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A B S T R A C T

The two-step calcium oxide based calcination–carbonation cycle is studied for carbon dioxide capture and solar
thermochemical energy storage applications. An indirectly-irradiated packed-bed solar thermochemical reactor
is experimentally evaluated using simulated high-flux solar irradiation provided by a multi-source solar simu-
lator. Experimental runs include a single calcination reaction step as well as single and multiple (up to four)
consecutive calcination–carbonation cycles. The samples are characterised using scanning electron microscopy
(SEM) and X-ray diffraction (XRD). The reactor temperature peaked at 1,035°C. The average solar-to-chemical
conversion efficiency, defined as the ratio of heat consumed by the reaction to radiant heat supplied to the
reactor, was found to be between approximately 1.3% and 8.6% for the five performed experimental runs. The
necessary advancements to the presented reactor design identified during the experimental campaign include
improvements in thermomechanical characteristics of ceramic and metallic parts of the reactor to prevent fast
mechanical and chemical degradation, application of more robust high-temperature reaction chamber seals,
and optimisation of reactor geometry and gas flow patterns towards spatially more uniform thermal conditions
and chemical reaction rates.
. Introduction

The two-step calcium-oxide (CaO) based calcination–carbonation
hemical looping has been studied for carbon dioxide (CO2) capture
nd high-temperature thermochemical energy storage applications [1–
]. The process involves an endothermic calcination reaction of calcium
arbonate (CaCO3) and an exothermic carbonation reaction of CaO with
O2 [4–6],

alcination ∶ CaCO3 → CaO + CO2, 𝛥ℎ̄◦calc,298K = 178 kJmol−1, (1a)

arbonation ∶ CaO + CO2 → CaCO3, 𝛥ℎ̄◦carb,298K = −178 kJmol−1.

(1b)

nder a pure CO2 atmosphere at 1 bar, the calcination reaction,
q. (1a), proceeds spontaneously at temperatures above 900°C. CaCO3
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1 Equally contributing authors.

calcination has been extensively studied as the product of this reaction
has many industrial applications [7]. The carbonation reaction pro-
ceeds at a lower temperature of about 650°C. Compared with other
carbonate materials such as strontium carbonate (SrCO3) [8], barium
carbonate (BaCO3) [9], and manganese carbonate (MnCO3) [10], the
commonly occurring calcium carbonate has the benefits of relatively
high energy storage density (1,657 kJ kg−1), CO2 capture capacity, and
low cost (about 0.08 AUD$ kg−1) [11]. The kinetics of CaCO3 calci-
nation and CaO carbonation reactions have been extensively studied
[4,12–19]. Examples of studies of thermal transport phenomena in
calcination and carbonation reaction systems for solar thermochemical
applications include an analysis of transient radiative heat transfer in a
suspension of small particles undergoing calcination [20], an analysis
of combined heat transfer in a packed bed of large particles undergoing
vailable online 18 May 2023
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Nomenclature

Abbreviations

ANU The Australian National University
CFD computational fluid dynamics
CMOS complementary metal oxide semi-conduc-

tor
CST concentrating solar thermal
GHG greenhouse gas
HFSS high-flux solar simulator
MFCs mass flow controllers
PXRD powder X-ray diffraction
SEM scanning electron microscopy
TGA thermogravimetric analyses
XRD X-ray diffraction

Greek letters

𝜂 efficiency
𝜈 stoichiometric coefficient
𝜌 density, kgm−3

Latin letters

𝑐𝑝 specific heat capacity, Jmol−1 K−1

𝑀̄ molar mass, kgmol−1

𝛥ℎ̄ molar enthalpy change, Jmol−1

𝑚̇ mass flow rate, kg s−1

𝑛̇ molar flow rate, mol s−1

𝑄̇ heat rate, W
𝑉̇ volumetric flow rate, l min−1

𝑓 gas leakage ratio
𝑚 mass, kg
𝑝 partial pressure, Pa
𝑄 heat, J
𝑇 temperature, K
𝑡 time, s
𝑋 extent of reaction
𝑦 molar fraction

Subscripts

calc calcination
carb carbonation
eg exhaust gases
i insulation, inlet
in incident
max maximum
o outlet
r reaction
s-c solar-to-chemical
tot total

calcination [21], and analyses of combined heat and mass transfer in
single particles undergoing calcination [22–24] and cyclic calcination
and carbonation [12,17,25]. Transient temperature and thermal stress
profiles in single CaCO3 particles undergoing rapid heating under
oncentrated solar irradiation were studied in [26]. An overview of
hermal transport models for carbonate-based reacting systems is given
n [27]. Further discussions of materials, processes, and systems for
arbonate-based calcination–carbonation reactions for CO2 capture or
hermochemical energy storage can be found in [28–31].
2

t

The endothermic calcination reaction can be driven via concen-
rating solar thermal (CST) energy as a viable source of process heat
32–35]. In CST systems, optical mirrors concentrate solar rays onto a
mall target area. The dominant CST technologies include: (i) parabolic
rough collectors suitable for low-temperature heat applications, in
he range of 150°C to 350°C; (ii) central receiver systems producing
olten salts or superheated steam at medium receiver temperatures

f around 565°C due to the limitation of the molten salts (modified
alts can stand 700°C [36]); (iii) parabolic dish collectors providing
eceiver temperatures over 700°C; and (iv) linear Fresnel collectors
eaching temperatures above 500°C. The point-focusing optical concen-
rators, including central receiver systems and parabolic dish collectors,
re capable of providing the highest concentration ratios for high-
emperature applications [37–39]. Examples of efforts to increase the
eceiver temperature in central receiver systems include the work at
elioHeat (>1,000°C) and Synhelion (>1,550°C) [40]. Solar-driven

CaCO3-based chemical looping is an attractive option due to low-
pressure operation, less-expensive reactor materials, and more effective
use of sorbent per unit mass for capturing CO2 [41]. The integration
of CST with calcination–carbonation chemical looping has been inves-
tigated for CO2 capture [1,32,42] or thermochemical energy storage
applications [33,34,43]. In recent years, the feasibility of solar calcium
looping and the integration of this process into a cement production
plant has been demonstrated [31,44–46]. The reactor design was at
the focus of these studies due to the challenges induced by the reaction
conditions and material properties.

