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Abstract 

The integration of a Calcium Looping (CaL) cycle with a Concentrated Solar 

Power system can represent an important climate-change mitigation technology. In 

this work, the solar CaL process has been experimentally investigated by the use of 

a solar Fluidized Bed (FB) reactor. Three short-arc Xe-lamps of 4 kWel each, 

coupled with elliptical reflectors, were used as solar simulator obtaining a peak 

flux of nearly 3000 kW m
–2

. Several calcination-carbonation tests were carried out 

on a commercial limestone sample, to evaluate the sorbent performances in terms 

of CO2 capture capacity increasing the number of cycles. Results show that, for the 

limestone sorbent at hand, the higher temperatures obtained on the FB surface do 

not produce a severe worsening of the reactive material properties, thus 

encouraging the research on the solar-driven CaL process. 

 

Introduction 

The atmospheric CO2 concentration is incessantly increasing in the last decades, 

due to the continuous use of fossil fuels. Renewable sources can represent an 

important turning point to avoid serious climate changes, but their exploitation is 

still at low levels. Authoritative outlooks anticipate a transitional era during which 

renewable energy sources will co-exist with fossil fuels: the integration between an 

existing conventional power plant and a renewable energy source can represent an 

important milestone toward the deployment of fully renewable-based power plants. 

Recently, the integration between the Calcium Looping (CaL) cycle –a 

well-established carbon capture and sequestration technology– and a Concentrating 

Solar Power (CSP) system has been suggested by several authors [1–4]. The 

present authors have shown that such an integration would overcome most of the 

major drawbacks of the conventional CaL cycle, and could significantly increase 

the thermal throughput of the power plant to which the CaL cycle would be applied 

[5]. Moreover, Fluidized Bed (FB) reactors –the ideal partners of the CaL 

technology– are exploited, as largely documented in the literature [6], as solar 
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receivers/reactors highlighting the successful limestone calcination [7]. However, in 

directly-irradiated FB reactors, high concentrated solar radiation impinging on the 

FB surface can cause high over-temperature values of the bed surface with respect 

to the bulk bed temperature [8]. The extent of bed surface over-temperature plays a 

crucial role to preserve the physical and chemical properties of the sorbent material 

which consequently deserve in-depth investigation of a solar-driven CaL process. 

In this work, the solar CaL process has been scrutinized by means of experimental 

tests through the use of a solar FB reactor. Several calcination and carbonation tests 

were carried out on a commercial limestone sample, to evaluate the sorbent 

performances in terms of CO2 capture capacity increasing the number of cycles. A 

comparison with experimental results found in literature for conventional CaL 

processes has also been carried out, to better perceive the main advantages and 

drawbacks of the solar CaL cycle. 
 

Experimental Apparatus and Materials 

The experimental apparatus used in the present work is depicted in Figure 1. It 

consists of a FB reactor with an inlet bed diameter of 0.102 m and an height of 

0.1 m, so that the aspect ratio (internal diameter-height ratio) approaches the unit 

value. The windbox section is 0.15 m high. The upper part of the FB reactor is 

connected to a conical shaped section, 0.4 m high, which represents the FB reactor 

freeboard. The upper extremity of the freeboard hosts a transparent window, 

essential to let the solar simulated radiation enter. The conical shape of the 

freeboard section is required to both not hinder the solar simulated radiation 

pathway and to further protect the transparent window against particles impact, 

thanks to a gas slowdown due to the cross-section increase. 

 

 
Figure 1. Outline of the experimental apparatus and its ancillary equipment. 
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The solar simulation device is represented by three short-arc Xe-lamps coupled 

with elliptical reflectors, being able to produce a peak flux of nearly 3000 kW
 
m

–2
. 

