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Abstract: In the framework of thermochemical energy storage (TCES) in 

concentrating solar power (CSP) plants, the calcium-looping (CaL) 

process, carried out in fluidized bed reactors, is receiving increasing 

research interest due to the high energy density and the extremely low 

price, nontoxicity, and wide availability of natural CaO precursors. One 

of the main open challenges in CaL is represented by finding solutions to 

the progressive decline in the CaO carbonation conversion with the number 

of cycles, which is due to the sorbent deactivation caused by sintering 

and pore pugging. In this framework, the reduction of the CaO particles 

size has been reported to improve the carbonation conversion and, 

therefore, the achievable energy density, by maximizing the availability 

of the sorbent surface exposed to the gaseous phase and hindering the 

natural loss of CaO mutlicyclic activity. However, the use of fine 

particles in fluidized bed reactors is challenging due to agglomeration, 

channeling and plugging phenomena. 

CaL at TCES-CSP conditions in a fluidized bed reactor has been 

investigated for the first time. In particular, sound-assisted 

fluidization has been proposed as technique to allow the use of such fine 

particles in fluidized bed reactors, thus overcoming the strict 

limitation posed by particle size applicable in ordinary fluidized bed 

reactors. Ordinary and sound-assisted cyclic CaL tests at CSP-TCES 

operating conditions have been performed in a lab-scale fluidized bed 

reactor in order to study the influence of the application of high 

intensity acoustic fields on the carbonation performances. The effect of 

sound parameters (SPL and frequency) has also been highlighted. 

 

 

Response to Reviewers: Reviewer #1 

 

This work investigates effects of acoustic perturbation on the fluidized 

bed carbonation from both aspects of hydrodynamics and reaction 



performance. The results are clear and reasonable. However, within my 

knowledge, effects of various acoustic parameters on fluidization of 

cohesive fine particles have been investigated in details by other 

researchers, thus the experimental results related to the hydrodynamics 

are predictable and some of them should be reduced. On the contrary, 

experimental results related to the reaction performance is the key part 

in this work and more description and explanation should be added. In 

summary, major revision is recommended before publication. 

 

 

Response to the Reviewer’s general comment: We thank the Reviewer for 

his/her useful comments and precise suggestions. In particular, besides 

some minor points, he/she mainly found that some aspects should be more 

clearly explained. All the raised questions have been answered and the 

manuscript has been revised accordingly. See below a detailed answer to 

each comment. 

 

 

1) In introduction part, the author introduced lots of background 

knowledge about the calcium-looping for TCES. It is good and necessary. 

However, actually the key point in this work is a method to enhance the 

fluidization of cohesive fine particles. So it is recommended that more 

new literatures in this area should be added. Via the comparison between 

different methods, I hope the reason why the acoustic perturbation is 

chosen could be given clearly. In my opinion, the acoustic perturbation 

may be a good method used in lab-scale setup, but it is not an ideal way 

used in industrial setups. 

 

Response to Reviewer’s comment No. 1: We do agree with the Reviewer on 

the fact that the choice of the acoustic perturbation as an assisting 

method to promote and enhance the fluidization of fine cohesive powders 

needs further details and discussion in order to highlight the pros and 

cons in comparison to the other technological alternatives.  

As a matter of fact, the achievement of a smooth fluidization regime, in 

the case of such fine particles is closely related to the overcoming of 

interparticle forces and to an efficient break-up of the large aggregates 

yielded by these forces. To this aim, externally assisted fluidization 

can be used, thus involving the application of additional forces that can 

be generated by: mechanical vibration [30,31], magnetic field [32,33], 

acoustic field [28], electric field [34,35], centrifugal fields [36–39], 

secondary gas flow via micro-jets [40,41] and pulsation [42–44]. Besides 

the above-mentioned techniques, another approach is represented by the 

addition to the bed of foreign flow-conditioning particles, which can be 

either coarser [45,46] or finer [47,48] than the powder to be fluidized. 

Among these available techniques, sound-assisted fluidization is 

recognized to be one of the most promising alternatives, holding also 

several advantages from a practical point of view [23,28]: i) it is not 

intrusive, since neither additional equipment nor materials must be 

inserted in the bed; ii) the powders to be employed do not need to have 

any special property; iii) the application of acoustic fields is capable 

of reducing the elutriation of fine particles from a fluidized bed, 

preventing problems related to down-stream carry-over of fine particles 

such as clogging of valves; iv) last but not least, this technique is 

extremely economical and user-friendly, since the extra equipment (signal 

generator, audio amplifier loudspeaker and oscilloscope) required is very 

easily available on the market. From the phenomenological point of view, 

the sound-assisted fluidization can be explained considering that the 

application of the sound wave causes an oscillatory motion of both gas 



molecules and solid particle/aggregates [4,49-51]. The entity of this 

motion depends on the size of particles/clusters: obviously, the sound 

perturbation affects smaller structures much more than larger ones 

[52,53]. Therefore, this different response of differently sized 

aggregates to the sound wave induces a relative motion between them, 

which is the very reason causing a dynamic break-up mechanism of larger 

clusters into smaller subclusters, which can be more easily fluidized. 

More specifically, as proposed by the theoretical cluster/subcluster 

oscillators model developed by Russo et al. [53], the disruption of 

clusters into smaller aggregates occurred at the contact points between 

them, i.e. where the collision energy induced by the acoustic field 

becomes larger than the interparticle cohesive force. Besides having an 

effect on the fluid-dynamics of the system, sound waves also induce a 

number of phenomena taking place at the gas/solids interface, such as 

acoustic streaming, which has been proved to contribute to the 

enhancement of mass/heat transfer rates in gas/solids reactors [4].  

With reference to the issues related to the actual 

application/feasibility of sound-assisted fluidization at industrial 

scale, we do agree with the Reviewer on the point that it has only been 

tested at lab-scale level and its actual feasibility has not been proved 

yet at industrial-scale. However, it can be argued that the scale-up of 

the process would not be too challenging [49]. In particular, few key 

aspects should be taken into account. The first issue arises from sound 

intensity attenuation across the bed height. In particular, for such fine 

materials and for low frequency sound waves (around 100 Hz), it can be 

estimated that the SPL is reduced by 10 dB for each 10 cm of bed. So, it 

would not be possible to use bed higher than 40–50 cm. Accordingly, the 

only way to scale-up the process is represented by increasing the reactor 

diameter [49]. However, this diameter increase would lead to another 

cause of sound intensity attenuation, namely the divergence of the 

acoustic wave. A feasible technique to avoid spherical spreading loss is 

to use an array of loudspeakers, which may produce a plane wave if 

conveniently placed on the cross-sectional area of the column [54,55]. 

Besides, the use of an array of loudspeakers would also provide a greater 

reliability for continuous operation, since replacement of one of the 

loudspeakers can be easily carried out without the interruption of the 

sound assisted process. 

 

Following the Reviewer’s comment and suggestion, these considerations and 

discussion have been added to the revised version of the manuscript. 

 

2) In experimental part (Page 6), the authors indicated that the wind-

box also worked as a preheating chamber. How was the gas preheated in the 

wind-box? How was the preheating temperature controlled? Please give more 

details. 

 

Response to Reviewer’s comment No. 2: A heating jacket (Tyco Thermal 

Controls GmbH) has been used to heat up the system. In particular, it has 

been designed to cover, besides the fluidized bed section, also part of 

the column below the gas distributor, which can, thus, act as a 

preheating chamber for the fluidizing gas. However, the temperature is 

actually monitored and controlled only inside the fluidized bed by using 

a type K thermocouple, with a diameter of 1 mm, connected to a PID 

controller. 

 

Following the Reviewer comment, this point has been more clearly 

explained in the revised version of the manuscript. 

 



3) In part 3.2 (Preliminary fluid-dynamic characterization), most of 

results in this part are predictable and some of them should be reduced. 

 

Response to Reviewer’s comment No. 3: Following the Reviewer’s suggestion 

the results obtained from the preliminary fluid-dynamic characterization 

have been reduced. In particular, the Figs. 4, 5, 6 and 7 of the original 

version of the manuscript have been condensed in only two Figures (i.e. 

Figs. 4 and 5 in the revised version of the manuscript. Also, the 

presentation and discussion of these results have been abbreviated. 

4) In part 3.3 (Cyclic carbonation/calcination tests), Figure 9(a), 

Please give the reason why the CO2 concentration is increased again after 

about 20 min. I believe this is very important. 

 

Response to Reviewer’s comment No. 4: We thank the Reviewer for his/her 

comment. However, we are not sure we have understood what the Reviewer 

meant in his/her comment. Anyhow, we will try to explain better the 

results reported in Fig. 9a (Fig. 7a in the revised version of the 

manuscript). 

Fig. 9a (Fig. 7a in the revised version of the manuscript) reports the 

time evolution of the CO2 outlet concentration obtained during the 

carbonation step for the test performed under ordinary (straight line) 

and sound-assisted (dotted line) fluidization conditions, which is an 

indication of the degree of progress of the carbonation reaction. More 

specifically, CO2 molecules continuously enter the bed and react with the 

sorbent, which is loaded in the reactor in a batch mode. Therefore, the 

reaction goes on until all the available sorbent is carbonated and the 

CO2 outlet concentration approaches the feeding value (70%). For this 

reason, the CO2 outlet concentration profile has a typical monotonically 

increasing trend. 

It is clear that the application of the acoustic perturbation remarkably 

enhances the carbonation performances. In particular, under both ordinary 

and sound-assisted fluidization conditions, the two characteristic phases 

of the carbonation reaction, i.e. the first fast carbonation stage and 

the slow diffusion-controlled one, are clearly evidenced by the change of 

the slope in the CO2 concentration profile. However, it is also clear 

that the turning point from one phase to the other occurs much earlier 

when no acoustic field is applied. In particular, under ordinary 

fluidization conditions the carbonation turns to be controlled by 

diffusion after less than 2 min, as evidenced by the long tail of the CO2 

concentration profile (during this period carbonation slowly occurs after 

the formation of the carbonate product layer). On the contrary, when 

sound is applied the duration of the fast carbonation stage is prolonged 

of about 5 times and, as a consequence, the CO2 concentration profile is 

characterized by a much shorter tail.  

As also discussed in the original version of the manuscript, the 

explanation of this evidence is due the fact that the application of the 

sound makes it possible to hinder the agglomeration phenomena, thus 

enhancing the fluidization quality and providing better gas–solid contact 

and mass transfer coefficients. Indeed, under ordinary conditions, the 

severe agglomeration phenomena strongly reduce the surface of CaO 

available to the gaseous phase. Therefore, the more easily available CaO 

surface is soon covered with the carbonate layer and CO2 can continue to 

react with CaO only by diffusing through this layer (i.e. quick shift to 

the slow diffusion-controlled stage). On the contrary, when sound is 

applied, agglomeration is hindered and a larger surface of the sorbent 

can actually come into direct contact with the fluidizing gas and react 

with the CO2. Indeed, even though fluidized in the form of aggregates, 

these fluidizing structures are not static but dynamic. They undergo a 



continuous mechanism of break-up and reaggregation, which means that the 

sorbent surface exposed to the gaseous phase is continuously renewed. 

Going back to the specific observation of the Reviewer that the “CO2 

concentration is increased again after about 20 min”, we think that 

he/she might refer to: 

i) the CO2 concentration profile obtained during the “sound on/off” 

test when the CO2 concentration is increased again after about 2 min (and 

not 20 min). In this case, as also explained in the original version of 

the manuscript, the non-monotonic trend obtained for the CO2 outlet 

concentration can be explained considering that the test has been started 

under ordinary conditions and only at a time t* (about 2 min) the sound 

has been turned on. Therefore, until t*, the system (sorbent + CO2) shows 

the same behavior as that obtained for the ordinary test (i.e. for t < t* 

the CO2 outlet concentration profile is the same as that obtained under 

ordinary conditions). Then, when the sound has been switched on at t*, 

the CO2 concentration suddenly drops down before rising up again 

following now the typical trend of the sound-assisted test. This is due 

to the fact that the amount of sorbent surface, which is precluded to the 

fluid during the fast carbonation stage under ordinary conditions (due to 

the severe agglomeration phenomena), suddenly becomes available. As a 

consequence, this renewal of sorbent reactivity (due to the sorbent 

surface renewal yielded by the sound) causes the CO2 concentration to 

drop down. This result is the clear proof of the actual ability of the 

sound to provide a better exploitation of the sorbent surface. 

ii) the CO2 concentration profile obtained under sound-assisted 

fluidization being “higher” than that obtained under ordinary 

fluidization conditions. If so, this difference, noticeable between the 

tails of the two curves, can be explained considering that the 

carbonation reaction occurs faster under sound-assisted fluidization 

conditions. Indeed, as discussed above, the turning point between the 

fast and slow phase of the carbonation reaction occurs at different 

times. Therefore, after 20min during the ordinary test the reaction is 

far to be concluded. In particular, the slow diffusion-controlled part of 

the reaction is still taking place, as confirmed by the CO2 outlet 

concentration being still lower than the inlet value (70%vol.). In 

particular, since the turning point between the fast and slow carbonation 

phases occurs after less than 2 min, the majority of the sorbent is 

carbonated during the slow diffusion-controlled phase. On the contrary, 

under sound-assisted fluidization conditions the fast phase of the 

carbonation reaction is prolonged up to about 15min, which means that the 

majority of the sorbent is carbonated during the fast reaction phase. 

Therefore, after 20 min the outlet CO2 concentration is higher than 

during the ordinary test only because the carbonation reaction has 

occurred faster. More specifically, after 20 min the reaction is 

essentially concluded under sound-assisted tests, as confirmed by the CO2 

outlet concentration being equal to the inlet value (70%vol.). 

As a general comment, it is important to underline that the most 

significant differences between the ordinary and sound-assisted tests are 

those observed in the initial stage of the reaction, i.e. during the fast 

stage of the carbonation reaction, rather than those noticeable at the 

end of the reaction, i.e. during the slow diffusion-controlled phase. As 

a matter of fact, the acoustic perturbation has a stronger effect in the 

initial kinetically controlled stage of the carbonation reaction. Indeed, 

during this phase, in which the carbonation conversion is ascribable to 

the sorption of CO2 on the free surface of the sorbent particles, the 

capability of the sound to increase the gas-solid contact efficiency, 

i.e. the enhancement of the sorbent surface availability, can provide a 

strong beneficial impact. After the fast phase of the carbonation 



reaction, i.e. once the layer of CaCO3 begins to cover the free surface 

of the particles, the reaction turns to be controlled by the diffusion of 

CO2 through the solid CaCO3 layer [4]. Therefore, even though the effect 

of the sound on the fluid-dynamics of the system is still active, its 

impact on the carbonation reaction is less important since it is strictly 

related to diffusion mechanisms rather than to the availability of 

sorbent surface and, therefore, to the quality of the gas-solid contact. 

 

 

Following the Reviewer’s comment, some of these considerations and 

discussion have been added to the revised version of the manuscript for 

the sake of clarity. 

 

5) Some language mistakes should be revised. e. g. Page 9 line 39 

"leading to to agglomerated" line 50-55 "∆P being the actual pressure 

drop across the bed, ∆P0 the pressure drop equal to buoyant weight of 

particles per unit area of bed" 

 

Response to Reviewer’s comment No. 5: The mistakes reported by the 

reviewer have been corrected and the entire manuscript has been 

thoroughly revised from this point of view. 

 

 

 

Reviewer #2 

In this work, the possibility to use a 

CaL at TCES-CSP (Thermochemical Energy Storage (TCES) in Concentrating 

Solar Power (CSP) systems) conditions in a fluidized bed reactor has been 

investigated for the first time. In particular, sound assisted 

fluidization has been proposed as technique to allow the use of such fine 

particles in fluidized bed reactors, thus overcoming the strict 

limitation posed by particle size applicable in ordinary fluidized bed 

reactors. Ordinary and sound-assisted cyclic CaL tests at CSP-TCES 

operating conditions have been performed in a lab-scale fluidized bed 

reactor in order to study the influence of the application of high 

intensity acoustic fields on the carbonation performances. The effect of 

sound parameters (SPL and frequency) has been also explored and discussed 

in details. 

The paper is well documented and experimental results are clearly 

presented. But it should be carefully revised and add some more important 

information before publish. Hence, if the authors can revise the 

manuscript more carefully to improve the quality of this paper and give 

well explains on the below problems, I will recommend this work be 

published in CEJ. Detailed comments are as follows: 

Response to Reviewer’s general comment: We thank the Reviewer for his/her 

useful comments and precise suggestions. In particular, besides some 

minor points, he/she mainly found that the novelty of the presented work 

should be more clearly highlighted and described. All the raised 

questions have been answered, and the manuscript has been revised 

accordingly. See below a detailed answer to each comment. 

 

 

1) The introduction was not well organized, the authors should well 

revise the introduction, and highlight the novelty of this work. Besides, 

there are various techniques to increase the sorbent surface exposure 

area, BET SSA and BJH porosity, and for the cyclic CO2 removal capacity 

of the CaO sorbents, there are lots of publications reported that the BET 

surface area was not the most important contributions on CO2 isolation 



capacity enhancement. To be noted, the gas-solid reaction always 

consisted of inter-particle diffusion and intra-particle diffusion.  

 

Response to Reviewer’s comment No. 1: We totally agree with the Reviewer 

on the fact that the introduction of the original version of the 

manuscript needed revision so that the novelty of the work could be more 

evident to the readers. 

Clearly, the reactivity of CaO-based sorbents is not only affected by the 

BET SSA. However, as also highlighted in the original version of the 

manuscript, one of the main open challenges in CaL is represented by 

finding solutions to the progressive decline in the CaO carbonation 

conversion with the number of cycles, which is due to the sorbent 

deactivation caused by sintering and pore pugging. Therefore, this work 

is focused on finding technological solutions to hinder/limit this 

natural loss of CaO multicycle activity rather than on proposing 

solutions to maximize/optimize the absolute sorbent performances by 

acting on the textural properties (BET SSA, BJH porosity, etc.) that have 

an impact on the final sorbent activity. Not by chance, we tested a 

commercial limestone rather than more performing sorbents, like dolomites 

or ad-hoc synthesized CaO blends containing sintering inhibitors. 

As a matter of fact, the use of fine limestone particles belongs to the 

class of technological solutions proposed and proved to enhance the 

residual multicyclic CaO conversion at the conditions to be used for 

TCES, by limiting sintering and pore-plugging [12,13]. In particular, as 

clearly and thoroughly reported by Benitez-Guerriero et al. [12] and 

Ortiz et al. [13], the effect of particle size on the multicycle 

conversion of CaO stems from to the relative thickness of the CaCO3 layer 

formed on the CaO surface as compared to the size of the pores in the CaO 

skeleton formed after the fast reaction-controlled stage of the 

carbonation reaction. In particular, they showed that the carbonate layer 

can become thicker than 100 nm, whereas, the size of the pores generated 

in the CaO skeleton is typically lower than 50 nm under operating 

conditions typical of CaL for TCES-CSP [12,13] (i.e. carbonation at high 

temperature and CO2 partial pressure and calcination at low temperature 

in inert environment), thus leading to significant pore-plugging for 

relatively large CaO particles [12,13]. Besides, the CaO pores that 

become plugged by the carbonate layer in the case of coarse particles are 

more inclined to sinter in the successive calcinations, thus further 

reducing the CaO surface area available for carbonation [12,13]. In 

contrast, they showed that fine particles (< 45 µm), characterized by 

larger surface to volume ratio, can provide the important advantage of 

reducing the strength of pore-plugging with respect to coarser particles 

[12,13]. More specifically, the pores of the smaller particles can be 

fully accessible to the CO2, which leads to carbonation of the whole 

available CaO surface, thus limiting the decline of the multicycle CaO 

conversion at the conditions to be used for TCES-CSP [12,13]. 

Then, it is also true that the higher surface to volume ratio of fine 

particles with respect to coarser particles can also have a positive 

effect in terms of better gas-solid contact efficiency, which is reported 

to affect the fast stage of the carbonation reaction (i.e. before the 

formation of the CaCO3 passivation layer and the switch to the slow 

diffusion phase) as well as the reaction kinetics does [4]. Of course, 

this holds true even though, as correctly underlined by the Reviewer, the 

carbonation reaction is not only affected by the BET SSA and exposed 

surface area. 

 

Following the Reviewer’s suggestion, the introduction section has been 

deeply revised. In particular, some points have been more clearly 



explained and the novelty of the work has been more clearly highlighted 

(see also response to comment no. 3). 