A solar reactor is the key component of a solar thermochemical sys-
tem. It converts concentrated solar radiation into chemical energy [47–
49]. Although chemical kinetics and thermal transport phenomena of
the CaO-based calcination–carbonation reaction have been extensively
studied, the integration of the reactions with concentrated solar thermal
energy in a solar reactor remains challenging due to inherent complexi-
ties associated with the design and operation of high-temperature solar
reactors providing distinct conditions for each of the reactions (1a) and
(1b). Implementation of the reactions in a solar reactor much exceeds
the level of technical complexities typically encountered in studies
using thermogravimetric analysers (TGAs) or electric furnace because:
(i) the temperature control in a solar reactor is more difficult than in a
TGA or an electric furnace; (ii) the amount of reacting materials used in
a solar reactor is higher than in a TGA or an electric furnace; (iii) direct
bsorption of sunlight by CaCO3 and CaO is relatively low. According to
he mode of solar irradiation, solar reactors can be classified as directly-
nd indirectly-irradiated. Although directly-irradiated solar reactors
heoretically offer more efficient heat transfer to chemical reactions,
heir inherent drawbacks are due to (i) the need for a quartz window
o confine the reactants and (ii) large temperature non-uniformity in
he cavity [50,51]. To alleviate issues with window contamination
nd overheating, gas flow protection and cooling systems have been
roposed and demonstrated. For more details, see the recent study
y Wang et al. [52] and the literature cited therein. In the case of
ndirectly-irradiated solar reactors, these issues are avoided at the ex-
ense of increased irreversibilities due to heat transfer through opaque
alls and other media.

Solar reactor configurations for the solar calcination reaction re-
orted previously include fluidised beds [45,55–58], cyclones (vortex-
ype reactors) [59], rotary kilns [44,60,61], and packed beds [53].
olar fluidised-bed calciners offer high heat and mass transfer rates
ue to intense mixing of solid–gas reactants, which in turn results in
ore uniform temperature and chemical reaction rate distributions.

luidised-bed calciners can achieve high extents of the calcination
eaction, reaching 80%–100%. However, particle attrition, issues with
luidisation of particles with broad size distribution, and a complex
echanical structure are the key challenges to the design of solar

luidised-bed calciners [45,55,56]. Similarly, the extent of the calci-
ation reaction in solar cyclone calciners can attain high values, up

o 85% [62]. A key technological challenge is material clogging and
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Fig. 1. The indirectly-irradiated packed-bed solar thermochemical reactor for calcination–carbonation chemical looping: (a) schematic of the cross-sectional view (adapted from [53])
and (b) photograph of the assembled inner structure. More details of the reactor design and assembling process can be found in [53,54].
a large amount of gas required to carry particles. Typically, particles
smaller than 50 μm are used in solar fluidised-bed and cyclone cal-
ciners [31]. Rotary kiln calciners have the flexibility to accommodate
particles with a broader size distribution. The extent of the calcination
reaction ranges from 24% to 98%—the upper threshold is achievable
with suitable mixing of particles [44,55,60,63,64]. However, large
temperature gradients along the reactor length occur [51]. The re-
ported values of the solar-to-chemical energy conversion efficiency of
solar rotary-kiln reactors range from 4.5% to a maximum of 35% [60,
63,64]. The solar CaO looping can be conducted in: (i) a two-reactor
configuration as the most conventional system, in which solid particles
are cycled between two separate reactors being a solar calciner and
a non-solar carbonator and (ii) a single-reactor configuration, which
allows both reactions (1a) and (1b) to proceed in one reactor by
adjusting the gas composition and solar input as required by the
carbonation and calcination steps. Single-reactor configurations devel-
oped for solar CaO looping include a packed bed reactor [54] and a
fluidised bed reactor [42]. The fluidised-bed reactor presented in the
latter study is the only solar reactor demonstrated to date for cyclic
CaO-based calcination–carbonation reactions [42]. In this reactor, CaO
carbonation and CaCO3 calcination were carried out at 365–400°C and
800–875°C, respectively. The calcination reaction was carried out un-
der a pure Ar atmosphere. Single-reactor configurations were adopted
for realising other cyclic thermochemical processes in which the switch
between two cycle steps was realised by (i) moving reactor parts [65–
68] or (ii) varying sweeping gases [69,70]. Alternative configurations
are arrays of two or more stationary reactors [71,72], or trains of mov-
ing reactors [73]. In the multi-reactor systems, individual reactors are
subjected to alternating solar irradiation and other external conditions
as appropriate for different stages of multi-step thermochemical cycles.

Solar packed-bed reactors offer several advantages to carry out
cyclic calcination–carbonation reactions as compared to the reactor
types discussed above. The two reactions can be carried out sequen-
tially in the same reactor, mitigating the need for transferring solids
between separate calcination and carbonation reactors or for alternat-
ing the concentrated solar irradiation between separate reactors. No
cyclic calcination–carbonation process demonstrated in a solar packed-
bed reactor has been reported in the literature to date. Here, we
present design and experimental evaluation of a 2-kWth indirectly-
irradiated solar packed-bed reactor prototype for the CaO-based cyclic
calcination–carbonation reactions [53,54,74]. The reactor is shown
in Fig. 1. It features a dual concentric cylindrical cavity. The inner
cavity serves as the radiation receiver while the annular cylindrical
cavity is the reaction chamber containing reactive particles. Ther-
modynamic and heat transfer analyses underpinning the design of
this reactor were previously reported in [54,75]. The experimental
evaluation is accomplished with simulated high-flux solar irradiation
provided by the multi-source high-flux solar simulator (HFSS) at the
3

Australian National University (ANU) [76–78]. The reactor perfor-
mance is experimentally evaluated for: (i) a single calcination reaction
step, (ii) a single calcination–carbonation cycle, and (iii) multiple con-
secutive calcination–carbonation cycles. The evaluated characteristics
are temperature, rates, and extents of the calcination and carbon-
ation reactions, solar-to-chemical energy conversion efficiency, and
mechanical stability of the reactor. The reaction kinetics and mate-
rial characteristics were comprehensively studied using TGA, scanning
electron microscope (SEM), and X-ray diffraction (XRD) with the solid
reactants and products used in the solar reactor experiments.

