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Abstract

In this work, technical considerations and a comprehensive discussion on solar rotary kilns are reported. Rotary
kilns permit to obtain well-mixed particles in a broad range of temperatures (up to 2000°C), and, for this reason,
they are widely used for treating solid particles in several industrial sectors. In solar research field, they have
been employed for processing materials in solar furnaces and, in some cases, they have also been proposed as
receivers in solar tower plants. The aim of this work is to investigate the potential of solar rotary kilns as thermal
receivers in solar tower plants, taking into account the constraints that limit their use. In particular, because of the
shape of these reactors, circular heliostat fields are not allowed and the maximum power of the receiver is limited
to less than 100 MWth. Thus, the reference case of a 50-M Wy, central tower plant for the heating of sand as heat
transfer medium is reported. Residence time and receiver thermal efficiency are evaluated using an analytical
method. In addition, two possible heliostat fields with different size of mirrors are also proposed.
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1. Introduction

Fossil fuels are currently the main energy source for heat-demanding industrial processes. However, solar thermal
technologies can replace them offering an environmentally friendly and widely available solution. Different solar
thermal technologies operate at low, medium and high temperature and can be considered to provide heat for
industrial processes of variable requirements (Calderoni et al., 2012; Fuller, 2011; Lauterbach et al., 2012).
Concentrating systems employ reflectors in order to collect the solar beams on a small area where the power
levels are intensified (Liu et al., 2016). With concentration ratios of around 1000, systems efficiencies are
maximized at high temperatures (700-1500 °C). This represents a relevant advantage concerning the use of
concentrating solar heat to drive high-temperature industrial processes (Romero and Steinfeld, 2012). Some of
the most studied applications of concentrating solar energy, apart from electricity generation, focus on the
production of solar fuels, including hydrogen, which is based on H,O/CO splitting and decarbonization processes
(cracking, reforming, and gasification of carbonaceous feedstock) (Steinfeld, 2005). Other industrial applications
are extractive metallurgy, ceramic material processing and calcination (Halmann et al., 2012; Meier et al., 2004;
Nikulshina et al., 2009).

Concentrating solar energy can be coupled with thermal energy storage (TES) systems, representing an important
advantage with respect to other renewable energy technologies as photovoltaics and wind. In the last years, efforts
have been focused on developing more efficient TES with higher storage capacity in order to make concentrating
solar energy more cost effective. Molten salts able to storage sensible heat are currently the more commercially
exploited TES system but many other solutions are also under development (Kousksou et al., 2014; Mahlia et al.,
2014; Pardo et al., 2014). Concerning the present work, the solar heating of solid materials, normally in form of
particles, has been previously used to storage the energy as sensible heat (Gallo et al., 2015; Jemmal et al., 2016;
Zhang et al., 2016) or as a combination of sensible and thermochemical heat (Alonso et al., 2015; Aydin et al.,
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2015; Block and Schmiicker, 2016).

Receptors/reactors design plays an important role for increasing the efficiency of high temperature processes
driven by concentrated solar energy. In direct absorption devices, there is not opaque barrier between the radiation
and the absorber material. This material is usually the one that have to be heated as the final purpose of the tested
process, such as an industrial reactant or a storage material. Direct absorption particles in solar receivers or
reactors are commonly employed where the objective is to increase the temperature of such particulate material.
Different types of particles can be found in literature according its configuration and performance (Alonso and
Romero, 2015). Some authors have tried to innovate and to design novel engineering concepts. Many others have
readapted classical technologies to integrate the direct solar radiation.

