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ARTICLE INFO ABSTRACT

Keywords: Bauxite-based proppants, commonly used in the fracking industry, are also employed in solid particle receiver
Concentrated solar power types of Concentrated Solar Thermal (CST) technologies. However, fracking has been banned in many countries
Particle

due to its environmental impact, leading to a decline in demand for proppants. As a result, the current proppant
Aging testing price of 1 €/kg is expected to rise due to reduced production capacities. Therefore, alternative particle types need
Solar absorptance to be developed for Concentrated Solar Thermal applications.

Thermal emittance Cost-effective particle production compared to traditional bauxite sintering has been explored. In this study,
we conduct long-term isothermal aging tests at 1000 °C up to 4000 h to assess the optical degradation of novel
cost-effective particles, which are composed almost entirely of recycled waste products. The performance of
these novel particles is compared to traditional proppants. Additionally, we examine the durability of three types
of coatings designed to enhance the solar absorptance of the particles from approximately 83 %-97.5 %. These
coated particles are also subjected to climate chamber tests under controlled humidity and freezing conditions to
determine if environmental factors will degrade the coatings.
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Nomenclature and abbreviations (continued)
CSP Concentrated Solar Power

o5 solar absorptance [-1] CST Concentrated Solar Thermal technologies
cp,1000°c  specific heat capacity at 1000 °C [J/(g DFI Dechema-Forschungsinstitut

K] DLR German Aerospace Center
£ thermal emittance [-] EDS Energy-dispersive X-ray microanalysis
Fp breaking force [N] RAM Resonance Acoustic Mixer
HV 0.1 Vickers Hardness according to ISO6507 method 0.1 [-] SEM Scanning electron microscopy
n opto-thermal efficiency of the particles [-]
A wavelength [nm]
Pb Bulk density [g/cm®]
t testing time [h]
T temperature [°Cl 1. Introduction
Ts softening temperature [°C]
CIE Centro de Investigaciones Energéticas, Medioambientales y

CST technologies hold immense potential for sustainable energy
production, offering a reliable source of electricity or heat with minimal
environmental impact. In recent years, the integration of solid particles
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into Concentrated Solar Power (CSP) towers has emerged as a promising
solution to potentially increase the thermal efficiencies due to the ability
to operate at higher temperatures. Solid particles can absorb solar ra-
diation and store thermal energy effectively overcoming the main issues
related to the state-of-the-art heat transfer medium solar salt: corrosion,
thermal decomposition and solidification [1].

The initial concept of a solar particle receiver originated in the 1980s
at Sandia National Laboratories [2]. Since then, several receiver con-
cepts have been developed and tested, mainly reaching particle tem-
peratures in the range between 700 and 1000 °C. A good summary of the
different receiver concepts can be found in Refs. [3,4].

Several material types have been studied as candidate heat transfer
and storage particles for CSP plants. The most commonly utilized ma-
terial is sintered bauxite, developed to provide structural support in
fractured oil and gas wells (known as “proppants” [5]). Proppants
possess remarkable strength, along with non-corrosive properties,
cost-effectiveness, and wide availability in formulations with good solar
absorptance. Predominantly comprising sintered bauxite, proppants
vary primarily in alumina-to-silica ratio and the presence of other oxide
components. Nevertheless, proppants in their original state are not
stable when subjected to oxidizing conditions. They undergo a color
alteration and a corresponding decrease in solar absorptance (@) when
exposed to temperatures above 700 °C for several hours in an air envi-
ronment. In the past 10 years a couple of studies have been published to
assess the durability of different particle types ([6-12]).

Siegel et al. presented in Ref. [6] the evolution of as and thermal
emittance (g;) for three commercially available proppant materials from
CARBO ceramics when heated isothermally in air to 700 and 1000 °C for
up to 192 h. The solar absorptance was stable at 700 °C but not at
1000 °C, showing a decrease from 91 % to 84 % for CARBOHSP®. X-ray
diffraction investigation revealed phase transformation leading to the
reduction of solar absorptance. In Ref. [7] the same authors have shown
that the undesirable change in solar absorptance may be reversed
through chemical reduction in forming gas at a temperature above
700 °C.

