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Abstract

The use of solid particles as heat transfer fluid (HTF) presents a great potential to overcome
drawbacks addressed in commercial Concentrated Solar Power (CSP) plants. The solid particles
thermal energy storage (TES) system allows achieving both high thermal performance at high
temperature and low cost from the material perspective. The conversion efficiency of CSP solid
particles-based systems at high temperatures strongly depends on the optical properties and
thermophysical properties of materials used both as HTF and as storage medium. The present
study is aimed to provide more experimental data and evidences of the potential in using
particulate solids for CSP application. The solar absorptance and the specific heat capacity of
silicon carbide (SiC), silica sand (SiO,), and hematite (Fe;Os) are studied after different aging
times at 750°C and 900°C. The solar absorptance slightly increases over the aging process except
for the silica sand, which decreases its absorptance in the first 100 hours, reaching a plateau. After
the aging treatment, the specific heat capacity is increased for both SiC and silica sand. However,
for the iron oxide the specific heat capacity is lower after aging. The black silicon carbide SiC is
proven to be the best option to be used up to 900°C as it shows the highest solar absorptance
(96%) and the highest heat storage capacity.

Keywords: solar absorptance; concentrated solar power (CSP); solid particles, thermal energy
storage (TES), sensible heat storage



1. Introduction

Lately, renewable energy sources have gained attention due to the depletion of fossil fuels, the
increase of greenhouse gas concentration, the climate change and the energetic security for
countries with small fossil energies reserves. For these reasons, the European Commission has set
up targets to increase the renewable energy supply share in Europe in order to reduce greenhouse
gas emissions and mitigate the climate change effects [1]. The highest power density of all
renewables by land surface area is offered by direct solar conversion into heat or electricity [2] .
Solar energy is one of the most environmentally friendly energy sources [2], and the milestones
for solar energy exploit are energy capture, energy conversion, and energy storage. Solar energy
can be harnessed generally in two different ways [3]: photovoltaic cells and thermal conversion
systems.

In few words, concentrating solar collectors use mirrors and lenses to concentrate and focus
sunlight onto a thermal receiver, similar to a boiler tube. The receiver absorbs and converts
sunlight into heat. The heat is then transported to a steam generator or engine, where it is
converted into electricity or this heat is stored as sensible heat, which can be used once it is
required. Concentrated solar power (CSP) using sensible heat system [4] consists on a storage
medium (liquid or solid) commonly contained inside a tank.

The CSP technology that has better commercial deployment is the one that uses molten salts as
heat transfer fluid (HTF), since it has the advantage of being a relevant energy storage medium
[5]. The major drawback of molten salt systems is the allowable operating temperature range,
which is limited by the phase change temperature at the low end and the thermal decomposition
onset as upper limitation [6]. Therefore, conventional central receiver technologies are limited to
temperatures between 220-600°C.

The use of solid particles as HTF is an option to overcome these drawbacks [7]. The solid particle
thermal energy storage (TES) system can achieve both high thermal performance at high
temperature and lower cost from the material perspective [8]. Thereby, solid particles fall through
a beam of concentrated solar radiation for direct heat absorption and storage. For that reason,
direct absorption receivers using solid particles have the potential to increase the maximum
temperature of the heat transfer media to more than 1000°C [9]. Considering this configuration,
CSP systems, from the HTF and TES material viewpoints, are able to operate from 600°C to more
than 1000°C. The application of solid particles as storage media is motivated mainly by cost-
efficiency aspects. On the other hand, the material and maintenance costs are expected to be lower
for solid particles storage systems [6] as was stated by Calderon et al. [10]. Figure 1 illustrates
solid particle CSP plant layout, which includes a solar receiver, high and low temperature storage
tanks, a heat exchanger, a conveyance system. In addition, solar field and power block integration
with the solid particle system is showed.