 

2) Increasing the sorbent's surface exposure area do affect the 

carbonation performance of the CaO-based materials, but it is so huge 

energy consuming process to reduce the particle size of such sorbents, so 

it is advisable to give more information on such TCS-CSP to describe the 

novelty of this system. It is recommended to include life cycle 

assessment or any system analyzing in the work in highlight the 

innovation of the work. 

 

Response to Reviewer’s comment No. 2: Following the Reviewer’s 

suggestion, the manuscript has been deeply revised/improved and the 

novelty and innovation of the proposed system has been more clearly 

described and highlighted (see also the answers to point no. 1 and no. 

3).  

As most of the solutions proposed to address and limit the natural loss 

of CaO multicycle activity (e.g. hydration [16], thermal activation 

[17,18], mechanical grinding [15,19] and the use of synthetic Ca-based 

sorbents with enhanced activity [14,15,20]), also the one proposed in 

this work, i.e. the use of fine sorbent particles by means of sound-

assisted fluidized bed reactors, would implies some additional costs with 

respect to the standard CaL process. We already reported some energy-cost 

estimations in a previous study on sound-assisted CaL [4]. Briefly, the 

key points to be considered are the following: i) a loudspeaker is used 

to generate sound, which would imply and additional consumption of 

electrical energy; ii) the application of the sound makes the carbonation 

reaction globally faster, which would bring about a saving of energy as 

the time needed for converting a given amount of CO2/sorbent would be 

reduced with respect to the ordinary conditions. Thus, the difference in 

the total energy consumption of the ordinary and sound-assisted process 

is given by the difference in the energy required to sustain the process 

(i.e. gas heating and pumping) for the additional time in the ordinary 

test and the energy necessary for generating the acoustic field during 

the sound-assisted test. More specifically, we showed that the additional 

energy requirement to convert a fixed amount of CO2/sorbent in the sound-

assisted process is remarkably lower than the increased energy 

consumption necessary for prolonged carbonation carried out under 

ordinary conditions. Of course, these estimations are based on results 

derived from lab-scale experiments [4]. As far as energy cost is 

concerned, it must be taken into account that the additional energy 

requirement for gas heating and pumping in ordinary conditions depends 

linearly on the gas flow rate whereas the excess of energy needed for 

sound generation is quite insensitive to it [4]. Thus, it might be 

envisaged that energy saving derived from sound-assisted conditions would 

be magnified in real industrial applications, where fluidized beds are 

operated at gas flow rates much larger than those used in our lab-scale 

tests [4].  

 

Of course, a more reliable assessment of energy costs related to the use 

of sound-assisted fluidization could only be made on the basis of pilot-

scale tests. Besides this, as correctly pointed out by the Reviewer, 

industrial application of the proposed technique may require a life cycle 

assessment to verify the feasibility of the process, not only from the 

environmental but also from the economic point of view.  

 

Nevertheless, since the application of acoustic fields does not involve 

any material modification, it is rather cheap and could be easily 



implemented from the technical point of view, it can be foreseen that 

sound-assisted CaL might be competitive at the industrial level for TCES-

CSP applications. Pilot-scale experiments and LCA, even though beyond the 

scope of the present work, will be carried out as next steps of our 

research activity to further assess the efficiency and feasibility of the 

technique. 

 

Following the Reviewer’s suggestion, some of these considerations have 

been added to the revised version of the manuscript. 

 

3) Acoustic vibration is well regarded as a common technology to 

address such problems like agglomeration and channeling issues. Can you 

explain your novelty of your work in more details, which will be better 

to understanding the contributions to the readers? 

 

Response to Reviewer’s comment No. 3: We do agree with the Reviewer on 

the fact that sound-assisted fluidization is a well-known technology to 

promote and enhance the fluidization of fine cohesive particles, which 

could be fluidized under ordinary conditions, by addressing problems like 

agglomeration and channeling. Of course, the technology itself cannot be 

considered as the novel contribution of this work.  

As stated in the manuscript, one of the main drawbacks of the CaO/CaCO3 

system, is the progressive decline in the carbonation conversion with the 

number of cycles, which is due to the CaO deactivation caused by 

sintering and pore pugging. Therefore, the challenge here is represented 

by finding solutions to hinder the natural loss of CaO multicycle 

activity.  

Among all the proposed approaches, one of the most promising that has 

been receiving increasing research interest is the use of fine particles, 

as thoroughly discussed in the manuscript. Anyway, the use of fine 

particles poses issues concerning their intrinsic difficulty to be 

fluidized, thus imposing a strict limitation on the size of particles 

actually utilizable in common fluidized bed reactors. Not by chance, the 

potential of fine CaO/CaCO3 particles for TCES-CSP applications has been 

only proved by thermogravimetric analyses.  

Therefore, our work moves in the framework of the intense research 

activity devoted to the limitation of the natural loss of CaO multicycle 

activity. In particular, the novelty of the contribution is represented 

by the fact that for the very first time a technological solution, i.e. 

sound-assisted fluidization, has been proposed to make fine limestone 

particles actually usable for TCES-CSP applications. 

 

Following the Reviewer’s suggestion, some of these considerations have 

been reported in the revised version of the manuscript so that the 

novelty of the work could be more clear to the readers. 

 

4) Page 8, "Carbonation/Calcination cycles" section: The carbonation 

step was carried out at 850°C using a mixture of 70% CO2/30% N2, and then 

calcinated them at 750°C under 100% N2. Can you explain the gas sources 

of N2 and the 70%CO2/N2 in industry? After calcination, how to deal with 

these carbon emission issues? I recommend the authors thinking about 

closing the CO2 loop and avoid the carbon emission issues. 

 

Response to Reviewer’s comment No. 3: As also stated in the original 

version of the manuscript, the optimum conditions to carry out the CaL 

process strongly depend on the particular application. 

For example, when CaL is applied for CO2 capture purposes, carbonation 

takes place at relatively low temperatures of 600-650 °C at low CO2 



partial pressure of 0.15-0.20 atm. Indeed, the post-combustion flue gas 

entering the carbonator carries a low CO2 concentration close to 15 -20 

vol% at atmospheric pressure (i.e. the concentration typical of a 

combustion flue gas). After carbonation, CaCO3 particles are regenerated 

in the calciner, where calcination occurs under necessarily high CO2 

concentration and high temperature (∼930–950 °C), since the recovered CO2 
cannot be diluted by using an inert gas as fluidizing agent. The CO2 

extracted from the calciner at high concentration can be thus compressed 

and stored. 

On the contrary, CaL should be performed under operating conditions 

remarkably different than those typically employed for CCS applications 

in order to achieve high overall efficiency for TCES and electricity 

generation in CSP plants. In particular, since the concentration of CO2 

entering the carbonator is not imposed, carbonation would be carried out 

at high CO2 partial pressure and high temperature (around or above 800 

°C), thus yielding high efficiency thermal to electricity efficiency of 

the power cycle. As regards the calcination step, the requisite for CO2 

capture to carry out the reaction at high CO2 partial pressure is not 

needed anymore. Besides, the harsh operating conditions needed in the 

CaL-CCS process (100% v/v CO2 concentration at high temperatures of ∼950 
°C) would result in too low residual conversions for feasible TCES 

applications. In this framework, it has been reported that calcination 

could be performed at relatively low temperature (∼750 °C) by using an 
inert gas easily separable from CO2, such as superheated steam or helium 

[5]. This reduction of the calcination temperature would allow, from one 

hand, to limit the sorbent deactivation over repeated cycle (residual 

effective conversions about three times higher than those achieved in 

conventional CaL-CCS conditions have been reported), and, from the other, 

to use less expensive solar receivers. Lower calcination temperatures 

would also benefit the efficiency by reducing radiative losses [5]. Of 

course, using He for calcination would require separation of the He/CO2 

gas mixture released from the calciner, that could be carried out 

relatively easily by means of selective membranes due to the differences 

in molecular size of helium (similar to H2) and CO2 [6]. 

As correctly evidenced by the Reviewer, the need exists to realize a CaL-

CSP characterized by free CO2 emissions and the only way to achieve this 

is by realizing a closed cycle, as proposed and thoroughly discussed by 

Chacartegui et al. [6]. In this configuration a pure CO2 stream is fed to 

the carbonator with a molar rate well above the stoichiometric needs for 

carbonation. The excess CO2 leaving the carbonator is used as heat 

carrier fluid to remove the heat released during carbonation and sent to 

a gas turbine for power production by means of a CO2 closed Brayton 

cycle. Then it is compressed and stored for the successive cycles. Of 

course, the fact that this scheme is a closed cycle implies that it does 

not require the plant to be continuously fed by any gas stream, which 

applies also and especially in the case of helium, which is a very 

expensive gas [6]. 

Taking these considerations into account, we decided to simulate the 

operating conditions of a closed CaL-CSP cycle with calcination carried 

in helium. The presence of N2 in our lab-scale tests is just an 

experimental expedient and, of course, no N2 would be used in a real 

industrial plant. In particular, as regards the calcination, N2 is a good 

substitute for He, thus allowing to simulate the low temperature 

calcination performed in inert environment without the necessity to use 

the much expensive helium. The performances in terms of carbonation 

conversion and cyclic stability are obviously not affected by the use of 

N2 instead of He, since they are both inert gases not taking part in the 

reaction. Likewise, as regards the carbonation step, the presence of N2 



is only due to our analysis system, consisting of a continuous CO2 

analyzer which is able to continuously measure the CO2 concentration in a 

gaseous stream. Therefore, in order to follow the carbonation reaction 

and evaluate the extent of carbonation conversion, the presence of some 

inert gas in the feed is necessary to observe/measure variation in the 

CO2 concentration. The choice to use a 70%/30%vol. CO2/N2 was dictated by 

the full-scale value of 70% of our analyzer. Anyway, it is important to 

underline that, as largely reported in the literature, the CO2 final 

uptake of natural limestones does not vary with partial pressure of CO2 

[58-61]. Therefore, the CaO carbonation conversion and multicycle 

stability are insensitive to the concentration of CO2 in the feed; i.e. 

using a 70%/30%vol. CO2/N2 stream is the same as using a pure CO2 stream 

in terms of CaO conversions and multicycle stability. Of course, the CO2 

partial pressure does have an influence on the rate of the carbonation 

reaction, i.e. higher values of PCO2 lead to faster carbonation reactions 

[58-61]. Therefore, the CO2 concentration profiles reported in Fig. 7 

might be faster feeding a pure CO2 stream instead of the used CO/N2 

mixture, but this is marginal in the framework of the present work. 

Therefore, considering the scope of the present work, all the presented 

results and discussion hold true and valid for TCES-CSP applications. As 

a matter of fact, the possibility to use sound-assisted fluidization and 

the quality of the results obtained in this work, even in comparison with 

data available in the literature, are not affected by the fact that we 

used N2 in our lab-scale experimental apparatus during both carbonation 

(to create a feeding mixture detectable for our analysis system) and 

during calcination (to substitute the expensive helium as inert gas). 

 

Following the Reviewer’s comment and suggestion, some of these 

considerations and discussion have been added to the revised version of 

the manuscript. 

 

 

5) The scientific publications always should be concise and clear. In 

this manuscript, there are so many colloquial sentences like "in other 

words". The authors are recommended to polish the manuscript. 

 

Response to Reviewer’s comment No. 5: Following the Reviewer’s suggestion 

the manuscript has been thoroughly revised and polished from this point 

of view. 

 

 

6) This work should include more characterization on the materials 

over the repeated reactions, like N2 physical adsorption. To be noted, 

the gas-solid reaction always consisted of inter-particle diffusion and 

intra-particle diffusion. 

 

Response to Reviewer’s comment No. 6: Following the Reviewer’s suggestion 

the fresh and cycled samples have been characterized by means of N2 

adsorption/desorption at 77 K and the results obtained have been added to 

the revised version of the manuscript. 

 

 

7) Due to the fragile properties of CaO, was there any loss of 

effective CaO in your system? Accordingly decay the carbonation 

conversion of the limestone? 

 

Response to Reviewer’s comment No. 7: We thank the Reviewer for this 

interesting question. Indeed, it is well-known that one of the main 



drawbacks of the Ca-lopping process is represented by the sorbent 

attrition/fragmentation of the sorbent particles occurring in the 

fluidized-bed reactor. As a matter of fact, this affects the sorbent 

particle size distribution and, in turn, its residence time distribution 

within the system, thus resulting in a net Ca loss due to elutriated 

fines. 

However, it must be considered that the operating velocity typically used 

in sound-assisted fluidized beds are relatively low with respect to 

standard fluidized bed operations due to the small size (< 50 microns) of 

the particles employed. Therefore, attrition, regarded as 

alteration/reduction of the original granulometry of the powder, is not a 

problem in sound-assisted fluidization.  

Then, it might be argued that, since fine cohesive particles are 

fluidized in the form of aggregates, elutriable fines can be still 

generated from the break-up of these large aggregates yielded by the 

acoustic perturbation. However, as reported in the literature [23], one 

of the most remarkable characteristic of sound-assisted fluidization is 

its ability to limit the elutriation of fine particles from a fluidized 

bed. In line with this, we did not observe any significant elutriation 

phenomena and/or loss of CaO in our system. 

 

Following the Reviewer’s comment, some of this considerations have been 

added to the revised version of the manuscript. 

 

Reviewer #3 

The manuscript is based on previous studies of the authors on sound 

assisted fluidization, which are applied, in this case, to very low 

lime/limestone particles typical of those used for TCES-CSP conditions. 

Research on the effect of sound on the fluidization behaviour of 

different particle agglomerates, including the fluidization regime, the 

minimum fluidization velocity the bed pressure drop and the bed expansion 

are not unusual in the literature. However, as the authors state, the use 

of sound assisted fluidization to very low limestone particles at TCES-

CSP has not been previously reported as far as this reviewer knows. In 

addition, the manuscript provides a sound discussion of the experimental 

results, depicted in almost self-explained figures. Therefore, this 

reviewer considers that the manuscript is worth to be published in CEJ 

with minor changes described below. 

 

Response to Reviewer’s general comment: We thank the Reviewer for his/her 

positive comments. All the minor issues have been addressed. 

 

 

Minor points 

 

1) Revise the English language. Some minor mistakes are found 

throughout the manuscript, i.e., 'has been also', and others. 

Nevertheless, surely they will be gathered during the editorial revision 

process. 

 

Response to Reviewer’s comment No. 2: Following the Reviewer’s 

suggestion, the manuscript has been thoroughly revised from this point of 

view.  

 

2) Avoid acronyms in the title, i.e., TCES and CSP. 

 

Response to Reviewer’s comment No. 1: Following the Reviewer’s suggestion 

all the acronyms have been removed from the title. 



 

3) Self citation: 16 out of 40 references (40%) belong to the authors. 

Please consider if you need to include such a number of cites to the work 

you have already published. 

 

Response to Reviewer’s comment No. 3: As the Reviewer may notice, the 

literature background has been deeply increased in the revised version of 

the manuscript. This was necessary to answer the questions raised by the 

other two Reviewers. Besides, some self-citations have been removed in 

the revised manuscript. Therefore, the entity of self-citation has been 

remarkably reduced.  

 



Dear Editor,  

enclosed please find both the rebuttal to the Reviewers’ comments to the manuscript “Calcium-looping for 

thermochemical energy storage in concentrating solar power applications: evaluation of the effect of acoustic 

perturbation on the fluidized bed carbonation” and the revised version of the manuscript with changes 

marked-up using highlights.  

The Authors thank all the Reviewers for their comments on the paper and their helpful suggestions. In 

particular, besides some minor points, the Reviewers found that the original version of the manuscript suffers 

from some lack of information on some points and that the novelty of the presented contribution should be 

more clearly highlighted.  

Then, following and accepting the comments and suggestions of all the Reviewers, the manuscript has been 

deeply revised and, accordingly, improved.  

See in the attached file the detailed answers (bold face) to the specific issues raised in the Reviewers’ 

comments 

 

Sincerely yours 

Paola Ammendola 
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Reviewer #1 

 

This work investigates effects of acoustic perturbation on the fluidized bed 

carbonation from both aspects of hydrodynamics and reaction performance. The 

results are clear and reasonable. However, within my knowledge, effects of 

various acoustic parameters on fluidization of cohesive fine particles have been 

investigated in details by other researchers, thus the experimental results 

related to the hydrodynamics are predictable and some of them should be reduced. 

On the contrary, experimental results related to the reaction performance is the 

key part in this work and more description and explanation should be added. In 

summary, major revision is recommended before publication. 

 

 

Response to the Reviewer’s general comment: We thank the Reviewer for his/her 
useful comments and precise suggestions. In particular, besides some minor 

points, he/she mainly found that some aspects should be more clearly explained. 

All the raised questions have been answered and the manuscript has been revised 

accordingly. See below a detailed answer to each comment. 

 

 

1) In introduction part, the author introduced lots of background knowledge 
about the calcium-looping for TCES. It is good and necessary. However, 

actually the key point in this work is a method to enhance the 

fluidization of cohesive fine particles. So it is recommended that more 

new literatures in this area should be added. Via the comparison between 

different methods, I hope the reason why the acoustic perturbation is 

chosen could be given clearly. In my opinion, the acoustic perturbation 

may be a good method used in lab-scale setup, but it is not an ideal way 

used in industrial setups. 

 

Response to Reviewer’s comment No. 1: We do agree with the Reviewer on the 

fact that the choice of the acoustic perturbation as an assisting method 

to promote and enhance the fluidization of fine cohesive powders needs 

further details and discussion in order to highlight the pros and cons in 

comparison to the other technological alternatives.  

As a matter of fact, the achievement of a smooth fluidization regime, in 

the case of such fine particles is closely related to the overcoming of 

interparticle forces and to an efficient break-up of the large aggregates 

yielded by these forces. To this aim, externally assisted fluidization can 

be used, thus involving the application of additional forces that can be 

generated by: mechanical vibration [30,31], magnetic field [32,33], 

acoustic field [28], electric field [34,35], centrifugal fields [36–39], 

secondary gas flow via micro-jets [40,41] and pulsation [42–44]. Besides 

the above-mentioned techniques, another approach is represented by the 

addition to the bed of foreign flow-conditioning particles, which can be 

either coarser [45,46] or finer [47,48] than the powder to be fluidized. 

Among these available techniques, sound-assisted fluidization is 

recognized to be one of the most promising alternatives, holding also 

several advantages from a practical point of view [23,28]: i) it is not 

intrusive, since neither additional equipment nor materials must be 

inserted in the bed; ii) the powders to be employed do not need to have 

any special property; iii) the application of acoustic fields is capable 

of reducing the elutriation of fine particles from a fluidized bed, 

preventing problems related to down-stream carry-over of fine particles 

such as clogging of valves; iv) last but not least, this technique is 

extremely economical and user-friendly, since the extra equipment (signal 

generator, audio amplifier loudspeaker and oscilloscope) required is very 

easily available on the market. From the phenomenological point of view, 

the sound-assisted fluidization can be explained considering that the 

application of the sound wave causes an oscillatory motion of both gas 

molecules and solid particle/aggregates [4,49-51]. The entity of this 

motion depends on the size of particles/clusters: obviously, the sound 

perturbation affects smaller structures much more than larger ones 

*Response to Reviewers



[52,53]. Therefore, this different response of differently sized 

aggregates to the sound wave induces a relative motion between them, which 

is the very reason causing a dynamic break-up mechanism of larger clusters 

into smaller subclusters, which can be more easily fluidized. More 

specifically, as proposed by the theoretical cluster/subcluster 

oscillators model developed by Russo et al. [53], the disruption of 

clusters into smaller aggregates occurred at the contact points between 

them, i.e. where the collision energy induced by the acoustic field 

becomes larger than the interparticle cohesive force. Besides having an 

effect on the fluid-dynamics of the system, sound waves also induce a 

number of phenomena taking place at the gas/solids interface, such as 

acoustic streaming, which has been proved to contribute to the enhancement 

of mass/heat transfer rates in gas/solids reactors [4].  

With reference to the issues related to the actual application/feasibility 

of sound-assisted fluidization at industrial scale, we do agree with the 

Reviewer on the point that it has only been tested at lab-scale level and 

its actual feasibility has not been proved yet at industrial-scale. 