CARBOHSP® particles were also studied under thermocyclic condi-
tions in Ref. [8]. Calder6n et al. confirmed that those particles are
affected by isothermal temperature aging due to surface chemical
composition. They found good durability of CARBOHSP® under cyclic
conditions between 300 and 900 °C. The behavior was opposite for black
silicon carbide particles, which were rather affected by thermal cycling
than by constant temperature aging.

The group around Palacios [9] has conducted isothermal aging ex-
periments at 750 and 900 °C of black silicon carbide, silica sand and iron
oxide particles. The black silicon carbide particles showed the best op-
tical behavior out of the three candidates, reaching 96 % solar absorp-
tance after 500 h of testing. However, the cost of black silicon carbide
particles, estimated at 13-18.6 €/kg in Ref. [8], is prohibitively high.

A considerably more economical solution is to use natural granular
materials. Some thermophysical properties of natural granulates and
technical ceramic bulk materials have been reported in Ref. [10]. The
tested ceramics demonstrated high resistance to thermal shock, whereas
the natural products exhibited pronounced degradation. Materials
containing quartz phases are vulnerable to rapid temperature changes
due to quartz inversion (phase transition from alpha-to beta-quartz at
573 °C). On the other hand, bauxite generated a large amount of debris
during attrition testing in their shear cell.

In [11] desert dune sand from different locations of the United Arab
Emirates were collected and studied as thermal energy storage material.
They found that the transformation of calcium carbonate into calcium
oxide during thermal aging at 1000 °C for 8 h had a negative impact on
the solar absorptance of the sand. The solar absorptance of the collected
sand samples was quite low, ranging from 50 to 59 % after thermal aging
for 8 h.

In [12] various types of particles were exposed to 350 and 950 °C up
to 10 days and the evolution of reflectance and emittance was measured
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with a handheld reflectometer and emissometer. The particle samples
included in the study were two natural sands from Saudi Arabia, CAR-
BOHSP® sintered bauxite proppants, two batches of alumina-based
Carbo-Accucast ID50-K, industrial sand from Atlanta Sand and Supply
Company, fracking sands from Saudi Arabia, Southern Ohio and from
Preferred Sand Company. It was found that most particles showed a
decrease in ag and ¢ and that these changes of optical properties
occurred within the first 24 h of exposure to 950 °C. Only one of the
Saudi Arabia natural sands and the Saudi Arabia fracking sand showed
constant oy values. However, those particles had insufficient initial
values. They concluded that the changes are large enough to affect the
receiver efficiency and that particles with more stable solar absorptance
should be developed with high priority.

It is common practice in CSP systems to enhance the solar absorp-
tance by applying specific absorber coatings. In the low to mid tem-
perature range (<400 °C) the utilized coatings are usually selective;
thus, their low thermal emittance allows to minimize heat losses of the
receiver [13] [14],. Although some candidate selective coatings exist for
elevated temperatures (600 °C in Ref. [15] and 650 °C in Ref. [16]),
absorber coatings for commercial applications are typically
non-selective with the aim to favor durability over opto-thermal per-
formance (examples of non-selective coatings can be found in Refs. [17,
181).

Few studies in the literature have reported coatings for particles;
however, none of the existing particle receiver demonstrators currently
utilize coated particles. In Ref. [19], particles were dip-coated in Pyro-
mark 2500 high temperature paint, which is the commonly used paint
for tubular solar tower absorbers. The coating turned out to be not
sufficiently mechanically stable. Furthermore, coloring diffusion treat-
ments were tried and the solar absorptance was raised from 87 % to 95
%. It was also tried to color the proppant raw material with 10 % of
commercially available “Pigment Black 267, revealing a solar absorp-
tance of about 90 %. The latter method is believed to be more
cost-effective, compared to the expensive diffusion process.

In [20], manganese iron black (PBK26) coatings were prepared for
quartz, bauxite and mullite substrate particles by water bath method and
the performance was found to be the best when Fe/Mn molar ratio in
PBK26 was 4:1. The coated particles were tested under isothermal and
cyclic furnace exposure, as well as in a wear test. Although some mass
loss was measured after the experiments, it was concluded that the
PBK26 coating significantly improves the absorptance of the particles
and that the stability of the coating is promising.