2. Experimental

The two-step calcium oxide based calcination–carbonation cycle is
conducted in the solar thermochemical reactor setup shown in Fig. 2.
The setup consists of the ANU HFSS, the indirectly-irradiated packed-
bed thermochemical reactor, measurement instrumentation, and auxil-
iary equipment.

2.1. High-flux solar simulator

The ANU HFSS consists of 18 radiation modules each consisting
of a 2.5 kWe xenon short-arc lamp, a truncated ellipsoidal reflector,
a cooling fan, and electronics [76]. The orientations and positions of
these modules were determined from geometrical relations including
the rim angle, the number of radiation modules, the number of rows,
the reflector radius, and the inter-module spacing parameter. The ec-
centricity of the ellipsoidal reflectors was chosen such that the reflector
intercepts the radiation emitted by the lamp [76,79]. This facility
provides radiative power and mean radiative flux up to 10.6 kW and
3.8MWm−2 on a 60-mm diameter circular flat target [78].

2.2. Solar reactor

Fig. 1 shows the schematic of the indirectly-irradiated packed-bed
solar thermochemical reactor for CaO-based calcination–carbonation
chemical looping. The reactor comprises the inner cylindrical cavity,
the outer annular cavity, the top and bottom distributor plates, particle
screens, gas manifolds, and clamping mounts. These components are
assembled using six long bolts (high-tensile steel), 30 springs, and 1
nut on each bolt to provide the clamping force. A dense fibre material
(Nefalit 11, 𝜌 = 1.1 g cm−3) is used as gaskets to seal the space between
the upper and bottom surfaces of the cavity walls and the manifolds.
The inner wall of the cavity is made of silicon carbide (SiC, CoorsTek
Ultra SiC™) due to: (i) high optical absorptance to capture the solar
irradiation, (ii) high thermal conductivity (150Wm−1 K−1 at 20°C)
for transferring the absorbed heat to the particles, and (iii) excellent
resistance to high temperature and thermal shock. The outer wall of the
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Fig. 2. Experimental setup consisting of the ANU HFSS, the assembled solar reactor, the measurement instrumentation, and auxiliary equipment including data acquisition (DAQ):
(a) schematic diagram and (b) photograph. In this work, radiation modules #1–6 of the HFSS (labelled in red) are used.
cavity—containing a packed bed of reacting particles (CaCO3 or CaO)—
is made of mullite which has a relatively lower thermal conductivity
(20Wm−1 K−1 at 20°C) to reduce the thermal losses from the reaction
zone. The distributor plates form the top and bottom walls of the
reactor cavity facilitate gas flow from the plenum into the reaction
4

zone [54]. The cavity containing reacting particles has 16 cm height,
9 cm inner diameter, and 11.3 cm outer diameter. The aperture has
a height of 15 cm, inner diameter of 3.57 cm, and outer diameter of
32 cm. The distributor plates are made of mullite while the other parts,
including the particle screens, gas manifolds, and clamping mounts, are
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Fig. 3. Photographs of the solar calcination–carbonation reactor during an on-flux test using simulated solar irradiation provided by the ANU HFSS: (a) the HFSS and reactor
setup shot by the camera at the side wall, and (b) the reactor aperture shot by the camera at the centre of HFSS radiation modules.
made of Inconel 625 that can sustain temperatures up to 1,290°C. More
details on the reactor design and the process of assembling can be found
in [53,54].

2.3. Instrumentation

The reactor setup is equipped with 14 type-K class-1 thermocou-
ples, among which six are located inside the reacting-particle bed
at various depths (𝑇r1–𝑇r6), one is located in the exhaust gas flow
leaving the reaction zone (𝑇eg), six are located inside the insulation
(𝑇i1–𝑇i6), and one is located at the far end of the exhaust gas line
before entering the particulate filter (see Fig. 2a). The thermocouple
locations were selected to ensure that the maximum temperature does
not exceed 1,100°C, as limited by the reactor materials, to measure
reactor temperature distribution, to obtain representative temperature
of the reaction bed, and to evaluate thermal energy losses from the
reactor. The thermocouples are sealed and attached to the reactor using
Swagelok fittings.

The flow of purge gases supplied to the reactor (𝑉̇CO2 ,i and 𝑉̇Ar,i)
is controlled by mass flow controllers (MFCs) (Bronkhurst, F-201CV-
10K-RGD-22-Z for CO2 and F-201CV-5K0-RGD-22-V for Ar). The mass
flow rate and composition of the gases leaving the reaction zone
are measured by a mass flow meter (Bronkhurst, F-111B-10K-RGD-
22-V) and a mass spectrometer (Stanford Research System, QMS 100
Series Gas Analyser) [80], respectively. To protect the mass flow meter
and the mass spectrometer, a Swagelok 7 μm in-line particle filter is
connected to the exhaust gas line to remove the fine powder created by
particle attrition. The exhaust gas pipe has a length of approximately
2m from the reactor outlet to the entry point of a particulate filter,
allowing for the cooling of the hot exhaust gases. A thermocouple
is employed to monitor the temperature of the exhaust gases before
entering the particle filter. Additionally, a silica gel desiccant is placed
in the exhaust gas line before the mass spectrometer to absorb the
moisture released by the particles during the heat-up phase.

Two cameras are installed in the HFSS and experimental rooms to
monitor the experiments with the reactor: (i) a complimentary metal-
oxide semi-conductor (CMOS) type, colour camera (Basler acA1300-
60gc, 12 pixel bit-depth, 1.3 MP) on the side wall, which provides the
side view of the reactor setup; and (ii) a CMOS-type, monochromatic
camera (Basler acA1920-50gm, 12 pixel bit-depth, 2.3 MP) equipped
with a manual zoom lens (Computar M6Z1212) and neutral density
filters (≈0.012% transmission) at the centre of the HFSS radiation
modules, which provides the front view of the reactor setup. Fig. 3
shows images taken by the cameras during an example experimental
run.

The cameras, MFCs, mass flow meter and the thermocouples are
connected directly to a desktop computer, and the data are recorded
and visualised using a LabVIEW program. The HFSS and mass spec-
trometer are controlled using vendor-provided software.
5

2.4. Experimental procedure

In this work, up to six radiation modules in the HFSS inner row
(#1–6 in Fig. 2b) are used for the solar reactor testing. Prior to
using the HFSS for the reactor testing, the reflectors and lamps were
optically aligned and radiative flux and power distributions in the
focal area were characterised using a combined methodology of close-
range photogrammetry and radiometry techniques [78,81]. The HFSS
reflectors and lamps were aligned to maximise the radiative power
entering through the reactor aperture while minimising the spillage
loss outside the reactor aperture. The common radiometric approach
was applied to measure the radiative flux output by employing two
mobile water-cooled Lambertian targets, a heat flux gauge, and a
complementary metal oxide semi-conductor (CMOS) camera equipped
with neutral-density filters [78,81].