However, it can be argued that the scale-up of the process would not be 

too challenging [49]. In particular, few key aspects should be taken into 

account. The first issue arises from sound intensity attenuation across 

the bed height. In particular, for such fine materials and for low 

frequency sound waves (around 100 Hz), it can be estimated that the SPL is 

reduced by 10 dB for each 10 cm of bed. So, it would not be possible to 

use bed higher than 40–50 cm. Accordingly, the only way to scale-up the 

process is represented by increasing the reactor diameter [49]. However, 

this diameter increase would lead to another cause of sound intensity 

attenuation, namely the divergence of the acoustic wave. A feasible 

technique to avoid spherical spreading loss is to use an array of 

loudspeakers, which may produce a plane wave if conveniently placed on the 

cross-sectional area of the column [54,55]. Besides, the use of an array 

of loudspeakers would also provide a greater reliability for continuous 

operation, since replacement of one of the loudspeakers can be easily 

carried out without the interruption of the sound assisted process. 

 

Following the Reviewer’s comment and suggestion, these considerations and 

discussion have been added to the revised version of the manuscript. 

 

2) In experimental part (Page 6), the authors indicated that the wind-box 
also worked as a preheating chamber. How was the gas preheated in the 

wind-box? How was the preheating temperature controlled? Please give more 

details. 

 

Response to Reviewer’s comment No. 2: A heating jacket (Tyco Thermal 

Controls GmbH) has been used to heat up the system. In particular, it has 

been designed to cover, besides the fluidized bed section, also part of 

the column below the gas distributor, which can, thus, act as a preheating 

chamber for the fluidizing gas. However, the temperature is actually 

monitored and controlled only inside the fluidized bed by using a type K 

thermocouple, with a diameter of 1 mm, connected to a PID controller. 

 

Following the Reviewer comment, this point has been more clearly explained 

in the revised version of the manuscript. 

 

3) In part 3.2 (Preliminary fluid-dynamic characterization), most of results 
in this part are predictable and some of them should be reduced. 

 

Response to Reviewer’s comment No. 3: Following the Reviewer’s suggestion 

the results obtained from the preliminary fluid-dynamic characterization 

have been reduced. In particular, the Figs. 4, 5, 6 and 7 of the original 

version of the manuscript have been condensed in only two Figures (i.e. 

Figs. 4 and 5 in the revised version of the manuscript. Also, the 

presentation and discussion of these results have been abbreviated. 



4) In part 3.3 (Cyclic carbonation/calcination tests), Figure 9(a), Please 
give the reason why the CO2 concentration is increased again after about 

20 min. I believe this is very important. 

 

Response to Reviewer’s comment No. 4: We thank the Reviewer for his/her 

comment. However, we are not sure we have understood what the Reviewer 

meant in his/her comment. Anyhow, we will try to explain better the 

results reported in Fig. 9a (Fig. 7a in the revised version of the 

manuscript). 

Fig. 9a (Fig. 7a in the revised version of the manuscript) reports the 

time evolution of the CO2 outlet concentration obtained during the 

carbonation step for the test performed under ordinary (straight line) and 

sound-assisted (dotted line) fluidization conditions, which is an 

indication of the degree of progress of the carbonation reaction. More 

specifically, CO2 molecules continuously enter the bed and react with the 

sorbent, which is loaded in the reactor in a batch mode. Therefore, the 

reaction goes on until all the available sorbent is carbonated and the CO2 

outlet concentration approaches the feeding value (70%). For this reason, 

the CO2 outlet concentration profile has a typical monotonically 

increasing trend. 

It is clear that the application of the acoustic perturbation remarkably 

enhances the carbonation performances. In particular, under both ordinary 

and sound-assisted fluidization conditions, the two characteristic phases 

of the carbonation reaction, i.e. the first fast carbonation stage and the 

slow diffusion-controlled one, are clearly evidenced by the change of the 

slope in the CO2 concentration profile. However, it is also clear that the 

turning point from one phase to the other occurs much earlier when no 

acoustic field is applied. In particular, under ordinary fluidization 

conditions the carbonation turns to be controlled by diffusion after less 

than 2 min, as evidenced by the long tail of the CO2 concentration profile 

(during this period carbonation slowly occurs after the formation of the 

carbonate product layer). On the contrary, when sound is applied the 

duration of the fast carbonation stage is prolonged of about 5 times and, 

as a consequence, the CO2 concentration profile is characterized by a much 

shorter tail.  

As also discussed in the original version of the manuscript, the 

explanation of this evidence is due the fact that the application of the 

sound makes it possible to hinder the agglomeration phenomena, thus 

enhancing the fluidization quality and providing better gas–solid contact 

and mass transfer coefficients. Indeed, under ordinary conditions, the 

severe agglomeration phenomena strongly reduce the surface of CaO 

available to the gaseous phase. Therefore, the more easily available CaO 

surface is soon covered with the carbonate layer and CO2 can continue to 

react with CaO only by diffusing through this layer (i.e. quick shift to 

the slow diffusion-controlled stage). On the contrary, when sound is 

applied, agglomeration is hindered and a larger surface of the sorbent can 

actually come into direct contact with the fluidizing gas and react with 

the CO2. Indeed, even though fluidized in the form of aggregates, these 

fluidizing structures are not static but dynamic. They undergo a 

continuous mechanism of break-up and reaggregation, which means that the 

sorbent surface exposed to the gaseous phase is continuously renewed. 

Going back to the specific observation of the Reviewer that the “CO2 

concentration is increased again after about 20 min”, we think that he/she 

might refer to: 

i) the CO2 concentration profile obtained during the “sound on/off” 

test when the CO2 concentration is increased again after about 2 min 

(and not 20 min). In this case, as also explained in the original 

version of the manuscript, the non-monotonic trend obtained for the 

CO2 outlet concentration can be explained considering that the test 

has been started under ordinary conditions and only at a time t* 

(about 2 min) the sound has been turned on. Therefore, until t*, the 

system (sorbent + CO2) shows the same behavior as that obtained for 

the ordinary test (i.e. for t < t* the CO2 outlet concentration 



profile is the same as that obtained under ordinary conditions). 

Then, when the sound has been switched on at t*, the CO2 

concentration suddenly drops down before rising up again following 

now the typical trend of the sound-assisted test. This is due to the 

fact that the amount of sorbent surface, which is precluded to the 

fluid during the fast carbonation stage under ordinary conditions 

(due to the severe agglomeration phenomena), suddenly becomes 

available. As a consequence, this renewal of sorbent reactivity (due 

to the sorbent surface renewal yielded by the sound) causes the CO2 

concentration to drop down. This result is the clear proof of the 

actual ability of the sound to provide a better exploitation of the 

sorbent surface. 

ii) the CO2 concentration profile obtained under sound-assisted 

fluidization being “higher” than that obtained under ordinary 

fluidization conditions. If so, this difference, noticeable between 

the tails of the two curves, can be explained considering that the 

carbonation reaction occurs faster under sound-assisted fluidization 

conditions. Indeed, as discussed above, the turning point between 

the fast and slow phase of the carbonation reaction occurs at 

different times. Therefore, after 20min during the ordinary test the 

reaction is far to be concluded. In particular, the slow diffusion-

controlled part of the reaction is still taking place, as confirmed 

by the CO2 outlet concentration being still lower than the inlet 

value (70%vol.). In particular, since the turning point between the 

fast and slow carbonation phases occurs after less than 2 min, the 

majority of the sorbent is carbonated during the slow diffusion-

controlled phase. On the contrary, under sound-assisted fluidization 

conditions the fast phase of the carbonation reaction is prolonged 

up to about 15min, which means that the majority of the sorbent is 

carbonated during the fast reaction phase. Therefore, after 20 min 

the outlet CO2 concentration is higher than during the ordinary test 

only because the carbonation reaction has occurred faster. More 

specifically, after 20 min the reaction is essentially concluded 

under sound-assisted tests, as confirmed by the CO2 outlet 

concentration being equal to the inlet value (70%vol.). 

As a general comment, it is important to underline that the most 

significant differences between the ordinary and sound-assisted tests are 

those observed in the initial stage of the reaction, i.e. during the fast 

stage of the carbonation reaction, rather than those noticeable at the end 

of the reaction, i.e. during the slow diffusion-controlled phase. As a 

matter of fact, the acoustic perturbation has a stronger effect in the 

initial kinetically controlled stage of the carbonation reaction. Indeed, 

during this phase, in which the carbonation conversion is ascribable to 

the sorption of CO2 on the free surface of the sorbent particles, the 

capability of the sound to increase the gas-solid contact efficiency, i.e. 

the enhancement of the sorbent surface availability, can provide a strong 

beneficial impact. After the fast phase of the carbonation reaction, i.e. 

once the layer of CaCO3 begins to cover the free surface of the particles, 

the reaction turns to be controlled by the diffusion of CO2 through the 

solid CaCO3 layer [4]. Therefore, even though the effect of the sound on 

the fluid-dynamics of the system is still active, its impact on the 

carbonation reaction is less important since it is strictly related to 

diffusion mechanisms rather than to the availability of sorbent surface 

and, therefore, to the quality of the gas-solid contact. 

 

 

Following the Reviewer’s comment, some of these considerations and 

discussion have been added to the revised version of the manuscript for 

the sake of clarity. 

 

5) Some language mistakes should be revised. e. g. Page 9 line 39 "leading to 
to agglomerated" line 50-55 "∆P being the actual pressure drop across the 



bed, ∆P0 the pressure drop equal to buoyant weight of particles per unit 

area of bed" 

 

Response to Reviewer’s comment No. 5: The mistakes reported by the 

reviewer have been corrected and the entire manuscript has been thoroughly 

revised from this point of view. 

 

 

 

Reviewer #2 

TCES-CSP (Thermochemical Energy Storage (TCES) in Concentrating Solar Power 

(CSP) systems) conditions in a fluidized bed reactor has been investigated for 

the first time. In particular, sound assisted fluidization has been proposed as 

technique to allow the use of such fine particles in fluidized bed reactors, 

thus overcoming the strict limitation posed by particle size applicable in 

ordinary fluidized bed reactors. Ordinary and sound-assisted cyclic CaL tests at 

CSP-TCES operating conditions have been performed in a lab-scale fluidized bed 

reactor in order to study the influence of the application of high intensity 

acoustic fields on the carbonation performances. The effect of sound parameters 

(SPL and frequency) has been also explored and discussed in details. 

The paper is well documented and experimental results are clearly presented. But 

it should be carefully revised and add some more important information before 

publish. Hence, if the authors can revise the manuscript more carefully to 

improve the quality of this paper and give well explains on the below problems, 

I will recommend this work be published in CEJ. Detailed comments are as 

follows: 

Response to Reviewer’s general comment: We thank the Reviewer for his/her useful 
comments and precise suggestions. In particular, besides some minor points, 

he/she mainly found that the novelty of the presented work should be more 

clearly highlighted and described. All the raised questions have been answered, 

and the manuscript has been revised accordingly. See below a detailed answer to 

each comment. 

 

 

1) The introduction was not well organized, the authors should well revise 
the introduction, and highlight the novelty of this work. Besides, there 

are various techniques to increase the sorbent surface exposure area, BET 

SSA and BJH porosity, and for the cyclic CO2 removal capacity of the CaO 

sorbents, there are lots of publications reported that the BET surface 

area was not the most important contributions on CO2 isolation capacity 

enhancement. To be noted, the gas-solid reaction always consisted of 

inter-particle diffusion and intra-particle diffusion.  

 

Response to Reviewer’s comment No. 1: We totally agree with the Reviewer 

on the fact that the introduction of the original version of the 

manuscript needed revision so that the novelty of the work could be more 

evident to the readers. 

Clearly, the reactivity of CaO-based sorbents is not only affected by the 

BET SSA. However, as also highlighted in the original version of the 

manuscript, one of the main open challenges in CaL is represented by 

finding solutions to the progressive decline in the CaO carbonation 

conversion with the number of cycles, which is due to the sorbent 

deactivation caused by sintering and pore pugging. Therefore, this work is 

focused on finding technological solutions to hinder/limit this natural 

loss of CaO multicycle activity rather than on proposing solutions to 

maximize/optimize the absolute sorbent performances by acting on the 

textural properties (BET SSA, BJH porosity, etc.) that have an impact on 

the final sorbent activity. Not by chance, we tested a commercial 

limestone rather than more performing sorbents, like dolomites or ad-hoc 

synthesized CaO blends containing sintering inhibitors. 

As a matter of fact, the use of fine limestone particles belongs to the 

class of technological solutions proposed and proved to enhance the 



residual multicyclic CaO conversion at the conditions to be used for TCES, 

by limiting sintering and pore-plugging [12,13]. In particular, as clearly 

and thoroughly reported by Benitez-Guerriero et al. [12] and Ortiz et al. 

[13], the effect of particle size on the multicycle conversion of CaO 

stems from to the relative thickness of the CaCO3 layer formed on the CaO 

surface as compared to the size of the pores in the CaO skeleton formed 

after the fast reaction-controlled stage of the carbonation reaction. In 

particular, they showed that the carbonate layer can become thicker than 

100 nm, whereas, the size of the pores generated in the CaO skeleton is 

typically lower than 50 nm under operating conditions typical of CaL for 

TCES-CSP [12,13] (i.e. carbonation at high temperature and CO2 partial 

pressure and calcination at low temperature in inert environment), thus 

leading to significant pore-plugging for relatively large CaO particles 

[12,13]. Besides, the CaO pores that become plugged by the carbonate layer 

in the case of coarse particles are more inclined to sinter in the 

successive calcinations, thus further reducing the CaO surface area 

available for carbonation [12,13]. In contrast, they showed that fine 

particles (< 45 µm), characterized by larger surface to volume ratio, can 

provide the important advantage of reducing the strength of pore-plugging 

with respect to coarser particles [12,13]. More specifically, the pores of 

the smaller particles can be fully accessible to the CO2, which leads to 

carbonation of the whole available CaO surface, thus limiting the decline 

of the multicycle CaO conversion at the conditions to be used for TCES-CSP 

[12,13]. 

Then, it is also true that the higher surface to volume ratio of fine 

particles with respect to coarser particles can also have a positive 

effect in terms of better gas-solid contact efficiency, which is reported 

to affect the fast stage of the carbonation reaction (i.e. before the 

formation of the CaCO3 passivation layer and the switch to the slow 

diffusion phase) as well as the reaction kinetics does [4]. Of course, 

this holds true even though, as correctly underlined by the Reviewer, the 

carbonation reaction is not only affected by the BET SSA and exposed 

surface area. 

 

Following the Reviewer’s suggestion, the introduction section has been 

deeply revised. In particular, some points have been more clearly 

explained and the novelty of the work has been more clearly highlighted 

(see also response to comment no. 3). 

 

2) Increasing the sorbent's surface exposure area do affect the carbonation 
performance of the CaO-based materials, but it is so huge energy consuming 

process to reduce the particle size of such sorbents, so it is advisable 

to give more information on such TCS-CSP to describe the novelty of this 

system. It is recommended to include life cycle assessment or any system 

analyzing in the work in highlight the innovation of the work. 

 

Response to Reviewer’s comment No. 2: Following the Reviewer’s suggestion, 

the manuscript has been deeply revised/improved and the novelty and 

innovation of the proposed system has been more clearly described and 

highlighted (see also the answers to point no. 1 and no. 3).  

As most of the solutions proposed to address and limit the natural loss of 

CaO multicycle activity (e.g. hydration [16], thermal activation [17,18], 

mechanical grinding [15,19] and the use of synthetic Ca-based sorbents 

with enhanced activity [14,15,20]), also the one proposed in this work, 

i.e. the use of fine sorbent particles by means of sound-assisted 

fluidized bed reactors, would implies some additional costs with respect 

to the standard CaL process. We already reported some energy-cost 

estimations in a previous study on sound-assisted CaL [4]. Briefly, the 

key points to be considered are the following: i) a loudspeaker is used to 

generate sound, which would imply and additional consumption of electrical 

energy; ii) the application of the sound makes the carbonation reaction 

globally faster, which would bring about a saving of energy as the time 

needed for converting a given amount of CO2/sorbent would be reduced with 



respect to the ordinary conditions. Thus, the difference in the total 

energy consumption of the ordinary and sound-assisted process is given by 

the difference in the energy required to sustain the process (i.e. gas 

heating and pumping) for the additional time in the ordinary test and the 

energy necessary for generating the acoustic field during the sound-

assisted test. More specifically, we showed that the additional energy 

requirement to convert a fixed amount of CO2/sorbent in the sound-assisted 

process is remarkably lower than the increased energy consumption 

necessary for prolonged carbonation carried out under ordinary conditions. 

Of course, these estimations are based on results derived from lab-scale 

experiments [4]. As far as energy cost is concerned, it must be taken into 

account that the additional energy requirement for gas heating and pumping 

in ordinary conditions depends linearly on the gas flow rate whereas the 

excess of energy needed for sound generation is quite insensitive to it 

[4]. Thus, it might be envisaged that energy saving derived from sound-

assisted conditions would be magnified in real industrial applications, 

where fluidized beds are operated at gas flow rates much larger than those 

used in our lab-scale tests [4].  

 

Of course, a more reliable assessment of energy costs related to the use 

of sound-assisted fluidization could only be made on the basis of pilot-

scale tests. Besides this, as correctly pointed out by the Reviewer, 

industrial application of the proposed technique may require a life cycle 

assessment to verify the feasibility of the process, not only from the 

environmental but also from the economic point of view.  

 

Nevertheless, since the application of acoustic fields does not involve 

any material modification, it is rather cheap and could be easily 

implemented from the technical point of view, it can be foreseen that 

sound-assisted CaL might be competitive at the industrial level for TCES-

CSP applications. Pilot-scale experiments and LCA, even though beyond the 

scope of the present work, will be carried out as next steps of our 

research activity to further assess the efficiency and feasibility of the 

technique. 

 

Following the Reviewer’s suggestion, some of these considerations have 

been added to the revised version of the manuscript. 

 

3) Acoustic vibration is well regarded as a common technology to address such 
problems like agglomeration and channeling issues. Can you explain your 

novelty of your work in more details, which will be better to 

understanding the contributions to the readers? 

 

Response to Reviewer’s comment No. 3: We do agree with the Reviewer on the 

fact that sound-assisted fluidization is a well-known technology to 

promote and enhance the fluidization of fine cohesive particles, which 

could be fluidized under ordinary conditions, by addressing problems like 

agglomeration and channeling. Of course, the technology itself cannot be 

considered as the novel contribution of this work.  

As stated in the manuscript, one of the main drawbacks of the CaO/CaCO3 

system, is the progressive decline in the carbonation conversion with the 

number of cycles, which is due to the CaO deactivation caused by sintering 

and pore pugging. Therefore, the challenge here is represented by finding 

solutions to hinder the natural loss of CaO multicycle activity.  

Among all the proposed approaches, one of the most promising that has been 

receiving increasing research interest is the use of fine particles, as 

thoroughly discussed in the manuscript. Anyway, the use of fine particles 

poses issues concerning their intrinsic difficulty to be fluidized, thus 

imposing a strict limitation on the size of particles actually utilizable 

in common fluidized bed reactors. Not by chance, the potential of fine 

CaO/CaCO3 particles for TCES-CSP applications has been only proved by 

thermogravimetric analyses.  



Therefore, our work moves in the framework of the intense research 

activity devoted to the limitation of the natural loss of CaO multicycle 

activity. In particular, the novelty of the contribution is represented by 

the fact that for the very first time a technological solution, i.e. 

sound-assisted fluidization, has been proposed to make fine limestone 

particles actually usable for TCES-CSP applications. 

 

Following the Reviewer’s suggestion, some of these considerations have 

been reported in the revised version of the manuscript so that the novelty 

of the work could be more clear to the readers. 

 

4) Page 8, "Carbonation/Calcination cycles" section: The carbonation step was 
carried out at 850°C using a mixture of 70% CO2/30% N2, and then 

calcinated them at 750°C under 100% N2. Can you explain the gas sources of 

N2 and the 70%CO2/N2 in industry? After calcination, how to deal with 

these carbon emission issues? I recommend the authors thinking about 

closing the CO2 loop and avoid the carbon emission issues. 

 

Response to Reviewer’s comment No. 3: As also stated in the original 

version of the manuscript, the optimum conditions to carry out the CaL 

process strongly depend on the particular application. 