During operation, the hot ceramic particles move along the inner
receiver surfaces, outlet duct and heat exchanger tubes or other system
components (storage container, etc.). Studies like [21,22] revealed
relevant erosion rates of the utilized metallic construction materials.
However, the conducted attrition test in Ref. [23] concludes that rate of
attrition (= reduction of particle diameter) or loss of particles is ex-
pected to be insignificant over the life of the CSP system. Wear due to
interaction with metallic walls or other particles is a potential issue for
coating durability, which has not been sufficiently addressed yet.

In this study, we examine the durability of novel particles developed
by Saint-Gobain and corresponding coatings developed by DLR, CIE and
DFI. The conducted isothermal testing campaign reaches a duration of
4000 h, largely exceeding the previously reviewed studies. In addition,
we conduct climatic chamber tests to examine the effect of environ-
mental stressors like humidity or freezing conditions on the coating
performance. To our knowledge, these kinds of tests have not been re-
ported before in literature.

2. Material and methods

This section includes a description of the particle materials used in
this study, the methodology followed to analyze their durability under
accelerated aging conditions and the evaluation techniques employed to
determine their behavior.
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Table 1

Chemistry of state-of-the-art proppants in wt-%.
Material code Al,03 Si0, Fe,03
SB 30/50 >75 <10 >5
BL 30/50 and BL 16/30 >65 <18 >5
IP 30/50 55-60 <20 <9

2.1. Particle samples

Four previously commercial proppant types were delivered by Saint-
Gobain: sintered bauxite (SB 30/50), BauxLite (in two size distributions,
BL 16/30 and BL 30/50) and InterProp (IP 30/50). The main compo-
nents of their chemical composition are AlyO3, SiO5 and FeoO3 (see
Table 1). The size of the particles ranges from 297 to 590 pm for the 30/
50 grades and from 590 to 1190 pm for the 16/30 grade. The proppants
show an excellent roundness and sphericity, high hardness, softening
temperature between 850 and 882 °C, bulk density of 1.6-1.9 g/cm?,
high specific heat capacity of 1.1-1.3 J/(g-K) at 1000 °C, solar absorp-
tance of 83-91 % and low cost (see Table 2). After ceasing proppant
production in 2020, Saint-Gobain examined alternative particles for CSP
application. The first route, manufacturing of aluminum-oxide-rich
particles was achieved via a fusion process, offering excellent solar
absorptance of more than 97 %, superior roundness and sphericity,
higher hardness and bulk density compared to state-of-the-art prop-
pants. Two generations of fused particles were included in the testing.
However, the fused particles were discarded for commercialization due
to estimated manufacturing costs of about 3-5 €/kg. The second route
was based on an iron-rich particle type composed by a mix of different
oxides. The particles are produced via the granulation process with
recycled waste products from the steel industry. Hence, low cost of

Table 2
Material codes and properties of the particles included in the study.
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around 1 € per kg can be achieved. Four generations of granulated
particles were developed (Gen 1-4), of which only Gen2-4 were included
in the testing. Mechanical resistance has been improved along the gen-
erations, ultimately matching the breaking force of the state-of-the-art
proppants. However, this improvement came at the price of a reduc-
tion in solar absorptance down to 83 % for Gen4, still at the approximate
same level of state-of-the-art bauxite particles. Overall, Gen4 particles
present the best compromise in terms of cost and performance and were
identified as promising commercial solution. The main components of
the chemical composition of Gen4 particles are AloO3 (>30 wt-%), FeoO3
(<30 wt-%), SiO4 (<20 wt-%), ZrOy (>20 wt-%) and others (~5 wt-%).

This study includes three novel types of coatings, developed by DLR,
CIE and DFI, respectively. Coated Gen3 and Gen4 particles have been
included in the isothermal experiments. For the climatic chamber tests,
only coated Gen4 particles have been examined.

DLR employed a dry powder coating method, using a resonance
acoustic mixer (RAM, Resodyn, Butte, MT, USA), details of this method
can be found elsewhere [24,25]. Deep-black (Kremer Pigmente GmbH &
Co. KG, Aichstetten, Germany), a commercial spinel type pigment,
(CuMnFeOx) was utilized to blacken Gen3 and Gen4 particles. The
coating process was performed by high-energy, high-speed mixing of
particles and small quantities of spinel powders in a RAM. Thanks to the
electrostatic attraction, deep black powder deposited on particle sur-
faces. Subsequent sintering at 1200 °C for 2 h beyond the spinel melting
temperature ensured the integration of the coating layer to the particle
surface. The solar absorptance reached is in the range of 92-93 %.

