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ARTICLE INFO ABSTRACT

Keywords: Concentrated solar power (CSP) systems integrated with a supercritical carbon dioxide (sCO2) Brayton power

Calcium looping cycle are regarded as the primary future direction for CSP technologies. Calcium-based particles can be a suitable

Thermochemical energy storage storage medium to achieve high temperatures exceeding 750 °C. However, there have been few studies on

Fluidized bed N . . . . .

Heat exchanger rea.ct.lve .[)artlcle/?COg heat exchangers. (HXs) to d.rlve h1gh.—performan.ce powe.r cycles with high ex.lergy st.or.age

Supercritical carbon dioxide cycle efficiencies. In this paper, the mechanisms by which chemically reactive particles release energy in a fluidized
bed (FB) heat exchanger has been investigated to evaluate the performance of thermochemical storage systems. A
1-MW; thermal duty fluidized bed heat exchanger with sCO, as the working fluid operating at 988 K was
designed in different configurations, featuring single stage and multistage counter-flow HXs. A detailed shell and
tube model combining the chemical reaction kinetics and the heat transfer between the fluidized particle and
sCO2 FB HX design was developed. A comparison of sensible and chemical heat materials shows that thermo-
chemical energy storage is advantageous due to the relatively short tube length and slow particle mass flow rate.
The tube length and particle mass flow rate are reduced by 3.5 and 11.5 times, respectively. The average
chemical conversion is 97.30 % for a one-stage heat exchanger, which is lower than the 99.95 % conversion
achieved by the two-stage heat exchanger. Additionally, a sensitivity analysis was carried out to understand the
impacts of key operating parameters on the process performance. These findings provide insights into the
operational stability and efficiency of the system, contributing to the development of advanced heat exchangers
for thermochemical energy storage applications.

(continued on next column)
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Nomenclature Nomenclature (continued )
Dy surface diffusion coefficient (m/s)
Atube.i wetted surface area of the heat exchanger (m?) Dyo surface diffusion coefficient prefactor (m/s)
Arg; Archimedes number (—) e thickness of the tube (mm)
Cpgi heat capacity of the fluidized gas (J/kg/K) E(t) residence time distribution of the particles in a stage (—)
Cp.sCO,.i heat capacity of the sCO5 (J/kg/K) Ex activation energy of the carbonation reaction (kJ/mol)
Cpsi heat capacity of the particle (J/kg/K) E, activation energy of product layer diffusion (kJ/mol)
Cp.caco, heat capacity of CaCO3 (J/kg/K) E; activation energy of surface diffusion (kJ/mol)
Cp.cARBO heat capacity of CARBO particles (J/kg/K) fi friction factor of the tube (—)
c concentration of CO inside the particle (mol/m>) g acceleration of gravity (m/s%)
Ce equilibrium concentration of CO; (mol/m?) & geometric model function (-)
d, particle diameter (m) hsco,.i sCO side heat transfer coefficient (W/m?%/K)
Duube.out external tube diameter (m) hy; particle-side heat transfer coefficient (W/m%/K)
Dube.in internal tube diameter (m) hp singleTube particle-side heat transfer coefficient for single tube(W/m?/
D, product layer diffusion coefficient (m?/s) K
Dpo product layer diffusion prefactor (m?/s) (continued on next page)
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Nomenclature (continued)
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particle-side heat transfer coefficient for staggered tube
bundle (W/m?/K)

total heat transfer coefficient (W/mZ/K)

height of the bed (m)

inlet particle enthalpy (J/kg)

outlet particle enthalpy (J/kg)

inlet fluidized gas enthalpy (J/kg)

outlet fluidized gas enthalpy (J/kg)

number of the i stage

thermal conductivity of the gas (W/m/K)

thermal conductivity of the tube (W/m/K)

thermal conductivity of the CARBO particle (W/m/K)
thermal conductivity of the CaO-based particle (W/m/K)
chemical reaction rate constant (m*/mol/s)

prefactor of the chemical reaction (m*/mol/s)

ratio of the chemical reaction rate to the surface diffusion
rate (—)

distance between the tubes in the upper row and the FB top
surface (m)

distance between the tubes in the lower row and the gas
distributor (m)

horizontal gap between the tube centers (m)

vertical gap between the tube centers (m)

minimum horizontal gap between the walls and close tubes
(m)

length of the tube (m)

length of the bed (m)

total length of the tube (m)

mass flow of the zigzag tube (kg/s)

mass flow of the sCO; (kg/s)

inlet mass flow of the fluidized gas (kg/s)

outlet mass flow of the fluidized gas (kg/s)

reactive gas (kg/s)

outlet mass flow of the particle (kg/s)

inlet mass flow of the particle (kg/s)

molar mass of CaO (kg/mol)

molar mass of CO, (kg/mol)

number of tube segments

overall number of tubes

number of zigzags (—)

fluidization number (—)

Nusselt number (—)

minimum pitch (m)

diagonal pitch (m)

geometric model function (—)

CO;, partial pressure (kPa)

sCO5 Prandtl number (—)

fluidized gas heat transfer rate (W)

sCO heat transfer rate (W)

reaction release heat transfer rate (W)

particle heat transfer rate (W)

internal tube radius (m)

sCO, Reynolds number (—)

fluidization gas Reynolds number (—)

universal gas constant (J/(mol.K))

particle radius (pm)

dimensionless parameters (—)

dimensionless parameters (—)

initial surface area of CaO per unit volume of the solid
particle (m?/m?)

bottom cross-sectional area (mz)

time (s)

threshold time (s)

inlet temperature of the fluidized gas (K)

outlet temperature of the particle (K)

inlet temperature of the particle (K)

inlet temperature of sCO; (K)

outlet temperature of sCO2 (K)

mean temperature of sCO3 (K)

log-mean temperature difference between the hot particles
and the cold sCOy

maximum temperature of the heat exchanger (K)

sCO, velocity (m/s)

minimum fluidization velocity (m/s)

gas velocity (m/s)
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Abbreviations
FB

HX
CSP
SCO2
PV
TES
TCES
CaL

SH
CSH

overall heat transfer coefficient (W/m?%/K)

fluidized bed volume (m®)

molar volume of reactant CaO (m>/mol)

molar volume of product CaCOg3 (m®/mol)

weight of the bed (m)

mass fraction of particle [-]

initial CaO mass fraction of particle [-]

initial CaO mass fraction of limestone (—)

initial CaO mass fraction of the raw material (—)
initial CaO mass fraction of the modified material (—)
CaO mass fraction of particles (—)

CaCO3 mass fraction of particles (—)

inert component mass fraction of particles (—)

ratio of the molar volume of the solid product to that of the
solid reactant (—)

degree of conversion (—)

average degree of conversion (—)

total degree of conversion (—)

model parameter (—)

volume fraction of the particles in the reactor stage (—)
fraction of unoccupied CaO area (—)

initial porosity (—)

geometric model function (—)

ratio of the fluidized gas heat transfer rate to the sCO2
transfer heat transfer rate (—)

global efficiency (—)

gas viscosity (Pa s)

stoichiometric coefficient of product CaCO3 (—)
stoichiometric coefficient of reactant CaO (—)
internal wall roughness of the tube (m)

gas density (kg/m%)

outlet particle density (kg/m>)

density of sCO, (kg/m>)