For each experimental run, the experimental procedure starts with
pressure tests of the assembled reactor using compressed nitrogen (N2)
and a pressure gauge connected to the reactor inlet and outlet, respec-
tively. Gas leakage locations are identified using soap water, which are
subsequently sealed using alumina cement (ZIRCAR Alumina Cement,
Type AL-CEM, 99% Al2O3 and 0.92% SiO2 (wt%)) with melting point
above 1,870°C. The space between the reactor outer cavity wall and the
reactor outer housing is insulated with ceramic fibre blanket (Morgan
Advanced Materials, Superwool Xtra blankets, thermal conductivity of
0.16Wm−1 K−1 at 600°C, melting point of 1,650°C). The assembled
reactor is precisely positioned relative to the HFSS by laser-aligning
the centre of the reactor aperture with the centre of the focal spot
of the HFSS. The operation of the reactor during the calcination and
carbonation steps is controlled by changing the sweep gas composition
and the radiative input to the reactor. The inlet gas for both calcination
and carbonation reactions is a mixture of CO2 and Ar, with proportions
adjusted specifically for each experiment.

The six radiation modules are operated at the arc currents of 70 A,
85 A, and 100 A, to provide the total radiative power of 1.2 kW, 1.6 kW,
and 2.0 kW, respectively, and average radiative flux of 1,167.9 kWm−2,
1,506.7 kWm−2, and 1,914.3 kWm−2, respectively. During the experi-
ments, the radiative power input to the reactor is adjusted by modifying
the number and/or the currents of the HFSS lamps to maintain the
desired calcination or carbonation temperatures. To reduce the thermal
shock to the reactor components, the following strategy is used dur-
ing the ramp-up/ramp-down stages. The HFSS lamps are sequentially
turned on, each at arc current of 70A, at 10min intervals. Next, the arc
currents are increased to 100A sequentially and at the same time inter-
vals. During the shut-down stage, the process is reversed, i.e. first the
arc current is sequentially reduced to an intermediate value of 70 A or
85 A, followed by turning off the lamps sequentially at 10min intervals.
The sorbent particles are extracted from the reactor and weighed for
the determination of the reaction extent and the subsequent materials
characterisation when the reactor cools to room temperature, typically
within 8–12 h after completion of an on-flux experimental run.
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𝑚

Fig. 4. Gas mass flows through the reactor system. 𝑚̇CO2 ,i and 𝑚̇Ar,i are mass flow rates of CO2 and Ar at the reactor gas inlet, respectively; 𝑚̇CO2 ,1 and 𝑚̇Ar,1 are mass flow rates
of the leaked CO2 and Ar before the gases reach the reaction zone, respectively; 𝑚̇CO2 ,r is the change of mass flow rate of CO2 due to the chemical reaction in the reaction zone;
̇ CO2 ,2 and 𝑚̇Ar,2 are mass flow rates of the leaked CO2 and Ar after the reaction zone, respectively; and 𝑚̇CO2 ,o and 𝑚̇Ar,o are mass flow rates of the CO2 and Ar at the reactor

outlet, respectively.
𝑚

𝑛

2.5. Materials characterisation

The limestone (95% CaCO3, 3.5% MgCO3, and 1.5% acid-insoluble
contents; naturally occurring marble) particles (1.4–5.6mm diameter)
were obtained from Omya Australia Pty Limited [82] (see Fig. 2a).
Thermogravimetric analysis (TGA, Netzsch STA 449) is conducted to
study kinetics of calcination and carbonation using the received sam-
ple material. The effects of calcination and carbonation temperatures,
heating rate, gas atmosphere composition and duration of calcination
and carbonation steps on reaction extents and rates are investigated
to guide the preparation of the on-flux solar reactor tests in the HFSS.
To study the crystal structure of the powder, X-ray diffraction (PXRD)
patterns are recorded using a D2 Phaser (Bruker, USA) equipped with
Cu K𝛼 radiation of average wavelength 1.5406 Å. A scanning electron
microscope (SEM) (Zeiss UltraPlus analytical FESEM) equipped with an
in-lens secondary electron detector (3 kV accelerating voltage) is used
to study the microstructure of the particles. Particles are mounted in
resin epoxy and polished to investigate their cross sections. Prior to
imaging, the polished samples are coated with platinum.

3. Analysis

A steady-state model based on mass and energy balance equations
is developed to evaluate the performance metrics of the reactor. Fig. 4
depicts the input and output mass flows of gases entering the reactor
(controlled and recorded by the MFCs), leaking before and after the
reaction zone, released/absorbed in the chemical reactions, and leaving
the reactor in the exhaust stream. The gas leakage ratios before and
after the reaction zone, ̇𝑓1 and ̇𝑓2, respectively, are defined as

̇𝑓1 =
𝑚̇CO2 ,1 + 𝑚̇Ar,1

𝑚̇CO2 ,i + 𝑚̇Ar,i
, (2)

̇𝑓2 =
𝑚̇CO2 ,2 + 𝑚̇Ar,2

(𝑚̇CO2 ,i + 𝑚̇Ar,i) − (𝑚̇CO2 ,1 + 𝑚̇Ar,1) + 𝑚̇CO2 ,r
. (3)

Assuming a uniform distribution of CO2 and Ar gases at any reactor
location, it is possible to calculate the mass flow rates of CO2 and Ar
leaked before and after the reaction zone as

𝑚̇CO2 ,1 = ̇𝑓1𝑚̇CO2 ,i, (4)

𝑚̇CO2 ,2 = ̇𝑓2
[

(1 − ̇𝑓1)𝑚̇CO2 ,i + 𝑚̇CO2 ,r

]

, (5)

𝑚̇Ar,1 = ̇𝑓1𝑚̇Ar,i, (6)

𝑚̇Ar,2 = ̇𝑓2(1 − 𝑓1)𝑚̇Ar,i. (7)

