output of the model

Cooling tubes

Length (m) 4.0 5.0 15.0 Design criteria (Section 3.2)
Inner diameter (M) 0.02 0.02 0.02 Design criteria (Section 3.2)
Number of tubes (-) 1 187 2,705 Design criteria (Section 3.2)
CO, mass inlet (total) (kg/s) 0.0121 2.32 127.4 Output of the model (ﬁxech,o)
Recovered heat (MW) 0.0076 1.45 79.9 Output of the model

Inlet T (°C) 100.0 100.0 100.0 Boundary condition

Outlet T (°C) 650.0 650.0 650.0 Fixed

Pressure (bar) 50.0 50.0 42.8 - 50.0 Output of the model
Reynolds (-) 9,862 -19,995 10,098 — 20,476 38,411,804 Output of the model

The CaO conversion and temperature profiles albagdactor are preserved at the different scales
(Fig. 11). At pilot scale (multi-tube reactor), teenvective coefficient diminishes one order of
magnitude in the reactants side; i.e. shell sidherdfore, the reactor has to be extended 1 meter in
length (from 4 m in single tube to 5 meter in mtlibe) in order to bring the products again to 850
°C and thus recover their sensible heat. Othervpiag, of the exothermal heat from carbonation
would not be recovered in the reactor.

Besides, when following the criteria of constaht andL/d ratios to pass from mid to large scale,
the mass of cooling fluid per tube has to be i@dato maintain its exit temperature at 650 °C.
Doing so, the length of the reactor can be shod¢ael5 m (instead of the 19 m that would result
from thelL/d restriction). The final configuration is suitalfter a large-scale carbonation, in terms
of operating temperature (average 850.6 °C, cordpas® >) T;;/100), residence time (6.5 — 7.5

s) and dimensions (15 m length and 3.3 m diameter).
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Fig. 11. CaO conversion and temperature profilesa¢tor and cooling sides) vs. length (from top
to bottom) for the single-tube, multi-tube and kugrale multi-tube configurations. Profiles are
kept similar at the different scales (arrows depi direction of the flow).

Once the reactor at large-scale is defined, pdded operation is assessed (the part load in the
carbonator is defined as the ratio between thetinpass flow and the nominal input mass flow).
Reducing the load in the carbonator means thatinket mass flowrates of reactants are
proportionally reduced, so the available exothereat from carbonation will diminish. Therefore,
the amount of cooling fluid that can be heated dishes (always keeping its exit temperature at
650 °C). The definition of minimum partial load the reactor corresponds with the point in which
the cooling mass flowrate is reduced to the haltohominal value; i.e. the minimum flowrate of
cooling fluid will be 63.7 kg/s of C®at 650 °C (below this mass flow we assumed that th
coupling with the power block cannot longer takacgl) [40]. This point corresponds to a partial
load of 23.9% in the carbonator (Fig. 12) (only #89% of the nominal input flow of GGand
CaO is entering the carbonator).
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Fig. 12. Cooling mass flow and recovered heabpsrating load (ratio between the input mass
flow in the carbonator and its nominal input massvi) for the large-scale multi-tube. Outlet
temperature of cooling fluid is kept at 650 °C.

When load is reduced, the volume of reactantsvieted and so does their velocity throughout the
reactor. The reaction ends earlier, and the codling starts recovering sensible heat from the
products. Fig. 13 illustrates this fact for a 508&6t@l load. Thus, the total recovered heat doés no
diminish linearly with part load (see Fig. 12), afudlows Eq. (71) when fitted to a polynomial
expression by the least squares method.

Q. = 3.27 + 184.5 - load — 137.8 - load? + 30.0 - load® (71)
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Fig. 13. CaO conversion and temperature profileslength (from top to bottom) for the large-
scale multi-tube at 50% partial load (arrows depice direction of the flow).