Rotary kilns have a long history of use in metallurgical and chemical industries, their performance is well known
and they are able to operate at a very wide range of high temperatures (up to 2000 °C) with greater thermal
efficiencies than other reactor types. Since it is a well-known technology, several authors have developed
prototypes of solarized rotary kilns that have been successfully demonstrated for different applications (Alonso
et al., 2015). This work tries to analyze some relevant aspects of applying such a technology for industrial
processes. A preliminary design of a 50-MWy, plant coupled with a rotary receiver is presented. Particles of sand
are considered to be heated up until 750 °C. With this assumption, an estimation of the kiln dimensions, residence
time and particles flow-mass is given. A heliostat field design is optimized in order to reduce optical losses on
the receiver aperture. The possibilities for integrating thermal storage within the solar plant are also discussed in
this work.

2. Methodology for the preliminary design

The proposed methodology for the scale up of a solar tower plant based on a rotary kiln as central receiver consists
of three main parts. In the first part, a simplified sizing of the kiln was carried out. Calculations were based on
kilns working in a continuous mass-flow mode. In the second part, in order to calculate the receiver efficiency
and to predict the thermal load, a thermal model was developed. This model was applied to a rotary kiln for the
heating of sand without a quartz window at the aperture. Finally, in the last part, two heliostat fields based on
different heliostat sizes were designed for such a receiver.

2.1. Receiver sizing
2.1.1.  Industrial rotary kiln

Rotary kilns are widely utilized for several industrial processes because they supply well-mixed particles. In this
way, uniform temperatures are obtained in the products. These reactors can be considered as a sort of cylindrical
heat exchanger in which a gas phase transfers the heat to a solid phase. Generally, rotary kilns operate in
continuous mode. In this system, particles are introduced at one of the ends and are extracted at the other one.
The kiln usually presents a slight slop s to favor the particles axial movement. In the radial directions, particles
movement depends mainly on both the rotational speed N and the Fill Ratio FR (percentage of reactor volume
occupied by the particles). Different “bed-motions”, which depend on the kind of particles (size, shape, density)
and wall-particle friction coefficient, can be achieved. Usually, rolling and cascading modes are the most used
behaviors for industrial applications. The residence time 7 is a measure of the particle permanence inside the
reactor and it depends only on geometrical and operation parameters. Differently, a solar rotary reactor presents
an aperture at one end of the kiln. In this way, the solar radiation can enter inside the device and impinges directly
on solid particles. In some cases, a transparent quartz window is needed to work in established environments.

2.1.2.  Residence time analysis

In the last decades, several models have been carried out to predict the residence time of particles in classical
rotary kilns. Most of the authors proposed correlations based on few parameters. Usually those parameters were
geometrical characteristics of the reactor or particles and a combination of some of them was normally used.
Main parameters were the angle of repose of the particles, mass flow, reactor size, reactor slope, rotational speed,
diameter, length, height of the dam, among others.

Normally, those correlations were based on laboratory rotary kilns whose dimensions were considerably smaller
than industrial ones. Renaud et al. (2000) realized a comparative of some of these correlations with the
experimental results obtained from an industrial rotary kiln. They observed most of the equations, when applied
to larger reactors, underestimated the residence time from four to eight times, which means that most of the
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correlations proposed were not applicable for the scale up of such devices. Hence, they suggested some
improvements to the quite complex model developed by Cholette and Cloutier (1959) to predict the residence
time, obtaining a good approximation with experimental results (lower than 9%). Nevertheless, one of the
simplest correlation was the Sai’s one which underestimated the experimental residence time less than 1.2 times.
Hence, for the sake of simplicity this equation was used in the present work to estimate the residence time of a
scaled up solar reactor. Sai’s correlation is the following (Sai et al., 1990):

1315.2:hgqm 24 1
§1.02.)0.88.£0.072 (1)

7T=60"

where s is the slope of the reactor in degree, N is the reactor rotational speed in rpm, F is the mass flow in kg/h,
and /gam 1s the height of the dam in m. The dam allows maintaining the particle bed inside the reactor with an
almost constant height along the axial directions to favor particle mixing and to increase the residence time.