CARBO particle density (kg/m®)

CaO particle density (kg/m>)

CaCOj particle density (kg/m®)

doped inert material density (kg/m>)

mean residence time of the particles in a stage (s)
particle sphericity (—)

particle sphericity (dimensionless)

fluidized bed

heat exchanger

Concentrated Solar Power
supercritical carbon dioxide
photovoltaics

thermal energy storage
thermochemical energy storage
Calcium looping

sensible heat

chemical and sensible heat

1. Introduction

Solar energy is an abundant renewable resource on the Earth, with
approximately 430 EJ of energy from the sun reaching the Earth every
hour; this value is nearly equal to the global total annual energy con-
sumption [1]. The two main approaches for harnessing solar energy
include thermal processes and electricity generation. Thermal processes
involve the conversion of solar energy into heat for a wide range of
applications, such as solar dryers, domestic hot water heating, water
desalination, solar cooling, industrial process heating, and even ther-
mochemical fuel production [2-4]. Electricity generation can be ach-
ieved through direct solar-to-electricity conversion by photovoltaics
(PVs) and solar-to-heat and heat-to-electricity transformations by
concentrated solar power (CSP) [5-8]. Although PV technology has
experienced more widespread adoption and lower costs than CSP tech-
nology to date without considering energy storage, solar thermal power
offers several advantages over PV, particularly for large-scale electricity
generation and long-term energy storage. One of the most notable
benefits of solar thermal power is its ability to utilize thermal energy



H. Zheng et al.

storage (TES) in CSP plants, effectively addressing the inherent chal-
lenge of solar intermittency [9-11]. In contrast, massive electrochemical
storage for PV systems is too expensive to date, which hinders the
integration of energy storage technology with PV installations [12].
Energy storage is a crucial component in enhancing the performance
of CSP systems to mitigate the inherently intermittent effects of solar
energy. There are three main types of TES technologies available: sen-
sible, latent, and thermochemical energy storage (TCES) [13-15]. In
recent years, interest has grown for thermochemical energy storage
since this technology offers the highest specific energy density
[10,16,17]. TCES offers several advantages over sensible and latent
methods, including (i) high energy storage density, (ii) the ability to
store energy over long periods without significant losses, and (iii) high
operating temperature (reaching 1273 K). Among TCES systems, the
calcium looping (CaL) process has attracted significant attention since
calcium carbonate (CaCOs) is widely available at a very low cost and is
environmentally friendly [18]. In the CaL process, concentrated solar
energy is used to carry out the endothermic CaCO3 decomposition re-
action to form calcium oxide (CaO) and carbon dioxide (CO3) during
sunlight hours [19-21]. When needed, CaO and CO» from two storage
tanks are recombined to release thermal energy, as shown in Fig. 1(a).
This heat can be utilized to drive a power cycle, such as a steam Rankine

(a)

Cooler

Receiver

Pre-heater

[
Compressor |

CO, tank ["* ]

CaO tank

sCO, out

Particle/sCO, Heat exchanger

(b)

Particle outlet

() $CO, intet ]

Particle out
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cycle or a supercritical CO, Brayton cycle [22].

Research on high-temperature CaL energy storage systems is in its
nascent stages, with the primary focus being on the development and
evaluation of appropriate materials [16,23-25]. To date, numerous
laboratory-scale investigations have been published, employing fluid-
ized bed or centrifugal reactors to assess these materials and reactions
[26-29]. In the 1980 s, Flamant et al. proposed a fluidized bed batch
reactor using mixed silica and limestone particles with a chemical effi-
ciency of 20 % [30]. Recently, Tregambi et al. investigated the CaL
process for TCES by creating a solar-driven fluidized bed for CaL-CSP
integration [31]. Facing the decrease in CaO conversion with time, the
authors assessed the potential for segregating converted and uncon-
verted particles after the carbonation step, leveraging the difference in
particle density. German Aerospace Center has conducted many tests in
recent years in solar rotary kilns, such as the calcination of kaolin at
700-1000 °C under a solar simulator [32,33]. Zheng et al. tested doped
Ca-based pellets in a fluidized bed under direct solar irradiation to solve
the issue of decreasing reactivity under cycling conditions [28]. A stable
long-term Ca-based material has been developed, with an interpretation
of the mechanisms underlying its superior cyclic and fast decomposition
performance. The solar-thermal conversion efficiency of (AlIMgFeMn)
0,CaCOs pellets is significantly improved from 9 % to 19 % with respect

Heliostats

P Electric Grid

Generator 491

| 4
. Electricity
converter

Screw conveyor

CaCOj; tank

ﬁ sCO, outlet
Fluidized gas outlet

Particle inlet

Fig. 1. (a) Schematic of a high-temperature calcium looping energy storage system with an sCO, Brayton power cycle, schematic diagram of the fluidized bed heat
exchanger, (b) front view cross-section, (c) overhead cross-section, (d) overall schematic diagram, and (e) zigzag pipe arrangement cross-section.
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to that of (AIMg)O,CaCOs3 pellets owing to considerably enhanced
average solar absorption and fast reaction kinetics. However, the
application of these concepts at the industrial scale is still challenging,
and additional research and development must be undertaken, specif-
ically targeting the following areas: (i) ensuring long-term performance
of materials, including thermomechanical properties and stability under
cycling conditions, (ii) choosing and designing CaCOs calcination re-
actors, and (iii) incorporating the CaO carbonation reactor (namely, the
carbonator) into the power cycle [2,9,17]. This later aspect is addressed
in this paper since it has been poorly studied by previous authors. In this
component, the exothermal reaction between solid CaO particles and
gaseous COy provides heat to the conversion cycle at the desired
temperature.

CaL-based TCES presents a compelling storage alternative to tradi-
tional molten salt due to its stability, cost-effectiveness, and ability to
operate at temperatures exceeding 1023 K; molten salt can only operate
at a maximum temperature of ~ 838 K [9]. The ability to operate at high
temperatures not only increases the overall efficiency of the CSP plant
but also matches well with the advanced sCO, Brayton cycle, in which
turbine inlet temperature and pressure require values approaching 973
K and 20 MPa, respectively [34,35]. The sCO4 Brayton cycle operates by
using sCO» as the working fluid, which exhibits unique thermodynamic
properties in the supercritical state, resulting in better cycle efficiency
than traditional steam-based Rankine cycles (approximately 50 %
relative to 43 %). A sCO5 Brayton cycle system features a lower weight
and volume, lower thermal mass, and a less complex power block than
steam Rankine cycles due to the higher density of the fluid and the more
streamlined cycle design. The compactness and high efficiency of the
power block make the sCO; Brayton cycle appealing for the scales and
temperature ranges associated with subsequent CSP generation.
Nevertheless, attempts to merge the particle thermal storage system
with the sCO5 Brayton cycle must address the temperature, efficiency,
and cost challenges faced by molten salt CSP systems to date [36,37].