For example, when CaL is applied for CO2 capture purposes, carbonation 

takes place at relatively low temperatures of 600-650 °C at low CO2 

partial pressure of 0.15-0.20 atm. Indeed, the post-combustion flue gas 

entering the carbonator carries a low CO2 concentration close to 15 -20 

vol% at atmospheric pressure (i.e. the concentration typical of a 

combustion flue gas). After carbonation, CaCO3 particles are regenerated 

in the calciner, where calcination occurs under necessarily high CO2 

concentration and high temperature (∼930–950 °C), since the recovered CO2 
cannot be diluted by using an inert gas as fluidizing agent. The CO2 

extracted from the calciner at high concentration can be thus compressed 

and stored. 

On the contrary, CaL should be performed under operating conditions 

remarkably different than those typically employed for CCS applications in 

order to achieve high overall efficiency for TCES and electricity 

generation in CSP plants. In particular, since the concentration of CO2 

entering the carbonator is not imposed, carbonation would be carried out 

at high CO2 partial pressure and high temperature (around or above 800 

°C), thus yielding high efficiency thermal to electricity efficiency of 

the power cycle. As regards the calcination step, the requisite for CO2 

capture to carry out the reaction at high CO2 partial pressure is not 

needed anymore. Besides, the harsh operating conditions needed in the CaL-

CCS process (100% v/v CO2 concentration at high temperatures of ∼950 °C) 
would result in too low residual conversions for feasible TCES 

applications. In this framework, it has been reported that calcination 

could be performed at relatively low temperature (∼750 °C) by using an 
inert gas easily separable from CO2, such as superheated steam or helium 

[5]. This reduction of the calcination temperature would allow, from one 

hand, to limit the sorbent deactivation over repeated cycle (residual 

effective conversions about three times higher than those achieved in 

conventional CaL-CCS conditions have been reported), and, from the other, 

to use less expensive solar receivers. Lower calcination temperatures 

would also benefit the efficiency by reducing radiative losses [5]. Of 

course, using He for calcination would require separation of the He/CO2 

gas mixture released from the calciner, that could be carried out 

relatively easily by means of selective membranes due to the differences 

in molecular size of helium (similar to H2) and CO2 [6]. 

As correctly evidenced by the Reviewer, the need exists to realize a CaL-

CSP characterized by free CO2 emissions and the only way to achieve this 

is by realizing a closed cycle, as proposed and thoroughly discussed by 

Chacartegui et al. [6]. In this configuration a pure CO2 stream is fed to 

the carbonator with a molar rate well above the stoichiometric needs for 



carbonation. The excess CO2 leaving the carbonator is used as heat carrier 

fluid to remove the heat released during carbonation and sent to a gas 

turbine for power production by means of a CO2 closed Brayton cycle. Then 

it is compressed and stored for the successive cycles. Of course, the fact 

that this scheme is a closed cycle implies that it does not require the 

plant to be continuously fed by any gas stream, which applies also and 

especially in the case of helium, which is a very expensive gas [6]. 

Taking these considerations into account, we decided to simulate the 

operating conditions of a closed CaL-CSP cycle with calcination carried in 

helium. The presence of N2 in our lab-scale tests is just an experimental 

expedient and, of course, no N2 would be used in a real industrial plant. 

In particular, as regards the calcination, N2 is a good substitute for He, 

thus allowing to simulate the low temperature calcination performed in 

inert environment without the necessity to use the much expensive helium. 

The performances in terms of carbonation conversion and cyclic stability 

are obviously not affected by the use of N2 instead of He, since they are 

both inert gases not taking part in the reaction. Likewise, as regards the 

carbonation step, the presence of N2 is only due to our analysis system, 

consisting of a continuous CO2 analyzer which is able to continuously 

measure the CO2 concentration in a gaseous stream. Therefore, in order to 

follow the carbonation reaction and evaluate the extent of carbonation 

conversion, the presence of some inert gas in the feed is necessary to 

observe/measure variation in the CO2 concentration. The choice to use a 

70%/30%vol. CO2/N2 was dictated by the full-scale value of 70% of our 

analyzer. Anyway, it is important to underline that, as largely reported 

in the literature, the CO2 final uptake of natural limestones does not 

vary with partial pressure of CO2 [58-61]. Therefore, the CaO carbonation 

conversion and multicycle stability are insensitive to the concentration 

of CO2 in the feed; i.e. using a 70%/30%vol. CO2/N2 stream is the same as 

using a pure CO2 stream in terms of CaO conversions and multicycle 

stability. Of course, the CO2 partial pressure does have an influence on 

the rate of the carbonation reaction, i.e. higher values of PCO2 lead to 

faster carbonation reactions [58-61]. Therefore, the CO2 concentration 

profiles reported in Fig. 7 might be faster feeding a pure CO2 stream 

instead of the used CO/N2 mixture, but this is marginal in the framework 

of the present work. 

Therefore, considering the scope of the present work, all the presented 

results and discussion hold true and valid for TCES-CSP applications. As a 

matter of fact, the possibility to use sound-assisted fluidization and the 

quality of the results obtained in this work, even in comparison with data 

available in the literature, are not affected by the fact that we used N2 

in our lab-scale experimental apparatus during both carbonation (to create 

a feeding mixture detectable for our analysis system) and during 

calcination (to substitute the expensive helium as inert gas). 

 

Following the Reviewer’s comment and suggestion, some of these 

considerations and discussion have been added to the revised version of 

the manuscript. 

 

 

5) The scientific publications always should be concise and clear. In this 
manuscript, there are so many colloquial sentences like "in other words". 

The authors are recommended to polish the manuscript. 

 

Response to Reviewer’s comment No. 5: Following the Reviewer’s suggestion 

the manuscript has been thoroughly revised and polished from this point of 

view. 

 

 

6) This work should include more characterization on the materials over the 
repeated reactions, like N2 physical adsorption. To be noted, the gas-

solid reaction always consisted of inter-particle diffusion and intra-

particle diffusion. 



 

Response to Reviewer’s comment No. 6: Following the Reviewer’s suggestion 

the fresh and cycled samples have been characterized by means of N2 

adsorption/desorption at 77 K and the results obtained have been added to 

the revised version of the manuscript. 

 

 

7) Due to the fragile properties of CaO, was there any loss of effective CaO 
in your system? Accordingly decay the carbonation conversion of the 

limestone? 

 

Response to Reviewer’s comment No. 7: We thank the Reviewer for this 

interesting question. Indeed, it is well-known that one of the main 

drawbacks of the Ca-lopping process is represented by the sorbent 

attrition/fragmentation of the sorbent particles occurring in the 

fluidized-bed reactor. As a matter of fact, this affects the sorbent 

particle size distribution and, in turn, its residence time distribution 

within the system, thus resulting in a net Ca loss due to elutriated 

fines. 

However, it must be considered that the operating velocity typically used 

in sound-assisted fluidized beds are relatively low with respect to 

standard fluidized bed operations due to the small size (< 50 microns) of 

the particles employed. Therefore, attrition, regarded as 

alteration/reduction of the original granulometry of the powder, is not a 

problem in sound-assisted fluidization.  

Then, it might be argued that, since fine cohesive particles are fluidized 

in the form of aggregates, elutriable fines can be still generated from 

the break-up of these large aggregates yielded by the acoustic 

perturbation. However, as reported in the literature [23], one of the most 

remarkable characteristic of sound-assisted fluidization is its ability to 

limit the elutriation of fine particles from a fluidized bed. In line with 

this, we did not observe any significant elutriation phenomena and/or loss 

of CaO in our system. 

 

Following the Reviewer’s comment, some of this considerations have been 

added to the revised version of the manuscript. 

 

Reviewer #3 

The manuscript is based on previous studies of the authors on sound assisted 

fluidization, which are applied, in this case, to very low lime/limestone 

particles typical of those used for TCES-CSP conditions. Research on the effect 

of sound on the fluidization behaviour of different particle agglomerates, 

including the fluidization regime, the minimum fluidization velocity the bed 

pressure drop and the bed expansion are not unusual in the literature. However, 

as the authors state, the use of sound assisted fluidization to very low 

limestone particles at TCES-CSP has not been previously reported as far as this 

reviewer knows. In addition, the manuscript provides a sound discussion of the 

experimental results, depicted in almost self-explained figures. Therefore, this 

reviewer considers that the manuscript is worth to be published in CEJ with 

minor changes described below. 

 

Response to Reviewer’s general comment: We thank the Reviewer for his/her 

positive comments. All the minor issues have been addressed. 

 

 

Minor points 

 

1) Revise the English language. Some minor mistakes are found throughout the 
manuscript, i.e., 'has been also', and others. Nevertheless, surely they 

will be gathered during the editorial revision process. 

 

Response to Reviewer’s comment No. 2: Following the Reviewer’s suggestion, 

the manuscript has been thoroughly revised from this point of view.  



 

2) Avoid acronyms in the title, i.e., TCES and CSP. 
 

Response to Reviewer’s comment No. 1: Following the Reviewer’s suggestion 

all the acronyms have been removed from the title. 

 

3) Self citation: 16 out of 40 references (40%) belong to the authors. Please 
consider if you need to include such a number of cites to the work you 

have already published. 

 

Response to Reviewer’s comment No. 3: As the Reviewer may notice, the 

literature background has been deeply increased in the revised version of 

the manuscript. This was necessary to answer the questions raised by the 

other two Reviewers. Besides, some self-citations have been removed in the 

revised manuscript. Therefore, the entity of self-citation has been 

remarkably reduced.  

 



Highlights 

 

1. Fine limestone has been tested for TCES-CSP for its superior mutlicyclic stability 

2. TCES CaL of fine limestone has been performed in a lab-scale fluidized bed rig  

3. Acoustic perturbation has been used to overcome the strong interparticle forces 

4. The sound application enhances the carbonation performances of fine limestone 

5. The sound application results in a strong reduction of the sorbent deactivation 

*Highlights (for review)



1 
*
Corresponding author 

Tel.:+39 0817682237; fax:+39 0815936936.  

E-mail address: paola.ammendola@irc.cnr.it 

 

Calcium-looping for thermochemical energy storage in 

concentrating solar power applications: evaluation of 

the effect of acoustic perturbation on the fluidized bed 

carbonation 

 

Federica Raganati, Riccardo Chirone, Paola Ammendola
 *

 

 

 

*Marked-up Revised Manuscript
Click here to view linked References

http://ees.elsevier.com/cej/viewRCResults.aspx?pdf=1&docID=116790&rev=1&fileID=3132035&msid={8575C965-999B-4E2E-A58A-9338EAD25A41}


2 
 

ABSTRACT 

In the framework of thermochemical energy storage (TCES) in concentrating solar power (CSP) 

plants, the calcium-looping (CaL) process, carried out in fluidized bed reactors, is receiving 

increasing research interest due to the high energy density and the extremely low price, nontoxicity, 

and wide availability of natural CaO precursors. One of the main open challenges in CaL is 

represented by finding solutions to the progressive decline in the CaO carbonation conversion with 

the number of cycles, which is due to the sorbent deactivation caused by sintering and pore 

pugging. In this framework, the reduction of the CaO particles size has been reported to improve the 

carbonation conversion and, therefore, the achievable energy density, by maximizing the 

availability of the sorbent surface exposed to the gaseous phase and hindering the natural loss of 

CaO mutlicyclic activity. However, the use of fine particles in fluidized bed reactors is challenging 

due to agglomeration, channeling and plugging phenomena. 

In this work, the possibility to use a fine natural limestone (<50m) for CaL at TCES-CSP 

conditions in a fluidized bed reactor has been investigated for the first time. In particular, sound-

assisted fluidization has been proposed as technique to allow the use of such fine particles in 

fluidized bed reactors, thus overcoming the strict limitation posed by particle size applicable in 

ordinary fluidized bed reactors. Ordinary and sound-assisted cyclic CaL tests at CSP-TCES 

operating conditions have been performed in a lab-scale fluidized bed reactor in order to study the 

influence of the application of high intensity acoustic fields on the carbonation performances. The 

effect of sound parameters (SPL and frequency) has also been highlighted. 

Keywords: Thermochemical energy storage (TCES); Concentrating solar power (CSP); Fine 

particles; Calcium looping; Agglomeration; Sound-assisted Fluidization 
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1. Introduction 

The main challenge for a short-term deeper penetration of renewable energy sources, such as solar 

energy, typically characterized by the intermittency of power production, is represented by energy 

storage [1–3]. In this framework, thermochemical energy storage (TCES) is one of the most 

promising technology to achieve high-energy storage efficiency in concentrating solar power (CSP) 

plants [2]. TCES basically consists of using the high temperatures achievable by CSP to drive an 

endothermic chemical reaction [1]. The reaction products are stored separately to be employed 

when needed for carrying out the exothermic reverse reaction, which releases the heat previously 

used [1].  

Among the different alternatives, the calcium-looping (CaL) process, based on the reversible 

calcination−carbonation of the CaCO3/CaO system, is considered to be one of the most viable 

candidates due to the high energy density achievable and the extremely low price, nontoxicity, and 

wide availability of natural CaO precursors such as limestone [1]. Indeed, the 

carbonation/calcination reaction of CaO, with an equilibrium temperature of 895°C (under a CO2 

partial pressure of 1atm), has a high potential for TCES in the relatively high temperature range 

attainable in CSP tower plants (roughly between 600 and 1000°C [3]) and would allow also for a 

high energy storage density (about 3.26 GJm
-3

) [1]. As regards the reactor configuration, CaL is 

generally performed in fluidized bed reactors, acting as either carbonator or calcinator [4]. It is 

noteworthy that the optimum conditions to carry out the CaL process strongly depend on the 

particular application, thus critically affecting the CaO multicycle performance [5]. In particular, to 

achieve high overall efficiency for TCES and electricity generation in CSP plants, carbonation 

would be carried out at high CO2 partial pressure and high temperature (around or above 800 °C), 

thus yielding high efficiency thermal to electricity efficiency of the power cycle. On the contrary, 

calcination could be performed at relatively low temperature (∼750 °C) at low CO2 partial pressure 

by using a gas easily separable from CO2, such as superheated steam or helium, thus reducing costs 
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and allowing the use of already available solar receiver [5]. Of course, using He for calcination 

would require the separation of the He/CO2 gas mixture exiting from the calciner, that could be 

carried out relatively easily by means of selective membranes due to the differences in molecular 

size of helium (similar to H2) and CO2 [6]. It should be taken into account that the need also exists 

to realize a process characterized by free CO2 emissions. To this aim, the CaL-CSP will be 

performed according to a closed cycle scheme, as thoroughly discussed by Chacartegui et al. [6]. In 

this configuration a pure CO2 stream is fed to the carbonator with a molar rate well above the 

stoichiometric needs for carbonation. The excess CO2 leaving the carbonator is used as heat carrier 

fluid to remove the heat released during carbonation and sent to a gas turbine for power production 

by means of a CO2 closed Brayton cycle. Then it is compressed and stored for the successive 

cycles. Of course, the fact that this scheme is a closed cycle implies that it does not require the plant 

to be continuously fed by any gas stream, which applies also and especially in the case of helium, 

which is a very expensive gas [6]. 

Carbonation of CaO particles occurs in two phases. A first fast carbonation stage is characterized by 

the sorption of CO2 on the free surface of the particles and proceeds under mass/heat transfer 

control [4,7]. The rate of this fast carbonation phase is not just controlled by the kinetics of the 

chemical reaction itself, but also by the transport of CO2 and heat to the particles surface [4]. 

Therefore, carbonation can be strongly hindered by poor gas/solids contact efficiency [4]. Then, 

after this fast stage, a thin layer of CaCO3 covers the free surface of the sorbent particles and CO2 

sorption turns to be controlled by a much slower phase characterized by the diffusion of CO2 

through the solid CaCO3 layer [8]. In this framework, one of the main drawbacks of the 

CaO/CaCO3 system, is the progressive decline in the carbonation conversion with the number of 

cycles, which is due to the CaO deactivation caused by sintering and pore pugging. The loss of CaO 

carbonation activity has been thoroughly investigated in recent years in the framework of CO2 

capture [9–11] and, more recently, also in the context of TCES applications [12–15], since it is 
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strictly related to the achievable energy density. In particular, several methods have been proposed 

to hinder the natural loss of CaO multicycle activity, such as hydration [16], thermal activation 

[17,18], mechanical grinding [15,19] and the use of synthetic Ca-based sorbents with enhanced 

activity [14,15,20]. Besides these methods, another solution which has been receiving increasing 

research interest is the use of fine particles due their large surface to volume ratio [12,13]. Indeed, it 

has been reported that the use of CaO small particles can strongly limit sintering and pore-plugging, 

thus consequently enhancing the multicyclic CaO conversion at the conditions to be used for TCES 

[12,13]. In particular, as clearly and thoroughly reported by Benitez-Guerriero et al. [12] and Ortiz 

et al. [13], the effect of particle size on the multicycle conversion of CaO stems from to the relative 

thickness of the CaCO3 layer formed on the CaO surface as compared to the size of the pores in the 

CaO skeleton formed after the fast reaction-controlled stage of the carbonation reaction. In 

particular, they showed that the carbonate layer can become thicker than 100 nm, whereas, the size 

of the pores generated in the CaO skeleton is typically lower than 50 nm under operating conditions 

typical of CaL for TCES-CSP [12,13] (i.e. carbonation at high temperature and CO2 partial pressure 

and calcination at low temperature in inert environment), thus leading to significant pore-plugging 

for relatively large CaO particles [12,13]. Besides, the CaO pores that become plugged by the 

carbonate layer in the case of coarse particles are more inclined to sinter in the successive 

calcinations, thus further reducing the CaO surface area available for carbonation [12,13]. In 

contrast, they showed that fine particles (< 45 µm), characterized by larger surface to volume ratio, 

can provide the important advantage of reducing the strength of pore-plugging with respect to 

coarser particles [12,13]. More specifically, the pores of the smaller particles can be fully accessible 

to the CO2, which leads to carbonation of the whole available CaO surface, thus limiting the decline 

of the multicycle CaO conversion at the conditions to be used for TCES-CSP [12,13]. In particular, 

it has been shown that CaL multicyclic performances exhibited by limestone is strongly hindered 

for particles larger than 45 μm, having a conversion after 20 cycles, X20, of about 0.18 [12,13]. 

Whereas, on the contrary, particles smaller than 45 μm can provide remarkably higher and more 
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stable conversion performances (X20 = 0.45), thus indicating that particle size does affect CaL under 

these condition [45]. Moreover, besides the limitation of the natural loss of sorbent activity over 

repeated cycles, it should be considered that small particle can provide better gas-solid contact 

efficiency due to the higher surface to volume ratio with respect to coarser particles [21]. More 

specifically, reducing the size of the sorbent particles can allow to increase the availability of the 

sorbent surface exposed to the gaseous phase, which is reported to positively affect the fast initial 

phase of the carbonation reaction (i.e. before the formation of the CaCO3 passivation layer and the 

switch to the slow diffusion phase) as well as the reaction kinetics does [4]. As a result, the overall 

conversion and, therefore, the achievable energy density can be enhanced. In spite of the proved 

potential of fine CaO/CaCO3 particles for TCES-CSP applications, it should be noted that all the 

results available in literature have been obtained by thermogravimetric analysis [12,13], which is 

intrinsically unable to address all the issues concerning the gas-solid contact and mass/heat transfer 

efficiency occurring in a fluidized bed reactor [20].  

As a matter of fact, the use of fine particles poses issues concerning their intrinsic difficulty to be 

fluidized, thus imposing a strict limitation on the size of particles actually utilizable in common 

fluidized bed reactors [22–24]. Indeed, fine particles, i.e. belonging to the C group of Geldart’s 

classification [25], cannot be fluidized under ordinary conditions since interparticle adhesion forces 

prevail over hydrodynamic and gravitational forces, thus leading to agglomeration and channeling 

phenomena [23,26–29], which in turns would remarkably hinder the reaction efficiency due to poor 

and heterogeneous gas/solid contact and mass/heat transfer. Therefore, the achievement of a smooth 

fluidization regime, in the case of such fine particles is closely related to the overcoming of 

interparticle forces and to an efficient break-up of the large aggregates yielded by these forces. To 

this aim, externally assisted fluidization can be used, thus involving the application of additional 

forces that can be generated by: mechanical vibration [30,31], magnetic field [32,33], acoustic field 

[28], electric field [34,35], centrifugal fields [36–39], secondary gas flow via micro-jets [40,41] and 
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pulsation [42–44]. Besides the above-mentioned techniques, another approach is represented by the 

addition to the bed of foreign flow-conditioning particles, which can be either coarser [45,46] or 

finer [47,48] than the powder to be fluidized. Among these available techniques, sound-assisted 

fluidization is recognized to be one of the most promising alternatives, holding also several 

advantages from a practical point of view [23,28]: i) it is not intrusive, since neither additional 

equipment nor materials must be inserted in the bed; ii) the powders to be employed do not need to 

have any special property; iii) the application of acoustic fields is capable of reducing the elutriation 

of fine particles from a fluidized bed, preventing problems related to down-stream carry-over of 

fine particles such as clogging of valves; iv) last but not least, this technique is extremely 

economical and user-friendly, since the extra equipment (signal generator, audio amplifier 

loudspeaker and oscilloscope) required is very easily available on the market. From the 

phenomenological point of view, the sound-assisted fluidization can be explained considering that 

the application of the sound wave causes an oscillatory motion of both gas molecules and solid 

particle/aggregates [4,49–51]. The entity of this motion depends on the size of particles/clusters: 

obviously, the sound perturbation affects smaller structures much more than larger ones [52,53]. 