2.1.3  Mass flow

In order to calculate the proper height of the reactor dam, a design mass flow has to be defined. Because of the
characteristics of rotary kilns, the mass flow is estimated from the fill ratio (FR). As mentioned above, the fill
ratio corresponds to the percentage of the reactor volume occupied by the particles. If the reactor cross section
Agr 1s assumed constant, it is possible to evaluate the area (4,) and the height of the bed (%..) for a specific fill
ratio. For a determined design conditions, the dam of the reactor has to be lower or close to the predicted bed
height. In following equations, bed height was employed because it was considered the maximum limit for dam
height (haum=hpea). Equations 2, 3 and 4 show the formulae to evaluate the fill ratio, particle area and bed height:

mT
FR = —— 2
Ay = Agg-FR =-R*- (@ —sina) 3)
hpea = R - (1 —cos %) “)

where m is the mass flow in kg/s, Vzr is the volume of the reactor, p;, is the bulk density of the particles, R is the
radius of the reactor cross section, and « is the central angle determined by the particle bed.

Typical values for the fill ratio are limited in a range from 10 to 25% to achieve a good mixing of particles and
they generally correspond to rolling and cascading subtypes of bed-motion in Mellmann classification
(Mellmann, 2001). In the rolling mode, the solid material lines the bottom of the inner wall of the reactor up to a
certain height and then the particles roll down on the upper surface of the bed. Thus, the particles that roll down
constitute the active layer, while the particles that rotate as rigid body with the wall of the cylinder form the
passive layer. From a certain fill ratio, a core of static particles appears in the central region of the bed, where
mixing is not achieved. Analogously, when particles with different size or density are introduced inside the
reactor, smaller and more dense particles segregate and form a static core (Boateng and Barr, 1996).

Moreover, the equation that links the absorbed power with the inlet and outlet temperatures was added to the
previous ones (see equation 5). In this way, the proper residence time, the mass flow, the fill ratio and the height
of the bed were calculated.

Qp = 1 (™ Toue = & Tyn) (5)

where cp is the specific heat of the treated material at the inlet (73,) and outlet temperature (7ou).

2.2. Thermal Model

Heat transfer mechanisms are different in solar rotary reactor from traditional industrial kilns. In solar reactor,
radiation is the main mechanism, while in classic kilns, particles heating is due to a combination of convection
and radiation from the hot gas. Hence, in order to calculate the efficiency of the rotary kiln, a thermal model
based on a particular cavity receiver was carried out. In the model, each kind of thermal losses was estimated
following correlations found in literature. The gross power required (Qgr) by the rotary receiver was calculated
as the sum of the power absorbed by the particles (0,) and the total thermal losses (Q)), see equation 6. In addition,
kiln efficiency (nzz) was obtained from equation 7.

Qrr = Qi + Qp (6)
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Nrr = Qp/QRR (7

Thermal losses were divided in radiative, convective, conductive, and reflection losses (see equation 8). Since
conductive losses in solar receivers are more than one order of magnitude lower than other contributions, they
were neglected in this work.

Ql = erud + Qlc-,; + QlCd + erefl (8)

2.2.1.  Radiative losses

Radiative losses (Q,,,,) were calculated with Stefan-Boltzmann law (see eq. 9) considering the effective
emissivity &.¢ of a cylindrical cavity. In equation 9, 0 = 5.67 1078 W m?2 K'! is the constant of Stefan-
Boltzmann, A, is the aperture area of the rotary kiln, Tums is the environment temperature, 7., is the average
temperature inside the reactor calculated with equation 10 and 4. is the total area of internal surfaces of the
reactor. T; represents the average temperature of each surface that composes the cavity. In this case, the average
bed temperature and the average wall temperature (7)) were used. 7, was considered equal to stagnation
temperature obtained from the average heat flux (¢ ”) received by the internal cavity surfaces, see equation 11.

erad = Eeff 0 Aap ' (Tc‘tw - T;mb) 9)
YiTed;  YiTiA;
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€055 was calculated following the methodology indicated in Bergman et al., (2011) applied to a cylindrical cavity
with an aperture in one base (see equation 12). .4, corresponds to the average internal cavity emissivity,
and the view factor (Fyqyqp) Was defined with equation 13. The radius of the aperture was assumed
equal to the difference between the internal radius of the reactor and the dam height (see equation 15).