Based on the mass balance of CO2 and Ar gases, the mass flow rates of
CO2 and Ar leaving the reactor through the exhaust line are

𝑚̇CO2 ,o = (1 − ̇𝑓2)
[

(1 − ̇𝑓1)𝑚̇CO2 ,i + 𝑚̇CO2 ,r

]

, (8)

𝑚̇Ar,o = (1 − ̇𝑓2)(1 − ̇𝑓1)𝑚̇Ar,i. (9)
6

𝑐

The total masses of CO2 and Ar leaving the reactor through the exhaust
line are obtained by integrating the above mass flow rates over the
duration of an experimental run, 𝛥𝑡,

𝑚CO2 ,o = (1 − 𝑓2)
[

(1 − 𝑓1)𝑚CO2 ,i + 𝑚CO2 ,r

]

(10)

𝑚Ar,o = (1 − 𝑓2)(1 − 𝑓1)𝑚Ar,i, (11)

where it has been assumed that ̇𝑓1 and ̇𝑓2 do not change during an
experimental run, ̇𝑓1 = 𝑓1 and ̇𝑓2 = 𝑓2. Eqs. (10) and (11) can be used
to derive 𝑓1 and 𝑓2, considering that

𝑚CO2 ,i = ∫ 𝑚̇CO2 ,id𝑡 = ∫𝛥𝑡
𝜌CO2

𝑉̇CO2 ,id𝑡, (12)

𝑚Ar,i = ∫ 𝑚̇Ar,id𝑡 = ∫𝛥𝑡
𝜌Ar 𝑉̇Ar,id𝑡, (13)

𝑚CO2 ,o = ∫ 𝑚̇CO2 ,od𝑡 = ∫𝛥𝑡
𝑦CO2

𝜌CO2
𝑉̇tot,od𝑡, (14)

𝑚Ar,o = ∫ 𝑚̇Ar,od𝑡 = ∫𝛥𝑡
𝑦Ar𝜌Ar 𝑉̇tot,od𝑡, (15)

where 𝑉̇CO2 ,i and 𝑉̇Ar,i are the volumetric flow rates of the CO2 and Ar
gases at the reactor gas inlet (controlled by MFCs); 𝜌CO2 and 𝜌Ar are the
densities of CO2 and Ar at 25°C; 𝑉̇tot,o is the total volumetric flow rate
of the CO2 and Ar mixture leaving the reactor through the exhaust line
(measured by the mass flow meter); and 𝑦CO2

and 𝑦Ar are the molar
fractions of CO2 and Ar in the exhaust flow, calculated based on the
partial pressures of CO2 and Ar measured by the mass spectrometer.

The mass change of CO2 attributed to chemical reactions, 𝑚CO2 ,r , is
determined by weighing the sorbent particles used in the reactor before
and after each on-flux test. Thus, 𝑓1 and 𝑓2 are derived as

𝑓1 = 1 −
𝑚CO2 ,o𝑚Ar,i − 𝑚CO2 ,i𝑚Ar,o

𝑚CO2 ,r𝑚Ar,i
, (16)

𝑓2 = 1 −
𝑚CO2 ,r𝑚Ar,o

𝑚CO2 ,o𝑚Ar,i − 𝑚CO2 ,i𝑚Ar,o
. (17)

Using Eq. (8), the mass and molar flow rates of CO2 released/absorbed
in the chemical reactions are obtained as

̇ CO2 ,r =
𝑚̇CO2 ,o

(1 − 𝑓2)
− (1 − 𝑓1)𝑚̇CO2 ,i, (18)

̇CO2 ,r =
𝑚̇CO2 ,r

𝑀̄CO2

, (19)

where 𝑀̄CO2
is the molar mass of CO2.

The heat rate due to chemical reactions is calculated as

𝑄̇r = 𝛥ℎ̄𝑇 𝑛̇CO2 ,r , 𝛥ℎ̄𝑇 = 𝛥ℎ̄◦298K + ∫

𝑇

298K

(

∑

𝑖
𝜈𝑖𝑐𝑝,𝑖(𝑇 )

)

d𝑇 , (20)

where 𝜈𝑖 are stoichiometric coefficients of reactants and products 𝑖. The
temperature-dependent specific heat capacities (in J mol−1K−1) of CaO,
CO2, and CaCO3 are taken as [7,83,84]

̄ (𝑇 ) = 4.18 × 10−3𝑇 + 50.42 − 8.5 × 105𝑇 −2, (21)
𝑝,CaO
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𝑐

𝑐

𝑚

Fig. 5. Time evolution of the sample mass for the sorbent material—calcium carbonate undergoing (a–d) a single calcination–carbonation cycle and (e) multiple calcination–
carbonation consecutive cycles. Baseline parameters are set as calcination temperature of 950°C, carbonation temperature of 800°C, heating rate of 20Kmin−1, and CO2 molar
fraction of 83% (100mlmin−1 CO2 and 20mlmin−1 Ar). When one parameter is investigated, the other parameters are taken from the baseline set. The studied parameter sets
include: (a) calcination temperatures of 900, 950, and 1,000°C, (b) carbonation temperatures of 750, 800, and 850°C, (c) heating rates of 15, 20, and 25K min−1, and (d) gas
atmosphere with CO2 molar fractions of 25%, 50%, and 83%.
̄𝑝,CaCO3
(𝑇 ) = 21.92 × 10−3𝑇 + 104.52 − 2.59 × 106𝑇 −2, (22)

̄𝑝,CO2
(𝑇 ) = 4.37 × 10−3𝑇 + 51.13 − 1.47 × 106𝑇 −2. (23)

In this study, 𝛥ℎ̄𝑇 is evaluated using the average value of the temper-
atures measured by the six thermocouples placed inside the reaction
zone.

The reactor performance is characterised using three metrics: (i)
the average solar-to-chemical energy conversion efficiency during the
calcination reaction step, 𝜂̄s−c; (ii) the extent (degree) of calcination,
𝑋r (𝑡); and (iii) the temperature non-uniformity insider the reaction
zone. They are defined as

𝜂̄s−c =
𝑄r
𝑄in

=
∫𝛥𝑡 𝑄̇rd𝑡

∫𝛥𝑡 𝑄̇ind𝑡
, (24)

𝑋r (𝑡) =
∫ 𝑡
0 𝑚̇CaCO3 ,rd𝑡
𝑚CaCO3 ,0

, (25)

̇ CaCO3 ,r = 𝑚̇CO2 ,r
𝑀̄CaCO3

𝑀̄CO2

, (26)

where 𝑚CaCO3 ,0 is the initial mass of the CaCO3 particles used in the
experiments, 𝑚̇CaCO3 ,r is the mass of particles in the reaction zone after
an experimental run of duration 𝑡, and 𝑄̇in is the radiant energy input
to the reactor.