Therefore, this different response of differently sized aggregates to the sound wave induces a 

relative motion between them, which is the very reason causing a dynamic break-up mechanism of 

larger clusters into smaller subclusters, which can be more easily fluidized. More specifically, as 

proposed by the theoretical cluster/subcluster oscillators model developed by Russo et al. [53], the 

disruption of clusters into smaller aggregates occurred at the contact points between them, i.e. 

where the collision energy induced by the acoustic field becomes larger than the interparticle 

cohesive force. Besides having an effect on the fluid-dynamics of the system, sound waves also 

induce a number of phenomena taking place at the gas/solids interface, such as acoustic streaming, 

which has been proved to contribute to the enhancement of mass/heat transfer rates in gas/solids 

reactors [4]. Even though sound-assisted fluidization has only been tested at lab-scale level and its 

actual feasibility has not been proved yet at industrial-scale, it can be argued that the scale-up of the 



8 
 

process would not be too challenging [49]. In particular, few key aspects should be taken into 

account. The first issue arises from sound intensity attenuation across the bed height. In particular, 

for such fine materials and for low frequency sound waves (around 100 Hz), it can be estimated that 

the SPL is reduced by 10 dB for each 10 cm of bed [49]. So, it would not be possible to use bed 

higher than 40–50 cm. Accordingly, the only way to scale-up the process is represented by 

increasing the reactor diameter [49]. However, this diameter increase would lead to another cause of 

sound intensity attenuation, namely the divergence of the acoustic wave [49]. A feasible technique 

to avoid spherical spreading loss is to use an array of loudspeakers, which may produce a plane 

wave if conveniently placed on the cross-sectional area of the column [54,55]. Besides, the use of 

an array of loudspeakers would also provide a greater reliability for continuous operation, since 

replacement of one of the loudspeakers can be easily carried out without the interruption of the 

sound assisted process [49]. With reference to the economic feasibility, clearly the use of fine 

sorbent particles by means of sound-assisted fluidized bed reactors, as most of the solutions 

proposed to address and limit the natural loss of CaO multicycle activity (e.g. hydration [16], 

thermal activation [17,18], mechanical grinding [15,19] and the use of synthetic Ca-based sorbents 

with enhanced activity [14,15,20]), would implies some additional costs with respect to the standard 

CaL process. In this framework, some energy cost estimations on sound-assisted CaL are available 

in a previous work [4]. It has been shown that the additional energy requirement (due to the sound 

generation) to convert a fixed amount of CO2/sorbent in the sound-assisted process is greatly 

outbalanced by the increased energy consumption (due to prolongued heating and pumping) 

necessary to carry out slower carbonation reactions under ordinary conditions [4]. Of course, these 

estimations are based on results derived from lab-scale experiments [4]. As far as energy cost is 

concerned, it must be taken into account that the additional energy requirement for gas heating and 

pumping in ordinary conditions depends linearly on the gas flow rate whereas the excess of energy 

needed for sound generation is quite insensitive to it [4]. Thus, it might be envisaged that energy 

saving derived from sound-assisted conditions would be magnified in real industrial applications, 
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where fluidized beds are operated at gas flow rates much larger than those used in our lab-scale 

tests [4]. 

In this work, for the very first time a technological solution, i.e. sound-assisted fluidization, has 

been proposed to make fine limestone particles actually usable for TCES-CSP applications. In 

particular, a fine natural limestone (< 50 m) has been tested for the first time in a lab-scale 

fluidized bed reactor at CaL TCES-CSP conditions. In particular, sound-assisted fluidization has 

been applied to promote the fluidizability of such fine particles, thus addressing and overcoming the 

limitation of particle size than can be used in ordinary fluidized bed reactors. Ordinary and sound-

assisted cyclic calcination/carbonation tests at CSP-TCES operating conditions have been 

performed in order to study the influence of the application of high intensity acoustic fields on the 

carbonation performances. The effect of sound intensity (SPL) and frequency (f) have been also 

highlighted. 

2. Experimental 

2.1 Materials 

The sorbent used in this work is a natural limestone from Belchite quarries (Spain) supplied by 

OMYA. Fresh and cycled (after carbonation/calcination cycles carried out in the fluidized bed 

apparatus under ordinary and sound-assisted) samples have been characterized as follows: 

 The particle size distribution of the sorbent has been obtained by laser diffractometry using a 

Mastersizer 2000 granulometer (Malvern Instruments), after the dispersion of the powders in 

water under mechanical agitation of the suspension. 

 The morphological features of the sorbent have been highlighted by scanning electron 

microscopy (SEM) using a Philips XL30 SEM instrument. 
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 The measurements of specific surface area (SSA) have been performed by means of N2 

adsorption and desorption at 77 K with a QUANTACHROM 1-C analyzer. In particular, the 

values of SSA have been calculated using the Brunauer–Emmet–Teller (BET) equation. 

2.2 Experimental apparatus 

All the tests have been carried out at atmospheric pressure in the lab-scale apparatus reported in Fig. 

1. It consists of a fluidized bed column made of quartz (40 mm ID and 1500 mm high) and it is 

equipped with a Pyrex gas distributor plate located at 300 mm from the bottom of the column. The 

section of the column below the gas distributor, filled with quartz rings, acts as wind-box, 

maximizing the uniformity of the gas flow entering the fluidized bed. The column is provided with 

a pressure probe located at the wall, 5 mm above the gas distributor, to measure the pressure drops 

across the bed. 

A heating jacket (Tyco Thermal Controls GmbH) has been used to heat the column up to the 

desired temperature. In particular, it has been designed to cover, besides the fluidized bed section, 

also part of the column below the gas distributor, which can, thus, act as a preheating chamber for 

the fluidizing gas. The temperature inside the fluidized bed is monitored and controlled using a type 

K thermocouple, with a diameter of 1 mm, connected to a PID controller. 

The sound-generation system consists of a digital signal generator, a power audio amplifier rated up 

to 40 W, and a 8W woofer loudspeaker. The acoustic field is introduced inside the column through 

a purpose-designed sound waveguide located at the top of the freeboard. Separate high purity N2 

and CO2 cylinders (99.995% vol.) have been used to prepare the gas feed, using two mass flow 

controllers (Brooks 8550S) to set and control the inlet flowrates.  

The analysis system consists of a continuous analyzer, to monitor the outlet CO2 concentration by 

means of an infrared detector (ABB AO2020, URAS 14). 

2.3 Preliminary fluid-dynamic characterization 
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Prior to the CaL tests, the limestone has been previously characterized from the fluid-dynamic point 

of view performing fluidization tests under both ordinary and sound-assisted conditions. N2 has 

been used as fluidizing gas in order to prevent any intensification of the powder cohesiveness due to 

air moisture. For all the tests 100 g of limestone have been loaded in the fluidization column in 

order to obtain a bed height of about 15 cm. Pressure drops and bed expansion curves as functions 

of gas velocity have been measured in fluidization experiments carried out at different temperatures 

(25 - 850 °C) and using acoustic fields of different intensities (120−150 dB) and frequencies 

(50−300 Hz). Then, experimental data have been worked out to calculate the main fluidization 

parameters. In particular, the minimum fluidization velocity (umf) has been evaluated from pressure 

drop data and the average size of fluidized particles (dp) has been evaluated from the experimental 

values of umf by using the correlation proposed by Wen and Yu [56]. 

2.4 Cyclic carbonation/calcination tests 

The specific carbonation/calcination conditions used in this work have been selected to simulate a 

CaL-CSP scheme with calcination occurring at low temperature under helium atmosphere and 

integrated with a closed CO2 Brayton cycle for power generation [57].  

Pre-treatment: The CaCO3 sample (100 g) is firstly subjected to a pre-calcination step (T = 900 °C) 

for 2h under N2 flow (115 NLh
-1

), corresponding to a superficial gas velocity of 2.5 cm/s, which is 

about five times larger than the minimum fluidization velocity of the sorbent material, to obtain 

pure CaO. In particular, this pre-treatment has been carried out under sound-assisted conditions 

(150dB – 120Hz, which are the best acoustic parameters obtained from the fluid-dynamic 

characterization) in order to obtain the starting materials under the same operating conditions for all 

the different tests. 

Carbonation/Calcination cycles: After the pre-treatment stage, the sample is subjected to 10 

carbonation/calcination cycles, where a cycle consists of a carbonation step followed by a 

calcination step. The carbonation step is carried out at 850°C using a mixture of 70% CO2/30% N2 
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vol/vol (115 NLh
-1

) as inlet gas flowrate until the complete saturation of the bed. Then, this is 

followed by the subsequent calcination stage, which is carried out at 750 °C but switching the inlet 

gas flowrate (115 NLh
-1

) to N2, up to complete decarbonation for regeneration of the sorbent. 

Carbonation tests have been carried out under both ordinary and sound-assisted fluidization 

conditions (120 – 150dB/50 – 300Hz); whereas, all the calcination tests have been carried out under 

sound-assisted fluidization conditions (150dB – 120 Hz). The use of N2 in the lab-scale rig is an 

experimental expedient and, of course, no N2 would be used in the real industrial plant. More 

specifically, N2 has been used: during carbonation to create a feeding mixture so that the analysis 

system, a continuous analyzer equipped with an infrared detector, could detect variations in the CO2 

concentration of the stream leaving the reactor, due to the progress of reaction; during calcination to 

substitute the expensive helium as inert gas. It is important to underline that the validity of all the 

results obtained and discussed in the following sections in the framework of a CSP-TCES 

application hold true and is not affected by the use of N2 in the experimental tests. In particular, as 

regards the carbonation reaction, it is widely accepted that the carbonation conversion and 

multicycle stability of limestone are insensitive to the concentration of CO2 in the feed [58–61]; i.e. 

using a 70%/30%vol. CO2/N2 stream is the same as using a pure CO2 stream in terms of CaO 

conversions and multicycle stability. Likewise, as regards the calcination reaction, N2, exactly like 

He, is an inert gas and does not take part actively in the reaction. 

By elaborating the curve of CO2 concentration in the gaseous stream leaving the fluidized bed 

reactor, the CaO conversion (carbonation conversion, XCa) has been calculated. In particular, XCa 

has been evaluated from the amount of CO2 reacted with CaO during the carbonation step by 

integrating the outlet CO2 concentration profile [62–65]) according to: 
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where nCaO are the moles of CaO present in the sorbent,     

  are the moles of CO2 reacted with CaO 

during the carbonation reaction, m is the mass of CaO in the bed (i.e. the amount of the sample after 

the pre-calcination step), QCO2,in and QCO2,out are to the molar flowrate of CO2 at the inlet and outlet 

of the bed, respectively, ts is the time at which the carbonation conversion is over (i.e. the CO2 

concentration in the outlet stream is equal to the inlet value). 

Then, the experimental data of CaO conversion during multiple cycles have been fitted using the 

semi-empirical equation [11]: 
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where, XN is the conversion in cycle N, Xr is the residual conversion, X1 is the conversion in the 

first cycle and k is the deactivation rate constant. 

3. Results 

3.1 Material characterization 

Figs. 2a reports the particle size distribution of the limestone; it can be inferred that it is 

characterized by particles smaller than 50 m. In particular, it has a Sauter diameter of 4 m, thus 

indicating that it belongs to Group C of Geldart’s classification [25].  

The analysis of the SEM image, reported in Fig. 2b, confirms the natural tendency of the limestone 

particles to organize themselves in the form of aggregates as large as tens of microns. As a matter of 

fact, the finer particles stick to other particles leading to agglomerated structures due to the action of 

strong interparticle forces. 

The BET SSA of the fresh limestone is 1.6 m
2
 g

-1
, which is in line with the quite low values 

typically reported for natural limestones [66,67]. 

3.2 Preliminary fluid-dynamic characterization 
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Fig. 3 reports the dimensionless pressure drops (∆P/∆P0) curves obtained for the limestone at 

ambient temperature under ordinary and sound-assisted conditions (150 dB–80 Hz), where ∆P is the 

actual pressure drop across the bed and ∆P0 is the pressure drop equal to buoyant weight of particles 

per unit area of bed. For uniform fluidization, the pressure drops are equal to the material weight 

per unit area (i.e. ∆P/∆P0 = 1), thus indicating that the whole bed is fluidized [28]. 

The results of the fluid-dynamic characterization show that the fluidization quality is quite a poor 

under ordinary conditions. Indeed, the pressure drop curve is quite irregular and a proper 

fluidization regime cannot be reached due to agglomeration and channeling, as typical of cohesive 

powders [23,28]. In particular, since the interparticle forces begin to predominate over weight and 

drag forces, the individual particles tend to adhere to one another, thus causing the formation of 

agglomerates (agglomeration phenomena) that, in turn, lead to channeling and plugging phenomena 

(i.e. remarkable decrease of the permeability of the particle bed by the interstitial fluid) [23,28]. 

On the contrary, the pressure drops curve obtained with the assistance of sound is far more regular, 

from both the qualitative and quantitative point of view. This is due to the continuous break-up 

mechanism of the large aggregates present inside the bed into smaller fluidizable ones yielded by 

the acoustic field. In particular, the acoustic perturbation induces the action of external (drag and 

inertial) forces, which counteract the internal (cohesive) forces [23]. More specifically, as proposed 

by the theoretical cluster/subcluster oscillators model developed by Russo et al. [53], the disruption 

of clusters into smaller aggregates occurred at the contact points between them, i.e. where the 

collision energy induced by the acoustic field becomes larger than the interparticle cohesive force. 

The role played by the sound intensity and frequency of the acoustic field has also been evaluated in 

order to obtain the most effective acoustic conditions. In particular, Fig. 4 report the experimental 

values of the minimum fluidization velocity, experimentally evaluated from the pressure drops 

curves, and fluidizing particle size, evaluated from the values of minimum fluidization velocity, as 

functions of SPL at fixed frequency (120 Hz) and as functions of frequency at fixed SPL (150 dB), 
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respectively. First of all, it is clear that the fluidizing agglomerate size are larger than the nominal 

size of the powder (i.e. the Sauter diameter obtained from the granulometric distribution). The 

application of the sound makes it possible to actually achieve a fluidization state of the limestone, 

but in the form of aggregates rather than original (i.e. the “effective” size of the fluidizing structures 

is the size of the particle aggregates), undergoing a dynamic break-up and reaggregation 

mechanism. 

With reference to the effect of the sound parameters, SPL has a beneficial effect on the fluidization 

quality. Indeed, dp and umf are always decreased by passing from 120 to 150 dB (Fig. 4a). This 

evidence is due to the fact that with increasing SPLs more energy is introduced inside the bed, thus 

making the break-up of larger clusters more and more efficient [23]. This means that, with 

increasing SPLs, smaller the limestone can be fluidized in the form of smaller aggregates, thus 

leading to a consequent reduction of the minimum fluidization velocity.  

Sound frequency, on the contrary, has a non-monotonic effect on the fluidization quality, i.e. both 

umf and dp exhibit a nonlinear relationship with the sound frequency. Indeed, the curves of umf and 

dp are characterized by a minimum value at 120 Hz, i.e. (Fig. 4b). This behavior is due to the fact 

that the frequency directly affects the relative motion between clusters and subclusters, which, in 

turn, promotes the break-up and reaggregation mechanism [23]. In particular, when the frequency is 

too high, the acoustic field cannot properly propagate inside the bed since the sound absorption 

coefficient is proportional to the square of sound frequency as sound propagates through the bed of 

particles [23]. Therefore, most of the acoustic energy is absorbed by the upper part of the bed (being 

the sound source located at the top of the column), whereas, the bed bottom is reached by a strongly 

attenuated sound wave, thus failing to efficiently disrupt large agglomerates at the bottom of the 

bed. As a consequence, the fluidization quality decreases, i.e. umf increases [23,28]. On the contrary, 

when the sound frequency is too low, the relative motion between larger and smaller sub-aggregates 

is practically absent, thus also resulting in poor break-up mechanism and fluidization quality [23]. 



16 
 

Figures 5 reports the fluidization curves obtained at different temperatures and umf and dp as 

functions of temperature, respectively. The results obtained show that increasing temperatures lead 

to increased fluidization difficulty, as confirmed by the pressure drop curves shifting to the right 

(Fig. 5a). This result cannot be explained on the basis of purely hydrodynamic considerations on the 

effect of temperature on gas viscosity and density because interparticle forces are also 

simultaneously active, and they become more and more intense as temperature is increased 

[23,26,27,68]. As a matter of fact, increasing temperatures lead to the intensification of the 

interparticle forces, which causes, in turn, the formation of larger fluidizing structures, i.e. higher 

values of dp (Figure 5b) [23,26,27] because more and more particles tend to sticks together. As a 

consequence of the increased size of the fluidizing aggregates umf is also increased when 

temperature is increased from 25 to 850 °C. Notably, even though the acoustic field becomes less 

effective as the temperature is increased, its break-up mechanism is still remarkable as shown in 

Fig. 6. In particular, agglomeration and channeling phenomena occurring inside the bed are 

evidently shown in the picture taken during the ordinary fluidization test performed at 850°C (Fig. 

6a). On the contrary, the picture taken during the sound-assisted fluidization test carried out at 

850°C (Fig. 6b) clearly shows the homogeneity of the fluidization quality achievable when sound is 

applied.  

3.3 Cyclic carbonation/calcination tests 

Figure 7a reports the comparison between the CO2 outlet concentration profiles obtained under 

ordinary and sound-assisted conditions, which is an indication of the degree of progress of the 

carbonation reaction. More specifically, CO2 molecules continuously enter the bed and react with 

the sorbent, which is loaded in the reactor in a batch mode. Therefore, the reaction goes on until all 

the available sorbent is carbonated and the CO2 outlet concentration approaches the feeding value 

(70%). 
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It is clear that the application of the acoustic perturbation remarkably enhances the carbonation 

performances. In particular, under both ordinary and sound-assisted fluidization conditions, the two 

characteristic phases of the carbonation reaction, i.e. the first fast carbonation stage and the slow 

diffusion-controlled one, are clearly evidenced by the change of the slope in the CO2 concentration 

profile. However, it is also clear that the turning point from one phase to the other occurs much 

earlier when no acoustic field is applied. Indeed, under ordinary fluidization conditions the 

carbonation turns to be controlled by diffusion after less than 2 min, as evidenced by the long tail of 

the CO2 concentration profile (during this period carbonation slowly occurs after the formation of 

the carbonate product layer). On the contrary, when sound is applied the duration of the fast 

carbonation stage is prolonged to about 15min and, as a consequence, the CO2 concentration profile 

is characterized by a much shorter tail. As a consequence, the carbonation reaction occurs globally 

faster under sound-assisted fluidization conditions. Indeed, under sound-assisted fluidization 

conditions, the reaction is essentially concluded after 20 min, which means that the majority of the 

sorbent is carbonated during the fast reaction phase. On the contrary, after the same time during the 

ordinary test the reaction is far to be concluded. In particular, the slow diffusion-controlled part of 

the reaction is still taking place, as confirmed by the CO2 outlet concentration being still lower than 

the inlet value (70%vol.). As a matter of fact, since the turning point between the fast and slow 

carbonation phases occurs after less than 2 min, the majority of the sorbent is carbonated during the 

slow diffusion-controlled phase. 

