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The production of high alumina refractory cements (> 75% Al,O3) is traditionally carried out in furnaces heated
with both electric power (submerged arc furnaces) and fossil fuels (coke, natural gas). This heating system has
several disadvantages: electricity price, contamination of the cement or greenhouse gases emissions. Solar en-
ergy, when properly concentrated, offers a great potential in high temperature applications, as those required in
the manufacture of refractory and ceramic materials. In this paper we propose the synthesis of calcium aluminate
compounds using concentrated solar energy. The results obtained prove the feasibility of the solar obtaining of

the calcium aluminate compounds and could be useful for future development of this solar process in a larger

scale.

1. Introduction

The production of cement is growing because of the increase in the
world population but also due to the changes in construction methods
in developing countries, and the improvement in infrastructures. In this
way, the world production of Portland cement overcame the 4000 Mt in
2015 according to the USGS (United States Geological Survey). The
production of cement has several problems: the first problem is that the
production of cement is energy intensive (fuel and electricity con-
sumption represent approximately a 40% of the total production costs
(Gonzalez and Flamant, 2014)); and the second problem is that the
cement industry is environmentally non-friendly, being responsible for
5% of global anthropogenic CO,, of which 50% is derived from the
chemical process and 40% from burning fuel (Meier et al., 2005a).

Solar energy, when properly concentrated offers a lot of possible
applications in different fields of materials science and metallurgy
(Fernandez-Gonzalez et al., 2018). In this way, for instance, con-
centrated solar energy has been applied in the recovery of valuable
components from the ironmaking and steelmaking industry (Ruiz-
Bustinza et al., 2013; Mochén et al., 2014), in the production of silicon
(Murray et al., 2006), in the carbothermal reduction of ZnO to be used
in water splitting to produce H, (Osinga et al., 2004), in the obtaining
of aluminium foams (Garcia-Cambronero et al., 2008; Garcia-
Cambronero et al., 2010), in the sintering of high speed steels (Herranz
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et al., 2013; Herranz et al., 2014) or in surface treatment of steels
(Llorente and Vazquez, 2009). In the field of non-metallic materials,
concentrated solar energy has been applied since at least four centuries.
In the 17th, Ehrenfried Walter Von Tschirnaus designed, constructed,
and worked with lenses and mirrors with the purpose of concentrating
solar energy, and, in this way, melting iron and obtaining ceramics
(porcelain) (Gosh, 1991; Newcomb, 2009; McDonald and Hunt, 1982).
Felix Trombe demonstrated the possible application of concentrated
solar energy in the melting of high refractory ceramics (alumina,
chromium oxide, zirconia, hafnia and thoria) after the Second World
War (Flamant and Balat-Pichelin, 2010). More recent studies have wi-
dened the number of applications of concentrated solar energy in non-
metallic materials. The manufacture of silicon carbide using con-
centrated solar energy was researched by several groups due to the
large number of applications of this material (composite materials,
combustible cells, electronics, etc.) (Cruz-Fernandes et al., 1998;
Gulamova et al., 2009; Ceballos-Mendivil et al., 2015). Silicon nitride
(SisNy) with excellent properties (high fractures toughness, high flex-
ural strength, and creep resistance even at high temperatures
(Cardarelli, 2008)) was also synthesized in solar furnace (Zhilinska
et al., 2003), the same as other materials with high wear resistance such
as titanium carbide (Cruz-Fernandes et al., 1999; Cruz-Fernandes et al.,
2002) and tungsten carbide (Guerra-Rosa et al., 2002). Other ceramic
materials treated under concentrated solar energy were: alumina (Cruz-
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Fernandes et al., 2000; Roméan et al., 2008) and cordierite (Costa-
Oliveira et al., 2009).