The coating developed by CIE is applied through a dip-coating-like
process, using a CuCoMnOy precursor solution with SiOy nano-
particles. The precursor solutions were prepared by dissolving in abso-
lute ethanol the precursors of copper nitrate (Sigma Aldrich, 98-103 %),

Material code Chemical composition as & [—1 pp [g/cm?®] Ts [°C] F, [N] HV 0.1 [-] Cp,1000°C Cost [€/kg]
[-1] [J/(g K]
Fracking proppants SB 30/50 Al,O3-rich 0.845 0.757 1.9 882 N/A 911 1.3 <1.5
BL 16/30 Al,03-rich 0.914 0.845 1.7 857 141 833 1.2 <15
BL 30/50 Al,O3-rich 0.851 0.767 1.6 850 N/A 623 1.1 <1.5
IP 30/50 Al,0O3-rich 0.834 0.737 1.7 856 N/A 723 1.1 <1.5
Novel particles Fused 1 Mix of oxides 0.964 0.951 2.1 1110 63 1110 1.2 5
Fused 2 Mix of oxides 0.974 0.941 2.1 1080 98 988 N/A 3
Gen2 Fe,03-rich 0.928 0.829 2.8 1010 70 636 0.9 3
Gen3 Fe,03-rich 0.882 0.772 2.8 1080 90 704 0.9 1.3-1.5
Gen4 Fe,03-rich 0.833 0.614 2.0 940 120-140 926 1.1 ~1
Coated particles Gen3 DLR Cu-Mn-Fe spinel 0.925 0.757 2.8 1080 90 704 0.9 ~2
Gen3_CIE Cu-Mn-Co spinel 0.975 0.864 2.8 1080 90 704 0.9 ~2
Gen3 DFI Cu-Cr spinel 0.963 0.908 2.8 1080 90 704 0.9 ~2
Gen4 DLR Cu-Mn-Fe spinel 0.926 0.708 2.0 940 120-140 926 1.1 ~1.6
Gen4_CIE Cu-Mn-Co spinel 0.967 0.809 2.0 940 120-140 926 1.1 ~1.6
Gen4_DFI Cu-Cr spinel 0.970 0.931 2.0 940 120-140 926 1.1 ~1.6

Proppants (BL 16/30)

DLR 15.0kV 10.6mm X99 BSE-COMP 500pum

Fused particles

DLR 15.0kV 10.7mm X96 BSE-COMP

Granulated particles

A2 A
500pm DLR 5.00kV 20.8mm

Fig. 1. SEM images of the surface of representative particles.



F. Sutter et al.

Solar Energy Materials and Solar Cells 281 (2025) 113316

Fig. 2. Exposure of some particle types to 1000 °C in alumina crucibles in muffle furnace (left) and in climatic chambers to humidity conditions (right).
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Fig. 3. Steps of the cyclic exposure test according to UNE206016:2018, Test
6.8, Method A.

cobalt nitrate (PRS Panreac, 98 %) and manganese nitrate (PRS Panreac,
98 %) in a molar ratio of 1:0.6:1 and adding a complexing agent and a
wetting additive to improve film adhesion. 15 % colloidal silica (Aero-
sil® 792) was incorporated after salts dissolution. The precursor solu-
tion is poured on the particles then drained by gravity and the resulting
coated particles are introduced into the oven at 1000 °C for 2 h. More

details about the preparation and characterization of this coating can be
found in Ref. [26]. High solar absorptance up to 97.5 % was achieved.

The coating developed by DFI is applied by air-spraying an ethanol-
based suspension containing the Silikophen® AC900 resin (Evonik In-
dustries), rheological additives, hardening agents and Heucodur® Black
9-100 (Heubach GmbH) CuCr304 black pigments. The coating thickness
is between 15 and 40 pm and it is cured at room temperature which
leads to the fine dispersion of copper chromite pigments in a silica
matrix. High solar absorptance up to 97 % was achieved.