1
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2.2.2.  Convective losses

In case of an open cavity rotary kiln, convective losses Q. were expected similar to the losses of a static solar
cavity receiver. Because rotational speed were not high and it was supposed the reactor/receiver was protected
by a well-insulated static case, losses from the external walls of the reactor were neglected. Otherwise, convective
losses in the interior of the cavity are not easy to calculate and a specific study has to be done on a case by case
basis. However, several correlations have been proposed and used by many authors (Li et al., 2010; Ma, 1993;
Mcdonald, 1995; Siebers and Kraabel, 1984). In this work, the methodology proposed by Siebers and Kraabel
(1984) was followed. Convection losses were separated in forced Ql{ , and natural QL?,, contributions as indicated
in equation 16 and 17. Where Nu is the number of Nusselt, K the conductivity of the air and D the diameter of
the reactor.

Qlcv = Ql; + Ql?v = heonv * (Teav — Tamp) * Acav (16)
N ‘K NugcK
heonv = hne + by = ugc + gc (17)

Stine and Mcdonald indicated Nu for natural convection can be calculated by equations 18, 19 and 20, where Gr
is the number of Grashof (10° < Gr < 10'2); B, the coefficient of volumetric expansion; v, the cinematic viscosity
of the air at the ambient temperature, and g is the gravity acceleration (Mcdonald, 1995).
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To calculate Nu for forced convection, the following correlation from Ma (1993) was used:

hye = 0.1967 - v842 @1

where vyinq 1s the wind speed.

For the treatment of reactive particles or direct treatment of materials, a controlled atmosphere inside the reactor
is required. Therefore, a window at the kiln aperture must be employed. In these cases, similar to industrial rotary
kilns, convective heat losses are mainly due to the forced fluid flow inside the reactor. Nevertheless, gases in
solar kilns are at relatively low temperatures and the heat passes from the wall and particles to the gas. On the
contrary, in industrial devices, the heat passes from the hot gas to the particles and to the kiln walls. For this
configuration, no specific equations have been developed so far, neither for solar rotary kilns nor for industrial
rotary kilns. For instance, Brimacombe and Watkinson correlation underestimated convective heat losses for their
classical rotary kiln (Brimacombe and Watkinson, 1978; Watkinson and Brimacombe, 1978). Yang and Farouk
correlation was also discarded for the same reason (Yang and Farouk, 1997).

2.2.3.  Reflection losses

In solar plants, part of the radiation impinging on the receiver is reflected by the receiver surface towards the
environment. Cavity receivers reduce these losses, which can be calculated with equation 22. p.,, is the
reflectivity of the internal surfaces of the cavity and it is calculated through equation 23 as the weight average
reflectivity for the different constituent materials.

erefl = Fcav—>ap " Peav " Qrr (22)
_ (1_5w)'Aw+(1_Ep)'Abed
peay = 22 (23)

2.3. Heliostats fields design

Solar tower plants consist of a receiver mounted on the top of a tower and a heliostat field. The distribution of
the heliostat field can be either circular (around the tower), or at one side of the tower (north or south field,
depending on the hemisphere where the plant is located). Because solar rotary kiln shape is similar to cavity
receiver, only one-side configuration is suitable for these thermal processes. For this reason, the power range of
such a solar tower plant is limited to 1-100 MWth, approximately.