In reactor design, the gas—solid reaction kinetics dictates the rate and
magnitude of energy release within the reactor, and the heat transfer
intensity between the particles and the exchanger surface governs the
exchange area and the reactive medium temperature. Kinetic models for
simulating CaO carbonation are generally divided into two categories:
the shrinking-core-based grain model and the shrinking-pore-based
random pore model [38-40]. However, both models are unable to pre-
dict the transition from the initial fast chemical reaction-controlled step
to the relatively slow diffusion-controlled step or to simulate the effects
of temperature on the transition behaviors. In contrast, Li et al. devel-
oped a general model that describes the complete kinetics of gas—solid
reactions and validated it by experimental data [41]. This approach was
selected in this study.

Fig. 1 presents an option for the coupling of a closed sCO, power
cycle with a CSP system; other options can be found in Ref. [9]. During
the charging process in the particle receiver, CaCO3 particles are first
decomposed into CaO and CO,. The hot CaO particles are then sent to
the hot storage tank, while the hot CO3 is used to preheat the cold CaCO3
particles coming from the cold storage bin. The CO5 from the preheater
is cooled and compressed before being stored in a tank. It is used as a
fluidizing gas in the FB HX. During the discharging process, the hot CaO
particles flow into the reactive particle-to-sCOy shell and tube heat
exchanger. In the heat exchanger, there are two CO; flows. The first one
fluidizes the particles in the FB HX and is in direct contact with the
particles. The second circulates inside the tube is the supercritical state.
This flow has no contact with the particles. This working medium (sCO5)
is heated by the particles as part of the closed Brayton cycle. The asso-
ciated reaction is as follows (1):

CaO(y) + COy(e)—CaCOx(y, AH = — 178kJ /mol 1)

The particles are subsequently gathered in an insulated storage bin
designed for low temperature (cold storage bin). Finally, an insulated
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particle lifting mechanism transports the particles back to the top of the
receiver. The connection between the particle thermal system and the
sCO, Brayton cycle in a CSP plant is established through a particle-to-
sCO3 heat exchanger.

Several particle-to-sCO5 heat exchangers, including moving packed
beds and fluidized beds, have been investigated for power generation
and chemical processes [34,42-46]. Among these systems, fluidized bed
heat exchangers are an efficient and suitable technology for high-
temperature TES applications. Weast and Shannon assessed the tech-
nical feasibility of FB HXs for TES systems in 1980 [43]. The authors
identified and analyzed the operating characteristics and economics of
FB HX systems for waste heat recovery and utilization. Farag et al.
developed a mathematical model to solve the equations for counter-
current and crosscurrent contacting multiple fluidized beds [44]. Ma
et al. designed a fluidized bed of nonreactive particles. The authors
presented a heat transfer model to analyze the particle-sCO3 HX design
and assessed design tradeoffs [34]. Gomez-Garcia et al. modeled a
countercurrent multistage fluidized bed heat exchanger integrated with
a steam Rankine cycle [45]. To our knowledge, none of the previous
authors designed a fluidized bed heat exchanger with a chemical reac-
tion for releasing the stored thermochemical energy in sCOy-CSP
systems.

A detailed model of counter-flow shell and tube fluidized bed reac-
tive heat exchangers was proposed. Single and multistage designs have
been compared. Moreover, the tube length necessary to extract the same
thermal power in the heat exchangers was compared for two thermal
storage methods: only sensible heat storage and combined sensible and
thermochemical energy storage. Heat transfer in the particles and the
sCOs, sides and the reaction kinetics were both presented. Furthermore, a
sensitivity analysis was conducted to examine the impact of the key
operating parameters on the variation in the inlet temperature of the
sCO, working fluid, which is essential for understanding the operational
stability and efficiency of the sCO; Brayton cycle.

2. Modeling of reactive fluidized bed heat exchangers
2.1. Heat exchanger description

The feasibility of multistage fluidized beds has been demonstrated in
the context of continuous physical and chemical operations [43,45]. The
analysis of the particle-to-sCOy FB HX incorporates established infor-
mation on the gas and particle kinetic and thermal properties of reacting
species, bed-to-tube and tube-to-sCO5 heat exchange coefficients, and
operational constraints. The proposed multistage FB HX is oriented
horizontally, which is particularly suitable for endothermic and
exothermic gas-solid reactions at high temperatures and particle cir-
culation [47]. In each stage, fluidizing CO, is injected through perfo-
rated tubes located at the bottom of the reactor and particles fluidize
through a uniform gas stream, inducing vigorous agitation of the par-
ticles. This agitation results in a homogenous temperature within the
fluidized bed, fostering highly efficient heat transfer between the hot
fluidized particles and the immersed tubes. The hot gas then exits the
heat exchanger from the top, and it heats the fresh fluidized gas through
an external gas heat exchange, this component was not introduced in the
simulation.

The heat release processes in FB HXs featuring only sensible heat
storage and featuring combinations of thermochemical and sensible heat
storage systems were compared. A constant temperature difference of
150 K was assumed between the outlet and the inlet temperatures of
sCO2, and the design was performed for a thermal power of 1-MW;. A
150 K temperature difference matches the temperature of the heat
necessary to supply an efficient sCO2 cycle [48,49]. During the sensible
heat release process, particles at 1048 K enter the heat exchanger, while
fluidizing CO; enters from the bottom of the heat exchanger (CO, was
selected as the fluidized gas to facilitate the comparison with the reac-
tive case, and the calculation using air as the fluidized gas gave a similar
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required inlet sCO5 temperature of with a 12.8 K difference), ensuring
uniform fluidization of the hot particles. The hot gas then exits the heat
exchanger from the top. The sCO, working fluid is delivered to the
conversion cycle at the suitable temperature. For the combined sensible
and thermochemical heat release process, high-temperature particles
enter the heat exchanger, along with the fluidizing gas, which serves as
the reactive gas. This reactive gas reacts with the solid particles. The
sensible and reaction heat is transported by the sCO, working fluid.
Fig. 2 shows the frontal and sectional views of the single-stage heat
exchanger without the insulation layer. To control the velocity of sCO»,
zigzag tubes have been used to ensure that it was maintained at
approximately 3 m/s. The zigzags of each layer are staggered, the dis-
tance between the zigzags and the wall is L, the distance between the
zigzags and the top of the fluidized bed is I, the distance between the
zigzags and the air distributor is I, the distance between the two tubes
is l4, and the distance between the two layers of zigzags is l;. sCO3 is
distributed to all zigzags simultaneously, and the sCO» at the exit of each
stage is collected again and distributed to the zigzags of next stage as
shown in Fig. 1(c) and (d).