Many development efforts are carried out for achieving direct solar solid particle open systems at
commercial level. Since efficiency increases with working temperature in CSP systems, finding
the optimum properties of solid particle medium at high temperatures is one of the main R&D
challenges in this field. A first attempt to characterize materials for particle receiver applications
was conducted by Sandia National Laboratories in the 1980s [11]. Besides, Falcon et al. [12] in
1982 identified silicon carbide, alumina and quartz sand as suitable materials for CSP systems. In
the latest years, this topic has kept the researcher’s community attention. N. Siegel et al. [13]



studied the radiative properties, solar weighted absorptance and thermal emittance for several
commercially available proppants. The authors concluded that the solar weighted absorptance and
thermal emittance of the particles are stable at 700°C, but not at 1000°C. From the materials
perspective, Baumann et al. [14] studied the grain size, the specific heat capacity, the thermal
shock properties, and attrition of different solid particles: silicon carbide, silica sand, alumina,
and basalt. This study concluded that none of the materials considered as candidates perfectly
fulfills all the requirements. Therefore, compromises and some concessions have to be assigned.
In addition, Zhang et al. [15] evaluate some materials to be used in solar tower power plants with
the falling particle curtain receiver configuration, concentrating mainly on the fluidized bed
recirculation. The materials considered were silica sand, silicon carbide and calcium carbonate.
The published studies are focused on the system and solid particles properties in the recirculation
and heat exchanger parts of plant [4,11,16]. Nevertheless, there is lack of studies including optical
properties characterization of the solid particles.
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Figure 1 Solid Particle CSP plant layout [17].

The efficiency of CSP system conversion at high temperatures strongly depends on the optical
properties and thermophysical properties of materials used as heat transfer fluid and as storage
medium. Therefore, the present study is focused on the study and comparison of the solar
absorptance and specific heat capacity of solid particle materials as these properties are stated as
the most important for a proper material selection for this application [14]. Natural and synthetic
materials have been studied and treated with different thermal aging times to simulate material
changes due to the high temperature exposure. After the ageing treatment, the materials were
characterized to test the optical absorptance, the specific heat, the structural changes and the
thermal stability at high temperatures.

2. Materials



Since efficiency increases with working temperature in concentrated solar power (CSP) systems,
900 °C can be easily reached by the CSP receiver and the storage medium. Therefore, the materials
used for CSP must fulfill certain requirements restricted by the maximum operation temperature
of the application: to withstand high temperatures, thermal shock resistance, high melting
temperature, thermal stability and with non-polymorphic changes. The materials source,
composition and main advantages and disadvantages to be used as HTF and TES material in CSP
systems are listed in Table 1. Notice that silica sand as curtain receiver configuration TES material
has been studied for comparison purposes due to the relevance this material has in the reported
literature even though it presents polymorphic changes [12-15].

Notice that two working temperatures were defined in this study. The lower one is 750 °C since
this temperature allows the use of commercially available materials for components, pumps, etc.
The upper temperature, 900 °C, has been chosen as the optimal for increasing the efficiency of
heat to electricity conversion.



Table 1. Materials characterized in this study.

Material | Source Composition | Particle size | Advantages Disadvantages Previously
name (mm) studied
Black Synthetic Silicon 0.02-0.2 High wear resistance with good mechanical Cost (synthetic material). | [12,14,15]
silicon material Carbide properties, including high strength at elevate
carbide (Panadyne SiCuin 99.2% temperature and_thermal shock resistance. High
thermal conductivity. Naturally black color.
F150)
Silica Mineral Silicon oxide | 0.2-0.5 Very durable mineral, resistant to heat and chemical White color and [12-15]
sand (Silice de Si0; 95.3% attack, high melting point, and non-corrosive. polymorphic changes.
Segovia SL) Al;03 2.3%
K20 1.5%
Iron Mineral Hematite <0.15 Paramagnetic iron oxide. Naturally black color. No notable [13]
oxide (Oxidos Fe203) 95.5% disadvantages.
férricos S.A) | Dolomite
1.5%