4. Results and discussion

The reactor performance is experimentally evaluated for: (i) a single
calcination reaction step, (ii) a single calcination–carbonation cycle,
7

and (iii) multiple consecutive calcination–carbonation cycles. TGA tests
of the CaCO3 sample were carried out firstly to understand the reaction
kinetics of the materials, which informs the operation of the reactor
experiments.

4.1. Thermogravimetric analyses

Fig. 5 shows the effects of operating parameters including calci-
nation temperature 𝑇calc, carbonation temperature 𝑇carb, heating rate,
and CO2 concentration on the reaction rate and extent. According
to Fig. 5a, an optimal calcination temperature of 950°C (compared
with 900°C and 1,000°C) is found, offering the best combined re-
sult of reaction extents for calcination and carbonation steps. The
fast (chemistry-controlled) and slow (diffusion-controlled) regimes of
carbonation kinetics are clearly observed. From Fig. 5b, the optimal
carbonation temperature is found to be 800°C (compared with 750°C
and 850°C). A lower temperature reduces the reaction rate, while a
higher temperature promotes the formation of a solid blocking layer
at the surface of particles that prevents CO2 from contacting with
CaO [12]. Fig. 5c shows that the calcination reaction starts when the
temperature reaches approximately 920°C regardless of the heating
rate. The heating rate is found to have negligible effects on the single
calcination–carbonation cycle of the tested sorbent material. According
to Fig. 5d, the onset temperature of carbonation reaction is depen-
dent on CO2 partial pressure—the lower the CO2 partial pressure, the
lower the onset temperature, which agrees with predictions of chemical
thermodynamics. Fig. 5e demonstrates a decrease in the CO2 uptake
capacity over repeated cycles as a result of sintering and crystallisation
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Fig. 6. Temporal changes of the average temperature inside the reactor reaction zone 𝑇̄r, the radiative power intercepted by the reactor aperture 𝑄̇in, the volumetric flow rates
of the exhaust gas flow, the supplied Ar and CO2, 𝑉̇eg, 𝑉̇Ar,i, and 𝑉̇CO2 ,i, respectively, and the partial pressure of CO2 in the exhaust gases, 𝑝CO2

, for the calcination reaction test
(experimental run 1). The shaded regions denote the difference between the 𝑝CO measured in the exhaust gases and 𝑝CO in the supplied gases.
2 2
Fig. 7. Temporal temperatures (a) inside the reactor reaction zone, and (b) inside the insulation, for the calcination reaction test (experimental run 1).
of the particles outer layer during the calcination step. The reaction
extent of carbonation decreases as the cycle proceeds. The CO2 up-
take capacity degrades over the eight cycles from 28.9 g CO2 (69.4%
of the theoretical 41.7 g CO2) to a minimum of 10.0 g CO2 (24.1%).
Various approaches have been proposed in the literature to improve the
material cyclability including steam addition [56], doping with other
materials [85], and innovative sorbent precursors [86].

4.2. Case 1: A single calcination reaction step

For the calcination reaction test (experimental run 1), the volumet-
ric flow rate of inlet sweeping gases is set at 𝑉̇CO2 ,i = 2, 000mlmin−1 and
𝑉̇Ar,i = 500mlmin−1. A sample of 800 g CaCO3 particles is placed inside
the reactor. The reactor is heated to a peak temperature of 1,035°C
at an average heating rate of 6.5Kmin−1. It is then kept at this tem-
perature until CO2 generation from the CaCO3 is not observed. Based
on the TGA results (Section 4.1), a minimum calcination temperature
of 920°C is identified for a relatively fast reaction rate. To mitigate
the effect of temperature non-uniformity inside the packed bed, the
reactor is heated to a peak temperature of 1,035°C such that the lowest
measured temperature near the reactor aperture, 𝑇r1, reached 920°C.
The highest temperature 𝑇 is measured at the bottom of the annular
8

r5
reaction zone. During the cooling period, the purge gas is changed to
pure Ar at a flow rate of 2,000mlmin−1 to avoid re-carbonation of the
produced CaO. However, the CaCO3 particles that did not decompose
previously under higher CO2 molar fraction due to a decrease in the
CO2 partial pressure, experience a second-stage calcination.

Fig. 6 shows the temporal changes of the maximum temperature
inside the reaction zone, 𝑇r,max, the radiative power intercepted by
the reactor aperture, 𝑄̇in, the partial pressure of CO2 in the exhaust
gases, 𝑝CO2

, and the volumetric flow rates of exhaust gases, the supplied
Ar and CO2, 𝑉̇eg, 𝑉̇Ar,i and 𝑉̇CO2 ,i. The shaded regions in this figure
correspond to periods when the measured CO2 partial pressure deviates
from the 𝑝CO2

in the supplied gases, and they indicate the progress of
the calcination reaction. As seen in this figure, the first-stage calcination
reaction lasts for about 2 h under the purge gases of CO2 and Ar mixture.
Due to the switch of gas atmosphere to pure Ar, CO2 partial pressure
decreases and the calcination reaction proceeds further until it stops at
about 𝑡 = 500min.

Fig. 7 shows the measured temperatures inside both the reactor
reaction zone and the insulation. The temperature change follows the
step-wise change in the radiative power input to the reactor. The
maximum temperature difference of 160°C is found in the packed-bed
particles. A higher temperature is found towards the bottom of the
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Fig. 8. Temporal reaction extent, 𝑋r , for: (a) the calcination reaction test (experimental
run 1), and (b) the one-cycle calcination–carbonation reaction test (experimental run
2).

reactor inner cavity (𝑇r5 in Fig. 2), where the radiation directly hits the
surface. The reactor is heated for 2 h and 18min to reach the desired
calcination temperature, above 920°C. Fig. 7b shows that the temper-
ature inside the reactor insulation is in the range of approximately
550–690°C. The ratios of gas leakage before and after the reaction
are found to be 0.73 and 0.82, respectively. Following the calcula-
tion procedures described in Section 3, the average solar-to-chemical
conversion efficiency for the first-stage calcination is calculated to be
approximately 5.3%. The extent of CaCO3 calcination is calculated as
a function of time as shown in Fig. 8a. The fast (chemical-controlled)
and slow (diffusion-controlled) regimes are observed in this figure. The
reaction extent of the first-stage calcination is approximately 0.58. This
is followed by a further increment in the reaction extent to 0.66 during
the change in the gas atmosphere from a mixture of CO2 and Ar to pure
Ar.