Table 1 presents a list of the performance targets for a 1-MWt heat
exchanger, and Table 2 displays the primary input parameters for the
model. Except for ¢, carso and cp cacos, which were based on the outlet
temperature of particles in the FB HX, other parameters were fixed. The
parameters in Table 2 are the basic parameters used to start the opti-
mization process in section 3.1 and 3.2. The basic parameters were also
used in the sensitivity analysis in section 3.3, except the key variables
Diube,in and Drube,out-

According to the experimental results of Esence et al., in the calci-
nation process of CaCO3 under solar irradiation, the material tempera-
ture can reach an average bed temperature between 1063 and 1104 K
[29]. In the simulation, the heat loss in the storage process was
considered and set the particle inlet temperature to 1043 K. Conversely,
high-efficiency sCO, power cycles necessitate conditions of high

Particle outlet

Particle inlet
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Table 1

Target performance metrics for each FB HX.
Target Metrics Value Unit
Thermal duty 0.99-1.07 MWy,
Fsx ot 400-450 W/m?/K
Thx max 1100 K
Tpin1 1048 K
Tpout < 853 K
Tsco,,in1 < 838 K
Tsco, out 988 K
Pyco, 20 MPa
M50, in,1 5.26 kg/s
Qtot > 0.97 —

pressure (>20 MPa) and high temperature (>973 K). Therefore, the
working fluid pressure and outlet temperature values were fixed at 20
MPa and 988 K, respectively. The expected conversion of the reactive
material in the FB HX was higher than 95 %. In this study, the sCO; inlet
temperature was set as a variable to reach the targeted outlet temper-
ature of sCOy (988 K), which is the most important parameter for
evaluating the sCO; cycle performance.

2.2. Heat transfer model

The convective heat transfer rate transferred from the particles to the
working fluid within each stage of the HX is described by the following
equation:

050y = Uoverait iArube,iDTmean.i 2)

where Awpei = TDwbeLiube, is the wetted surface area of the tubes in the
heat exchanger. Therefore, Usyeran iAtube; represents the thermal resis-
tance, which is calculated as follows:

TsCOZJn

| i i

TsC()Z.nnt B

—t

1
I | [

Gas distribution

-« se

sCO, working fluid

Zigzag with three tube segments

Fig. 2. Frontal view (a), lateral sectional view (b), and top sectional view (c) of the particle/sCO» FB HX. N zigzag tubes are considered, with each being composed

of segments.
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Table 2

Input values for the model.
Parameter Value Unit
liop 50 mm
lyor 100 mm
Drube.out 25.4 mm
Dube.in 20.4 mm
la 3.15" Drube,out mm
by 2.75* Drube,out mm
byan 3.15* Drybe,out mm
14 2 pm
Ktube 15 W/m/K
dp 100 pm
o 0.9 _
Pp.CARBO 3300 kg/m®
Pp.Ca0 3340 kg/m®
Pp,Caco, 2700 kg/m®
Pp,inert 3040 kg /m3
Ylimestone,Ca0,initial 0.987 _
Yraw material CaO,intial 0.52 _

Ymodified material, Ca0,intial 0.8 _
A 0.45 _

Cp,CARBO 365 * To:out J/mol/K
Cp.Caco, 104.52 + 21.92%10°*Tp 6-2.59*10%* Tiout J/mol/K
Ne 5 _
Tg.co,.in 293 K
1
Uovemll,[Alube,i = (3)

In(Dube out /Drabe.in)
27kupe Liube

1 1
hp i Db in Liube

hsc0, i mDwbe out Liube

ATmean;i is the log-mean temperature difference between the hot parti-
cles and the cold sCO», and it is calculated as follows:

(Tp,in.i - TsCOg.ouLi) - (Tp.out,i -

ln{(Tp ini—Tsco, ouu)}
Tp.outi =750y in,i

Tscos ini)

ATmcan.i = (4)

The particle and sCO, temperature calculation process in each stage
can be found in Fig. S1 of Supporting Information.

2.2.1. sCO;y side heat transfer coefficient

The fluid velocity inherently governs the heat transfer coefficient on
the sCO; side. The sCO, working fluid velocity depends on the heat
exchanger tube internal diameter and the sCO, mass flow rate myco, b -
The velocity is calculated as follows:

_ 1M4C0, b,i
UscOyi == — 75— ®
PsCO,,i M ybe in
. M0, i
4o, p,i = = ©
N;

where N; is the number of zigzags and msco, ; is set as 5.26 kg/s based on
the required thermal duty. psco,, is the sCOy density according to the
average temperature of the inlet and outlet of sCO,. The sCO; heat
transfer coefficient can be optimized by modulating the flow velocity
Usco, i» Which is achieved by adjusting the number of tube segments ny, in
each zigzag. The overall number of tubes in the stage can be given as:
Nwbei = NpN;. The local convective heat transfer coefficients for sCO5 are
calculated using the Gnielinski correlation, which is a well-established
method for determining turbulent flow in tubes (Reco, > 3000) [50,51],

./8)(Reco,: — 1000)Prico,
Nto, = S8R0 = 1000)Prco; @)

1+ 12.7(7/8) 2(Prfy, . — 1)
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1 f/D(ube in 251
= —2log(MfTubein 7
/A e 3.7 Regco,Vf;

®

The thermal-physical properties of the sCO, working fluid are calculated
by referencing the NIST standard database [52]. The thermal charac-
teristics of the sCO working fluid within each stage are determined
based on the mean temperature, considering both inlet and outlet tem-
peratures. As shown in Fig. 3(a), with the increase in the number of
zigzag tubes and the increase in the inner diameter of the pipe, the mass
flow rate of the tube decreases, resulting in a decrease in the heat
transfer coefficient of the sCO5 working medium. In contrast, with the
increase in the temperature and pressure of sCO,, the heat transfer co-
efficient of sCO; increases, as shown in Fig. 3(b).

2.2.2. Particle-side heat transfer coefficient

Particle-side heat transfer is the primary limiting factor influencing
the performance of the heat exchanger. The heat transfer coefficient on
the particle side is affected by the physical properties and size of the
particle and the operating conditions of the heat exchanger. One of the
main operating conditions of the heat exchanger is the minimum
fluidization velocity, which is expressed as follows [53]:

_ PgiRey;
Unfi = — 4
Pgidp

Re,; = 4/31.6% + 0.0425Ar,; — 31.6 (10)

The gas velocity in a stage is determined as follows:

©)

Ug; = Nilmy,i 11)

The particle size employed in this study is 100 pm, which closely aligns
with the range of 112-2125 pm applicable to Eq. (9). Hence, Eq. (9) was
adopted in this study. Fig. 3(c) presents a plot of the effects of particle
size and temperature on the minimum fluidization velocity. A relatively
conservative fluidization number, Ny = 5, was chosen because it ensures
a high bed-to-tube heat transfer coefficient while minimizing the
particle-induced erosion of heat exchanger tubes. In heat exchangers, for
thermochemical and sensible heat release, the additional absorbed gas
introduced serves to fluidize the particles. This strategy prevents the
fluidized bed from becoming static due to CO, consumption by CaO
reacting particles. Therefore, the fluidized gas mass flow is expressed as
follows:

1MC0, ini = Py illg,iSbottom,i + MCO, abs,i 12)

where Mgo, abs; is the mass flow of CO4 absorbed by particles and Spottom i
is the bottom cross-sectional area of the heat exchanger. The inlet flu-
idized gas and absorbed gas are CO2 at a temperature of 293 K and
pressure of 100 kPa. The outlet gas temperature in each stage is equal to
the outlet solid temperature because the high mixing rate in FB results in
a uniform temperature throughout the bed according to Kunii et al
[54,55]. The bed pressure drop was neglected throughout the bed. The
thermal properties are calculated at the outlet gas temperature using the
NIST standard database [52]. Since the model is focused on the heat
balance inside the heat exchanger, the pressure drops inside the tubes
and in the fluidized bed were not considered. They were estimated to
8.2 kPa for the tubes and to 46.6 kPa in the fluidized bed of the single
stage with reaction.