The explanation of these experimental evidences is due to the fluidization quality being extremely 

poor and unstable under ordinary conditions; as a matter of fact, the severe agglomeration 

phenomena strongly reduce the surface of CaO available to the gaseous phase. Then, unable to 

overcome the cohesiveness of the fine sorbent particles, most of the inlet gas manages to flow 

across the bed only by finding channels of minimum resistance [9]. Spreading across the bed, these 

channels allow for a by-pass of an appreciable volume of gas (as clearly shown in Fig. 6a), thus 
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hampering the quality of gas–solid contact and in turn the carbonation reaction efficiency. Indeed, 

the agglomeration phenomena affect both the gaseous (CO2) and solid (CaCO3) reactants taking 

part to the carbonation reactions. As for the gaseous side, agglomeration is the reason why only a 

small fraction of the inlet CO2 takes part to the carbonation reaction, since most of it by-passes the 

bed through the channels (i.e. the reaction mainly takes place on the sorbent particles placed at the 

wall of the gas channels). Accordingly, most of the gaseous reactant, CO2, exit the bed without 

reacting with CaO [4,20]. As for the solid side, agglomeration also remarkably reduces the actual 

availability of sorbent surface to the carbonation reaction. Due to agglomeration, a large portion of 

the sorbent surface is completely precluded to the fluid phase. Therefore, the general result of the 

sorbent agglomeration is a continuous and sudden increase of the CO2 outlet concentration. Indeed, 

the more easily available CaO surface is soon covered with the carbonate layer, thus CO2 can 

continue to react with CaO only by diffusing through this layer (i.e. quick shift to the slow 

diffusion-controlled stage). 

On the contrary, the application of the sound makes it possible to hinder the agglomeration 

phenomena, evidently shown in Fig. 6b, thus enhancing the fluidization quality and providing better 

gas–solid contact and mass transfer coefficients [69,70]. Accordingly, channels are disrupted (Fig. 

6b) and, as for the gaseous side, more CO2 can properly permeate the sorbent bed and take part to 

the carbonation reaction. Likewise for the solid side, a larger surface of the sorbent can actually 

come into direct contact with the fluidizing gas and react with the CO2 [4,70]. The application of 

the sound makes it possible to maximize the exploitation of the sorbent reactivity. Indeed, even 

though fluidized in the form of aggregates, these fluidizing structures are not static but dynamic. 

They undergo a continuous mechanism of break-up and reaggregation, which means that the 

sorbent surface exposed to the gaseous phase is continuously renewed.  

From the analysis of Fig. 7a it is also noteworthy that the differences between the ordinary and 

sound-assisted tests are more evident in the initial stage of the reaction, i.e. during the fast stage of 
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the carbonation reaction. As a matter of fact, the acoustic perturbation has a stronger effect in the 

initial kinetically controlled stage of the carbonation reaction. Indeed, during this phase, in which 

the carbonation conversion is ascribable to the sorption of CO2 on the free surface of the sorbent 

particles, the capability of the sound to increase the gas-solid contact efficiency [4], i.e. the 

enhancement of the sorbent surface availability, can provide a strong beneficial impact. After the 

fast phase of the carbonation reaction, i.e. once the layer of CaCO3 begins to cover the free surface 

of the particles, the reaction turns to be controlled by the diffusion of CO2 through the solid CaCO3 

layer [4]. Therefore, even though the effect of the sound on the fluid-dynamics of the system is still 

active, its impact on the carbonation reaction is less important since it is strictly related to diffusion 

mechanisms rather than to the availability of sorbent surface and, therefore, to the quality of the 

gas-solid contact. 

As a further confirmation of these considerations on the positive effect yielded by the sound on the 

CaL performances, a specific test has been carried out, in which the sound was switched on at a 

certain time. In particular, the test has been started under ordinary conditions and only at a time t* 

the sound has been turned on (Fig. 7a). This test emphasizes, even more significantly, how the 

sound can affect the extent and evolution of the carbonation reaction. The non-monotonic trend 

obtained for the CO2 outlet concentration can be explained considering that until t*, the system 

(sorbent + CO2) shows the same behavior as that obtained for the ordinary test (i.e. for t < t* the 

CO2 outlet concentration profile is the same as that obtained under ordinary conditions). Then, 

when the sound has been switched on at t*, the CO2 concentration suddenly drops down before 

rising up again, but following now the typical trend of the sound-assisted test. This is due to the fact 

that the amount of sorbent surface, which is precluded to the fluid during the fast carbonation stage 

under ordinary conditions (due to the severe agglomeration phenomena), suddenly becomes 

available. As a consequence, this renewal of sorbent reactivity (due to the sorbent surface renewal 
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yielded by the sound) causes the CO2 concentration to drop down. This result is the clear proof of 

the actual ability of the sound to provide a better exploitation of the sorbent surface. 

Figures 7b reports the results obtained in terms of carbonation conversion as a function of time. 

Consistently with the observed enhancement of the carbonation reaction (Fig. 7a), the carbonation 

conversion is also increased under sound-assisted conditions due to the better exploitation of both 

the gaseous (CO2, which can properly permeate the sorbent without by-passing it unused due to 

agglomeration) and solid (CaO, which can come into direct contact with the CO2 and does not 

remain unreacted) reactants.  

Fig. 8, reporting the carbonation conversion as a function of cycle number and deactivation fit curve 

obtained under ordinary and sound-assisted-fluidization conditions, shows that the deactivation rate 

is reduced and the residual conversion is increased when sound is applied. Clearly, as widely 

documented [8], the CaO reactivity decreases with increasing the number of carbonation/calcination 

cycles due to the progressive reduction of surface area as a result of the sintering of nascent CaO 

particles during the calcination stages (the BET SSA of the samples measured after 20 

carbonation/calcination cycles under ordinary and sound-assisted fluidization conditions is 1.02 and 

1.21 m
2
 g

-1
, respectively). However, since the sorbent has such small dimensions, something more 

happens. In addition to sintering, which causes an intrinsic decline in sorbent surface over repeated 

cycles, the extreme agglomeration phenomena, due to the natural cohesiveness of the sorbent, 

contributes to a further reduction of the sorbent surface. Therefore, natural sintering (due to 

calcination conditions) plus natural agglomeration (due to the fine sorbent particles) lead to a faster 

carbonation conversion decline under ordinary conditions. On the contrary, when sound is applied, 

the agglomeration issue is solved and only sintering remains to cause the decline in carbonation 

conversion. These considerations are confirmed by the SEM images reported in Fig. 9, showing the 

morphology of CaO derived from CaCO3 after the 20
th

 ordinary and sound-assisted calcination. It is 

clear that, in both cases, the CaO grains exhibit a certain level of sintering with respect to the fresh 
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sample (Fig. 2b). However, the sample cycled under ordinary conditions are far more sintered than 

that cycled with the assistance of the acoustic field, which is in line with the observed more 

prominent deactivation undergone by this sample (Fig. 8).  

Notably, the mutlicyclic performances exhibited by the fine CaO particles under sound-assisted 

fluidization conditions (X20 = 0.55, i.e. the carbonation conversion at cycle 20) are better than those 

reported for coarser limestone (X20 = 0.41 [12,13]) and even CaO blends (X20 = 0.46 [13,14]) with 

sintering inhibitors at TCES-CSP operating conditions, thus confirming the findings reported in 

literature on the positive effect of using small-sized CaO particles on multicycle activity in terms of 

remarkable limitation of sintering and pore plugging phenomena [12]. In particular, Ortiz et al. [12] 

explained this evidence referring to both the thickness of the limestone layer formed on the CaO 

surface, as compared to the size of the pores in the CaO skeleton formed during calcination, and the 

carbonation kinetics in the fast reaction-controlled stage. Moreover, the results obtained in the 

present work are slightly better than those obtained for fine natural limestone (< 45 m) at TCES-

CSP operating conditions with TG analysis by other Authors [12,13], thus confirming the ability of 

sound-assisted fluidization in maximizing the carbonation performances of fine CaO particles [4]. 

On the contrary, the carbonation performances obtained under ordinary fluidization conditions are 

worse than those obtained by thermogravimetric analysis [4], thus confirming that 

thermogravimetry is intrinsically incapable of taking into account all the issues arising from the gas-

solid contact and mass/heat transfer efficiency occurring in a fluidized bed reactor.  

In analogy to what done for the preliminary fluid-dynamic characterization, the effect of sound 

frequency and intensity on the CaL performances, in terms of carbonation conversion, has been 

investigated. Fig. 10 reports the correlation obtained for the carbonation conversion with SPL and 

frequency, parametric in the cycle number; the values of carbonation conversion obtained without 

the assistance of any acoustic field have been also reported for comparison. With reference to the 

effect of SPL, Fig. 10a shows that XCaO monotonically increases with increasing the intensity of the 
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acoustic field. This result, in agreement with the monotonic effect obtained on the fluidization 

quality (Fig. 4a), is consistent with the enhanced disaggregation mechanism due to the increased 

strength of the acoustic wave. On the contrary, Fig. 10b shows that the correlation between XCaO 

and the sound frequency is nonlinear, which is also in agreement with the non-monotonic effect of 

the sound frequency on the fluidization quality (Fig. 4b). This is in line with the observed existence 

of an optimum value of sound frequency (120 Hz), at which the propagation of the sound waves 

inside the bed and, therefore, the disaggregation mechanism is optimized. Notably, even when non-

optimal acoustic conditions are applied (i.e. SPL < 150 dB and f ≠ 120 Hz), the carbonation 

conversion is always larger than that obtainable under ordinary fluidization conditions. 

4. Conclusions 

In this work the possibility to exploit the higher reactivity and mutlicyclic stability of a fine natural 

limestone (< 50 m) in a fluidized bed reactor for CaL at TCES-CSP applications has been 

investigated for the first time. In particular, the acoustic wave perturbation has been proposed to 

overcome the strong interparticle forces of fine cohesive powders, which leads to agglomeration, 

channeling and plugging phenomena, thus inhibiting the possibility to uniformly fluidize them.  

CaL tests have been performed under ordinary and sound-assisted fluidization conditions in a lab-

scale sound-assisted fluidized bed reactor in order to study the influence of the application of high 

intensity acoustic fields on the carbonation performances of fine CaO particles. The effect of sound 

parameters (SPL and frequency) has also been highlighted. 

It has been found that the application of the acoustic perturbation remarkably enhances the 

carbonation performances of fine limestone particles under TCES-CSP operating conditions. 

Indeed, it can hinder the agglomeration phenomena, which negatively affect carbonation from both 

the gaseous (CO2) and solid (CaCO3) sides of the reaction, thus enhancing the fluidization quality 

and providing better gas–solid contact and mass transfer coefficients. Most interestingly, besides 

increasing the carbonation conversion, the application of the sound results in a remarkable decrease 
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of the deactivation rate. In fact, when such fine sorbent particles are employed under ordinary 

conditions their strong agglomeration causes a supplementary decrease of sorbent surface in 

addition to the intrinsic decline over repeated cycles caused by sintering. Therefore, this additional 

cause of sorbent surface reduction can be avoided when sound is applied, thus resulting in a 

remarkable limitation of the deactivation rate (which, as in the case of coarser particles, is only due 

to natural sintering occurring during calcination). The effect of SPL and frequency has also been 

investigated, showing even further the tight link existing between the gas-solid contact efficiency, 

i.e. fluidization quality, and the CaL performances. In fact, both SPL and frequency exhibit on the 

CaL performances the same effect as that obtained from the fluidization experiments, i.e. increasing 

SPL are advantageous and the same optimum range of frequency has been found. 

Since the application of acoustic fields does not involve any material modification, it is rather cheap 

and could be easily implemented from the technical point of view, it can be foreseen that sound-

assisted CaL might be competitive at the industrial level TCES-CSP applications. Pilot-scale 

experiments and LCA, even though beyond the scope of the present work, will be carried out as 

next steps of this research activity to further assess the efficiency and feasibility of the proposed 

technique. 
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Figure captions  

Fig. 1. Experimental apparatus: (1) N2 cylinder; (2) CO2 cylinder (3) N2 flow meter; (4) CO2 flow 

meter; (5) controller; (6) 40mm ID fluidization column; (7) wind-box; (8) microphone; (9) 

sound wave guide; (10) loudspeaker; (11) pressure transducer; (12) thermocouple; (13) 

temperature controller; (14) heating jacket; (15) filter; (16) CO2 analyzer; (17) stack. 

Fig. 2. Granulometric size distribution (a) and SEM image (b) of the natural limestone. 

Fig. 3. Pressure drops curves of the natural limestone obtained under ordinary and sound assisted 

fluidization conditions at 25 °C. 

Fig. 4. Minimum fluidization velocity and fluidizing agglomerate size of the natural limestone as 

functions of SPL at fixed frequency (120 Hz) (a) and as functions of frequency at fixed SPL 

(150 dB) (b). Temperature = 25 °C. 

Fig. 5. a) Pressure drops curves of the natural limestone obtained under sound assisted fluidization 

conditions (150dB – 120Hz) at different temperatures; b) Minimum fluidization velocity 

and fluidizing agglomerate size of the natural limestone as functions of temperature. SPL = 

150dB; f = 120Hz. 

Fig. 6. Pictures of the fluidized bed taken during ordinary (a) and sound-assisted (150dB – 120 Hz) 

(b) fluidization tests. Temperature = 850 °C. 

Fig. 7. a) CO2 concentration measured in the effluent gas from the fluidized bed during carbonation 

for an ordinary fluidization test, a sound-assisted fluidization test and for a test in which the 

sound was switched on at t = t*; b) Carbonation conversion as a function of time obtained 

under ordinary and sound-assisted conditions during the first cycle. Inlet flow rate: 115 

NLh
-1

; Carbonation: T = 850 °C; 70%vol. of CO2 in N2. Calcination: T = 750 °C; 100%vol. 

N2. 
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Fig. 8. Carbonation conversion as a function of cycle number and deactivation fit curve obtained 

under ordinary and sound assisted-fluidization conditions.  Inlet flow rate: 115 NLh
-1

; 

Carbonation: T = 850 °C; 70%vol. of CO2 in N2. Calcination: T = 750 °C; 100%vol. N2. 

Fig. 9. SEM images at different magnification of the limestone subjected to ordinary (a, b) and 

sound assisted (150 dB – 120 Hz) (c, d) CaL cycles after calcination at the 20th cycles. 

Fig. 10. Carbonation conversion as a function of (a) SPL, at a fixed sound frequency (120 Hz), and 

(b) frequency, at a fixed SPL (150 dB). 
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ABSTRACT 

In the framework of thermochemical energy storage (TCES) in concentrating solar power (CSP) 

plants, the calcium-looping (CaL) process, carried out in fluidized bed reactors, is receiving 

increasing research interest due to the high energy density and the extremely low price, nontoxicity, 

and wide availability of natural CaO precursors. One of the main open challenges in CaL is 

represented by finding solutions to the progressive decline in the CaO carbonation conversion with 

the number of cycles, which is due to the sorbent deactivation caused by sintering and pore 

pugging. In this framework, the reduction of the CaO particles size has been reported to improve the 

carbonation conversion and, therefore, the achievable energy density, by maximizing the 

availability of the sorbent surface exposed to the gaseous phase and hindering the natural loss of 

CaO mutlicyclic activity. However, the use of fine particles in fluidized bed reactors is challenging 

due to agglomeration, channeling and plugging phenomena. 

In this work, the possibility to use a fine natural limestone (<50m) for CaL at TCES-CSP 

conditions in a fluidized bed reactor has been investigated for the first time. In particular, sound-

assisted fluidization has been proposed as technique to allow the use of such fine particles in 

fluidized bed reactors, thus overcoming the strict limitation posed by particle size applicable in 

ordinary fluidized bed reactors. Ordinary and sound-assisted cyclic CaL tests at CSP-TCES 

operating conditions have been performed in a lab-scale fluidized bed reactor in order to study the 

influence of the application of high intensity acoustic fields on the carbonation performances. The 

effect of sound parameters (SPL and frequency) has also been highlighted. 

Keywords: Thermochemical energy storage (TCES); Concentrating solar power (CSP); Fine 

particles; Calcium looping; Agglomeration; Sound-assisted Fluidization 
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1. Introduction 

The main challenge for a short-term deeper penetration of renewable energy sources, such as solar 

energy, typically characterized by the intermittency of power production, is represented by energy 

storage [1–3]. In this framework, thermochemical energy storage (TCES) is one of the most 

promising technology to achieve high-energy storage efficiency in concentrating solar power (CSP) 

plants [2]. TCES basically consists of using the high temperatures achievable by CSP to drive an 

endothermic chemical reaction [1]. The reaction products are stored separately to be employed 

when needed for carrying out the exothermic reverse reaction, which releases the heat previously 

used [1].  

Among the different alternatives, the calcium-looping (CaL) process, based on the reversible 

calcination−carbonation of the CaCO3/CaO system, is considered to be one of the most viable 

candidates due to the high energy density achievable and the extremely low price, nontoxicity, and 

wide availability of natural CaO precursors such as limestone [1]. Indeed, the 

carbonation/calcination reaction of CaO, with an equilibrium temperature of 895°C (under a CO2 

partial pressure of 1atm), has a high potential for TCES in the relatively high temperature range 

attainable in CSP tower plants (roughly between 600 and 1000°C [3]) and would allow also for a 

high energy storage density (about 3.26 GJm
-3

) [1]. As regards the reactor configuration, CaL is 

generally performed in fluidized bed reactors, acting as either carbonator or calcinator [4]. It is 

noteworthy that the optimum conditions to carry out the CaL process strongly depend on the 

particular application, thus critically affecting the CaO multicycle performance [5]. In particular, to 

achieve high overall efficiency for TCES and electricity generation in CSP plants, carbonation 

would be carried out at high CO2 partial pressure and high temperature (around or above 800 °C), 

thus yielding high efficiency thermal to electricity efficiency of the power cycle. On the contrary, 

calcination could be performed at relatively low temperature (∼750 °C) at low CO2 partial pressure 

by using a gas easily separable from CO2, such as superheated steam or helium, thus reducing costs 
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and allowing the use of already available solar receiver [5]. Of course, using He for calcination 

would require the separation of the He/CO2 gas mixture exiting from the calciner, that could be 

carried out relatively easily by means of selective membranes due to the differences in molecular 

size of helium (similar to H2) and CO2 [6]. It should be taken into account that the need also exists 

to realize a process characterized by free CO2 emissions. To this aim, the CaL-CSP will be 

performed according to a closed cycle scheme, as thoroughly discussed by Chacartegui et al. [6]. In 

this configuration a pure CO2 stream is fed to the carbonator with a molar rate well above the 

stoichiometric needs for carbonation. The excess CO2 leaving the carbonator is used as heat carrier 

fluid to remove the heat released during carbonation and sent to a gas turbine for power production 

by means of a CO2 closed Brayton cycle. Then it is compressed and stored for the successive 

cycles. Of course, the fact that this scheme is a closed cycle implies that it does not require the plant 

to be continuously fed by any gas stream, which applies also and especially in the case of helium, 

which is a very expensive gas [6]. 

Carbonation of CaO particles occurs in two phases. A first fast carbonation stage is characterized by 

the sorption of CO2 on the free surface of the particles and proceeds under mass/heat transfer 

control [4,7]. The rate of this fast carbonation phase is not just controlled by the kinetics of the 

chemical reaction itself, but also by the transport of CO2 and heat to the particles surface [4]. 

