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Abstract. Rotary kilns are very robust and versatile reactors and can be used on solar towers to perform high-temperature
endothermic thermal decomposition reactions of solid materials with the aid of concentrated solar irradiation. Their easy
functioning system allows flexibility with respect to a wide range of operating conditions, such as particle size, residence
time, operating temperature, furnace atmosphere etc. In the present study, two different solid materials with different
particle sizes are successfully treated to demonstrate the versatility of this reactor: redox oxide granules of mm size are
thermally reduced for high temperature thermochemical storage and micrometric particles of CaCO; are calcined to
produce lime (as the main ingredient of cement). Preliminary tests for using the rotary kiln in thermochemical storage
were carried out in a closed-chamber configuration, where the reactor atmosphere is separated from the environment. The
increase in the oxygen concentration in the outlet gas could clearly indicate the onset and progress of chemical reaction.
The increase in residence time has been identified as the key point for increasing the conversion of the solid material.
Calcination of CaCO3 was demonstrated in 13 chemical experiments. The heat losses mechanisms have been studied and
pointed out that the suction of gas should be optimized to increase the efficiency of the reactor. It has also been shown
that the reactor efficiency can be increased by reducing the material conversion. Optimal operation therefore depends on
the final target application.

INTRODUCTION

Concentrated solar energy can provide high temperature renewable heat. This makes it an attractive candidate
not only for electricity production, but also for other high-temperature industrial processes. An example is the
production of lime or phosphate, where a large amount of energy is used to heat a solid material in the form of
particles at temperatures close to 1000 °C. In these processes, the starting material is pre-processed in a crusher and
has a wide particle size distribution (PSD). A precisely sized material would require further treatment and a
consequent increase in price as well as in the quantity of waste material. The PSD can often vary over three or more
orders of magnitude, from the micrometer to the millimeter scale. Therefore the treatment of this material requires a
very robust, yet flexible reactor. In the past, several solar reactors have been proposed for particle treatment, such as
fluidised bed, vortex or entrained flow reactors, but these concepts only work with a narrow PSD. On the contrary,
the rotary kiln can work with a wide range of particles.

The introduction of concentrated solar energy in rotary kilns is not a new subject. Already in the 50s, Trombe
and Foex [1] proposed such a reactor for the thermal treatment of various materials, such as the purification of
alumina and quartz. Since then, a broad variety of applications have been carried out in solar rotary kilns. Examples
are the decarbonation of CaCOjs [2], the solar recycling of aluminum scrap [3-5], the melting of salts such as Na;SO4
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[6], or the reduction of zinc oxide for thermochemical production of hydrogen [7, 8]. However, until now, most of
those experimental reactors could treat a few hundred grams per hour of particles with a narrow PSD.

In the present study two different applications with very different particle sizes are chosen and demonstrated
experimentally. Both applications take place in air and at temperatures close to 1000°C. The versatility of such a
reactor is thus demonstrated at a scale of 10 kg/h.

The first application (application 1) is thermochemical storage of solar heat through thermal reduction of metal
oxide granules. During the hours of high solar radiation, the granules (storage medium) are heated and a reversible
endothermic reaction takes place (storage charge). During cloud passage or during the night, the storage can be
discharged by releasing the heat of the exothermic reverse reaction plus some of the sensible heat. The literature
presents two rotary kilns with a similar objective. The first one was developed to cyclically reduce and oxidize
cobalt oxide powder (Co304/Co0) [9]. In a typical test, a batch of 200 g of Co3;04 powder (average diameter of
10um) was cycled between 1000 °C and 750 °C to complete the reduction and oxidation of the material respectively.
A second case is based on the CuO/CuyO cycle, with particles smaller than 10um. A batch of 10 g of CuO powder
was heated to 850 °C to allow reduction of the metal oxide [10, 11]. Both reactors operated in batch mode, i.e.
oxidation and reduction take place in the same reactor. The switch from one to the other reaction mode is realized by
changing the temperature of the entire system. This lowers the reactor efficiency due to the high thermal inertia of
the reactor compared to the particles batch. In the present study, the reactor operates continuously, so that the system
is heated only at start-up, and then is kept at constant temperature, while the particles are heated up by flowing
through it. Moreover, the quantity of material treated is higher in this study.

The second application (application 2) of this study is the decarbonation of CaCOs to produce lime (as the main
ingredient of cement). Some experiments have already been carried out on this subject. In the 1980s, a small rotary
kiln was tested with CaCOs particles between 200 and 300 microns in size and with an operating temperature of
about 1000°. The reactor was able to treat about 300g/h. A second continuous rotary kiln was developed a few years
later. The system was able to treat up to 3 kg/h of particles at temperatures of 1050-1150 °C. The particle size varied
between 1-5 mm [12]. An indirect concept of a multi-tubular rotary kiln was developed and tested by the same
group [13, 14]. This time the particles were not heated directly by the incident radiation but the radiation entered a
cavity and heated the surface of the tubes, which transferred heat to the particles. The 1-5 mm diameter particles
were fed at a rate of 2-8 kg/h and heated up to 950-1150 °C. In the present study a directly irradiated concept is
considered, which allows treating particles with dimensions between 1-200um, more suitable for industrial
application.