The convective heat transfer coefficient between the tubes and the
fluidized bed at any given stage is established in accordance with the
results of Grewal and Saxena et al. [56]. Stenberg et al. experimentally
validated the high accuracy of the Grewal and Saxena heat transfer
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(a) sCO, heat transfer coefficient (W/m?/K) (b) sCO, heat transfer coefficient (W/m*/K)
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Fig. 3. sCO; side heat transfer coefficient versus (a) the number and outer diameter of zigzag tubes (P = 20 MPa, Tsco,mean = 920 K), (b) mean sCO, temperature and
pressure (Dype,in = 20.4 mm, N; = 30), (c) effects of particle size on minimum fluidization velocity at different temperatures (p, = 2700 kg/m3), and (d) particle-
side heat transfer coefficients and overall heat transfer coefficients versus the fluidization velocities at different temperatures (d, = 100um,hsco, = 1170W/ m? /K,
Pp = 2700kg/m?, Diube,in = 20.4 mm).

correlation for predicting heat transfer under high-temperature condi-

. . . . . e 1 1 d, D,

tions [57]. The particle size used in this study is similar to that one tested ~ fy5 = (1 — 036.(1 — 021 — 2% %)O'Og (15)
by Grewal and Saxena et al. In their work, a general correlation was Shorizontal Sdiagonal Pmin 22mm
proposed considering various parameters, including the particle size, 1 \036 - . - 1 024
physical properties, and thermal properties; this correlation is expressed where (1 — Shorizontal) is the factor “horizontal spacing”, (1 - Sdiagona])

as follows: is the Factor “diagonal spacing”, and (1 — %)4 is the Factor “perme-

_ — 0.325 3/2 1/2
iU iDueou 2,‘ ,‘C siDu ui / Cp.g.i
Nup, = 47(1 — ¢) (/)p,out,z s tube, td3 iig, ) (pp.oul. P, ,k tube out8 ) p,IgC, .“g)o_z a3)
He,i pPp.outi8 g g
ability”. There remain three dimensionless parameters are defined as
S _ Iy ) _ Piagonal bility = dy
horizontal — Deuberout’ Sdiagonal = Dewbeout permeability = Dmin”
| o 043 1/3 Dupeour and dp, are the tube diameter and particle diameter.
€=5 04+ {4(%) o 14) Consequently, the heat transfer coefficient for staggered tube bundle
Pp.outiPp8
plrpot p

with respect to single tube is defined by,

The heat transfer performance of fluidized beds equipped with bundles
of horizontal heat exchanger tubes was investigated by [58]. A decrease
of the heat transfer coefficient was observed as a function of tube
spacing. In order to account for this decrease a reduction factor was
derived to define the extent of influence of the tube bundle arrangement
on the mean fluidized bed-to-tube heat transfer coefficient. This reduc-
tion factor enables to calculate the decrease of the mean heat transfer
coefficient between a single tube and tube bundles. The tube bundle
reduction factor can be calculated as follows according to Lechner et al
[58]:

hp = hp‘TubeBundle = hp‘singleTubef TubeBundle (16)

In the fluidized bed heat exchanger configuration designed in this paper,
lq is 3.15 * Dyype,out and I is 2.75 * Diype,our- Therefore, the tube bundle
reduction factor is frg = 0.8.

Fig. 3(d) presents a plot of the particle-side heat transfer coefficient
for staggered tube bundle and overall heat transfer coefficient (Ugyeran)
at different temperatures.

The density of the particles varies with the conversion and is calcu-
lated as follows:
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Ppouti = YCa0.iPp.ca0 + Ycacos iPp.caco; + Yinert,ip inert a7

where the mass fraction of the components (Ycao.i> ¥cacos,i> and Yinerti) in
the particles varies with the chemical conversion. The calculation pro-
cess is shown in Fig. S2 of Supporting Information.

2.3. Reaction kinetics

The reaction kinetics of Ca-based materials are estimated by a gen-
eral reaction rate equation, according to Li et al. [41]. The general
equation considers the rate transitions from the initial fast chemical
reaction-controlled step to the subsequent slow diffusion step and the
influence of temperature on the kinetics of these transitions. The equa-
tion is described as follows:

da ksSo (€= C)( o n 1-6 )
- = Ks —Le
KT 11 K(C—C.) g+ B(C—Copp

18)

_ ks(1—€0) _ kZ _ nW sahi
where = VI, 50 Ky =35 and Z = VA vr and vp are the stoichio-

metric coefficients of the reactant and the product, respectively; V3 and
VX! are the molar volumes of the reactant and the product, respectively;
and ks, gp, and pp are all geometric model functions. The spherical grain
model was used to investigate the carbonation kinetics. Therefore, the
geometric model function is described as follows:

=l -of (19)
== o0
1 +a(ﬁ7 Ik
__su-af z e
pDi{l+a[(l%§)—l]}%{“+a[((l—5) DI - (1 - a)'} 1)

where § is the unoccupied reactant surface. The change in § with time
can be expressed as follows:

dé  k C—-C.

o _k Ceo 22
df Dy 1+K(C-C.) (22)

_ 1.826*10° _ 19680y ; i .
where Ce = g4} 3 vy exp( Tpnm) in the CaO carbonation process ac

cording to the Hu et al. results [59] and C is the concentration of reacting
gas inside the particle. The kinetic parameters are written in the
Arrhenius equation form:

Ex
ks = koexp(———t (23)
0 p( Rng,ouLi)
Ds = DsOexp(_ T ) (24)
g4 pout,i
E,
D, = Dyexp(—r?—) (25)
gL pouti
Table 3

Input values for the model.

Raw material Limestone Modified materials
So 4.29%10° 4.2107 1.525%107
£ 0.661 0.47 0.487
Ro 49 63-100 50-75
Xca0 52 % 99 % 80 %
kso 3.12%10°8 2.72%107 3.37%108
Ex 11.55 44.76 36.98
Dyo 5.06+10® 7.72%10°1° 7.82*10°13
Ep 93.44 80.21 26.46
Dyo 2.02%10°° 2.58*10°° 5.08%107°

E; 30.06 37.99 48.00
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By separating the microstructural parameters (Soande,), kinetic pa-
rameters (k;, Ds, and D,), product island growth model (5), and geo-
metric model (k;, g, and pp), this formula can accurately predict the
reaction rates at varying temperatures for different calcium-based ma-
terials. This equation is a useful analytical model for gas—solid reactor
modeling.

In the fluidized bed heat exchanger, the characteristics of conversion
versus time are compared for three calcium-based particles—the well-
known and cost-effective natural limestone with a CaO content of
98.7 wt%, the cement raw material with a CaO content of 52 wt%, and
the modified Al-doped materials with a CaO content of 80 wt%—
recognized for their superior cyclic performance. Their pore structure
parameters and kinetic parameters are outlined in Table 3
[39,41,60,61].

Based on Eq. (16), as time exceeds a certain limit (t*), the conversion
may be greater than 1. Thus, in such cases, the conversion was set to its
maximum attainable value, which is 1 [27]. As each stage of the HX is
assumed to be an ideal continuous stirred-tank reactor, the residence
time distribution E(t) for particles is described by Eq. (24) according to
Rawlings and Ekerdt et al. [62]. Consequently, the average conversion at
the stage outlet is determined by Eq. (25).