Table 2 summarizes relevant properties of the included particle types
in this study. Fig. 1 shows how they differ in surface characteristics:
whilst fused particles are very smooth and they exhibit a high roundness,
proppants and granulated particles show higher surface roughness and
more irregular shapes.

2.2. Testing conditions

The particle materials described in the previous section were sub-
mitted to three type of accelerated aging tests. The first one (thermal
exposure test) is focused on simulating the extreme temperature during
operation, while the second and third ones (environmental exposure
tests) are designed to emulate ambient conditions that might be suffered
by the particles during plant down time during maintenance periods.

2.2.1. Thermal exposure test
100 g of each particle type listed in Table 2 were exposed in a
Nabertherm LT 40/12 muffle furnace for long-term high temperature
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Fig. 4. Solar absorptance of the different particle types during exposure up to 4000 h to 1000 °C.
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Fig. 7. Spectral absorptance change during exposure of state-of-the-art sintered bauxite particles SB 30/50 (left) and Gen4 particles (right) to 1000 °C for 4000 h.

testing up to 4000 h. The test is conducted at 1000 °C. The particles have
been placed in alumina crucibles in the furnace (see Fig. 2 a). The test
was interrupted each 500 h for intermediate optical characterization of
the particles. After 3400 and 4000 h, few particles were extracted for
SEM and EDS analysis.

2.2.2. Environmental exposure tests
Again, 100 g of pristine particles were exposed in two different

climatic chambers to check their interaction at prolonged times with
humidity and under cyclic freezing conditions. The two conducted
environmental tests are standardized in ISO 6270-2, Test CH (named as
condensation test) [27] and UNE206016:2018, Test 6.8, Method A
(named as cyclic exposure test) [28].

The condensation test consisted of exposing the particle samples to
constant conditions of 100 % relative humidity at 40 °C. The test was
conducted for 960 h. The particles were introduced in small plastic
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Sintered bauxite SB 30/50 particles
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Gen4 (FerOx) particles
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Fig. 8. Spectral emittance change during exposure of state-of-the-art sintered bauxite particles SB30/50 (left) and Gen4 particles (right) to 1000 °C for 4000 h.
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vessels with a filter in the bottom to avoid stagnant water through
condensed humidity (see Fig. 2 b).

Each cycle of the cyclic exposure test consisted in the following steps
(see also Fig. 3):

e 4hat85°C
e 4 h at —40 °C (applying a maximum cooling rate of 100 °C/h)
e Approx. 16 h at 40 °C and 97 % of relative humidity

The test was conducted for 40 cycles, corresponding to a total testing
time of 960 h. The same plastic vessels with filter to avoid stagnant
water were used to place the particles in the chamber.

Not all of the particle types listed in Table 2 were included in the
environmental exposure tests. Both tests were only conducted on Gen 4
particles and their coatings, as well as on SB 30/50 proppants as
reference.

2.3. Characterization techniques

Measuring the optical properties of particles has the difficulty that
typical spectrometers require vertical sample positioning. In this case,
the measurement of the particle film needs to be accomplished through a
window. The methodology of applying a window-correction to the
measured data has been first described in Ref. [19]. This correction
formula has been discussed and slightly modified within a group of
optical experts under the SolarPaces TaskIII framework. A result of this
discussion is the published guideline on how to measure solar absorp-
tance and thermal emittance of particles [29]. A round robin test among
seven laboratories validates the method [30].

For the herein conducted study, a PerkinElmer Lambda 1050 UV/VIS/
NIR spectrophotometer with a 150 mm integrating sphere was used to
measure reflectance in the range of 280-2500 nm. The reflectance of the
particles was measured through a 1 mm quartz glass window and the
spectral absorptance of the particles was computed following the
window-correction method described in Ref. [29]. The a; of the particles

was computed by weighting the spectral absorptance data with the
direct normal spectral irradiance reported in IEC 60904-3:2019 [31].
The measurement was conducted at an incidence angle of 8°.

The emittance data in the range between 2 and 16 pm was collected
using a PerkinElmer Frontier CSI spectrometer with a 76 mm gold-coated
Mid-IR IntegratIR integrating sphere from Pike Technologies. The reflec-
tance of the particles was measured through a 2 mm ZnSe window with
anti-reflective coating. The spectral absorptance of the particles was
computed following [29]. In order to compute the ¢, of the particles, the
absorptance spectrum was weighted with the black body spectrum at
900 °C (which is the targeted operation temperature of the particles).
The measurement was conducted at an incidence angle of 12°.