4.3. Plant management and size of storages

23



FTIT UIDUuIivuLluvll Ul Swuiayc aliu Jiduliialyc lnavlweisduds valvuliawvl alilu vaiuvliict ivaus aic aﬂOWI’]
in Fig. 14. Under energy storage mode, the stofieg¢ion of the lime @ cag and CQ (fsicol is
maximum for those operating regions in which thedlof the calciner is high while the load of the
carbonator is low. In the same way, the Cg@@Bcharge fraction ¢fncaco} from its storage tank
increases from 0 to 1 if the calciner load rised #re carbonator load is reduced. However, since
the minimum partial load of the carbonator is 23.886ording to our design, the maximum storage
fraction of lime and C@and the maximum discharge fraction of Ca@@ll be 0.761. Regarding
the release operation mode, the discharge fradfotine lime (fich.cag and CQ (fgch,col from
storage tanks is maximum for operating points wdtv calciner and high carbonator loads.
Likewise, the storage fraction of the Caf@: cacoj obtained through carbonation increases from
0 to 1 if the calciner load is reduced and the @aalbor load rises. These storage and discharge
fractions operation maps are useful to establish tocoperate the plant and manage the storage.
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‘ 0.6
0.8
1.0

@’ fst.cao é‘)

0.2
0.4
0.6
0.8
1.0

fst,cacos ()
0
0.2
0.4
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Calciner load ( - )

Carbonator load ( -) Carbonator load ( -)

Fig. 14. Storage and discharge fractions operatioap.

The maximum storage flowrates of @aO and limestone are illustrated in Fig. 15yaseg O
void fraction inside the tanks of the solids). Thaximum storage volumes are obtained applying
Eq. (70) when solar calciner operates at nominadl land carbonator operates at its minimum
operation load. The CaO density considered to tatiethe volumetric flowrate is 1800 kginthe
density of CaC@is 2710 kg/m, and the void fraction inside the tank is 30% [4T&nk sizes
ranges from 330 to 514°nfor one hour of storage operation, and up to 5,700,400 m for 15
hours. In the latter case, the storing volume meglis 8,256 rhfor CO, in gas phase, 5,824°for
CaO and 7,926 frfor the mixture of CaO-CaGQO
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Fig. 15. Maximum storage tanks volumes for diffestoring timeframes (ideal case with 0 void
fraction inside the tank).

It should be noted that, when stored, the appatensity of a solid material is reduced due to the
void space between particles. In a randomly padiexti of spheres, the apparent density can be
reduced up to 60% [41]. This effect has not bekartanto account in the data presented in Fig. 15,
but it has been considered in the data presentix itext.

4.4. Overall efficiency of the plant at part load

The efficiencies defined to characterize the ptp#ration present differences between the energy
storage mode and discharge mode. Under energygstonade, the specific storage consumption
(Eq. (62)) has been calculated for each possihkteop@arbonator/calciner loads, ranging from 770
MJ/tcao to 1324 MJIkao The minimum specific storage consumption corradsoto high
carbonator load, while the maximum value refersgerating points in which carbonator reactor is
shut-down.

The specific storage consumption is related toetergy storage efficiency. The distribution of the
energy storage efficiency versus carbonator ancnaal loads is shown in Fig. 16. The maximum
storage efficiency (76%) is obtained when the sckciner operates at nominal load and the
carbonator load is 90%, which corresponds to theimim specific storage consumption. The
lower is the storage of CaO and £@he lower is the energy consumed in the energsage
process.

Calciner load (-)

Storage
efficiency

Nst ()

0.0 1 T T T T T T T T
00 01 02 03 04 05 06 0.7 08 09 1.0

Carbonator load (-)

Fig. 16. Storage efficiency operation map.
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The carbonator efficiency is clearly differentiatadcording to the operating mode in which the
system is located (storage or release). For easkilge pair of carbonator/calciner loads, the
carbonator efficiency is obtained applying Eq. (6&here is energy discharge and Eq. (64) if there
is energy storage. Under energy release mode, dhi@omator efficiency is reduced for high
carbonator and low calciner loads. This occurs beedhe energy released in the carbonator in that
case comes mainly from the tanks (i.e., it is epdhgt was previously stored). The minimum
carbonator efficiency is 20%, which correspondghi® operating point of the maximum energy
demand without solar energy available. Regardiregggnstorage mode, the carbonator efficiency is
greater for low calciner and carbonator loads. Tddsurs because the energy required from the
system to release energy in the carbonator is esllutheoretically, the maximum carbonator
efficiency is 84%, which corresponds to the opapoint with a carbonator load of 10% and a
calciner load of 20%. However, since the minimunrtiph load of the carbonator is 23.9%
according to our technical design, the maximum aaabor efficiency will be 81%. This
corresponds to the operating point with carboniatad of 23.9% and calciner load of 30%. On the
other hand, if there is no storage or dischargenefgy (i.e., all the energy received in the calcin

is directed to the carbonator), the maximum cartmnafficiency (85%) is obtained with
carbonator and calciner loads of 23.9%.
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Carbonator load (-)