E(r) = T—lpexp(—%) (26)
a; = /t:o a(t)E(r)dt = /r: a(t)E(t)dt + /:m Amax E(1)dt 27)

where 7;, is the mean residence time; this value will be discussed in the
following section. Eq. (25) presents the conversion of the particles from
the inlet to the outlet of a specific stage i.

The overall conversion, denoted as @, is determined from the HX
inlet to the outlet of stage i using Eq. (26). @t = O is set to O since no
CaCOg is present at the reactor inlet.

amu‘ = amt.i—l +ai(1 - amt.i - 1) (28)

The solving procedure of the particles total average conversion is shown
in Fig. S3. It is obtained by iterative calculation of reaction kinetics and
particle outlet temperature.

2.4. Energy and mass balance

For the FB HX, the energy variation can be divided into three items:
the heat transfer rate released from the particles, the heat transfer rate of
the fluidized gas, and the heat transfer rate transported by the sCO,.
Here, the two-stage FB HX mathematical model (Fig. S1) is taken as an
example to better represent the changes in energy and mass in the
multistage fluidized bed, which is also applicable to the single-stage
fluidized bed.

The heat transfer rate by the particles is given as follows:

Qp.i = mp.oul.in.oul,i - mp.in.in,in.i (29)

where H,, o; and Hp o is the inlet and outlet particle enthalpy.
The heat transfer rate by the fluidization gas is given by the following
equation:

Qg.COZ.i = mg.nul.in,oul.i - mg.in.ng,in.i (30)

where Hg oy and Hg oyt is the inlet and outlet fluidized gas enthalpy.
In the release process with sensible heat (SH) only, as shown in
Fig. S1(a), the energy balance equations are written as follows:

Qsc02,1 + Qg,C():.l + Qp.l =0 (31)

QSCOz,Z + Qg.COz.Z + Qp.2 =0 (32)
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The mass flow rates of gas, particles and sCO5 in the SH case do not
change.

The heat release process from CaO particles is divided into two parts:
sensible heat and heat from the chemical reaction. Therefore, the energy
balance in the CaO carbonation process with chemical and sensible heat
(CSH) is calculated by the following equations:

QSCOZ.I + QR.I + Qg.C02.1 + Qp.l =0 33)

Oucon + Ok + Qg4C02,2 + Qp.z =0 34)
The particle mass flow rate at the outlet of each stage depends on the
absorbed CO, mass flow. For the first stage, it is given by the following
formula:

YCa0,initialMp,in, 1

My out1 = Mpin + 0 Mco, (35)

CaO

where Ycaonitial is the initial mass fraction of reacting CaO. For the
second stage, the particle mass flow rate is calculated as follows:

aQ,initial'""p in, — ~a0,initial""'p,in, — Qror,
Yca0,initialMp,in,1 5 « Yeao,initiatMpini (1 — @ 1)M
Mo, +@ Mco,
Mcao

Mcao
(36)

My our2 = My in1 + @

The heat transfer rate due to chemical reaction for the first stage is given
by the following equation:

L a0, initial m in,
Ors = alw AH 37)

CaO

where AH is the reaction enthalpy with a value of —178 kJ/mol. The
heat transfer rate by reaction release for second stage is given as follows:

Ycao,initialPpin,1 (1 — Wror,1)

QR.Z = AH (38)
Mcqo
(a)
10— T, o= 853K
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0.8 4 Tpou=953K _—
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The solving procedure of the heat balance related to the heat exchanger
tube length is shown in Fig. S5 of SI. The fixed values are the inlet
temperature of the particle (Tp ) (flowing from the storage tank) and
the outlet temperature of sSCO2 (Tsco,,0out,i)- The inlet temperature of the
sCO2 working medium (Tsco, ini) and the outlet temperature of the
particles (T} ou,;) are iterated repeatedly until convergence is reached.
On the one hand, the logarithmic mean temperature difference ATmean i 2
in each stage of the heat exchanger is determined, in which the variables
to be determined is Tp oyt For the sCO, working fluid side, Tsco,,in; is
determined by the sCO; heat transfer rate (Qscoz,i): and Tsco, outi iS
assumed to be 988 K (fixed value) according to the Brayton cycle system
requirements. ATmean i 2 is the log-mean temperature difference between
the hot particles and the cold sCO2, which can be calculated by Eq. (4).
On the other hand, once the tube-working medium convective heat
transfer coefficient (hsco,;) and the particle-to-tube convective heat
transfer coefficient (h,;) are determined, the total thermal resistance
(Uoverall iAtube,i) can be calculated, and, consequently, ATpean 1. Number
1 and 2 in the ATmeani1 and ATpeani2 are related to iteration 1 and
iteration 2. By comparing the ATpean i1 and ATean 2 for each stage, the
heat exchanger tube length Lipetor that meets the requirements
(Tsco,,in,i <838 K) is selected.

The fraction of energy loss in the fluidizing gas of the FB HX is
evaluated by the following equation:

0 ~ Qecoi Qyc0,.i (39)
saslossi = —— = ;

s —(Ori +0pi)  Qyco,i t Osco,i

Tgas loss tot = Zng‘COZJ Zng,CO;,i (40)

7(23Q‘R,[ + Z’IIQ.p.i) N EiIQg.COZ,i + Ell QsCOz.i

The global heat exchanger effectiveness can be defined as the ratio of the
difference between the sCO2 and solid outlet temperatures to the dif-
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Fig. 4. Conversion-time plots at different temperatures: (a) raw material, (b) limestone, and (c) modified material. (d) Mean residence time and average conversion

in one stage versus the volume of the fluidized bed (limestone).
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ference between their inlet temperatures:

_ TxCOg.our.l - Tp.ou(.i 41
Muex = (41
Tyin1 — Tsco,ini

This is an indicator of the gap between the real system and an ideal one
since if Tscoz, out,1 = Tp,in,1 @nd Tpouti = Tscoz,in,i the value of the indi-
cator is one. Consequently, any real HX corresponds to an effectiveness
less than one.

The mean residence time 7, of fluidized particles within a stage is
calculated as follows:

~ 27pPpoui Voed.i

My ini + Mp outi

(42)

Tp
where y,, is the volume fraction of particles, p,,; is the outlet density of
particles, and Vjeq; is the volume of the fluidized bed in the stage.

Fig. 4(d) shows a plot of the mean residence time of the particle and

the corresponding average conversion for the limestone as a function of
the fluidized bed volume.

2.5. Cost analysis of the particle/sCO heat exchanger using SH and CSH
materials

The cost of the heat exchanger is mainly composed of three parts:
heat exchanger tube cost, storage particle cost, and sCO; cost. The used
correlations are calculated as follows according to the G3P3 project
[63,64]:

(43)

Cux = Cux AAHX + CBOPp/p,in + CBOP 5O, M5CO, in

where cgopp = 91538/(kg/s) is the particle-side specific balance of the
plant cost, cgopsco, = 4752$/(kg/s) is the sCO2-side specific balance of
the plant cost, and cyxa = 9031$/m? is the value for the area-specific
heat exchanger cost at 973 K. The required heat transfer area of the
heat exchanger is as follows:

(44)

Anx = ”Dulbc.oulLlubc‘m(
2
Vix = ﬂRmbe,inLlube,lol (45)

where Dypeour is the outside surface diameter, Rypein is the inside
radius, and Lyype tor is the total tube length of the FB HX.