REACTOR DESIGN

The rotary kiln, shown in Fig. 1, consists of a rotating part (drawn in blue) and a static part (in grey). The reactor
core is a cylindrical inconel crucible 0.24 m in diameter and 0.7 m in length. Parallel to the axis, eight strips 1 mm
high are welded along the length to improve particle mixing. The crucible is surrounded by a high-temperature
blanket-shaped insulation with a thermal conductivity of 0.04 W/m-K at 800°C. The insulation is covered by an
aluminum outer housing with two circular rings in contact with the four wheels to ensure smooth rotation. The
rotation is driven by a motor connected by a chain to a toothed wheel fixed on the rotating body. The rotation speed
can be adjusted from 0 to 10 rpm.

The particles are fed into the reactor via a screw feeder; their flow rate can be adjusted between 0 and 65 kg/h,
depending on the screw speed and material properties. The dosing tube has a diameter of 30 mm and is equipped
with an external water cooling system, to ensure a temperature of less than 50°C to the motor. For the brittle
millimetric granules of metal oxide (application 1) a screw with an external diameter of 19 mm is used to reduce the
mechanical stress on the particles. For the micrometric and cohesive particles of cement raw meal (CRM)
(application 2) a screw with an external diameter of 25 mm is preferred, to reduce the compaction of the particles
around the screw.

The complete system is mounted on an aluminium supporting structure, where the inclination can be adjusted
from 0 to 6.5° through a hydraulic cylinder. In a typical experiment the rotation speed has been set to 2-4 rpm and
the inclination to about 1°. This allows the particles to flow through the crucible in about 4 minutes.

A non-rotating front part allows the extraction of the particles and the entry of the incident radiation. A system
with two conical flanges separates the reactor aperture from the particle flow zone. Between the front and the
rotating part is the particle extraction system, consisting of a hopper, a pipe and a storage container. All these
components are insulated through high-temperature insulation.
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FIGURE 1. a) Diagram of the rotary kiln, with rotating parts (blue) and fixed parts (grey). From right: screw feeder, insulated
rotating crucible, fixed front panel. The green arrows show the direction of particles flow. The thick black arrows represent the
gas flow in closed (gas outlet 1) and open (gas outlet 2) configuration. The coloured squares numbered from 1 to 6 show the
position of the thermocouples along the kiln. b) Photograph of actual reactor during operation

The system can operate both in a closed and open configuration. In the closed configuration, a quartz window is
placed at the aperture where the radiation passes. The gas suction unit is applied to the back of the reactor (gas
outlet 1 in Fig.1). In the open configuration, the window is removed and two suction units are applied at the front
and at the aperture (gas outlet 2), to prevent the escape of particles. In both configurations the outlet gas temperature
is reduced in a water cooling unit, filtered of any fine particles and sucked in by a blower. The typical gas flow is
about 80 slm in closed configuration and 500 slm in open configuration. An oxygen sensor placed after the filter
analyses the composition of the gas to monitor the reaction advancement. The temperatures at various points along
the reactor are measured through a series of eight thermocouples, six connected to the outer wall of the crucible and
two on the outer housing. The reactor has been iteratively improved over several experimental campaign and several
problems were solved [15, 16].

The incident power is provided by a high flux solar simulator [17] consisting of 10 short-arc xenon lamps with
elliptical reflectors. The short wavelength radiation produced by the lamps is concentrated at a focal spot at a
distance of about 3 m, where the reactor aperture is located. In the current configuration, a power of 14 kW enters
through the aperture of 8 cm, with a peak flux of 4000 kW/m?.

APPLICATIONS

Thermochemical Storage

The first application of the solar rotary kiln is the thermochemical storage for solar power plants, based on metal
oxide redox reactions. These materials store and release thermal energy by absorbing and releasing oxygen at
temperatures between 350 °C and 1100 °C [18]. A specific advantage of these systems is the use of air both as a heat
transfer medium and reactant, eliminating the need for heat exchangers or gas storage tanks. This makes them highly
suitable option for air-operated solar plants.