The average flux over the whole reactor diameter is equal to 390 kW m
–2

, which 

corresponds to a total irradiated power of nearly 3.2 kW. The reactor is also 

surrounded by two semi-cylindrical radiant heaters. Two mass-flow controllers 

supply the air and CO2 required for the reactor operation. The inlet gaseous stream 

passes through a gas preheater before entering the system. Concerning the 

diagnostic tools, two K-type thermocouples are located inside the FB: one near the 

distribution grid, the other at 0.01 m from the bed surface. An infrared pyrometer is 

used to measure the temperature of an area of nearly 5 mm diameter at the centre of 

the reactor surface. A gas analyzer is used to monitor the CO2 concentration at the 

exhaust. An inert silica sand from the Ticino river (Italy) and an Italian limestone 

(termed Massicci) are used for the experimental tests (Table 1). 

 

Table 1: Main physical parameters for Ticino sand and Massicci limestone. 

Material 
particle 

[kg m
–3

] 

Size range 

[m] 

𝒖𝒎𝒇
𝒕  @ 650 °C 

[m s
–1

] 

𝒖𝒎𝒇
𝒕  @ 950 °C 

[m s
–1

] 

Ticino sand 2400 850–1000 0.32 0.27 

Massicci limestone 2200 420–590 0.08 0.07 

 

Experimental Procedure and Operating Conditions 

The experimental tests consisted of four calcination/carbonation cycles on the 

Massicci limestone. Both reactions were carried out in the same reactor by 

gradually switching the operating conditions. The following parameters were used 

for the carbonation and calcination reactions, respectively: i) bulk bed temperature: 

650 and 940 °C; ii) inlet CO2 concentration: 15%v (typical combustion flue gas 

concentration) and 70%v (typical oxyfuel calcination reactors concentration); 

iii) fluidizing gas velocity: 0.6 m s
–1

 (roughly twice the sand minimum fluidization 

velocity 𝑢𝑚𝑓
𝑡 ). Nearly 730 g of sand and 125 g of limestone were used for the test. 

At the beginning of the test, the reactor is charged with silica sand and heated up to 

nearly 850 °C through the electric heaters (start-up phase). When this temperature 

is reached, the calcination conditions are settled and the limestone is fed to the 

system. Simultaneously, the radiant heaters are powered off and the Xe-lamps are 

turned on, so to let the calcination occur. When the reaction is complete (stable 

CO2 concentration at the exhaust), the Xe-lamps are turned off and the reactor is 

cooled down to 400 °C in air stream. Once the scheduled temperature is reached, 

the carbonation conditions are settled and the reactor is heated up to 650 °C using 

the electric heaters, so to let the carbonation occur. When the reaction is complete 

(stable CO2 concentration at the exhaust), the reactor is brought toward the 

calcination conditions to start a new cycle. The sorbent CO2 capture capacity is 

evaluated by integrating the outlet CO2 concentration profile during carbonation 

step over the reaction time with respect to the baseline. 
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Results and Discussion 

Figure 2 reports the typical chart plot of the first calcination-carbonation cycle. The 

initial time instant reported in the graph, 𝑇𝑖𝑚𝑒=0 s, is near the end of the start-up 

phase. The blue and red curves show the temperature inside the FB reactor as 

acquired by the K-type thermocouples (“up” and “down”, respectively), the cyan 

curve refers to the surface data acquired by the pyrometer, and the black curve 

reports the CO2 outlet concentration as measured by the gas analyzer. It is possible 

to observe the establishment of the calcination conditions at 250 s, where the CO2 

concentration grows from 0 to nearly 70%v while the reactor is still heated through 

the radiant heaters. The limestone feeding and the Xe-lamps ignition occur at 

almost the same time instant (nearly 1250 s). The charge of cold limestone particles 

can be recognized by the decrease of bed temperature, whereas the power-up of the 

lamps is easily detectable from the steep increase of the bed surface temperature 

measured by the pyrometer. The temperature increase measured by the two in-bed 

thermocouples is fast too, and a temperature of 935–940 °C is rapidly approached 

in almost 500 s. Data of bed surface temperature highlight a continuous fluctuation 

as a result of the competition between the highly concentrated radiation impinging 

on the FB surface and the continuous bubble bursting phenomena. The temperature 

values fluctuate between 1000 and 1150 °C, with a mean temperature of 1080 °C 

and a standard deviation of 30 °C. It is also worth to note that, around 1250 s, when 

the limestone is fed to the reactor, the temperature decrease can be also due to the 

start of the calcination reaction. The CO2 concentration increase is, as expected 

from literature data, of nearly 1% [9]. The calcination reaction ends at nearly 

2500 s, with a total duration time of nearly 20 min. At the end of the first 

calcination, CO2 is no more fed to the reactor, and its concentration falls down to 