3. Results and discussion
3.1. Release process with only sensible heat

The inlet parameters of the particles and the outlet parameters of the
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sCO, working fluid need to be defined first to design the FB HX. Table 1
presents the target parameters in the design case. For manufacturing
issues of the FB HX, the same section for each stage is maintained and
change the length of the FB only. The FB HX height of Hpeq; = 1.0 m and
weight of Wieq; = 1.65 m have been considered. One of the design
criteria to lower the cost of the TES is minimizing the length of the heat
exchanger tubes. Consequently, the initial focus was on minimizing the
tube length required for particles without any chemical reaction.
Table S1 shows the optimized length of fluidized bed heat exchanger
with inert materials (sensible heat only). The required tube length for
the heat exchanger, using limestone as the SH material, is 1193 m, with a
fluidized bed volume of 8.03 rn3, as shown in Fig. 5(a) (limestone is
selected as the sensible heat storage material to facilitate the comparison
with the reactive case). The heat loss due to the fluidization gas for one-
stage FB HX is 7.49 % as shown in Fig. 5(b). With an increase in the
number of stages from 1 to 2, the tube length and fluidized bed volume
decrease to 980 m and 6.6 m>, resulting in a reduction of 17.8 % and
18.1 %, respectively. The heat loss due to the fluidization gas decreases
to 6.24 %. Further, for the particles in the fluidized bed to mix evenly,
the size of each stage is made smaller by increasing the number of stages
optimized. When the number of stages is 4, the tube length is reduced to
955 m and the fluidized bed volume is reduced to 6.435 m>. When the
number of stages is increased to 6 and 8, the reduction in tube length
fluidized bed volume is not significant. Additionally, the performance of
the heat exchanger using commercially available CARBO Accucast ID50
particles was assessed [65]. The required tube length for this case is 999
m, with a one-stage fluidized bed volume of 6.732 m®.

As shown in Fig. 6, the required inlet temperature of the sCO,
gradually decreases as the tube length increases, leading to a reduced
outlet temperature of the particles and an increased heat loss of the
fluidized gas. The heat loss of the fluidized gas is around 7 % without
heat recovery. The heat loss of the fluidization gas is proportional to the
mass flow rate of the fluidization gas that depends on the gas velocity
and the heat exchanger total horizontal surface area. The tube length
change is achieved by changing the length of the heat exchanger
maintaining its width and height. The change of the length of the FB HX
leads to the increase of the surface area and, consequently, the mass flow
rate of the fluidization gas and the associated heat loss. Concerning the
effectiveness of heat exchanger, increasing the tube length of the heat
exchanger results in increasing the heat exchange area, thus achieving a
better heat exchange effect. As defined, the effectiveness indicator does
not account for the heat losses in the fluidization gas; it is not an “effi-
ciency”. The heat exchanger achieves a global heat transfer effectiveness
over 55 %.

Owing to the strong mixing of fluidized particles, the bed tempera-
ture can be considered uniform according to Kunii et al. [54,55], and
under this assumption, the direction of flow in the heat exchanger model
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Fig. 7. Inlet and outlet temperatures of the particle and sCO, using different stages. (a) two-stages, (b) four-stages, (c) six-stages, and (d) eight-stages.

does not matter. Under this assumption, temperature inversion inside
the heat exchanger (sCO, temperature larger than particles tempera-
ture) can occur. This unexpected phenomenon can be avoided by adding
stages. Fig. 7 shows the particle outlet temperature and sCO, working
medium inlet temperature using different stages. The lines along the
way are for visualization purposes only, and they do not necessarily
represent the precise temperature evolution inside the FB HX. For the
particles, the horizontal line represents the uniform temperature of the
FB HX, which is caused by the high mixing rate of the particles, and the
vertical line represents an almost instantaneous drop in the particle
temperature at the entrance of each stage, which is due to the heat
balance method used in the modeling. Fig. 7(a) is not realistic because in
some location the Tscozin is higher than the Ty Therefore, this
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configuration is unacceptable.
3.2. Release process with chemical reaction

By optimizing the particle mass flow rate and heat exchanger design
for a one-stage reactor utilizing a reactive material, the result shows that
a particle mass flow rate of 0.39 kg/s is required for the one-stage
reactor. Table. S2 shows the optimized size of fluidized bed heat
exchanger with chemical reaction. The particle mass flow rate needed in
the one-stage carbonator is 11.5 times lower than that of the sensible
thermal storage materials. A lower particle mass flow rate can signifi-
cantly reduce the costs associated with storage tanks and particle ma-
terials in thermal storage systems. Fig. 8(a) shows that reducing the
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being the particle inlet stage.

lengths of the heat exchanger tubes leads to a gradual increase in the
particle outlet temperature. To maximize sensible heat utilization, the
tube length is increased to 955 m, which reduces the particle tempera-
ture to a target value of 853 K. Compared to sensible thermal storage, the
improvement in tube length is not significant. However, the lengths of
the heat exchanger tubes can be further optimized by increasing the
number of fluidized bed stages.

In a two-stage reactive heat exchanger, the first stage primarily
transfers the heat released by the chemical reaction to sCO9, while the
second stage utilizes the sensible heat of the particles to heat the
working fluid. As shown in Fig. 8(a), the particle outlet temperature of
the first stage increases as the tube length decreases. However, a high
particle temperature can damage heat exchanger tubes. Therefore, the
first-stage heat exchanger is limited by the constraint in which the
maximum particle temperature within the heat exchanger should not
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exceed 1100 K due to material limitations. For a limestone thermal
storage material with a particle mass flow rate of 0.39 kg/s, the di-
mensions of the first stage are 1.65 * 0.85 *1.0 m>, with a tube length of
208 m, satisfying the requirement of the first-stage particle outlet tem-
perature of 1100 K. The second-stage, which utilizes the large temper-
ature difference between the inlet and outlet particles to heat the
working fluid with a small temperature difference, requires much
smaller dimensions of 1.65 * 0.285 * 1.0 m® and a tube length of 69.8 m,
as shown in Fig. 8(b). Using a two-stage heat exchanger, the outlet
temperature of the particles can be lower than 853 K, and the sCO,
working temperature is lower than 838 K as shown in Fig. 8(c).
Furthermore, an evaluation of a four-stage HX was conducted. Fig. 8(d)
shows a comparison of the tube lengths of heat exchangers with three
different numbers of stages. The results indicate that the four-stage heat
exchanger requires a tube length of 271 m, highlighting a limited
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Fig. 9. (a) Conversion of limestone in the heat exchanger for different stages. (b) Outlet particle temperatures and inlet sCO, temperatures of two stages using three

Ca-based materials.
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opportunity for further optimization. This limitation arises from the
necessity to restrict the particle outlet temperature of the first stage
below 1100 K. However, as depicted in Fig. 8 (a), there is potential for
further reductions in the length of reactive heat exchangers if the tem-
perature tolerance on the materials used can be enhanced. Therefore,
the two-stage heat exchanger offers a great opportunity for heat ex-
change processes involving gas—solid chemical reactions.