Fig. 17. Carbonator efficiency operation map.

The available energy efficiency of the system d&snation of the carbonator and calciner loads is
illustrated in Fig. 18. For each pair of carbonatalciner loads, the available energy efficiency is
computed by Eqg. (69) when energy discharge takasephnd by Eg. (65) when energy is stored.
Under energy release mode, the available energyesf€y diminishes at high carbonator and low
calciner loads because the energy required by tesalh system to produce available energy
increases. The minimum available energy efficiersc$5%, which corresponds to the operating
point of the maximum energy demand without solagrgy available. Regarding energy storage
mode, the available energy efficiency increaseb witergy demand. Theoretically, the maximum
available efficiency is 91%, which correspondshe btperating point in which the carbonator load
is 20% and the calciner load is 23.9%. Howeveresthe minimum partial load of the carbonator is
23.9% due to technical reasons, the maximum avaikabergy efficiency will be limited to 90%,
with a carbonator load of 23.9% and a calciner loB80%. Besides, in those cases in which all the
energy received in the calciner is directed to ¢aebonator (there is no release or storage), the
maximum available energy efficiency (97%) is ob¢ginwith carbonator and calciner loads of
23.9%. Actually, the highest available energy éfficies are achieved around the operation points
in which the circulation of mass flow between caéeiand carbonator is almost direct (i.e., either
the storage is minimal or the energy dischargegigible).
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Fig. 18. Available energy efficiency operation map

5. Conclusions

Two main research gaps were identified in the egsstudies of CaL as TCES for CSP: (i) a
specific design of large-scale carbonator and dn) overall concept analysis accounting the
influence of the reactor design on the availablat lzend the part load operation. Thus, a detailed
entrained flow carbonator model was developed fipsu the scaling-up and design process of a
large-scale carbonator. The final industrial degifh m in length and 3.3 m in diameter) is able to
process 187.6 kg/s of CaO and 20.8 kg/s of &hominal load, typically operating at 850 °C @nd
bar. It is observed that the carbonation behavitarge scale can be similar to the behavior atlsma
scale; with residence times of 6.5 — 7.5 s anceo@hO conversion of 13.5%.

The heat removed from the carbonator through iaterooling tubes (127.4 kg GQvith 650 °C
outlet temperature) amounts to 80 MWth and is déceto the power cycle. The minimum part load
of the carbonator is achieved for 23.9% of nominbdt reactants flows. The available heat at this
minimum load is 40 MWth since, besides the heainfrihe carbonation reaction, part of the
sensible thermal energy of the reactor is recovered

In terms of plant management, useful operation mage obtained to size and manage the storage
tanks of the CaL products. To store energy durthi@durs of operation in a 100 MWth solar power
plant, the required CQtank volume is 8,256 fnthe CaO tank 5,824 hand the CaO-CaGQank
7,926 ni. The specific energy demand of storage procesgembetween 770 and 1324 N4
depending on the calciner and carbonator load.mM#amum storage efficiency is 76%.

The carbonator efficiency was mapped versus theinsl and carbonator loads. The highest
carbonator efficiencies (80 — 81%) were obtainedo®at partial loads. Under release operating
mode, the lowest carbonator efficiencies (20 — 3@%¥6) found for (high-low) values of the pair
(carbonator load-calciner load). This situationresponds to high discharge fractions of CaO and
CO, from the storage tanks and presents a signifieastgy demand for their preheating. Under
energy storage operation mode, the influence dfgbdoads on the carbonator efficiency is softer
since energy demand for solid preheating playsreommole in the whole energy balance.