Both values, a5 and ¢, are used to compute the opto-thermal effi-
ciency n, which is a figure of merit for absorber materials [16]. n is
computed according to the following equation:

”:asoQ—etoaoT“ o)
Q

where Q is the targeted solar flux of 1000 kW/m?, T the targeted tem-

perature of the particles of 900 °C and ¢ the Stefan-Boltzmann constant

of 5.67¢10 * Wm 2K *.

Microstructural and chemical analysis were performed by scanning
electron microscopy (Ultra 55, Zeiss, Germany) and energy-dispersive
spectroscopy (EDS; UltiMate, Oxford, UK). Prior to SEM analysis, par-
ticles were prepared metallographically, embedding them into hot
mounting powder EOP black (ATM Qness GmbH, Germany) at 160 °C
and 100 bar in a mounting press (Struers, CitoPress-30, Germany). Af-
terwards cross-sections were ground and polished. Surface in-
vestigations of the particles were performed by SEM in low vacuum
condition (SU 3800, Hitachi High-Tech Europe, Krefeld, Germany).

Light-microscopic images were recorded with a Leica M205C enco-
ded stereo microscope.

3. Results and discussion
3.1. Thermal exposure test

The results of the evolution of the solar absorptance and the thermal
emittance throughout the thermal exposure test are shown in Figs. 4 and
5.

In accordance to the thermal exposure tests conducted in Ref. [6] [8,
12], it was found that proppants undergo a color change when exposed
to temperatures of 1000 °C. Fig. 6 shows that the a; change happens
within the first 500 h of exposure for all four studied state-of-the-art
proppant types. After this initial degradation, the solar absorptance
stabilizes. However, the measured drop in solar absorptance is signifi-
cant; in average the solar absorptance drops by 13.8%-points for the
proppants, reaching final solar absorptance values of 66-76 % after
testing for 4000 h. The same trend is visible for the thermal emittance: in
average it drops by 25.7 % but it stabilizes within the first 500 h of
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Fig. 10. SEM/EDS analysis of as-received SB30/50 proppants (left) and after 3400 h of exposure to 1000 °C (right). The lower images show Fe-mapping to better

visualize the Fe-rich precipitates.

exposure (see Fig. 5).

A similar behavior, although less pronounced as for the proppants, is
observed for the novel fused particles. They also undergo a slight optical
degradation within the first 500 h of testing. In average, their solar
absorptance and thermal emittance values drop by 2.6%-points and
9.5%-points respectively.

On the contrary, the Granulated Gen2, Gen3 and Gen4 particles show
very stable optical properties throughout the entire thermal exposure
test. Only Gen4 shows minor fluctuations, exhibiting 1.2%-points solar
absorptance and 10.6%-points thermal emittance drop after 4000 h of

testing.

As general conclusion it can be stated that all novel particle de-
velopments outperform the state-of-the-art proppants in terms of optical
stability when exposed to 1000 °C. Gen4 particles, which were identified
as the most promising ones in terms of commercialization, show a
comparable initial solar absorptance of about 83 % to state-of-the-art
proppants (SB 30/50, BL 30/50 and IP 30/50). Notably, only the BL
16/30 proppants show a high initial absorptance of 90.5 % despite they
consist of the same composition as BL 30/50, which only reaches 83.7 %.
This variation is due to slightly different raw materials throughout
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Fig. 11. SEM/EDS analysis of as-received Gen4 particles (left) and after 3400 h of exposure to 1000 °C (right).
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ALO,

Fig. 12. SEM/EDS cross-section analysis of as-received SB 30/50 proppants (left) and after 3400 h of exposure to 1000 °C (right). The yellow arrows indicate Fe-rich

precipitates.

different manufacturing batches. Nevertheless, Gen4 particles maintain
solar absorptance above 82 % after the thermal exposure test, whilst BL
16/30 proppants fall down to 75.8 %.