Therefore, carbonation can be strongly hindered by poor gas/solids contact efficiency [4]. Then, 

after this fast stage, a thin layer of CaCO3 covers the free surface of the sorbent particles and CO2 

sorption turns to be controlled by a much slower phase characterized by the diffusion of CO2 

through the solid CaCO3 layer [8]. In this framework, one of the main drawbacks of the 

CaO/CaCO3 system, is the progressive decline in the carbonation conversion with the number of 

cycles, which is due to the CaO deactivation caused by sintering and pore pugging. The loss of CaO 

carbonation activity has been thoroughly investigated in recent years in the framework of CO2 

capture [9–11] and, more recently, also in the context of TCES applications [12–15], since it is 
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strictly related to the achievable energy density. In particular, several methods have been proposed 

to hinder the natural loss of CaO multicycle activity, such as hydration [16], thermal activation 

[17,18], mechanical grinding [15,19] and the use of synthetic Ca-based sorbents with enhanced 

activity [14,15,20]. Besides these methods, another solution which has been receiving increasing 

research interest is the use of fine particles due their large surface to volume ratio [12,13]. Indeed, it 

has been reported that the use of CaO small particles can strongly limit sintering and pore-plugging, 

thus consequently enhancing the multicyclic CaO conversion at the conditions to be used for TCES 

[12,13]. In particular, as clearly and thoroughly reported by Benitez-Guerriero et al. [12] and Ortiz 

et al. [13], the effect of particle size on the multicycle conversion of CaO stems from to the relative 

thickness of the CaCO3 layer formed on the CaO surface as compared to the size of the pores in the 

CaO skeleton formed after the fast reaction-controlled stage of the carbonation reaction. In 

particular, they showed that the carbonate layer can become thicker than 100 nm, whereas, the size 

of the pores generated in the CaO skeleton is typically lower than 50 nm under operating conditions 

typical of CaL for TCES-CSP [12,13] (i.e. carbonation at high temperature and CO2 partial pressure 

and calcination at low temperature in inert environment), thus leading to significant pore-plugging 

for relatively large CaO particles [12,13]. Besides, the CaO pores that become plugged by the 

carbonate layer in the case of coarse particles are more inclined to sinter in the successive 

calcinations, thus further reducing the CaO surface area available for carbonation [12,13]. In 

contrast, they showed that fine particles (< 45 µm), characterized by larger surface to volume ratio, 

can provide the important advantage of reducing the strength of pore-plugging with respect to 

coarser particles [12,13]. More specifically, the pores of the smaller particles can be fully accessible 

to the CO2, which leads to carbonation of the whole available CaO surface, thus limiting the decline 

of the multicycle CaO conversion at the conditions to be used for TCES-CSP [12,13]. In particular, 

it has been shown that CaL multicyclic performances exhibited by limestone is strongly hindered 

for particles larger than 45 μm, having a conversion after 20 cycles, X20, of about 0.18 [12,13]. 

Whereas, on the contrary, particles smaller than 45 μm can provide remarkably higher and more 
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stable conversion performances (X20 = 0.45), thus indicating that particle size does affect CaL under 

these condition [45]. Moreover, besides the limitation of the natural loss of sorbent activity over 

repeated cycles, it should be considered that small particle can provide better gas-solid contact 

efficiency due to the higher surface to volume ratio with respect to coarser particles [21]. More 

specifically, reducing the size of the sorbent particles can allow to increase the availability of the 

sorbent surface exposed to the gaseous phase, which is reported to positively affect the fast initial 

phase of the carbonation reaction (i.e. before the formation of the CaCO3 passivation layer and the 

switch to the slow diffusion phase) as well as the reaction kinetics does [4]. As a result, the overall 

conversion and, therefore, the achievable energy density can be enhanced. In spite of the proved 

potential of fine CaO/CaCO3 particles for TCES-CSP applications, it should be noted that all the 

results available in literature have been obtained by thermogravimetric analysis [12,13], which is 

intrinsically unable to address all the issues concerning the gas-solid contact and mass/heat transfer 

efficiency occurring in a fluidized bed reactor [20].  

As a matter of fact, the use of fine particles poses issues concerning their intrinsic difficulty to be 

fluidized, thus imposing a strict limitation on the size of particles actually utilizable in common 

fluidized bed reactors [22–24]. Indeed, fine particles, i.e. belonging to the C group of Geldart’s 

classification [25], cannot be fluidized under ordinary conditions since interparticle adhesion forces 

prevail over hydrodynamic and gravitational forces, thus leading to agglomeration and channeling 

phenomena [23,26–29], which in turns would remarkably hinder the reaction efficiency due to poor 

and heterogeneous gas/solid contact and mass/heat transfer. Therefore, the achievement of a smooth 

fluidization regime, in the case of such fine particles is closely related to the overcoming of 

interparticle forces and to an efficient break-up of the large aggregates yielded by these forces. To 

this aim, externally assisted fluidization can be used, thus involving the application of additional 

forces that can be generated by: mechanical vibration [30,31], magnetic field [32,33], acoustic field 

[28], electric field [34,35], centrifugal fields [36–39], secondary gas flow via micro-jets [40,41] and 
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pulsation [42–44]. Besides the above-mentioned techniques, another approach is represented by the 

addition to the bed of foreign flow-conditioning particles, which can be either coarser [45,46] or 

finer [47,48] than the powder to be fluidized. Among these available techniques, sound-assisted 

fluidization is recognized to be one of the most promising alternatives, holding also several 

advantages from a practical point of view [23,28]: i) it is not intrusive, since neither additional 

equipment nor materials must be inserted in the bed; ii) the powders to be employed do not need to 

have any special property; iii) the application of acoustic fields is capable of reducing the elutriation 

of fine particles from a fluidized bed, preventing problems related to down-stream carry-over of 

fine particles such as clogging of valves; iv) last but not least, this technique is extremely 

economical and user-friendly, since the extra equipment (signal generator, audio amplifier 

loudspeaker and oscilloscope) required is very easily available on the market. From the 

phenomenological point of view, the sound-assisted fluidization can be explained considering that 

the application of the sound wave causes an oscillatory motion of both gas molecules and solid 

particle/aggregates [4,49–51]. The entity of this motion depends on the size of particles/clusters: 

obviously, the sound perturbation affects smaller structures much more than larger ones [52,53]. 

Therefore, this different response of differently sized aggregates to the sound wave induces a 

relative motion between them, which is the very reason causing a dynamic break-up mechanism of 

larger clusters into smaller subclusters, which can be more easily fluidized. More specifically, as 

proposed by the theoretical cluster/subcluster oscillators model developed by Russo et al. [53], the 

disruption of clusters into smaller aggregates occurred at the contact points between them, i.e. 

where the collision energy induced by the acoustic field becomes larger than the interparticle 

cohesive force. Besides having an effect on the fluid-dynamics of the system, sound waves also 

induce a number of phenomena taking place at the gas/solids interface, such as acoustic streaming, 

which has been proved to contribute to the enhancement of mass/heat transfer rates in gas/solids 

reactors [4]. Even though sound-assisted fluidization has only been tested at lab-scale level and its 

actual feasibility has not been proved yet at industrial-scale, it can be argued that the scale-up of the 
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process would not be too challenging [49]. In particular, few key aspects should be taken into 

account. The first issue arises from sound intensity attenuation across the bed height. In particular, 

for such fine materials and for low frequency sound waves (around 100 Hz), it can be estimated that 

the SPL is reduced by 10 dB for each 10 cm of bed [49]. So, it would not be possible to use bed 

higher than 40–50 cm. Accordingly, the only way to scale-up the process is represented by 

increasing the reactor diameter [49]. However, this diameter increase would lead to another cause of 

sound intensity attenuation, namely the divergence of the acoustic wave [49]. A feasible technique 

to avoid spherical spreading loss is to use an array of loudspeakers, which may produce a plane 

wave if conveniently placed on the cross-sectional area of the column [54,55]. Besides, the use of 

an array of loudspeakers would also provide a greater reliability for continuous operation, since 

replacement of one of the loudspeakers can be easily carried out without the interruption of the 

sound assisted process [49]. With reference to the economic feasibility, clearly the use of fine 

sorbent particles by means of sound-assisted fluidized bed reactors, as most of the solutions 

proposed to address and limit the natural loss of CaO multicycle activity (e.g. hydration [16], 

thermal activation [17,18], mechanical grinding [15,19] and the use of synthetic Ca-based sorbents 

with enhanced activity [14,15,20]), would implies some additional costs with respect to the standard 

CaL process. In this framework, some energy cost estimations on sound-assisted CaL are available 

in a previous work [4]. It has been shown that the additional energy requirement (due to the sound 

generation) to convert a fixed amount of CO2/sorbent in the sound-assisted process is greatly 

outbalanced by the increased energy consumption (due to prolongued heating and pumping) 

necessary to carry out slower carbonation reactions under ordinary conditions [4]. Of course, these 

estimations are based on results derived from lab-scale experiments [4]. As far as energy cost is 

concerned, it must be taken into account that the additional energy requirement for gas heating and 

pumping in ordinary conditions depends linearly on the gas flow rate whereas the excess of energy 

needed for sound generation is quite insensitive to it [4]. Thus, it might be envisaged that energy 

saving derived from sound-assisted conditions would be magnified in real industrial applications, 
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where fluidized beds are operated at gas flow rates much larger than those used in our lab-scale 

tests [4]. 

In this work, for the very first time a technological solution, i.e. sound-assisted fluidization, has 

been proposed to make fine limestone particles actually usable for TCES-CSP applications. In 

particular, a fine natural limestone (< 50 m) has been tested for the first time in a lab-scale 

fluidized bed reactor at CaL TCES-CSP conditions. In particular, sound-assisted fluidization has 

been applied to promote the fluidizability of such fine particles, thus addressing and overcoming the 

limitation of particle size than can be used in ordinary fluidized bed reactors. Ordinary and sound-

assisted cyclic calcination/carbonation tests at CSP-TCES operating conditions have been 

performed in order to study the influence of the application of high intensity acoustic fields on the 

carbonation performances. The effect of sound intensity (SPL) and frequency (f) have been also 

highlighted. 

2. Experimental 

2.1 Materials 

The sorbent used in this work is a natural limestone from Belchite quarries (Spain) supplied by 

OMYA. Fresh and cycled (after carbonation/calcination cycles carried out in the fluidized bed 

apparatus under ordinary and sound-assisted) samples have been characterized as follows: 

 The particle size distribution of the sorbent has been obtained by laser diffractometry using a 

Mastersizer 2000 granulometer (Malvern Instruments), after the dispersion of the powders in 

water under mechanical agitation of the suspension. 

 The morphological features of the sorbent have been highlighted by scanning electron 

microscopy (SEM) using a Philips XL30 SEM instrument. 
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 The measurements of specific surface area (SSA) have been performed by means of N2 

adsorption and desorption at 77 K with a QUANTACHROM 1-C analyzer. In particular, the 

values of SSA have been calculated using the Brunauer–Emmet–Teller (BET) equation. 

2.2 Experimental apparatus 

All the tests have been carried out at atmospheric pressure in the lab-scale apparatus reported in Fig. 

1. It consists of a fluidized bed column made of quartz (40 mm ID and 1500 mm high) and it is 

equipped with a Pyrex gas distributor plate located at 300 mm from the bottom of the column. The 

section of the column below the gas distributor, filled with quartz rings, acts as wind-box, 

maximizing the uniformity of the gas flow entering the fluidized bed. The column is provided with 

a pressure probe located at the wall, 5 mm above the gas distributor, to measure the pressure drops 

across the bed. 

A heating jacket (Tyco Thermal Controls GmbH) has been used to heat the column up to the 

desired temperature. In particular, it has been designed to cover, besides the fluidized bed section, 

also part of the column below the gas distributor, which can, thus, act as a preheating chamber for 

the fluidizing gas. The temperature inside the fluidized bed is monitored and controlled using a type 

K thermocouple, with a diameter of 1 mm, connected to a PID controller. 

The sound-generation system consists of a digital signal generator, a power audio amplifier rated up 

to 40 W, and a 8W woofer loudspeaker. The acoustic field is introduced inside the column through 

a purpose-designed sound waveguide located at the top of the freeboard. Separate high purity N2 

and CO2 cylinders (99.995% vol.) have been used to prepare the gas feed, using two mass flow 

controllers (Brooks 8550S) to set and control the inlet flowrates.  

The analysis system consists of a continuous analyzer, to monitor the outlet CO2 concentration by 

means of an infrared detector (ABB AO2020, URAS 14). 

2.3 Preliminary fluid-dynamic characterization 
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Prior to the CaL tests, the limestone has been previously characterized from the fluid-dynamic point 

of view performing fluidization tests under both ordinary and sound-assisted conditions. N2 has 

been used as fluidizing gas in order to prevent any intensification of the powder cohesiveness due to 

air moisture. For all the tests 100 g of limestone have been loaded in the fluidization column in 

order to obtain a bed height of about 15 cm. Pressure drops and bed expansion curves as functions 

of gas velocity have been measured in fluidization experiments carried out at different temperatures 

(25 - 850 °C) and using acoustic fields of different intensities (120−150 dB) and frequencies 

(50−300 Hz). Then, experimental data have been worked out to calculate the main fluidization 

parameters. In particular, the minimum fluidization velocity (umf) has been evaluated from pressure 

drop data and the average size of fluidized particles (dp) has been evaluated from the experimental 

values of umf by using the correlation proposed by Wen and Yu [56]. 

2.4 Cyclic carbonation/calcination tests 

The specific carbonation/calcination conditions used in this work have been selected to simulate a 

CaL-CSP scheme with calcination occurring at low temperature under helium atmosphere and 

integrated with a closed CO2 Brayton cycle for power generation [57].  

Pre-treatment: The CaCO3 sample (100 g) is firstly subjected to a pre-calcination step (T = 900 °C) 

for 2h under N2 flow (115 NLh
-1

), corresponding to a superficial gas velocity of 2.5 cm/s, which is 

about five times larger than the minimum fluidization velocity of the sorbent material, to obtain 

pure CaO. In particular, this pre-treatment has been carried out under sound-assisted conditions 

(150dB – 120Hz, which are the best acoustic parameters obtained from the fluid-dynamic 

characterization) in order to obtain the starting materials under the same operating conditions for all 

the different tests. 

Carbonation/Calcination cycles: After the pre-treatment stage, the sample is subjected to 10 

carbonation/calcination cycles, where a cycle consists of a carbonation step followed by a 

calcination step. The carbonation step is carried out at 850°C using a mixture of 70% CO2/30% N2 
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vol/vol (115 NLh
-1

) as inlet gas flowrate until the complete saturation of the bed. Then, this is 

followed by the subsequent calcination stage, which is carried out at 750 °C but switching the inlet 

gas flowrate (115 NLh
-1

) to N2, up to complete decarbonation for regeneration of the sorbent. 

Carbonation tests have been carried out under both ordinary and sound-assisted fluidization 

conditions (120 – 150dB/50 – 300Hz); whereas, all the calcination tests have been carried out under 

sound-assisted fluidization conditions (150dB – 120 Hz). The use of N2 in the lab-scale rig is an 

experimental expedient and, of course, no N2 would be used in the real industrial plant. More 

specifically, N2 has been used: during carbonation to create a feeding mixture so that the analysis 

system, a continuous analyzer equipped with an infrared detector, could detect variations in the CO2 

concentration of the stream leaving the reactor, due to the progress of reaction; during calcination to 

substitute the expensive helium as inert gas. It is important to underline that the validity of all the 

results obtained and discussed in the following sections in the framework of a CSP-TCES 

application hold true and is not affected by the use of N2 in the experimental tests. In particular, as 

regards the carbonation reaction, it is widely accepted that the carbonation conversion and 

multicycle stability of limestone are insensitive to the concentration of CO2 in the feed [58–61]; i.e. 

using a 70%/30%vol. CO2/N2 stream is the same as using a pure CO2 stream in terms of CaO 

conversions and multicycle stability. Likewise, as regards the calcination reaction, N2, exactly like 

He, is an inert gas and does not take part actively in the reaction. 

By elaborating the curve of CO2 concentration in the gaseous stream leaving the fluidized bed 

reactor, the CaO conversion (carbonation conversion, XCa) has been calculated. In particular, XCa 

has been evaluated from the amount of CO2 reacted with CaO during the carbonation step by 

integrating the outlet CO2 concentration profile [62–65]) according to: 
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where nCaO are the moles of CaO present in the sorbent,     

  are the moles of CO2 reacted with CaO 

during the carbonation reaction, m is the mass of CaO in the bed (i.e. the amount of the sample after 

the pre-calcination step), QCO2,in and QCO2,out are to the molar flowrate of CO2 at the inlet and outlet 

of the bed, respectively, ts is the time at which the carbonation conversion is over (i.e. the CO2 

concentration in the outlet stream is equal to the inlet value). 

Then, the experimental data of CaO conversion during multiple cycles have been fitted using the 

semi-empirical equation [11]: 
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where, XN is the conversion in cycle N, Xr is the residual conversion, X1 is the conversion in the 

first cycle and k is the deactivation rate constant. 

3. Results 

3.1 Material characterization 

Figs. 2a reports the particle size distribution of the limestone; it can be inferred that it is 

characterized by particles smaller than 50 m. In particular, it has a Sauter diameter of 4 m, thus 

indicating that it belongs to Group C of Geldart’s classification [25].  

The analysis of the SEM image, reported in Fig. 2b, confirms the natural tendency of the limestone 

particles to organize themselves in the form of aggregates as large as tens of microns. As a matter of 

fact, the finer particles stick to other particles leading to agglomerated structures due to the action of 

strong interparticle forces. 

The BET SSA of the fresh limestone is 1.6 m
2
 g

-1
, which is in line with the quite low values 

typically reported for natural limestones [66,67]. 

3.2 Preliminary fluid-dynamic characterization 
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Fig. 3 reports the dimensionless pressure drops (∆P/∆P0) curves obtained for the limestone at 

ambient temperature under ordinary and sound-assisted conditions (150 dB–80 Hz), where ∆P is the 

actual pressure drop across the bed and ∆P0 is the pressure drop equal to buoyant weight of particles 

per unit area of bed. For uniform fluidization, the pressure drops are equal to the material weight 

per unit area (i.e. ∆P/∆P0 = 1), thus indicating that the whole bed is fluidized [28]. 

The results of the fluid-dynamic characterization show that the fluidization quality is quite a poor 

under ordinary conditions. Indeed, the pressure drop curve is quite irregular and a proper 

fluidization regime cannot be reached due to agglomeration and channeling, as typical of cohesive 

powders [23,28]. In particular, since the interparticle forces begin to predominate over weight and 

drag forces, the individual particles tend to adhere to one another, thus causing the formation of 

agglomerates (agglomeration phenomena) that, in turn, lead to channeling and plugging phenomena 

(i.e. remarkable decrease of the permeability of the particle bed by the interstitial fluid) [23,28]. 

On the contrary, the pressure drops curve obtained with the assistance of sound is far more regular, 

from both the qualitative and quantitative point of view. This is due to the continuous break-up 

mechanism of the large aggregates present inside the bed into smaller fluidizable ones yielded by 

the acoustic field. In particular, the acoustic perturbation induces the action of external (drag and 

inertial) forces, which counteract the internal (cohesive) forces [23]. More specifically, as proposed 

by the theoretical cluster/subcluster oscillators model developed by Russo et al. [53], the disruption 

of clusters into smaller aggregates occurred at the contact points between them, i.e. where the 

collision energy induced by the acoustic field becomes larger than the interparticle cohesive force. 

The role played by the sound intensity and frequency of the acoustic field has also been evaluated in 

order to obtain the most effective acoustic conditions. In particular, Fig. 4 report the experimental 

values of the minimum fluidization velocity, experimentally evaluated from the pressure drops 

curves, and fluidizing particle size, evaluated from the values of minimum fluidization velocity, as 

functions of SPL at fixed frequency (120 Hz) and as functions of frequency at fixed SPL (150 dB), 
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respectively. First of all, it is clear that the fluidizing agglomerate size are larger than the nominal 

size of the powder (i.e. the Sauter diameter obtained from the granulometric distribution). The 

application of the sound makes it possible to actually achieve a fluidization state of the limestone, 

but in the form of aggregates rather than original (i.e. the “effective” size of the fluidizing structures 

is the size of the particle aggregates), undergoing a dynamic break-up and reaggregation 

mechanism. 

With reference to the effect of the sound parameters, SPL has a beneficial effect on the fluidization 

quality. Indeed, dp and umf are always decreased by passing from 120 to 150 dB (Fig. 4a). This 

evidence is due to the fact that with increasing SPLs more energy is introduced inside the bed, thus 

making the break-up of larger clusters more and more efficient [23]. This means that, with 

increasing SPLs, smaller the limestone can be fluidized in the form of smaller aggregates, thus 

leading to a consequent reduction of the minimum fluidization velocity.  