Several metal oxides have been proposed as storage media [19-21]. Cobalt oxides have shown high energy
density and good cyclability, but on the other hand the material is expensive and correlated with health concern
issues [22-24]. On the contrary, Mn oxides are less expensive and not dangerous, but significant degradation after
several cycles can be an important adverse issue [25].
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Carrillo [26] has shown that the addition of Fe,Os to the Mn-oxide could decrease its cycle-to-cycle degradation.
This mixed oxide was therefore chosen as storage material in the present study, with a ratio of
(0.7-Mn203)(0.3-Fe203). This composition has been shown to be suitable due to cyclability, operating temperature
and reaction enthalpy [19, 27]. The endothermic reaction is the reduction of the mixed metal oxide:

3(Mn,Fe),03 — 2(Mn,Fe);04 +1/2 O, (1)

The material has been shaped into 1-2 mm diameter granules to facilitate handling. It is thermally reduced at
about 1050 °C inside the solar rotary kiln described above. In the same project, the storage discharge was studied
through a moving bed reactor [28], which could be coupled to the rotary kiln. A techno-economic analysis on a
commercial scale shows the potential of the complete system [29].

This work focuses on the reduction reaction inside the solar rotary kiln operating in a closed configuration. Two
high temperature seals have been added between the rotating and the stationary part, a leaf seal between the front
and rotating housing and a smaller seal between the rotating housing and the feeding unit. The reactor aperture was
covered by a 25 cm diameter quartz window. The suction unit (gas outlet 1 in Fig. 1 a), applied to the back of the
reactor, prevents any deposition on the window. Any fine particles, created by the abrasion of the granules in the
kiln or in the feeder are entrained with the gas flow and captured in the filter. The oxygen sensor is connected to the
suction unit to monitor the reaction advancement. An example of the results is shown in Fig. 2.
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FIGURE 2. Application 1. Temperature evolution (left axis) following the colour code in of Fig. 1 a. On right axis: incident
power, particle flow and oxygen concentration.

The incident power increases step-wise to avoid thermal shocks that could damage the reactor. An additional
lamp of the solar simulator is switched on every 15 minutes, ramping up the power stepwise to eventually 8 kW.
After 1.5 h of heating phase, a particle flow of 9.2kg/h starts. The temperatures at the back of the reactor sharply
decrease due to the entrance of cooler particles from the feeder. The particles heat up at the back of the crucible
reaching 1022°C in the center of the crucible, whereas the maximum temperature of 1058°C is obtained at 17.5 cm
from the front. At Scm from the front, the particles are still at 1025°C but cool down to 980°C in the last few
centimetres. An area of 30 cm with temperature higher than 1000°C was obtained. Within this zone the temperature
difference is less than 35°C. In the front part, the air coming from the cold storage, the higher radiation losses and
the lower incident flux lead to a clear decrease in temperature. It has to be mentioned that in order to avoid material
deactivation, the maximum temperature is limited to 1100°C [19, 30]. To keep the reactor below this temperature,
only the six central lamps of the solar simulator are switched on. The addition of the four more peripheral lamps
would increase the incident flux at the front and reduce the temperature difference.
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When the particle flow starts, the oxygen concentration increases significantly, clearly indicating the reduction
reaction. Through the oxygen concentration increase (AXo», shown in Fig. 2), the reaction advancement (X) was
calculated:

_ np2 . . o . . _ 1.
X =- with Moz = Nair * AXo; and No2,Max = = N(MnFe)203 ()
Nno2,Max 6

Where 11, is the net molar flow of oxygen (in addition to the one transported by air), 7ip pqy is the maximum
molar flow of oxygen which can be generated by a complete reduction of the particle flow, 7 (yn re)203 1S the molar

particle flow. In the first tests, a maximum conversion of 40% was obtained. An increase in the residence time in the
hot zone is likely to increase this value.

Cement Production

The second experiment with the rotary kiln concerned the cement production process. Cement production
involves two energy-intensive phases: the calcination of CRM at about 1000°C and the clinkering process at about
1400°C. The objective of this study is to drive the first step through concentrated solar energy, avoiding fuel
consumption for this phase. The calcined material should be stored at a high temperature and in a real plant be fed
into a conventional clinkering furnace to produce cement. CRM is a mixture of CaCOs (80-85% of total mass) and
other aggregates such as silica and alumina. During calcination, CaCOs undergoes the reaction:

CaCO; — CaO + CO, 3)
1200 30
1100 _
1000 S [—701
900 =
:'3800 _g — T02
§7OO 8 e TO3
2600 $
§°00 s | —T04
E 400 =
F300 & | = T05
200 3
100 & | —— 7106
0
0:00 0:30 1:00 1:30 2:00 2:30 3:00
Time (hh:mm)

FIGURE 3. Application 2. Evolution of the temperature (left axis) according to the colour code in Fig. 1a. On the right axis:
incident power, particle flow and oxygen concentration.

The particle size, between 1-176 um, must be small enough to ensure a solid-solid reaction between CaO and the
aggregates in the subsequent clinkering process.