With regards to the coated particles, despite a degradation in solar
absorptance of 5%-points of the DFI-coating on Gen3 particles, all par-
ticles show stable and promising behavior. CIE-coatings and the DFI-
coating on Gen4 maintain solar absorptance above 95 % after testing,
which is a significant improvement compared to the state-of-the-art and

also compared to the bare granulated particles. DLR-coating also proves
excellent temperature stability, however the initial solar absorptance of
92.6 % is lower compared to DFI and CIE.

The color change of the proppants versus the stability of granulated
particles can be visually appreciated in Fig. 6, especially when
comparing the initial image of SB 30/50 proppants with the one after
500 h of testing.

Fig. 7 shows a direct comparison between state-of-the-art sintered
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as-received After 3400 h at 1000°C
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Fig. 13. SEM/EDS cross-section analysis of as-received Gen4 particles (left) and after 3400 h of exposure to 1000 °C (right).

a) Gen 4 as-coated b) Gen 4 after 4000h

Cu Lal,2
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25um

25um 25um
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Fig. 14. SEM/EDS cross-section of the three coatings on Gen4 particles a) in initial state; b) after 4000 h of isothermal aging.

bauxite SB 30/50 proppants and granulated Gen4 in terms of spectral the loss in thermal emittance is about three times smaller for the Gen4
absorptance. The graphs remark that Gen4 achieves about one order of particles compared to the sintered bauxite SB 30/50 particles.

magnitude lower solar absorptance loss than SB 30/50 proppants after In Fig. 9 the evolution of the opto-thermal efficiency computed ac-
4000 h of testing. Also, the spectral emittance shown in Fig. 8 shows cording to equation (1) is shown. In order to improve readability of the
significantly less degradation of the particles. The graph points out that graph, only the most promising particle types and an average of the four
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Fig. 15. SEM/EDS surface images of the three coatings on a) Gen4 particles in initial state; b) Gen4 particles after 4000 h of isothermal aging.
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Fig. 16. Solar absorptance (left) and thermal emittance (right) after 960 h of exposure to the condensation test for 5 different particle types.
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Fig. 17. Solar absorptance (left) and thermal emittance (right) after 960 h/40 cycles of the cyclic exposure test for 5 different particle types.

10



F. Sutter et al.

SB 30/50 Gen4

Initial state

After
Condensation
(1SO 6270-2 CH)

After Cyclic
Exposure
(UNE206016:2018
Test 6.8 A)

Solar Energy Materials and Solar Cells 281 (2025) 113316

Gen4_DLR Gen4_DFI

Gen4_CIE

Fig. 18. Light-microscope images before and after environmental exposure testing of the 5 different particle types.

proppant types as reference are displayed. It can be seen that Gen4
particles and proppants part from identical 1, but the Gen4 particles
maintain their n of ~76.7 % throughout the entire test, while the
proppants suffer an opto-thermal efficiency loss of about 11%-points
after testing. Also, it becomes visible that all 3 coatings types maintain
stable n. The coatings of DFI and CIE achieve values slightly above 87 %,
while the 1 for the DLR coating remains at about 85 %.

Figs. 10 and 11 show SEM images of the surface analysis conducted
before and after exposure of the SB 30/50 proppants and the Gen4
particles to 1000 °C for 3400 h. Regarding the SB 30/50 proppants,
thermal degradation due to pore coalescence can be observed. More-
over, the formation of Fe-rich precipitates at the surface is also signifi-
cant (see lower row of Fig. 10). It is likely that these precipitates are
responsible for the color change, increasing the light reflection locally
and hence leading to lower solar absorptance. On the other hand, Gen4
particles exhibit stable surface characteristics after the exposure to high
temperature, which agrees with optical measurements.

Figs. 12 and 13 show the cross-sectional analysis conducted in the
SEM for both, SB 30/50 proppants and Gen4 particles. Regarding SB 30/
50, the main constituent is alumina (corundum) surrounded by a glassy
matrix. The color-giving element, Fe, can be found in the FeAlTiOs
phase, which can be observed as brighter grains in the microstructure.
The yellow arrows in Fig. 12 indicate Fe-rich precipitates, in agreement
with surface SEM. Other than that, cross-section analysis does not reveal
significant changes. Instead, changes and degradation were more pro-
nounced at the surface, which is the reason for color change. Regarding
Gen4, the main constituents are Fe,O3, alumina, silica and ZrO, and it
can be concluded that Gen4 presents very stable surface and cross-
sectional microstructure characteristics.