The production of refractory and ceramic materials requires high
temperatures (Verdeja et al.,, 2008; Verdeja et al., 2014; Pero-Sanz
et al.,, 2017). Conventional technologies used in reaching such high
temperatures require the utilization of electricity and/or the combus-
tion of fossil fuels (Verdeja et al., 2008; Verdeja et al., 2014), causing
both economic and environmental problems. Economically, the pro-
blems are mainly associated to the price of either the electricity or the
fossil fuels, but also to the costs of releasing CO, (taxes associated to
CO, emissions). Environmentally, the problems are linked to the
emissions of CO,, associated to the combustion of fuels used to reach the
high temperatures (in the case of electric furnaces, the emissions as-
sociated to the production of electricity should be considered), but also
other emissions such as SOx and NOx.

Calcium aluminate cements are the most important kind of non-
Portland cements due to their properties (rapid hardening, resistance to
high temperatures, resistance to temperature changes, resistance to
chemical attack and resistance to impact and abrasion) (Scrivener,
2003). However, calcium aluminate cements are expensive and are
used only in special applications. There are different types of calcium
aluminate cements depending on the amount of the three constituents
of the ternary diagram (CaO-SiO,-Al,03, see in Fig. 1 where calcium
aluminate cements are in this ternary diagram), and according to
Kurdowski, 2014 (page 604) these types of calcium aluminate cements
are:

- Type 1: 37-40% Al;03; 11-17% Fe,03; 3-8% SiO,; 36-40% CaO.
- Type 2: 48-51% Al,03; 1-1.5% Fe;03; 5-8% SiO,; 39-40% CaO.
- Type 3: 51-60% Al,03; 1-2.5% Fe;03; 3-6% SiO,; 30-40% CaO.
- Type 4: 78-80% Al,03; 0-0.5% Fe;03; 0-0.5% SiO,; 17-27% CaO.

For instance, Almatis commercializes calcium aluminate cements
with two qualities: 70% Al,O3 (25-30% CaO) and 80% Al,03 (17-19%
Ca0), while the maximum levels for impurities is in both qualities of
0.3% Na,0, 0.3% SiO,, 0.2% Fe,O3 and 0.4% MgO. It is possible to
stablish two groups of calcium aluminate cements: normal product,
dark grey or black in color, used in a broad temperature range; white
varieties, characterized by the high alumina contents, used for re-
fractory purposes (Bensted, 2008). The manufacture of normal product
quality is carried out by fusing a mixture of calcium carbonate (lime-
stone) and ferruginous bauxite in reverberatory furnaces at

$i0,

100
Al20z

Fig. 1. Location of calcium aluminate cements in the diagram Al,03-CaO-SiO,
(TAPP 2.2; Levin et al., 1964).
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1500-1600 °C (Bensted, 2008). The heating of these furnaces is per-
formed with pulverized coal, oil, natural gas, or a mixture of these fuels
(Bensted, 2008). The production of white quality cement is carried out
in rotary kilns by sintering or in electric arc furnaces also at high
temperatures (Scrivener, 2003; Bensted, 2008). The main requirement
is the purity of the raw materials (limestone and bauxite), which are
expensive (Scrivener, 2003), and the heating should avoid the con-
tamination of the cement by using specific combustibles with low level
of impurities (Bensted, 2008). High alumina calcium aluminate re-
fractory cements are for those reasons expensive materials.

Solar energy has been used in obtaining calcium aluminates
(Abdurakhmanov et al., 2012). They proposed the utilization of con-
centrated solar energy in the synthesis of calcium aluminates with
impurities of rare earth elements (Nd and Sr). The objective of
Abdurakhmanov et al., 2012 was synthesizing light-generating material
from calcium aluminate. First, they melted mixtures of calcium and
aluminum oxides, and then after fast cooling down, the product was
milled in water and Nd,O3; and SrO were added to the powders. The
powders were compacted and sintered to obtain calcium aluminates.
The research proposed by Abdurakhmanov et al., 2012, as opposed to
our research, had as objective synthesizing light-generating material
(absorb solar energy and reemit it in different ranges of visible light).

As we have mentioned, the production of cement is energy in-
tensive, and is also responsible of significant CO, emissions. In this way,
by using concentrated solar thermal (CST), CO, emissions could be
reduced by 40% and savings could also reach the 40% as fuels and
electricity are replaced with solar energy (Gonzélez and Flamant, 2014;
Meier et al., 2005a). Similar savings and reductions in CO, emissions
are expected in the event of applying concentrated solar thermal to the
synthesis of calcium aluminate cements. In this way, we propose the
synthesis of calcium aluminates (main phases of the calcium aluminate
cements) by using concentrated solar energy.