The first tests were carried out in a closed configuration, using a quartz window at the aperture. 30 minutes after
the start of feeding, dust has been deposited on the window, preventing the entry of solar radiation. In order to be
able to operate for several hours without interruption, the experiments were continued in an open configuration
(Fig. 1, gas outlet 2). A parallel study is analysing other options to operate in a closed configuration and thus also
collect the CO, produced by the reaction.

Figure 3 shows exemplary results. The reactor is gradually heated for 1.5 hours, after which the particle flow
started. The temperature at the back decreases abruptly to adapt to the temperature of the input material, before it
stabilizes. After about 15 minutes the temperature in the entire crucible stabilizes. The temperature of the particles
increases by 150°C in the back half of the reactor, reaching 890°C in the central position. The temperature increases
further towards the front of the reactor, until it reaches a plateau (T02-03) at about 980°C where the chemical
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reaction takes place. Once again, the particles cool down at the reactor front to 920°C. This is due to the high heat
losses associated with air suction.

In this case, the conversion of the solid material can be calculated indirectly by post-operation thermogravimetric
analysis (TGA) under air atmosphere where any eventual further calcination of the material can be quantified in
terms of weight decrease. Such an analysis of the material leaving the reactor showed a conversion rate of 88%
reached in the solar reactor.
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FIGURE 4. Heat losses and conversion for the complete campaign

The complete experimental campaign consisted of 13 chemical experiments. The system was able to operate for
several hours and for several days continuously. Operating parameters such as temperature, mass flow and residence
time were varied to optimize the process. The total (7,,) and chemical (9 pm) reactor efficiency is calculated as
follows:

Nrot = (Quse_ch+Quse_th)/ Qinc “4)

Nchem = Quse_ch/Qinc %)

where Q5. ¢ 1 the power absorbed by the material through the chemical reaction. This derives from the particle
flow rate and the conversion measured through TGA. Q. ¢, is the power absorbed by the material to reach the
outlet temperature (TO1), calculated through the particles mass flow and specific heat. It is interesting to note that
although in thermal tests [31] an efficiency of more than 60% could be achieved, for a chemical conversion of more
than 60% the total efficiency of the reactor was less than 30%. Heat losses were analysed to explain the reason for
this. Figure 4 resumes the experimental campaign describing the heat losses, efficiencies, and chemical conversion
for each test. The test shown in Fig. 3 corresponds to Run 2 in Fig. 4. The heat fluxes are calulated based on the
measured temperature and mass flows (of particles, gas and water in the cooling system) and divided by the incident
power to derive the losses. Q rerad are the radiation losses through the reactor aperture, Q housing are the radiation
and convection through the external housing, Q water are the losses due to the water cooling of the screw feeder,
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Q others refers to the losses that could not be quantified, such as losses from the front and rear housing plates or
possible reflection of the incident radiation by the dust created inside the kiln. The detailed calculation of these
losses can be found in [31]. In this study, one more loss mechanism is evaluated, i.e. Q_gas corresponding to the
convectional losses due to the suction gas.

It can be seen that the radiation losses, which are expected to be predominant, are limited to 8% of the incident
power. The losses through the external housing are even smaller (less than 5%) due to the effective insulation used.
The cooling system absorbs less than 2% of the total radiation. The main factors contributing to the low efficiency
are the convection losses through the flushing gas, which can absorb up to 45% of the incident power. This flow has
probably been oversized to prevent the release of any particles. In Run 13 it can be seen how a smaller flow can
reduce the convection losses (below 20%) and lead to a total efficiency of 40%.

CONCLUSIONS

In the present study, two different materials have been successfully treated to demonstrate the suitability and
versatility of a solar rotary kiln: redox oxide granules of mm size have been thermally reduced to store high
temperature thermochemical energy and micrometric particles of CaCOs have been calcined to produce lime (as the
main ingredient of cement). The reactor has been developed and iteratively improved over several experimental
campaigns, where the system has been optimized and problems have been progressively solved. In the first
application, metal oxide granules of mm size are heated up to 1060°C and are chemically reduced. In this case, the
reactor works in closed configuration to monitor the gas composition as an indicator of the reaction advancement.
Thermal tests of the reactor exhibit a temperature gradient inside the reactor of less than 80°C between the hottest
point and the particle outlet placed at the front. This gradient could be further reduced by moving the particle outlet
few cm to the back. After a heating-up phase, the particle flow was initiated and the chemical reaction was clearly
demonstrated by the increase in the oxygen concentration in the outlet. In the second application, the cohesive
micrometric particles of CRM are heated to about 1000°C and calcined. The reactor operated in an open
configuration to prevent the deposition of dust on the window. In this case, 13 chemical tests were successfully
carried out. The study of the energy flows allowed to define that the main heat losses occurred by convection. This
showed that gas flow is a critical factor to be optimized to improve reactor performance. A total efficiency of about
40% was achieved by reducing the gas flow. Further ongoing studies are analyzing the possibility of operating the
system with the presence of a window.
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