Figs. 14 and 15 depict the microstructural and surface changes of the
three coating types on Gen 4 particles after 4000 h of exposure to
isothermal aging, respectively.

SEM/EDS analysis of thermally aged samples point out coherent
findings with the optical measurements. The presence of the coating
layer is confirmed with "Cu” elemental mapping for all types of coatings
after 4000 h aging at 1000 °C, since copper was the common element in
all the spinel coatings (see Table 2). None of the coated particles shows a
significant change after thermal exposure when compared with as-
coated EDS mappings (see Fig. 14a and b). Only the CIEMAT coating
exhibits a slight alteration compared to the as-coated initial state by
diffusion of the Cu-rich layer into the particle substrate. However, this
alteration did not affect the optical properties.

The surface analysis shown in Fig. 15 confirms that the coatings

11

remain intact after the thermal exposure test. Only minimal changes of
the surface characteristics are visible for the DFI coating, showing small
cracks after the thermal exposure, which might explain their slight
reduction in thermal emittance (compare to Fig. 5).

3.2. Environmental exposure tests

The results of the solar absorptance and thermal emittance before
and after the environmental exposure tests can be seen in Figs. 16 and
17. All tested particles show excellent resistance against condensation
and humidity-freeze conditions. For some particles even a slight increase
in solar absorptance and thermal emittance is measured after the test.
The differences are within the measurement uncertainty of the equip-
ment. Fig. 18 shows light-microscope images of the different particles
before and after environmental exposure testing. No changes in the vi-
sual aspect are remarkable. It can be concluded that environmental
conditions at ambient temperatures will have negligible impact on the
particles or coatings durability.

4. Conclusions

Within this work, the durability of state-of-the-art proppants and
novel particles and coatings has been studied. The particles were
exposed to an unprecedented long-lasting isothermal exposure test at
1000 °C for 4000 h. In addition, particles and in particular their coat-
ings’ resistance to ambient humidity and freezing conditions were tested
in accelerated climatic chambers at low temperatures between —40 and
85 °C. All of the tested particles showed no signs of optical degradation
in the environmental climate chamber tests and it is expected that hu-
midity or freezing conditions will not impact the particles’ performance
throughout the lifetime.

As previously reported in literature, it was confirmed within this
study that bauxite-based proppants undergo a color change and there-
fore a reduction in solar absorptance values when exposed to 1000 °C.
The degradation was detected in the first optical inspection after 500 h
of exposure, but it is likely to happen more quickly (in Ref. [12] it is
reported that changes of optical properties on proppants occurred
within the first 24 h). After the initial degradation, the solar absorptance
and thermal emittance of the proppants stabilize. However, the initial
degradation of the four investigated proppant types is quite significant,
in average the solar absorptance drops by 13.8%-points, reaching final
values of 66-76 % after testing for 4000 h.

On the contrary, the novel granulated particles achieve about one
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order of magnitude lower solar absorptance loss compared to the state-
of-the-art proppants after 4000 h of testing. Granulated Gen4 particles
maintain solar absorptance above 82 % after the thermal exposure test,
whilst proppants fall below 76 %. The microstructure and surface of the
granulated particles remain stable after testing.

Based on the above-mentioned results and also on the mechanical
particle properties determined throughout the H2020 CompassCO2
project, the granulated Gen4 particles were identified as the most
promising ones for commercialization. These particles are obtained by
granulating waste products from the steel industry and can therefore be
produced cost-effectively at a cost of only approx. 1 €/kg. It was
demonstrated that in combination with coatings, the solar absorptance
can be boosted from 83 up to 97.5 %. All three of the developed coatings
for Gen4 particles showed excellent stability under the isothermal and
climatic chamber conditions. However, the coating process is estimated
to increase the particle cost by about 50-75 €-cents per kg. It remains to
be evaluated if the coating cost could be reduced in a large-scale particle
production process and if the increase in receiver efficiency will
compensate for the higher particle cost. In future work, the durability of
the coatings will be investigated under thermocyclic exposure condi-
tions. Furthermore, the attrition and erosion of the coatings will be
evaluated at ambient and at operational temperature.
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