Epidote 1.4%



3. Experimental Methodology
3.1 Aging

An isothermal aging treatment was performed to simulate the thermal stress that materials must
deal with under the operating conditions in a CSP system. The expertise of the Abengoa
researchers and co-authors suggested the two temperatures that were selected for the aging
treatment.
- The first one is 900°C, to simulate the upper limit working temperature of the system,
since the open direct receptor can reach this temperature.
- The second isotherm used to age the samples was 750 °C in order to cover the operational
temperature range in the receiver and inside the heat exchanger.
The isothermal aging treatment was performed inside a furnace under air atmosphere.
Samples were gathered at six aging stages and were evaluated after 24, 72, 168, 312, 405, and
500 hours of aging. Hence, the initial stage under study is the material samples as received, and
the final stage is the 500 hours aged samples at 900°C and at 750°C, respectively.

3.2 Thermal stability and specific heat capacity

The thermal degradation and stability upon the thermal treatments were evaluated by
thermogravimetric analysis (TGA) of the solid particles under study, for the initial stage and the
final stage at 900°C as the worst scenario. The measurements were conducted between 300°C and
900°C under N, atmosphere, with a flow of 80 ml/min, at a heating rate of 10 K/min, with around
30 mg mass, in a TA Instruments SDT Q600.

The specific heat capacity (Cp) is a key property to be considered and measured for thermal
energy storage materials and must be maximized [14] to achieve higher heat storage capacity.
The Cp was analyzed by using a Differential Scanning Calorimeter (DSC). Different methods
[18,19] have been proposed to measure the Cp: dynamic method, iso-step method and areas
method. The method selected in the present study was areas method given its highest precision.
This method consists on increasing 1 °C the material temperature inside the DSC and the
area is integrated and related to the heat flow response. This area is compared with the
one obtained by an internal standard (in this case sapphire). The full-methodology has
been previously described by Ferrer et al. [19]. The analyses were performed under 10 K/min
heating rate. The amount of sample used was around 15 mg and the sample was located into 40
pL aluminum crucible in a DSC 822e device from Mettler Toledo. The experiment was performed
under 50 ml/min N flow. Notice that the equipment precision is + 0.3 °C for temperature and
+0.1 kJ/kg-K for Cp results.

3.3 Optical properties

The solar absorptance was measured using a PerkinElmer spectrophotometer Lambda 950 with a
150 mm integrating sphere. This equipment allows to measure transmittance and reflectivity in
the whole solar spectrum within 200 nm to 2500 nm wavelength (1) range. Two different lamps
depending on the wavelength provide the illumination: a deuterium lamp is used for the ultraviolet
region (UV), and a halogen lamp is used for the visible and infrared (IR) region. For study
purposes, the reflectivity measurements were conducted from 300 nm to 2500 nm, in the UV-Vis-
NIR.



A home-made sample holder was designed to enable the measurements of granulated materials
(see Figure 2). The window, made of sapphire crystal, acts as a protector preventing the solid
particles from entering the spectrophotometer equipment. The sample holder was filled with solid
particles and it was enclosed with polymeric cover foam to slightly press the particles towards the
sapphire crystal.

— | Sapphire crystal |

Solid particle

— | Cover |

Figure 2. Sample holder and SiC sample.

Given that there is a sapphire crystal between the material and the incident light, it interacts with
the light and the solid particles. The crystal reflects a percentage of the incident light, the surface
material reflects another percentage, and other minimum fraction is diffusely reflected between
the surface and crystal. Therefore, the calibration of the equipment has to be run according to
these parameters. To that end, the equipment was calibrated using the sapphire, and the light
reflected was considered in the base line.

The methodology used to calculate the solar absorptance has been:

1- Calibration using the sapphire crystal with a white color material for 100 % reflected
light to compensate crystal effect.

2- Once the spectrophotometer is calibrated, the reflectivity (R) can be measured in the
desired wavelength.
The transmittance (T) is assumed as 0 % when calculating the absorptance (A). Then, A
is calculated following Equation 2.