2. Experimental methodology

Experiments were carried out in a vertical axis 1.5 kW solar furnace
(see Fig. 2) in the facilities of the PROMES-CNRS located in Odeillo
(France). The functioning of the vertical axis solar furnace is described
as follows: a solar tracking heliostat reflects the rays towards a 2.0 m in
diameter parabolic concentrator (see Fig. 2), which makes converging
the sun radiation at a focal point with a dimension of around 15 mm in
diameter. The maximum concentration for this solar furnace is ap-
proximately 15,000 times the incident radiation. The average incident
radiation took values of around 900 W/m? in all experiments, although
during each experiment the values fluctuated in the range + 10% of
the average value for the incident radiation. The control of the power

Fig. 2. 1.5 kW vertical axis solar furnace at Odeillo.
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Fig. 3. CaO-Al,O3 binary diagram (TAPP 2.2; Levin et al., 1964).

applied in each experiment was carried out by means of a venetian
blind (shutter opening, which indicates the percentage of aperture of
the venetian blind, O closed, 100 totally opened).

The objective, as it was mentioned in the previous section, was to
synthesize the typical phases that are possible to find in high alumina
calcium aluminate refractory cement. This kind of cement is char-
acterized mainly by its high alumina content (> 70% wt.), and by lime
contents of around 17-30% wt., with low level of impurities (around
1%). Fig. 3 shows the Ca0-Al,0O5 phase diagram (TAPP 2.2; Levin et al.,
1964) in atomic percentage. According to the amounts of alumina and
lime mentioned, if the mixture is melted, during the cooling down to
the room temperature, the obtained product should be mainly com-
posed of CaO-2A1,03; and CaO-6Al,03;. However, considering possible
imperfections in the mixing process, which would lead to zones either
enriched or impoverished in alumina, CaO-Al,03 and Al,O3 would ap-
pear in the final product.

Mixtures were prepared by using industrial quality alumina and
calcium carbonate. Sodium carbonate was added as flux, while carbon
was added in an attempt of increasing the emissivity of the sample
because the heating of the sample is produced mainly through radia-
tion. In this way, it is expected that the darker the mixture the higher
the heat in the surface of the sample. However, it was observed that
carbon was burnt at low temperatures, without effect on the emissivity.
Thermocouples were placed at different points (one outside at a
medium height of the crucible, see Fig. 4) and other two inside. The
problem was that Cromel-Alumel thermocouples used in the experi-
ments have 1382 °C as maximum temperature, and then they are burnt
out once this temperature is surpassed. All thermocouples located

Fig. 4. Device used in the experiments.
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Fig. 5. Presence of molten phase during the process.

inside were burnt during the experiment, which indicates that tem-
peratures were significantly higher than 1400 °C. Moreover, a molten
phase was observed in the crucible (see Fig. 5). All this is indicative of
that temperatures were higher than that mentioned by Bensted, 2008,
1500-1600 °C, used for the synthesis of calcium aluminates in re-
verberatory furnaces.

Mixing was carried out manually. The initial reagents were analyzed
by using x-ray fluorescence and x-ray diffraction. In the case of the
carbon (Panreac) and sodium carbonate (sodium carbonate anhydrous,
Probus, 99.5%) both are laboratory quality reagents. X-ray fluorescence
experiments were performed with wavelength dispersive x-ray fluor-
escence spectrometer (Axios PANalytical) equipped with Rh-anode x-
ray tube with maximum power of 4 kW. All samples were measured in
vacuum with 15-50 eV energy resolution. For quantitative analysis of
the spectra, the PANalytical standardless analysis package Omniam was
used. X-ray diffraction measurements of powdered samples were con-
ducted with Empyrean PANalytical diffractometer using Kal and Kal
radiation from Cu anode. All measurements were performed with
Bragg-Brentano setup at room temperature with the 0.006° step size at
5-90° 20 scanning range and the 145 s of measurement time for each
step. Data analysis and the peak profile fitting procedure were carried
out using XPowder12 Ver. 01.02 (Database PDF2 (70 to 0.94)).