Sound frequency, on the contrary, has a non-monotonic effect on the fluidization quality, i.e. both 

umf and dp exhibit a nonlinear relationship with the sound frequency. Indeed, the curves of umf and 

dp are characterized by a minimum value at 120 Hz, i.e. (Fig. 4b). This behavior is due to the fact 

that the frequency directly affects the relative motion between clusters and subclusters, which, in 

turn, promotes the break-up and reaggregation mechanism [23]. In particular, when the frequency is 

too high, the acoustic field cannot properly propagate inside the bed since the sound absorption 

coefficient is proportional to the square of sound frequency as sound propagates through the bed of 

particles [23]. Therefore, most of the acoustic energy is absorbed by the upper part of the bed (being 

the sound source located at the top of the column), whereas, the bed bottom is reached by a strongly 

attenuated sound wave, thus failing to efficiently disrupt large agglomerates at the bottom of the 

bed. As a consequence, the fluidization quality decreases, i.e. umf increases [23,28]. On the contrary, 

when the sound frequency is too low, the relative motion between larger and smaller sub-aggregates 

is practically absent, thus also resulting in poor break-up mechanism and fluidization quality [23]. 
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Figures 5 reports the fluidization curves obtained at different temperatures and umf and dp as 

functions of temperature, respectively. The results obtained show that increasing temperatures lead 

to increased fluidization difficulty, as confirmed by the pressure drop curves shifting to the right 

(Fig. 5a). This result cannot be explained on the basis of purely hydrodynamic considerations on the 

effect of temperature on gas viscosity and density because interparticle forces are also 

simultaneously active, and they become more and more intense as temperature is increased 

[23,26,27,68]. As a matter of fact, increasing temperatures lead to the intensification of the 

interparticle forces, which causes, in turn, the formation of larger fluidizing structures, i.e. higher 

values of dp (Figure 5b) [23,26,27] because more and more particles tend to sticks together. As a 

consequence of the increased size of the fluidizing aggregates umf is also increased when 

temperature is increased from 25 to 850 °C. Notably, even though the acoustic field becomes less 

effective as the temperature is increased, its break-up mechanism is still remarkable as shown in 

Fig. 6. In particular, agglomeration and channeling phenomena occurring inside the bed are 

evidently shown in the picture taken during the ordinary fluidization test performed at 850°C (Fig. 

6a). On the contrary, the picture taken during the sound-assisted fluidization test carried out at 

850°C (Fig. 6b) clearly shows the homogeneity of the fluidization quality achievable when sound is 

applied.  

3.3 Cyclic carbonation/calcination tests 

Figure 7a reports the comparison between the CO2 outlet concentration profiles obtained under 

ordinary and sound-assisted conditions, which is an indication of the degree of progress of the 

carbonation reaction. More specifically, CO2 molecules continuously enter the bed and react with 

the sorbent, which is loaded in the reactor in a batch mode. Therefore, the reaction goes on until all 

the available sorbent is carbonated and the CO2 outlet concentration approaches the feeding value 

(70%). 
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It is clear that the application of the acoustic perturbation remarkably enhances the carbonation 

performances. In particular, under both ordinary and sound-assisted fluidization conditions, the two 

characteristic phases of the carbonation reaction, i.e. the first fast carbonation stage and the slow 

diffusion-controlled one, are clearly evidenced by the change of the slope in the CO2 concentration 

profile. However, it is also clear that the turning point from one phase to the other occurs much 

earlier when no acoustic field is applied. Indeed, under ordinary fluidization conditions the 

carbonation turns to be controlled by diffusion after less than 2 min, as evidenced by the long tail of 

the CO2 concentration profile (during this period carbonation slowly occurs after the formation of 

the carbonate product layer). On the contrary, when sound is applied the duration of the fast 

carbonation stage is prolonged to about 15min and, as a consequence, the CO2 concentration profile 

is characterized by a much shorter tail. As a consequence, the carbonation reaction occurs globally 

faster under sound-assisted fluidization conditions. Indeed, under sound-assisted fluidization 

conditions, the reaction is essentially concluded after 20 min, which means that the majority of the 

sorbent is carbonated during the fast reaction phase. On the contrary, after the same time during the 

ordinary test the reaction is far to be concluded. In particular, the slow diffusion-controlled part of 

the reaction is still taking place, as confirmed by the CO2 outlet concentration being still lower than 

the inlet value (70%vol.). As a matter of fact, since the turning point between the fast and slow 

carbonation phases occurs after less than 2 min, the majority of the sorbent is carbonated during the 

slow diffusion-controlled phase. 

The explanation of these experimental evidences is due to the fluidization quality being extremely 

poor and unstable under ordinary conditions; as a matter of fact, the severe agglomeration 

phenomena strongly reduce the surface of CaO available to the gaseous phase. Then, unable to 

overcome the cohesiveness of the fine sorbent particles, most of the inlet gas manages to flow 

across the bed only by finding channels of minimum resistance [9]. Spreading across the bed, these 

channels allow for a by-pass of an appreciable volume of gas (as clearly shown in Fig. 6a), thus 
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hampering the quality of gas–solid contact and in turn the carbonation reaction efficiency. Indeed, 

the agglomeration phenomena affect both the gaseous (CO2) and solid (CaCO3) reactants taking 

part to the carbonation reactions. As for the gaseous side, agglomeration is the reason why only a 

small fraction of the inlet CO2 takes part to the carbonation reaction, since most of it by-passes the 

bed through the channels (i.e. the reaction mainly takes place on the sorbent particles placed at the 

wall of the gas channels). Accordingly, most of the gaseous reactant, CO2, exit the bed without 

reacting with CaO [4,20]. As for the solid side, agglomeration also remarkably reduces the actual 

availability of sorbent surface to the carbonation reaction. Due to agglomeration, a large portion of 

the sorbent surface is completely precluded to the fluid phase. Therefore, the general result of the 

sorbent agglomeration is a continuous and sudden increase of the CO2 outlet concentration. Indeed, 

the more easily available CaO surface is soon covered with the carbonate layer, thus CO2 can 

continue to react with CaO only by diffusing through this layer (i.e. quick shift to the slow 

diffusion-controlled stage). 

On the contrary, the application of the sound makes it possible to hinder the agglomeration 

phenomena, evidently shown in Fig. 6b, thus enhancing the fluidization quality and providing better 

gas–solid contact and mass transfer coefficients [69,70]. Accordingly, channels are disrupted (Fig. 

6b) and, as for the gaseous side, more CO2 can properly permeate the sorbent bed and take part to 

the carbonation reaction. Likewise for the solid side, a larger surface of the sorbent can actually 

come into direct contact with the fluidizing gas and react with the CO2 [4,70]. The application of 

the sound makes it possible to maximize the exploitation of the sorbent reactivity. Indeed, even 

though fluidized in the form of aggregates, these fluidizing structures are not static but dynamic. 

They undergo a continuous mechanism of break-up and reaggregation, which means that the 

sorbent surface exposed to the gaseous phase is continuously renewed.  

From the analysis of Fig. 7a it is also noteworthy that the differences between the ordinary and 

sound-assisted tests are more evident in the initial stage of the reaction, i.e. during the fast stage of 
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the carbonation reaction. As a matter of fact, the acoustic perturbation has a stronger effect in the 

initial kinetically controlled stage of the carbonation reaction. Indeed, during this phase, in which 

the carbonation conversion is ascribable to the sorption of CO2 on the free surface of the sorbent 

particles, the capability of the sound to increase the gas-solid contact efficiency [4], i.e. the 

enhancement of the sorbent surface availability, can provide a strong beneficial impact. After the 

fast phase of the carbonation reaction, i.e. once the layer of CaCO3 begins to cover the free surface 

of the particles, the reaction turns to be controlled by the diffusion of CO2 through the solid CaCO3 

layer [4]. Therefore, even though the effect of the sound on the fluid-dynamics of the system is still 

active, its impact on the carbonation reaction is less important since it is strictly related to diffusion 

mechanisms rather than to the availability of sorbent surface and, therefore, to the quality of the 

gas-solid contact. 

As a further confirmation of these considerations on the positive effect yielded by the sound on the 

CaL performances, a specific test has been carried out, in which the sound was switched on at a 

certain time. In particular, the test has been started under ordinary conditions and only at a time t* 

the sound has been turned on (Fig. 7a). This test emphasizes, even more significantly, how the 

sound can affect the extent and evolution of the carbonation reaction. The non-monotonic trend 

obtained for the CO2 outlet concentration can be explained considering that until t*, the system 

(sorbent + CO2) shows the same behavior as that obtained for the ordinary test (i.e. for t < t* the 

CO2 outlet concentration profile is the same as that obtained under ordinary conditions). Then, 

when the sound has been switched on at t*, the CO2 concentration suddenly drops down before 

rising up again, but following now the typical trend of the sound-assisted test. This is due to the fact 

that the amount of sorbent surface, which is precluded to the fluid during the fast carbonation stage 

under ordinary conditions (due to the severe agglomeration phenomena), suddenly becomes 

available. As a consequence, this renewal of sorbent reactivity (due to the sorbent surface renewal 
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yielded by the sound) causes the CO2 concentration to drop down. This result is the clear proof of 

the actual ability of the sound to provide a better exploitation of the sorbent surface. 

Figures 7b reports the results obtained in terms of carbonation conversion as a function of time. 

Consistently with the observed enhancement of the carbonation reaction (Fig. 7a), the carbonation 

conversion is also increased under sound-assisted conditions due to the better exploitation of both 

the gaseous (CO2, which can properly permeate the sorbent without by-passing it unused due to 

agglomeration) and solid (CaO, which can come into direct contact with the CO2 and does not 

remain unreacted) reactants.  

Fig. 8, reporting the carbonation conversion as a function of cycle number and deactivation fit curve 

obtained under ordinary and sound-assisted-fluidization conditions, shows that the deactivation rate 

is reduced and the residual conversion is increased when sound is applied. Clearly, as widely 

documented [8], the CaO reactivity decreases with increasing the number of carbonation/calcination 

cycles due to the progressive reduction of surface area as a result of the sintering of nascent CaO 

particles during the calcination stages (the BET SSA of the samples measured after 20 

carbonation/calcination cycles under ordinary and sound-assisted fluidization conditions is 1.02 and 

1.21 m
2
 g

-1
, respectively). However, since the sorbent has such small dimensions, something more 

happens. In addition to sintering, which causes an intrinsic decline in sorbent surface over repeated 

cycles, the extreme agglomeration phenomena, due to the natural cohesiveness of the sorbent, 

contributes to a further reduction of the sorbent surface. Therefore, natural sintering (due to 

calcination conditions) plus natural agglomeration (due to the fine sorbent particles) lead to a faster 

carbonation conversion decline under ordinary conditions. On the contrary, when sound is applied, 

the agglomeration issue is solved and only sintering remains to cause the decline in carbonation 

conversion. These considerations are confirmed by the SEM images reported in Fig. 9, showing the 

morphology of CaO derived from CaCO3 after the 20
th

 ordinary and sound-assisted calcination. It is 

clear that, in both cases, the CaO grains exhibit a certain level of sintering with respect to the fresh 
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sample (Fig. 2b). However, the sample cycled under ordinary conditions are far more sintered than 

that cycled with the assistance of the acoustic field, which is in line with the observed more 

prominent deactivation undergone by this sample (Fig. 8).  

Notably, the mutlicyclic performances exhibited by the fine CaO particles under sound-assisted 

fluidization conditions (X20 = 0.55, i.e. the carbonation conversion at cycle 20) are better than those 

reported for coarser limestone (X20 = 0.41 [12,13]) and even CaO blends (X20 = 0.46 [13,14]) with 

sintering inhibitors at TCES-CSP operating conditions, thus confirming the findings reported in 

literature on the positive effect of using small-sized CaO particles on multicycle activity in terms of 

remarkable limitation of sintering and pore plugging phenomena [12]. In particular, Ortiz et al. [12] 

explained this evidence referring to both the thickness of the limestone layer formed on the CaO 

surface, as compared to the size of the pores in the CaO skeleton formed during calcination, and the 

carbonation kinetics in the fast reaction-controlled stage. Moreover, the results obtained in the 

present work are slightly better than those obtained for fine natural limestone (< 45 m) at TCES-

CSP operating conditions with TG analysis by other Authors [12,13], thus confirming the ability of 

sound-assisted fluidization in maximizing the carbonation performances of fine CaO particles [4]. 

On the contrary, the carbonation performances obtained under ordinary fluidization conditions are 

worse than those obtained by thermogravimetric analysis [4], thus confirming that 

thermogravimetry is intrinsically incapable of taking into account all the issues arising from the gas-

solid contact and mass/heat transfer efficiency occurring in a fluidized bed reactor.  

In analogy to what done for the preliminary fluid-dynamic characterization, the effect of sound 

frequency and intensity on the CaL performances, in terms of carbonation conversion, has been 

investigated. Fig. 10 reports the correlation obtained for the carbonation conversion with SPL and 

frequency, parametric in the cycle number; the values of carbonation conversion obtained without 

the assistance of any acoustic field have been also reported for comparison. With reference to the 

effect of SPL, Fig. 10a shows that XCaO monotonically increases with increasing the intensity of the 
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acoustic field. This result, in agreement with the monotonic effect obtained on the fluidization 

quality (Fig. 4a), is consistent with the enhanced disaggregation mechanism due to the increased 

strength of the acoustic wave. On the contrary, Fig. 10b shows that the correlation between XCaO 

and the sound frequency is nonlinear, which is also in agreement with the non-monotonic effect of 

the sound frequency on the fluidization quality (Fig. 4b). This is in line with the observed existence 

of an optimum value of sound frequency (120 Hz), at which the propagation of the sound waves 

inside the bed and, therefore, the disaggregation mechanism is optimized. Notably, even when non-

optimal acoustic conditions are applied (i.e. SPL < 150 dB and f ≠ 120 Hz), the carbonation 

conversion is always larger than that obtainable under ordinary fluidization conditions. 

4. Conclusions 

In this work the possibility to exploit the higher reactivity and mutlicyclic stability of a fine natural 

limestone (< 50 m) in a fluidized bed reactor for CaL at TCES-CSP applications has been 

investigated for the first time. In particular, the acoustic wave perturbation has been proposed to 

overcome the strong interparticle forces of fine cohesive powders, which leads to agglomeration, 

channeling and plugging phenomena, thus inhibiting the possibility to uniformly fluidize them.  

CaL tests have been performed under ordinary and sound-assisted fluidization conditions in a lab-

scale sound-assisted fluidized bed reactor in order to study the influence of the application of high 

intensity acoustic fields on the carbonation performances of fine CaO particles. The effect of sound 

parameters (SPL and frequency) has also been highlighted. 

It has been found that the application of the acoustic perturbation remarkably enhances the 

carbonation performances of fine limestone particles under TCES-CSP operating conditions. 

Indeed, it can hinder the agglomeration phenomena, which negatively affect carbonation from both 

the gaseous (CO2) and solid (CaCO3) sides of the reaction, thus enhancing the fluidization quality 

and providing better gas–solid contact and mass transfer coefficients. Most interestingly, besides 

increasing the carbonation conversion, the application of the sound results in a remarkable decrease 
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of the deactivation rate. In fact, when such fine sorbent particles are employed under ordinary 

conditions their strong agglomeration causes a supplementary decrease of sorbent surface in 

addition to the intrinsic decline over repeated cycles caused by sintering. Therefore, this additional 

cause of sorbent surface reduction can be avoided when sound is applied, thus resulting in a 

remarkable limitation of the deactivation rate (which, as in the case of coarser particles, is only due 

to natural sintering occurring during calcination). The effect of SPL and frequency has also been 

investigated, showing even further the tight link existing between the gas-solid contact efficiency, 

i.e. fluidization quality, and the CaL performances. In fact, both SPL and frequency exhibit on the 

CaL performances the same effect as that obtained from the fluidization experiments, i.e. increasing 

SPL are advantageous and the same optimum range of frequency has been found. 

Since the application of acoustic fields does not involve any material modification, it is rather cheap 

and could be easily implemented from the technical point of view, it can be foreseen that sound-

assisted CaL might be competitive at the industrial level TCES-CSP applications. Pilot-scale 

experiments and LCA, even though beyond the scope of the present work, will be carried out as 

next steps of this research activity to further assess the efficiency and feasibility of the proposed 

technique. 
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Figure captions  

Fig. 1. Experimental apparatus: (1) N2 cylinder; (2) CO2 cylinder (3) N2 flow meter; (4) CO2 flow 

meter; (5) controller; (6) 40mm ID fluidization column; (7) wind-box; (8) microphone; (9) 

sound wave guide; (10) loudspeaker; (11) pressure transducer; (12) thermocouple; (13) 

temperature controller; (14) heating jacket; (15) filter; (16) CO2 analyzer; (17) stack. 

Fig. 2. Granulometric size distribution (a) and SEM image (b) of the natural limestone. 

Fig. 3. Pressure drops curves of the natural limestone obtained under ordinary and sound assisted 

fluidization conditions at 25 °C. 

Fig. 4. Minimum fluidization velocity and fluidizing agglomerate size of the natural limestone as 

functions of SPL at fixed frequency (120 Hz) (a) and as functions of frequency at fixed SPL 

(150 dB) (b). Temperature = 25 °C. 

Fig. 5. a) Pressure drops curves of the natural limestone obtained under sound assisted fluidization 

conditions (150dB – 120Hz) at different temperatures; b) Minimum fluidization velocity 

and fluidizing agglomerate size of the natural limestone as functions of temperature. SPL = 

150dB; f = 120Hz. 

Fig. 6. Pictures of the fluidized bed taken during ordinary (a) and sound-assisted (150dB – 120 Hz) 

(b) fluidization tests. Temperature = 850 °C. 

Fig. 7. a) CO2 concentration measured in the effluent gas from the fluidized bed during carbonation 

for an ordinary fluidization test, a sound-assisted fluidization test and for a test in which the 

sound was switched on at t = t*; b) Carbonation conversion as a function of time obtained 

under ordinary and sound-assisted conditions during the first cycle. Inlet flow rate: 115 

NLh
-1

; Carbonation: T = 850 °C; 70%vol. of CO2 in N2. Calcination: T = 750 °C; 100%vol. 

N2. 
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Fig. 8. Carbonation conversion as a function of cycle number and deactivation fit curve obtained 

under ordinary and sound assisted-fluidization conditions.  Inlet flow rate: 115 NLh
-1

; 

Carbonation: T = 850 °C; 70%vol. of CO2 in N2. Calcination: T = 750 °C; 100%vol. N2. 

Fig. 9. SEM images at different magnification of the limestone subjected to ordinary (a, b) and 

sound assisted (150 dB – 120 Hz) (c, d) CaL cycles after calcination at the 20th cycles. 

Fig. 10. Carbonation conversion as a function of (a) SPL, at a fixed sound frequency (120 Hz), and 

(b) frequency, at a fixed SPL (150 dB). 

 



 

Figure 1. Experimental apparatus: (1) N2 cylinder; (2) CO2 cylinder (3) N2 flow meter; (4) 

CO2 flow meter; (5) controller; (6) 40mm ID fluidization column; (7) wind-box; (8) 
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Figure 2. Granulometric size distribution (a) and SEM image (b) of the natural limestone. 

  



 

Figure 3. Pressure drops curves of the natural limestone obtained under ordinary and sound 

assisted fluidization conditions at 25 °C.  

  



 

Figure 4. Minimum fluidization velocity and fluidizing agglomerate size of the natural 

limestone as functions of SPL at fixed frequency (120 Hz) (a) and as functions of frequency at 

fixed SPL (150 dB) (b). Temperature = 25 °C.   



 

 

Figure 5. a) Pressure drops curves of the natural limestone obtained under sound assisted 

fluidization conditions (150dB – 120Hz) at different temperatures; b) Minimum fluidization 

velocity and fluidizing agglomerate size of the natural limestone as functions of temperature. 

SPL = 150dB; f = 120Hz.  

 

  



 

 

Figure 6. Pictures of the fluidized bed taken during ordinary (a) and sound-assisted (150dB – 

120 Hz) (b) fluidization tests. Temperature = 850 °C. 

  



 

 

Figure 7. a) CO2 concentration measured in the effluent gas from the fluidized bed during 

carbonation for an ordinary fluidization test, a sound-assisted fluidization test and for a test 

in which the sound was switched on at t = t*; b) Carbonation conversion as a function of time 

obtained under ordinary and sound-assisted conditions during the first cycle. Inlet flow rate: 

115 NLh
-1

; Carbonation: T = 850 °C; 70%vol. of CO2 in N2. Calcination: T = 750 °C; 

100%vol. N2.   



 

Figure 8. Carbonation conversion as a function of cycle number and deactivation fit curve 

obtained under ordinary and sound assisted-fluidization conditions. Inlet flow rate: 115 NLh
-

1
; Carbonation: T = 850 °C; 70%vol. of CO2 in N2. Calcination: T = 750 °C; 100%vol. N2. 

  



  

  

 

Figure 9. SEM images at different magnification of the limestone subjected to ordinary (a, b) 

and sound assisted (150 dB – 120 Hz) (c, d) CaL cycles after calcination at the 20
th

 cycles.   



 

 

Figure 10. Carbonation conversion as a function of (a) SPL, at a fixed sound frequency (120 

Hz), and (b) frequency, at a fixed SPL (150 dB).  
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