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ABSTRACT

We propose new Li,COs-doped dark
CaCOj; pellets. The solar full-spectrum
absorption of the new pellets can be as
high as 73.25%. After 60 cycles, the energy
storage density of the new CaCO3; pellets is
still as high as 1671 kiJ/kg, and the decay rate
of the energy storage density decreased from
56.73% to 4.24% compared with pure CaCOs;
pellets. At the same temperature, the
average decomposition rate of the new
CaCOs3 pellets in the first cycle is 2.1 times
that of the ordinary dark CaCOj; pellets.
Therefore, this new CaCOs pellets can
simultaneously achieve the
characteristics of fast heat storage,
excellent cyclic stability and high solar
absorptance.
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cyclic stability, solar absorptance

1. INTRODUCTION

The large-scale use of fossil fuels
has caused serious environmental
pollution and energy crisis. As a
renewable energy, solar energy has the
advantages of abundant resources, no
pollution to the environment, and wide
distribution. Therefore, the use of
solar energy to solve the growing
energy demand and environmental
problems has received more and more
attention [1-3]. Concentrated solar
power (CSP) system, which integrates
power generation and energy storage,
is a renewable energy power

generation method. Thermochemical
heat storage (TCHS) is an emerging
technology applied in third-generation
concentrated solar power plants. TCHS
has many advantages such as high heat
storage density, wide operating temperature
range and outstanding safety [4-7]. Calcium-
Looping (Cal) system has a wide range of
applicability at reaction temperatures ranging
from mid-high to mid-low temperature [6, 8-
11]. It is one of the most promising
thermochemical heat storage systems for
large-scale applications. The thermochemical
heat storage principle of Cal is that CaCOs;
decomposes CO, to absorb heat, and CaO
absorbs CO, to release heat. It can be
represented by the following reversible
chemical formula:

CaCOs(s) <> CaO(s) +CO2(g) AH =178kJ / mol (1)

The CaCO3/CaO energy storage cycle
system is shown in Fig 1. Sunlight is
irradiated into the calciner through a
field of heliostats, and the CaCO3 pellets
decompose in the calciner when they
absorb solar heat directly or indirectly.
The products CaO and CO, enter the
corresponding storage tanks,
respectively. Subsequently, CaO and CO;
are introduced into the carbonator as
required, releasing heat through the
carbonation reaction. The high-
temperature and high-pressure carbon
dioxide then enters a turbine to
generate electricity through a closed
carbon dioxide Brayton cycle.
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Fig. 1 The CaCOs/Ca0 energy storage cycle system.

How to effectively capture solar
radiation energy is an important issue in the
CaCOs3/Ca0 energy storage cycle system. In
conventional solar receivers, solar energy is
usually absorbed by a surface coating and
then radiated to the reactants through the
surface coating [12-15]. This indirect way of
absorbing solar energy has huge drawbacks,
such as severe heat loss caused by coating
radiation and large thermal resistance
between pellets and coating. Therefore,
volumetric solar technology is considered to
be a more suitable technology for CaL TCHS
systems. It can effectively overcome the
above problems, and the solar absorption
rate of the reactant is very high, so it can
directly absorb a large amount of solar
decompsition kinetics of CaC03[25-27]. Unlike
inert dopants, the effect of alkali metal salts
on the cycling stability of CaCOs3/CaO is

complex[28-33], with often conflicting results.

Han et al.[33] found that doping with alkali
metal carbonates can accelerate the ion
diffusion during the decomposition process,
thereby increasing the decomposition rate of
CaCO; and reducing the decarburization

radiation energy. However, pure CaCOs;
pellets are white, which requires adding
some dark substances to enhance their solar
energy absorptivity[16-21]. It has been
reported that doping Mn and Fe elements
can effectively improve the solar energy
absorption rate of CaCOs.