4.3. Case 2: A single calcination–carbonation cycle

Next, the reactor is tested for a single calcination–carbonation cycle
(experimental run 2). Based on TGA results (see Section 4.1), the
9

carbonation temperature 𝑇carb is selected at around 800°C for the
highest carbonation reaction extent with the average heating rate of
7.2Kmin−1. The purge gases are set at 20% CO2 (625mlmin−1) and
80% Ar (2,500mlmin−1) during the calcination step, and 46.8% CO2
(2,200mlmin−1) and 53.2% Ar (2,500mlmin−1) during the carbonation
step. The flow rates and composition ratios of purge gases are not
optimised in this work.

Fig. 9 shows the temporal changes of the maximum temperature
inside the reaction zone, the radiative power intercepted by the reactor
aperture, the volumetric flow rates of the exhaust gas, the supplied
Ar and CO2, and the partial pressure of CO2 in the exhaust gases for
experimental run 2. The deviation of 𝑝CO2

from its value in the inlet gas
stream—the shaded area in Fig. 9—indicates the occurrence of calcina-
tion (starting from about 𝑡 = 200min) and carbonation reactions. The
reaction is switched to carbonation at about 𝑡 = 298min by reducing
the radiative power input and increasing 𝑝CO2

in the supplied gases.
The gas leakage ratios before and after the reaction zone averaged
for the entire experimental run 2 are found to be 0.42 and 0.88,
respectively. The leakage ratio increases with the reactor temperature
due to different expansion coefficients of the reactor materials at higher
temperatures. The average solar-to-chemical conversion efficiency in
this case is calculated to be approximately 8.6%. The reaction extents
reach 0.51 and 0.45 at the end of calcination and carbonation steps as
shown in Fig. 8b.

In this experiment, the maximum temperature difference inside
the reaction zone is found to be 120°C during the calcination step.
Although 𝑇r,max is set at 920°C during calcination (for the purpose of
comparison with experimental run 1 where 𝑇r,max is set at 1,035°C), the
majority of particles are below 920°C, which lowers the reaction extent
as compared to that obtained in experimental run 1 (see 4.1). The
fluctuation in 𝑝CO2

observed during the carbonation step is a response
to the variation in the reactor temperature. Due to the temperature
difference in the reaction zone, particles undergo different reaction
rates. As shown in Fig. 9, 𝑝CO2

increases at around 𝑡 = 330min, as a
result of the increase in the radiative power, 𝑄̇in. This effect is possibly
a result of a switch from the carbonation to calcination reaction in some
particles.

4.4. Case 3: Multiple consecutive calcination–carbonation cycles

In this section, three reactor cycle tests are performed to inves-
tigate the effects of calcination duration on the reactor performance
for the multiple consecutive calcination–carbonation cycles: (i) 1 h
and 25min (experimental run 3), (ii) 45min (experimental run 4),
and (iii) 30min (experimental run 5). The purge gases are kept the
same for both the calcination and carbonation reaction steps, i.e. 80%
CO (2,000mlmin−1) and 20% Ar (500mlmin−1). The peak calcination
2
Fig. 9. Temporal changes of the average temperature inside the reactor reaction zone 𝑇̄r, the radiative power intercepted by the reactor aperture 𝑄̇in, the volumetric flow rates of
the exhaust gas, the supplied Ar and CO2, 𝑉̇eg, 𝑉̇Ar,i, and 𝑉̇CO2 ,i, respectively, and the partial pressure of CO2 in the exhaust gases, 𝑝CO2

, for the test of a single calcination–carbonation
cycle (experimental run 2). The shaded regions denote the difference between 𝑝CO2

measured in the exhaust gases and 𝑝CO2
in the supplied gases.
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Fig. 10. Temporal changes of the average temperature inside the reactor reaction zone, 𝑇̄r, the radiative power intercepted by the reactor aperture, 𝑄̇in, the volumetric flow
rates of exhaust gas flow, supplied Ar and CO2, 𝑉̇eg, 𝑉̇Ar,i, and 𝑉̇CO2 ,i, respectively, and the partial pressure of CO2 in the exhaust gases, 𝑝CO2

, for tests of multiple consecutive
calcination–carbonation cycles with calcination duration of: (a) 1 h and 25min (experimental run 3), (b) 45min (experimental run 4), and (c) 30min (experimental run 5). The
shaded regions denote the difference between 𝑝CO measured in the exhaust gases and 𝑝CO in the supplied gases.
2 2
temperature is increased to 1,020°C, such that the lowest temperature
inside the reaction zone is above 920°C to ensure relatively faster
calcination reaction kinetics as compared to experimental run 2. The
reactor is kept at this peak temperature for about 10min to complete
the calcination reaction.

The results of these three tests are shown in Fig. 10. The average
gas leakage ratios before the reaction zone are 0.83, 0.78, and 0.55 and
after the reaction zone are 0.15, 0.55, and 0.80 for experimental runs
3, 4, and 5, respectively. The average heating rates for experimental
runs 3, 4, and 5 are 5.1, 6.6, and 6.7Kmin−1. For the multi-cycle
reaction tests, the average solar-to-chemical conversion efficiency is
found to be approximately 1.3%, 2.8%, and 5.5% for experimental runs
3, 4, and 5, respectively. Since the reaction rate decreases with time
during the calcination step, the solar-to-chemical conversion efficiency
increases at a shorter duration of calcination step. A decrease in 𝑝CO2

as
time proceeds in experimental runs 3, 4, and 5 (see Fig. 10) indicates
the degradation of material reactivity and CO uptake capacity due
10

2

to poor material cyclability. According to the measured flow rates of
exhaust gases, the gas leakage ratios are transient. In particular, there
is more gas leakage during the first cycle for all the three runs. In
the process of heating the reactor from room temperature to 𝑇calc, the
gas leakage decreased first (𝑉̇eg increased as shown in Fig. 10), then
increased and reached a relatively stabilised stage until the calcination
reaction started. The released CO2 from the calcination reaction led to
an increase in 𝑉̇eg.