Lastly, the available energy efficiency was caltedia(55 to 97%) and a quite similar behaviour for
both operation modes was observed. This efficiandygher when the part loads of both reactors
(calciner and carbonator) are similar since lowassnflows have to be discharged and preheated
from the storage tanks.
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Nomenclature

Symbols
a, pre-exponential factor, 1/s
a fitting parameter for the equilibrium
pressure,
K
a heat transfer area,’m
A specific projection area of the dispersed
particles, ffkg
A, geometry-dependent absorptance of the gas
body, -
A pre-exponential factor, atm
A calculation parameter, -
b calculation parameter, 1/s

Cp specific heat, kJ/(kmol-K)
CcS sensible heat, MW
d,D diameter, m

E, carbonation activation energy, kJ/mol
f fraction, -
fr pressure correction factor, -
fRep friction factor, -

g gravity, m/$

Gz Graetz number, -

h convective heat transfer coefficient,

KW/(rf K)

h specific enthalpy, kd/kmol

k thermal conductivity, kW/(m-K)

K emission or absorption coefficient of
the gas

phase, 1/m

'3 heat transfer length, m

Lop mean beam length, m

load  carbonator load (ratio between the
input mass

flow and the nominal input mass flow)

L length, m
L, particle load at operation conditions, kg/m

m mass flow rate, kg/s

n exponent factor, -

n mole flow rate, kmol/s

N number of cooling tubes, -

Nu Nusselt number (local), -
Gresk symbols

a absorptivity, -

28

OLev

Nu Nusselt number (average), -
offset in the extended Lévéque solution, -

per perimeter, m

P pressure, bar

Pr Prandtl number, -

q' heat flow per unit of length, kW/m
0 rate of heat flow, MW or kW

Q mean relative absorption or

backscattering

efficiency of a particle, -

r reaction rate, 1/s

r radius, m

T, ratio between inner and outer radius,
R molar ratio CaO/Cg) -

R thermal resistance, K/kW

Rep Reynolds number based on hydraulic

diameter, -

R ideal gas constant, kJ/(kmol-K)

Seq equivalent layer thickness, m

Sers effective cross-sectional area of
reactor, M

SSC specific storage consumption

t reacting time or residence time, s

to time to reach half of residual

conversion, s

T temperature, K

v velocity, m/s

14 volume, ni

14 volumetric flow rate, ffis

X conversion, -

X residual conversion, -

AL length of the discretized slice, m

AS? carbonation entropy change,
J/(mol- K)

AHY standard enthalpy change of
carbonation,

kJ/mol

AH, enthalpy of carbonation, kJ/kmol

B calculation parameter, -
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€ emissivity, - stored

n efficiency, - energy and the energy invested), -

Nav available energy efficiency (ratio A, A, calculation parameter, -
between the u viscosity, kg/(m-s)

available heat and the energy inwbhste p density, kg/m

Ner carbonator efficiency (ratio between o Stefan-Boltzmann constant,
the heat KW/(m? K%

recovered and the energy invested), ® optical thickness for the gas solid
dispersion, -

Subscriptsand superscripts

abs absorption iw wall in contact with the cloud of gas
av available thermal energy and
bsc backscattering particles
c carbonator j component j
cf cooling fluid / cooling tube L covered length
CL in the calciner or for calcination Li axial position at length; from top
conv  convection max  maximum or nominal capacity
CR in the carbonator or for carbonation out outer radius/diameter or outlet
dch discharge ow wall in contact with the cooling fluid
emi emission p purge or particle
eq equilibrium rad radiation
EROM energy release operation mode s solid
ESOM energy storage operation mode st storage
f fresh t terminal velocity
g gas th cooling tubes
h hydraulic diameter tube  carbonator’s tube
i initial value or discretization index w wall
for axial 0 initial
position © fully developed heat transfer
in inner or inlet
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Calcium looping thermochemical energy storage has been modelled at large scale.
The minimum operating load of carbonator is 23.9% due to technical limitations.
The available energy efficiency of the overall system is in the range 55 — 97%.

The require size to store CaO and CaCOj; solids during 15 h is 5,700 — 11,400 m?.
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