In addition, the rapid decomposition of
CaCOs3 at moderate temperatures is also of
great significance. This is due to mature and
inexpensive metal alloy solar receivers that
only work well below 800°C ([22, 23].
However, the decomposition rate of CaCOs is
slow below 800 °C [24], resulting in low
energy conversion efficiency. Doping of alkali
metal salts is considered to be an effective
way to improve the
temperature. They also found that Li,COs-
doped dolomite still maintained good cycling
stability compared to sodium carbonate and
potassium carbonate. Therefore, we choose
to dope Li,COs in the CaCOs; pellets, which can
accelerate the ion diffusion during the
decomposition of CaCOs3; while maintaining
good cyclic stability, thereby increasing the
rate of thermochemical energy storage.



2. EXPERIMENTAL SECTION
2.1 Material synthesis

All chemical reagents used in this
experiment are Analytical Reagent (AR). The
doped pellets are prepared by the extrusion-
spheronization  method. The  specific
production process is shown in Fig. 2. Firstly,
the pre calculated 50wt% Mn(NOs); solution
(3.579g), Fe(NOs);-9H20 (8.08g), AI(NOs)s-
9H20 (11.2539g) and deionized water (20ml)
are fully mixed in a beaker. Then, Ca(OH) »
powder (14.818g), 80wt%(80wt% is 80% of
the mass of CaCOs) microcrystalline cellulose
(MCC) (16g) and Li,CO; powder in different

molar ratios to Ca(OH); (5%. 7.5% and 10%)

are fully mixed in an another beaker. The
mixture solution is slowly dropped into
another beaker at room temperature. Then,
well-mixed samples are made into rod-
shaped samples with their diameter of 0.6
mm by a screw extruder and the rod-shaped

samples are added into the spheronizator to
produce spherical pellets. The pellets in
different sizes are prepared via the extrusion-
spheronization method. Pellets can be
further screened as needed. Subsequently,
the spherical pellets are calcined at 700°C for
3 h. Finally, dark samples are carbonated in a
tube furnace with the reaction atmosphere
(100% CO>) and a heating rate of 10°C/min at
the 700°Cfor 5 h. The designed dark pellets
doped with n% molar ratio Li,CO; are named
as co-doped calcium carbonate (Cn-CaCOs).
The designed white pellets doped only with
AP* are named as aluminum-doped calcium
carbonate (A-CaCOs). The designed dark
pellets doped without Li,CO3 are named
doped calcium carbonate (D-CaCOs). CaCOs
without Mn?%, AI**, Fe** and Li,CO3 doping is
prepared using a similar procedure and
named pure calcium carbonate (P-CaCOs).
Unless otherwise specified, the amount of
MCC added to all samples is 80%wt by default.

Table 1. Names and element molar ratios corresponding to different samples.

Name Molar ratio

P-CaCOs3 Ca

A-CaCOs3 Ca:Al=100:15

D-CaCOs3 Ca:Al:Mn:Fe=100:15:5:10

C5-CaCos Ca:Al:Mn:Fe:Li,C03=100:15:5:10:5
C7.5-CaCoO; Ca:Al:Mn:Fe:Li,C03=100:15:5:10:7.5
C10-CacCoOs Ca:Al:Mn:Fe:Li,C03=100:15:5:10:10
C40-CaCoOs Ca:Al:Mn:Fe:Li,C03=100:15:5:10:40

—
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Fig. 2 Schematic preparation process of CaCO; pellets.

2.2 Instrumentations and methods

2.2.1 The average solar absorptance

The spectral reflectance R(A) of the
samples as a function of wavelength A is
measured by a UV-Vis spectrophotometer



(Lambda 1050+, PerkinElmer Inc., USA). The
pellets are ground into powder in a mortar,
loaded into the sample chamber and
compacted for measurement. The spectral
absorbance can be obtained from the formula:
A(A) = 100% - R(A). In the 280-2000 nm band,
the average solar absorptivity of the powder
can be expressed by the following weighted
integral formula as

[ A ()2
AZZB}ZOOOW (2)

280

where I(A) is the AM1.5 spectral
irradiance of the sun reaching the
earth's surface.
2.2.2 Thermochemical heat
performance

storage

The cycle performance of the fabricated
pellets is measured using a thermogravimetric
(TG) analytical device (STD 650, TA Instrument).
The particle size range of all samples is 300-500
pum, and the added sample mass is up to 6 mg.
The temperature of the carbonation process
is set to 725°C. The atmosphere during
carbonation is set to 50% CO, and 50% N2, and
the carbonation time is 20 minutes. To
simplify the cycle process and reduce
the decomposition temperature, the
Mco, is molar mass of CO,. AH is the
molar

reaction enthalpy of the

carbonation reaction (178 kJ/mol).