It is important to note that the measured calcination–carbonation
reaction rates and extents in the reactor tests, as indicated by the peaks
and trends of 𝑝CO2

, do not represent the intrinsic kinetics of the reac-
tions. The measured 𝑝CO2

is affected by the chemical composition and
morphology of the particles, and the particle temperatures. Due to the
large number of particles present in the reactor and the non-uniformity
of temperature distribution inside the reaction zone, the measured 𝑝CO2
is the combined result of calcination–carbonation reactions proceeding
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Fig. 11. XRD patterns for the calcium carbonate samples: as-received and after on-flux experimental runs 1 and 3.
Fig. 12. Scanning electron microscopy images of samples (a) as-received, (b) after on-flux experimental run 1, and (c) after on-flux experimental run 3.
at different rates in the particles in the reaction zone, which differ from
those obtained using thermogravimetric analyses.

4.5. Material characterisation results

X-ray diffraction (XRD) patterns of the samples as-received and
after the experimental runs 1 and 3 are shown in Fig. 11. The XRD
pattern of the as-received sample shows that all peaks are attributed to
calcite (CaCO3) as the main crystalline phase. For the particles after
experimental run 1 (calcination test), the peaks identified by XRD
analysis are attributed to CaCO , CaO, and Ca(OH) . Ca(OH) is formed
11

3 2 2
as a result of CaO reaction with moisture in air during particle cooling,
storage and handling. After experimental run 3 (cycle test), the particles
are mainly composed of CaCO3 and a small amount of CaO.

SEM images of the polished samples are shown in Fig. 12. Particles
after the calcination (see Fig. 12b) exhibit cracks compared to as-
received particles (see Fig. 12a). These cracks are attributed to the
escape of CO2 from the particles and volume reduction during calcina-
tion, which is in line with the data reported in the literature [12,87]. In
contrast, Fig. 12c shows that the cracks near the surface of the particles
are closed after the carbonation, while the inner part of the particle
remains cracked. This indicates that the carbonation reaction primarily
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occurs at the particle surface. After CaCO3 is formed, it is hard for
CO2 to further penetrate into the particle—a key factor limiting the
cyclability of the material.

4.6. Lessons learned

The first-of-its kind packed-bed reactor prototype evaluated in
this study has several conceptual advantages over other solar reactor
designs pertaining to cyclic chemical looping processes with gas–solid
reactions. It allows for the realisation of the solar-driven calcination–
carbonation cycle in a single reactor without any moving parts while
transport of solids is mitigated, which in turn allows for the reduction
of material and energy losses and for simplifying the reactor operation.
Design shortcomings of the current prototype have also been identified
and are recommended for addressing in future research.

The disparate thermo-mechanical characteristics of the ceramic and
metallic parts have resulted in breaking the high-temperature sealings
around the reaction zone, which in turn led to considerable gas leaks.
Filling and removing the solid reactants during tests of the research-
grade reactor proved to be challenging and impractical due to many
steps in the reactor assembly and disassembly processes. Improved
designs are required to handle the solid reactant replacement, for
example to compensate for the loss of reactant reactivity after multiple
cycles.

For industrial-scale operation of such a reactor, the large amount
of the solid reactant stored in the reactor may result in an excessively
large reactor size and ineffective heat transfer to and from the reaction
zone. The reactor performance can be improved by introducing heat-
conducting and particle-stabilising fins in the annular reaction zone
to prevent particle displacing due to large gas flow rates and parti-
cle size change during particle thermo-mechanical disintegration and
chemical reactions. The fins will allow for reducing the temperature
non-uniformity observed in the reaction zone of the current prototype.

Finally, industrial-scale operation of a single reactor realising the
calcination–carbonation cycle may be impractical and inefficient due to
solar ‘‘iddle’’ times during the carbonation reaction periods. Two- and
multiple-reactor configurations developed for other thermochemical
cycles can be possibly adapted to the calcination–carbonation cycle [71,
72].

5. Summary and conclusions

This work has presented the first cyclic calcination–carbonation
process demonstrated in a solar packed-bed reactor. The two-step
CaO-based calcination–carbonation cycle was studied for solar-driven
CO2 capture and thermochemical energy storage applications. The 2-
kWth indirectly-irradiated packed-bed solar thermochemical reactor
was evaluated under high-flux solar-simulator irradiation. The oper-
ating conditions for the reactor experiments were designed based on
results obtained using a thermogravimetric analysis (TGA) with the
same sample material of natural calcium carbonate particles. The reac-
tor was tested for three cases: (i) a calcination reaction, (ii) one-cycle
calcination–carbonation reactions, and (iii) multi-cycle calcination–
carbonation reactions. The material samples as received and after
on-flux experimental runs were characterised using scanning electron
microscopy (SEM) and X-ray diffraction (XRD).

The natural calcium carbonate particles was found to have good
mechanical stability but unsatisfactory chemical performance in the
cyclic operation. The temperature difference inside the reaction zone
during the three tests was in the range 80–160°C, which presents a
challenge for the reactor scale-up with the present design. The average
solar-to-chemical energy conversion efficiency was between 1.4% and
8.8%.

The first-of-its kind packed-bed reactor prototype evaluated in this
study has several conceptual advantages over other solar reactor de-
signs pertaining to cyclic chemical looping processes with gas–solid
12
reactions. It allows for the realisation of the solar-driven calcination–
carbonation cycle in a single reactor without any moving parts while
transport of solids is mitigated, which in turn allows for the reduc-
tion of material and energy losses and for simplifying the reactor
operation. However, several reactor design shortcomings have been
identified and are recommended for addressing in future research.
The thermo-mechanical compatibility of materials and parts requires
further considerations along with a solution to stabilise particles and
enhance heat transfer in the reaction zone to mitigate temperature non-
uniformity and consequently non-uniform reaction rates. The latter is
critical for designing efficient large-scale reactors closely matching the
duration of the calcination–carbonation cycle steps to the periods of
solar irradiation.
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