In order to define the heliostat field for the plant, the software WinDelsol was used. WinDelsol is based on the
original Delsol3 code from SANDIA National Labs. The software can design and optimize heliostat fields and
determine the radiative flux on cavity, external or flat receivers. In this case, a tilted flat receiver was employed
in order to reproduce the flux that reaches the aperture of the reactor. The location of the plant was supposed in
the Tabernas Desert, Almeria (Spain) for which atmospheric attenuation parameters were known. Detailed
characteristics of heliostats, aiming strategies and the required power on the receiver were introduced in the
software as inputs for the calculation. With this information, WinDelsol could estimate the flux distribution on
the selected receiver and at the same time, it delivered the optimized heliostat field, considering thermal losses
due to cosine factor, shadowing, blocking, spillage and atmospheric attenuation. WinDelsol delivered also the
number of heliostats (Nus), the efficiency (1), the total area (Nyg - Ays) and the reflected power (Qps) by the
heliostat field. Alternatively, knowing the number of heliostats and the reference direct normal irradiation
(DNI,), the power reflected by the heliostat field could be obtained with equation 24 and the efficiency with 25.
Aps 1s the reflecting surface of one heliostat. In this study, a minimum efficiency of 70% for the heliostat field
was considered acceptable.

Qus = Nys - Aps - DNIref (24)

Nus = Qrr/Qus (25)
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Finally, the total efficiency of the plant can be calculated with equation 26.

Neor = Qp/Qus = Nus * Mrr (26)

2.4. Storage system considerations

In this work, the kiln was treated as a thermal rotary receiver for sand or particles. Depending on the requirements,
the system can store or not the absorbed solar energy. As previously explained, the shape of the reactor limits the
maximum power available and, when the thermal demand is high, a plant without storage could result more
advantageous to produce hot air, water or steam in a heat exchanger with the integration of an auxiliary heater.
In other cases, when the heat demand of the process is considerably lower than the maximum power of the solar
plant, a storage system should be considered. Thus, a specific solar multiple has to be defined for the plant, taking
into account the requirements of each case. Finally, in plants working with direct treatment of material, a batch
reactor could be more appropriate than a continuous one.

As mentioned, the plant can operate with or without thermal storage. If the plant is provided with an insulated
hot tank, when the heat demand decreases or is null, the sand can be stored in it. In this way, the control of sand
energy could be easier. However, residence time could not be sufficient to heat up the sand because of the
intermittency and variations of solar energy. Although residence time can be varied by changing the rotational
speed of the reactor, recirculation of sand in the reactor or an auxiliary heating system inside the hot storage
should be implemented in order to achieve the desired particle temperature when weather conditions are not ideal.
A schematic representation of a plant with thermal storage and with direct treatment of material is shown in figure
1.
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Fig. 1: Configurations of a plant a) with thermal storage and b) for direct treatment of material in the receiver.

3. Results

3.1. Receiver sizing, residence time and mass flow

A reference case based on PS10 solar tower plant is presented for which a thermal power (Q,) of 50 MW was
considered. Kiln size was determined in order to be similar to PS10 receiver. Furthermore, a rotational speed of
5 rpm and a receiver slope of 5° were assumed. Those values are within the typical range for industrial rotary
kilns and they assure a bed motion in rolling or cascading mode. As mentioned, sand was the material designated
for the study with a design outlet temperature of 750 °C. The considered sand properties were bulk density (1560
kg/m?) and the specific heat, which was calculated at the entrance and at the outlet of the reactor according to
equations 27 and 28 (Perry, 1997). In the case of a plant without storage, in which the particles are directly
irradiated, the specific heat of sand has to be changed with the treated material’s one (this case is not reported
here). Sand properties used in the calculation are resumed in table 1.