3. RESULTS AND DISCUSSION
3.1 XRD analysis

The XRD spectra of different CaCOs;
pellets are shown in Fig. 3. It can be seen
that the main peaks of different CaCOs
pellets are roughly the same, and they
are basically the diffraction peaks of
CaC0Os. We

cannot clearly see the

decomposition temperature is set to be
the same as the carbonation process. The
atmosphere in the decomposition process is set
to pure Nj, and the decomposition time is 15
minutes.

By measuring the ability of CaCOs3 sample
to decompose CO; per unit mass (Dn, g CO2/g
calcium carbonate pellets, g/g), and the CO,
absorption capacity of calcined sample per unit
mass (Cn, g CO,/g calcined sample, g/g), weight
decomposition rate (R,, g COy/g calcium
carbonate sample/min, g.gt.min?). D,, Cn, Rn
are calculated using the Egs. (3-5), respectively.

Mecar,n — Meal, n

Dh=—"— (3)
Mear, n
Ch= Mecar,n — Mecal, n (4)
Meal, n
dD}
Rn =—01 5
dt )

where mMmcarb,n and mca,n are samples’
mass after and before carbonation over
n cycles, respectively. The energy
storage density En, which represents the
actual energy stored per unit mass CaO,
is expressed as

Ep = Mern ZMealn A/ Moo, (6)
Meal, n

diffraction peaks of Li,CO3 from C10-
CaCOs3, because many of the diffraction
peaks of Li,COs coincide with those of
CaCOs. Therefore, we prepared C40-CaCOs;
by extrusion-spheronization method and
detected its XRD spectrum. From this,
the diffraction peaks of Li,COs can be
clearly seen, and there are no diffraction
peaks different from those of the
previous samples. Therefore, it can be
determined that the doped Li,CO3 does

not produce new substances.
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3.2 Solar absorptance

It can be seen from Fig. 4(a) that the
absorption rate of D-CaCOs; is enhanced in
almost the entire solar spectrum, where the
ability of A-CaCOs to capture solar energy is
very weak. As a can be seen from Fig. 4(b),
the average solar absorptivity difference
between C10-CaCOs; and D-CaCO; is about
1%, indicating that doping lithium carbonate
has little effect on the spectral absorption
rate. Obviously, we can see that by doping
with Mn and Fe elements and Li,COs, the

t samples, (b) Average solar absorptance for
samples.

average solar absorptivity of CaCOs pellets is
significantly increased from 4.63% to 73.25%
by about 1580%. This makes it possible to
directly irradiate calcium-based pellets for
rapid solar thermochemical heat storage.

3.3 Thermogravimetric analysis results

The cyclic stability of different samples is
shown in Fig. 5. Since A-CaCOs; could not be
completely decomposed in 15 minutes, the
decomposition time of A-CaCOs is increased



to 25 minutes, and the CO, adsorption time is
the
decomposition of CaCOs, when the weight of

extended to 30 minutes. During
the sample remains basically unchanged, the
decomposition process is deemed to be over.
The cycle performance of P-CaCO; pellets
by

method is significantly reduced by 36.73%

prepared extrusion-spheronization
after 12 cycles. However, the performance of
new C10-CaCO; pellets decreased by only
4.14% after 12 cycles, which is even slightly
lower than the 4.38% of D-CaCO; without

LioCOs addition.
storage density changes of P-CaCOs and C10-

The weight and energy

CaCOs after 60 cycles are shown in Fig. 6. The
cycling performance of P-CaCO3 pellets
decreased significantly by 56.73% after 60
cycles. However, the performance of the new
C10-CaCO;s pellets only dropped by 4.26%
after 60 cycles. At the 12th cycle, the energy
storage density of C10-CaCOs started to be
higher than that of P-CaCOs;, and the energy
storage density of C10-CaCOs is still as high as
1671 kl/kg after 60 cycles.
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Fig. 6 Changes in weight and energy storage density of P-CaCOs and C10-CaCOs over