450 ppm, a value close to the atmospheric CO2 concentration. The temperature is 

then decreased down to nearly 400 °C using ambient temperature air as fluidizing 

gas. This step goes from 2500 s to nearly 5500 s. Then, around 5500 s, when the 

targeted temperature is reached, a stream with a CO2 concentration of nearly 15%v 

is fed to the reactor. From this time instant, the temperature is increased as fast as 

possible up to 650 °C remaining quite stable at that value between 7000 and 

7600 s. A temperature peak is also detectable for the “up” measure and is related to 

the heat release of the carbonation reaction at about 5500 s. During the carbonation 

reaction, there is a decrease in the CO2 concentration profile of nearly 0.1–0.2%, 

which can be easily appreciated in the zoomed part of the graph (yellow contour). 

The area between the baseline (dashed curve) and the CO2 concentration profile, 

highlighted in green in the graph, is proportional to the amount of CO2 captured by 

the sorbent. It is interesting to note that the reaction starts as soon as the 

temperature is increased (5500 s),
 
and well before the achievement of the scheduled 

temperature of 650 °C. Moreover, even though the major contribute to the 

carbonation reaction is detectable for temperatures up to 650 °C, a small but not 

negligible contribute can be found when the temperature is increased up to 750 °C. 

The small increase of the “up” temperature at nearly 5500 s appears to happen 
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before the injection of the CO2 stream because the signals of temperature and 

concentration are not synchronized, and actually a time delay of about 80–100 s 

between outlet CO2 concentration and bed temperature time-series exists. The 

carbonation reaction ends at nearly 8500 s if a final temperature of 750 °C is 

considered (total reaction time 50 min). Finally, at 8500 s, the CO2 concentration is 

increased again up to the 70%v calcination value and the cycle is iteratively 

repeated. Under these experimental conditions, a full calcination–carbonation stage 

has then an operating duration close to 140 min.  

 

 
Figure 2. Bed temperatures and CO2 concentration time-series during the 1

st
 cycle. 

 

The data of CO2 capture capacity achieved by the sorbent in the CaL process as a 

function of the carbonation stage are plotted in Figure 3. The maximum 

carbonation degree is achieved during the 1
st
 carbonation, when the sorbent is 

freshly calcined: a value of 9.5% is obtained (0.042 gCO2
ginitial sorbent

−1 ). For the 2
nd

 

carbonation, the carbonation degree decreases down to nearly 7% 

(0.031 gCO2
ginitial sorbent

−1 ). This was expected, due to the thermal sintering effects 

suffered by the sorbent particles especially under calcination. A further decrease in 

the carbonation degree is observed for the 3
rd

 carbonation, where a value of 

6% (0.027 gCO2
ginitial sorbent

−1 ) is obtained. But this decrease was smaller than the 

one observed for the 2
nd

 carbonation. Moreover, practically same values were 

obtained for the 4
th
 carbonation, suggesting a desired stabilization of the material 

performances and a decrease of the sintering relevance. The experimental results 

obtained for the Massicci limestone are comparable to the ones reported in the 

literature for tests performed on the same limestone but with conventional heating 

source [9]. Therefore, it seems that the solar-driven CaL cycle could be a feasible 
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process, as the higher temperatures obtained on the FB surface appear to not 

produce a severe worsening of the reactive material properties, whose CO2 capture 

capacity, after a first initial decrease, appears quite stable over CaL cycling. 

 
Figure 3. CO2 capture capacity as a function of the carbonation stage. 
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