Cosione = —or - (10.87 + 0008712 - T — 222) for273<T<848K  (27)
c =22%7.(10.95 + 0.0055 - T) for848<T<1873K  (28)

pSiOZ,B () 06

Table 1: Main physical properties of sand used for calculations.
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Property bulk density  Specific heat  Specific heat

at 20 °C at 750 °C
Unit kg/m? Jkg!'K! Jkg'K!
Sand 1560 740.9 1156.8

An iterative process was adopted in order to determine the proper size of the receiver. According to Mellmann
classification, a fill ratio higher than 10% assures the achievement of a rolling bed motion inside the kiln.
Nevertheless, increasing the fill ratio, segregation can arise inside the core of the particle bed. Another constraint
is related to kiln aperture. As indicated above, aperture diameter depends on the height of the particle bed that
defines the height of the kiln dam. A small aperture can reduce receiver heat losses; however, if it is too small,
part of the flux reflected by the heliostat field could not enter and, as a consequence, spillage losses increase.
Taking into account this consideration, an internal diameter of 9 m and an axial length of 8.7 m were selected for
the receiver.

Table 2: Rotary kiln geometrical and operational characteristics.

Parameter Internal Length Dam  Aperture Fill Residence Mass Central

Diameter Height Diameter Ratio Time Flow Angle a
Unit m m m m % min ke/s degree
Value 9 8.7 1.4 6.2 10 28 51.7 93.3
3.2. Thermal model results

For the calculations, it was assumed that the rotary kiln had been heated before the addition of the particles. Once
the size of the receiver was fixed and mass flow and temperature range were known, thermal losses were
calculated. Air parameters used in the equations are shown in table 3. To evaluate radiative losses, a wall and a
particle emissivity of 0.8 (Zhou et al., 2006) and 0.76 (“Engineering Toolbox,” 2016) respectively, were assumed.

Table 3: Main physical properties of air used for calculations.

Property Cinematic Volumetric  Conductivity Wind
viscosity expansion speed
Symbol v B K %
Unit m?/s /K W m'!K! m/s
Air 15.11-10¢ 3.43-10° 0.0515 10

With these values, the results shown in table 4 were obtained. In case 1, convective losses were calculated
considering an open cavity receiver, following the methodology proposed by Siebers and Kraabal with the
correlation of Stine and Mcdonald for the natural convection and Ma'’s correlation for the forced convection.

Table 4: Thermal results for the rotary kiln without transparent windows at the aperture.

Inlet  Outlet  Absorbed Radiative  Convective Reflection  Efficiency

temp. temp. Power Losses Losses Losses
Unit °C °C MW MW MW MW %
Value 750 20 50 3.42 5.45 1.12 83

3.3. Heliostat field results

Two heliostat fields were calculated, assuming Tabernas Desert conditions, a tower height of 110 m and a
minimum efficiency of 70%. The first field was based on PS10 heliostats. Those mirrors had a large size and a
reflecting surface of 121 m? each one. Field with larger heliostats had the advantage to be cheaper, mainly because
a minor number of elements is needed. With 713 heliostats, it was possible to concentrate 60 MW of solar
radiation inside a circular area of 8 m in diameter placed at the receiver aperture plane. A maximum flux of 2320
kW/m? and an average flux of 994 kW/m? at the aperture were predicted. A secondary concentrator at the entrance
of the kiln was needed because the calculated aperture of the kiln was smaller than the achieved flux distribution.
Moreover, a second heliostat field was designed, considering a smaller heliostat size (13.5 m?). In this case, it
was predicted a heliostat field of 6622 elements, a maximum heat flux of 3620 kW/m? and an average one of
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1656 kW/m?. For this case, the flux fitted inside the kiln aperture of 6.2 m. In Fig. 2 both heliostat fields are
shown.

(a) .‘..:o.n.o.oo... (b)
‘....Q....'.
©° s0000000g,

Fig. 2: Heliostat field a) with large heliostats and b) with small heliostats.