60 cycles
3.4 CaCOs; decomposition rate

Decomposition rate and CO; adsorption
capacity of different samples are shown in Fig.
7. It can be seen that the addition of Mn and
Fe elements and a large amount of MCC can
and Li,CO;
particularly obvious role in promoting the

play a certain role, has a
decomposition rate of CaCOs;. Comparing (a)
and (b) in Fig. 7, it can be found that the
decomposition rate of CaCO; spheres doped
with
significantly

lithium carbonate decreased
after 12

decomposition rate of other CaCO; pellets

cycles, and the

decreased slightly, which is not obvious.
Alkali carbonates tend to separate from the
bulk CaO during cycling and accumulate on
the surface, from where they eventually
desorb completely from the adsorbent.
Therefore, the alkali metal content in the
adsorbent decreases with cycling. However,
in Fig 7. (c), it is found that with the increase
of the cycle, the decrease of the reaction rate
becomes lower and lower. The
decomposition rate of C10-CaCOs is still
slightly higher than that of C7.5-CaCOs in the

first cycle after 60 cycles, and significantly

higher than that of P-CaCO; and D-CaCOs.
that the fast
decomposition rate of C10-CaCO; has an

Therefore, this shows

excellent advantage in long cycles. The
average decomposition rate of C10-CaCOs in
the first cycle is 2.1 times that of the D-CaCOs;
pellets and 1.85 times that of the P-CaCOs;
pellets. With the increase of cycle times, the
decomposition rate of C10-CaCOs; pellets
decreased, but the decreasing range is
smaller and smaller. After 60 cycles, the
decomposition rate of the C10-CaCOs is still
1.82 times that of P-CaCO;
industrial applications, the decomposition

pellets. In

rate of CaCOs pellets can be kept at the
maximum value by continuously adding
CaCOs; pellets, so as to achieve efficient
energy conversion. Therefore, the peak
decomposition rate of CaCO; pellets is very
important. The peak decomposition rate of
the C10-CaCOs pellets in the first cycle is 2.23
times that of the D-CaCOs; pellets and 1.85
times that of the P-CaCOs pellets. The 12th
cycle peak decomposition rate of C10-CaCOs

is 2 times that of D-CaCOs; pellets.
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4. CONCLUTION

This work is devoted to the synthesis of
dark calcium carbonate pellets for direct solar
energy absorption and fast and efficient heat
storage. The CaCO; pellets, doped with
Li,COs3, a large amount of MCC, and elements
of Al, Mn, and Fe, can be used for direct solar
energy absorption in TCES systems. The full-
spectrum solar absorption rate of this pellets
can be as high as 73.25%, which is 1580%
higher than that of CaCO; doped with Al
element. It is worth noting that doping
Li,CO; has little effect on the solar
absorptance of the material. After 60
cycles, the energy storage density of new
CaCOs pellets is still as high as 1671 ki/kg,
and the decay rate of the energy storage
density decreased from 56.73% to 4.24%
compared with pure CaCO; pellets. At the
same temperature, the average
decomposition rate of new CaCO3 pellets in
the first cycle is 2.1 times that of the ordinary
dark CaCOs;
decomposition rate is 2.23 times that of the

pellets, and the peak

ordinary dark CaCOj; pellets. As the number
of cycles increased, the decomposition rate
of the new CaCO3; pellets decreased, but the
decline in decomposition rate is less and less.
Even the decomposition rate of the new
CaCOs3; pellets of the 60th cycle is 1.84 times
that of the ordinary dark CaCO3 pellets of
the first cycle. Therefore, this new CaCOs;
pellets can simultaneously achieve the
characteristics of fast heat storage,
excellent cyclic stability and high solar
absorptance. This work paves the way
for the direct capture of solar energy
and fast heat
process at moderate temperature, with

storage during Cal

great prospects for industrial

applications.
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