For a one-stage heat exchanger, the average conversion is 97.3 %,
which is lower than the 99.95 % achieved by the two-stage heat
exchanger (Fig. 9(a)). This difference can be attributed to the large
residence time of the reactive particles in the two-stage HX. A similar
pattern is observed for the four-stage heat exchanger. The overall con-
version at the outlet of the FB HX follows the order of four-stage > two-
stage > one-stage. As illustrated in Fig. 9(b), different CaCOs-based
materials exhibit significant variations in the inlet temperature of the
sCO4 working fluid and the outlet temperature of the particles for the
two-stage heat exchanger due to differences in the CaO mass fraction.
The higher the mass fraction of in material is (the more energy is
released) resulting in a lower inlet temperature of the sCO2 working
fluid.

The cost is related to a FB HX system with a 1-MW; heat duty. The
heat exchanger specific cost estimate includes heat transfer tube mate-
rial cost and heat storage material cost. The optimized particle mass flow
and heat exchanger length using inert material (sensible heat, SH) are
4.5 kg/s and 1193 m. The optimized particle mass flow and heat
exchanger tube length using reactive material (sensible and chemical
heat, SCH) are 0.39 kg/s and 278 m. Based on previous values, the costs
of the heat exchanger based on SH and SCH storage materials are
$925.48/kW, and $228.78/kW,, respectively. The sensible heat FB HX
costs 4 times more than the SCH heat exchanger. The volume of the
former is Vigux = Visuxi + Visuxz2 = 1.815 + 4.785 = 6.6m>. The
volume of the later is Vrgux = Vrpux1 + Visux2 = 1.4025 + 0.47025 =
1.87275m3. Consequently, the power densities are 151.5 kW/m> and
534 kW/m? for SH and CSH heat exchangers, respectively.

3.3. Sensitivity analysis

It is highly essential to investigate the influences of key parameters
on the performance of particle-sCO; heat exchangers. The influences of
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the particle inlet temperature, sCO5 mass flow rate, tube diameter, and
particle specific surface area on the design characteristics of the two-
stage reactive heat exchanger are illustrated in Fig. 10. The geometric
parameters of the FB HX are based on two-stages in Table. S2.

Fig. 10(a) presents a plot of the variations in particle outlet tem-
perature, working fluid inlet temperature, heat exchanger efficiency,
and overall conversion of the outlet particles as a function of the particle
inlet temperature. When the particle inlet temperature decreases from
1095 K to 995 K, the required sCOy working fluid inlet temperature
increases from 819.7 K to 836.6 K, resulting in a mere 0.17 % change in
the overall conversion of the particles. This small change can be
attributed to the reduced heat transported by the working fluid due to
the decrease in particle temperature, increasing the inlet temperature of
the working fluid. The variation in particle inlet temperature contributes
to a remarkable increase in heat exchanger efficiency from 52.7 % to
67.2 %.

The increase in the sCO, mass flow rate (Fig. 10(b)) increases the
heat transfer rate transported by the working fluid. Considering the
constant particle mass flow rate, maintaining the system heat duty re-
quires a relatively high inlet temperature for the working fluid. In turn,
the increase in the working fluid temperature causes an increase in the
particle outlet temperature. However, these small temperature varia-
tions have negligible effects on the heat exchanger efficiency and the
overall conversion, with changes of merely 1.3 % and 0.004 %,
respectively.

The diameter of the tubes affects the arrangement. An increase in the
tube diameter (Fig. 10(c)) results in an increase in the horizontal gap
between tube centers, vertical gap between tube centers, and minimum
horizontal gap between container walls and closer tubes, thereby
reducing the lengths of the heat exchanger tubes. With a sufficient tube
length, the heat released by the chemical reaction is mainly transferred
to the working fluid in the first stage, while the second stage valorizes
the sensible heat of the particles. However, if the tube length is insuf-
ficient, the sensible heat cannot be transported, leading to an increase in
the particle outlet temperature and an increase in the particle conver-
sion. Furthermore, the overall heat transfer coefficient of the heat
exchanger decreases with increasing tube diameter. The interaction of
these two factors results in a decrease in the overall efficiency of the HX.

The microstructural parameters of particles can influence
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intraparticle diffusion and consequently affect the conversion. CaL. ma-
terials often experience a decay in activity due to high-temperature
sintering during the cyclic process. To investigate the variations in
particle conversion during multiple cycles of heat storage and release,
the influence of the surface area (Sp) on the conversion was evaluated
(Fig. 10(d)). For a specific surface area of 5 x 10° mz/m3, the overall
particle conversion at the outlet of the heat exchanger reaches 53.08 %,
resulting in an increased required sCO5 inlet temperature and elevated
particle outlet temperature. The efficiency of the heat exchanger is only
19.6 % under this condition. With an increase in Sy, the overall con-
version increases, the required sCO, inlet temperature gradually de-
creases, and the efficiency of the heat exchanger improves. The overall
particle conversion exceeds 98 % for specific surface areas larger than 2 -
107 m?/m®,

4. Conclusions

The design and optimization of fluidized bed heat exchangers with
sensible and chemical heat release characteristics was carried out. The
objective of the work was to design a multistage heat exchanger to
provide heat to an sCO; cycle integrated into a CSP plant operating at
sCOs inlet temperatures > 988 K, sCO-, pressures reaching 20 MPa, and
particle temperatures of ~ 1048 K and to compare sensible and ther-
mochemical technologies. The reference thermal duty of the heat
exchanger is 1-MW,. The findings provide valuable insights into the
performance and efficiency of the heat exchanger under different con-
ditions. The main results can be summarized as follows:

1. For the sensible heat release process, the results reveal that the
minimum total tube length required is 1193 m. With an increase
from one to two stages, the tube length can be reduced to 980 m
(17.8 % reduction). For the chemical heat release process, the par-
ticle mass flow rate reduction is 11.5 times that of the sensible-only
thermal storage HX.

2. The length of the heat exchanger tubes is reduced by increasing the
number of stages, and the two-stage heat exchanger shows promising
results for applications involving gas-solid chemical reactions. The
carbonator total tube length is 278 m, which is 3.5 times shorter than
for the two-stage sensible HX. This gain has a high impact on the cost
of the heat exchanger since it is roughly proportional to the total tube
length.

3. In the two-stage heat exchanger, the carbonation reaction reaches
near completion in the first high-temperature stage, whereas particle
sensible heat is released in the second stage.

4. Sensitivity analysis indicates that the variations in particle inlet
temperature and sCO, mass flow rate have negligible effects on the
heat exchanger efficiency and overall conversion. However,
increasing the tube diameter leads to both a decrease in heat transfer
coefficients and a significant increase in global heat transfer effi-
ciency. The particle surface area significantly affects the reaction
conversion inside the heat exchanger. The model can also be used to
predict the performance and design parameters of the heat
exchanger using Ca-based materials after multiple cycles.

Overall, the findings contribute to the development of highly effi-
cient, compact, and cost-effective thermochemical storage systems.
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