4. Discussion and further considerations

The design of the rotary receiver required the selection of several parameters. Geometrical parameter were based
on the existing PS10 tower plant and solar rotary kilns proposed so far. In the analyzed example, the mass flow
through the kiln was determined by the design power of the receiver and temperature conditions at the inlet and
outlet. Working with solid particles at ambient temperature avoids freezing problems of conventional thermal
fluids and reduces storage costs in comparison with other heat transfer fluids (i.e., molten salts). Moreover,
because of the wider working temperature range, lower mass flows are needed to obtain an equal absorbed power.
The outlet temperature of 750 °C was selected because it was higher than the limit of current commercial heat
transfer fluid, but it was low enough to avoid a considerable increase of material cost, in particular, the cost of
the transport system of the particles, heat exchanger and hot storage tank. Moreover, working with higher
temperatures implies reducing the mass flow and as consequence the fill ratio or the kiln aperture. For the
proposed example, those parameters were close to their lower limits.

Residence time estimation are quite complex for rotary kilns and in most cases, they are not applicable for scaling
up from lab devices. Residence time presented in this work is a rough evaluation of the experimental residence
time of an industrial rotary kiln. In the future, a detailed model for the rotary kiln will be developed with the aim
to achieve more reliable results and to improve the scale up of such a device. Nevertheless, the estimation of the
residence time presented in this work could be assumed as an initial information for the scale up of the plant. A
calculated time of 28 min is a reasonable time for the operation in a solar device. An important issue for this solar
systems is the control of particle temperature and because of variation in weather conditions, higher residence
time could make it complex.

For the thermal model, the rotary kiln was considered similar to a cavity receiver and calculations were based on
the existing models for this kind of elements. Therefore, calculated efficiency resulted close to typical efficiencies
of these receivers. One of the greatest challenges for both, cavity receivers and rotary kilns, is a good prediction
of convective losses. Moreover, an important difference consists in the heat transfer mechanisms for those
technologies. In particular, for cavity receivers and solar rotary kilns, radiation is the principal mechanism, while
for rotary kilns a combination of convection and radiation from the gas to the solid particles and the walls is the
main one. In this work, a simplified model for convective losses was used for the case of a rotary receiver with
an open aperture. The proposed thermal model indicates convective losses are the most relevant, corresponding
to more than 5 MW. Radiative and reflective losses are 3.42 and 1.12 MW, respectively.

Heliostat fields obtained with the software WinDelsol present higher fluxes than those used in solar tower plants
for electricity production. However, they are in an acceptable range for this kind of technology. For both heliostat
fields the efficiency was 70% and, as it can be seen in figure 2, a more compact field can be obtained if smaller
heliostats are used. Second field allows to fit the flux inside the reactor aperture without the need of a second
concentrator. As a drawback, a considerable higher number of heliostats is needed and that could increase the
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cost of the plant.

As future work, studies on a solar rotary kiln, which operates in batch mode, will be carried on. This operational
mode could facilitate control of the temperature inside the receiver/reactor, but it needs time for charge and
discharge phases. As a consequence, during these phases, part of the daily solar radiation cannot be used.

5. Conclusions

Considerations on central receiver plants with rotary kiln for production of process heat with or without storage
have been analyzed and discussed in this work. In particular, the case of a 50 MWy, plant is presented. Because
of the shape of rotary kilns, only one-side heliostat field can be suited in this kind of solar tower plant. A rotary
kiln with sand particles is analyzed. A simplified thermal model was carried on and a receiver efficiency of 83%
was calculated. A sand residence time of 28 minutes was also predicted. Finally, two heliostat fields are proposed.
The first one consists of 713 large heliostats which focus solar energy on a secondary concentrator of 8 m in
diameter. With the second one, it is possible to concentrate the required power by the receiver on the aperture of
the kiln without the use of a secondary concentrator. As a drawback, more than 6600 small heliostats are needed.
To conclude, a first analysis of central tower plants with rotary receiver was conducted. Initial results show the
possibility to realize solar plants with these characteristics in future developments. However, more detailed
models must be studied in order to more accurately predict the performance of such systems.
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