R+T+A=1 1)
R+ A=1 )

Where A indicates the wavelength at which the measure has been performed.

3- Absorptance values are weighted with respect to the values of the solar spectrum AM1.5
(Equation 3) following the standard test conditions defined for solar systems [20].



Aweighted= AM1.5 (W/m2 nm) ) Ameasured @)

4- Subsequently, a trapezoidal integration [21-23] is performed under the curve to
calculate the absolute absorptance of the material as shown in Equation 4.

N A+

2
N-1
i=1

Where A is the first low range value, Ai+1 is the higher range value, and N is the
number of values.

Notice that since the absorptance measurements were calibrated with two standards and the
noise within the measurement was reduced below 1% due to the sensor exposure time on each
wave length analyzed.

3.4 Particle color change

The results from X-Ray diffraction and thermal characterization were analysed to explain the
particles colour change after the aging, which could be related to a phase transformation
mechanism or a change in oxidation state of the metal ions either accomplished or not by a phase
change [13]. X-Ray diffraction was used to determine changes in the crystalline phases; the
equipment used was a PANalytical X’Pert PRO MPD 6/6 Bragg-Brentano powder diffractometer
of 240 mm of radius. The experiments were performed at room temperature and the samples were
prepared by manual pressing some of the received powder material, in rectangular standard
sample holders of 20 mm of length, 15 mm of width and 1 mm of height.

4. Results and discussion
4.1 Thermal stability and specific heat capacity

The thermal degradation test of initial and aged materials at 750°C and 900°C shows that, after
the aging treatment, materials are thermally stable, and TGA results show no mass change with
temperature for the three solids. Despite the TGA results for the initial SiC and silica sand samples
show no thermal degradation, the result for the iron oxide is different. As it can be seen in Figure
3 a slight mass loss (1.36%) is observed when heating the initial Fe,Os; sample, within the
temperature range from 600-800°C. This mass loss is attributed to the thermal decomposition of
the impurity dolomite (MgCO3.CaCQO3) to form the corresponding MgO and CaO and releasing
CO.. Notice that this mass loss is only measured in the initial FeoO3; sample.
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Figure 3. TGA result for initial sample Fe;Os.

The heat capacity of the solid particles under study was measured at different isotherms using a
DSC. The measurements were performed at 100°C and 400°C, according to the technical
specifications of the DSC with a £0.1 error.

The results are summarised in Table 2 for initial and aged samples. For the initial materials (as
received), the specific heat capacities of silicon carbide and iron oxide are higher than for silica
sand. After the aging treatment at 750 °C, black silicon carbide maintains its Cp value, while in
iron oxide remains the same. Silica sand aging treatment at 750 °C was excluded, since solar
absorptance initial measure was too low. Instead, a complete characterization of iron oxide was
carried out. In the case of 900 °C treatments, black silicon carbide and iron oxide Cp is increased
while in iron oxide remain the same at 100 °C and decreases at 400 °C.

The highest Cp values are achieved by silicon carbide aged at 750 °C and 900 °C when the Cp is
measured at 400°C. The obtained values are 1.4 J/g-°C and 1.8 J/g-°C, at 750 °C and 900 °C,
respectively. Regarding silica sand, the measured values are higher when aged at 900°C in
comparison with initial Cp measured, which is consistent with other values reported in the
literature due to its differences in composition (impurities) [14,24].

Table 2. Cp results for the studied samples as received and after aging at 750°C and 900°C. Values
measured at 100°C and 400°C by DSC.

Aging .

Material Cp initial (J3/g-°C) temperature Cp after 509,“ of aging
(J/g-°C)
(°C)
T. Sample 100°C 400°C 100°C 400°C
Black silicon 13+0.1 15401 900 1.620.1 1.8+0.1
carbide R o 750 1.3+0.1 1.4+0.1
Silica sand 900 1.2+0.1 1.2+0.1
0.9+0.1 0.8+0.1

750 - -

Iron oxide 900 1.2+0.1 1.0+0.1

1.2+0.1 1.2+0.1
750 0.9+0.1 0.7+0.1



Overall,

black silicon carbide shows the highest Cp value while the aged iron oxide reports the

lowest values, even lower than the iron oxide without aging treatment.

4.2 Optical properties

The absorptance values at different aging stages are shown in Figure 4. A first analysis shows
that iron oxide and black silicon carbide are the solid particles that present the highest absorptance
over time and temperature.

A deep analysis of the observed differences within the materials studied can be explained as

follows:

Overall,

Black silicon carbide. Silicon carbide presents the highest absorptance, around 91% in
initial stage, and 96% fter aging at 900°C. XRD patterns for SiC before and after the
thermal aging during 5 hours at 900 °C are compared in Figure 5a. There are not
significant changes in XRD patterns. Most of the peaks coincide and are assigned to
some of the patterns included in the database for SiC. These patterns slightly differ
among them because of different stacking sequences. Slight differences may be also
attributed to the sample preparation, as by milling the sample a wide particle size
distribution is achieved, thus originating preferential orientation of some crystals.

Iron oxide. The absorptance is slightly enhanced from the initial state to the aging one
(500h at 900°C). No substantial changes can be seen in the XRD diffractogram of
samples heated at 900°C (Figure 5b), despite a low intensity new peak at a position 42.8
degrees. This peak was checked with the different patterns taking into account the
possible presence of impurities (Ca and Mg from dolomite and Ca and Al from epidote),
and it can be assigned to CaFes;Os. Decomposition of dolomite observed by TGA (Figure
3) could favour the formation of this oxide.

Silica sand. The opposite tendency is followed in this case. The solar absorptance is
decreased down to 14% over the aging time. As reported in literature [25], SiO; has
polymorphic changes with temperature and pressure towards stable and metastable
phases. In particular, at 573°C a-quartz (rhombohedral) changes to p-—quartz
(hexagonal). XRD diffractograms for the initial sample and the sample aged at 900°C are
shown in Figure 5c. It is clear that structural changes took place when thermal aging
treatment was applied. While in the original sample peaks are assigned to a-quartz as
major phase and potassium aluminium silicate as minor phase, the aged sample shows
B—quartz as major phase, but also keatite, a-quartz and potassium aluminium silicate as
minor phases.

black silicon carbide and iron oxide are the solid particles that present better results and

almost constant absorptance values over time after extreme conditions (900°C and 750°C).
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Figure 4. Absorptance for samples aged at 900°C (red) and 750°C (black): (a) black silicon carbide, (b)

silica sand, and (c) iron oxide.
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5. Conclusions

The absorptance and thermal stability of three solid particles materials were studied after aging
for 500 h at 750 °C and 900 °C to evaluate their possible use as both TES materials and HTF for
solar tower with falling down curtain receiver configuration.

The absorptance was observed to increase over the aging stages for black silicon carbide and iron
oxide samples. However, for silica sand it decreases with time. The highest absorptance value
(95.6%), within all the materials under study, is shown by black silicon carbide after aging at
900°C for 500 h, and this value fits with the one desired for such application. The black silicon
carbide also shows the highest specific heat capacity value (1.67 J/g °C), after aging at 900°C for
500 h, measured at 400 °C.

For the reasons previously stated, black silicon carbide stands out as the most appropriate material
candidate from the absorptance perspective. It can also be considered thermally stable as no
significant changes are expected due to long-termhigh temperature effect.

In summary, this work is focused on the study of some of the most important key properties of
materials to ensure a proper heat transfer and thermal stability. The characterization carried out is
an approach to the selection and development of solid particle systems for solar power tower
plants. Given the different nature of the materials selected (natural and synthetic materials),
manufacturing costs should be considered in future analyses. Further thermal, chemical and
mechanical characterization is required to validate the material selection procedure.
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