The chemical composition of the calcium carbonate is shown in
Table 1, while the chemical composition of the alumina is shown in
Table 2. In the case of the calcium carbonate (Table 1), we can see that
carbon is not present in the results because of the measurement con-
ditions, but the phases are identified through the x-ray diffraction
analysis (Fig. 6). From the x-ray diffraction results we can check that
apart from the calcium carbonate, calcium hydroxide and calcium oxide
(II) are present in the initial material, although the last phase in small
quantities. In Fig. 7 we see the x-ray diffraction pattern for the alumina,
where we see that alumina is the main phase (different types of alu-
mina), with peaks of aluminum trihydroxide.

Table 1
Chemical composition of the calcium carbonate.

Compound Mass percent (%)
Na,O 0.047
MgO 0.611
Al,05 0.334
SiO, 0.748
P,0s 0.017
SO3 0.343
K0 0.017
CaO 97.535
MnO 0.165
Fe,03 0.111
SrO 0.049
Y203 0.003
Cl 0.021
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Table 2
Chemical composition of the alumina.

Compound Mass percent (%)
Al,O3 98.863
Si0, 0.533
P,0s 0.009
SO3 0.151
K,O0 0.010
CaO 0.360
Fey03 0.039
Ga,03 0.014
Tl,03 0.001
Cl 0.021

Calcium carbonate would decompose at the temperatures of the
experiments according to the following chemical reaction:

CaCO;(s) — CaO(s) + CO,(g)

3029kJ/kg CaO are required at the decomposition temperature
(1173 K). In modern kiln furnaces this value ranges among 3600 kJ/kg
CaO for vertical double shaft kilns and 7500 kJ/kg CaO for non-pre-
heated long rotary kilns. The decomposition of calcium carbonate into
CaO and CO, has been widely studied by Flamant et al., 1980, Imhof,
1997, Meier et al., 2004 and Meier et al., 2006. Similar experiments
were conducted by Salman, 1988 as he studied the thermal decom-
position of limestone and gypsum and obtained maximum conversions
of 65% and 38%, respectively. In the case of the aluminum trihydr-
oxide, reaction of calcination would take place at temperatures within
900 °C and 1200 °C (Sancho et al., 2000), according to the reaction:

2A1(OH);(s) = ALOs(s) + 3H,0(g)

The reagents were mixed in the following proportions: 74.5% Al,O3,
24.5% CaCO3 and 1% Na,O (1.7% Na,CO3, Na,O was used as flux,
Na,CO3; will decompose into Na,O and CO, during the heating process).
Once mixed, 7.5% of carbon was added, becoming the mixture dark
grey. The problem observed, as it was indicated, was that carbon is
burnt at the temperatures involved in the process. It is also necessary to
consider that once the thermal equilibrium is reached, the sample
would not be heated up to a higher temperature, on the contrary, the
sample will emit heat by radiation while heat is absorbed by the same
process, remaining the temperature stable. This question is observed as
a layer of treated material of approximately 20 mm in height is ob-
tained, and below this layer the initial mixture remains unaltered.

From the analysis we see that certain impurities will leave the
sample with the fumes, for instance, SO,, Cl,, P;Os, etc. Considering the
proportions above mentioned, SiO, will be the most important impurity
in the product (> 0.5%), with MgO (< 0.2%) and Na,O (1%). In this
way, silica in high quantities could lead to the formation of non-hy-
drating gehlenite (2Ca0-Al,03'SiO2). The presence of ferrites could lead
to the formation of slow setting 4CaO-Al,03Fe,O3 or non-setting
2CaO-Fe;03. TiO, could form non-setting calcium titanates.

Mixtures were loaded into tabular alumina crucibles with the

Solar Energy 171 (2018) 658-666

following dimensions: 55mm in height, 30 mm in upper diameter,
25mm in lower diameter and 3 mm in thickness of the crucible walls.
The crucible was located below the focal point (around 15 mm in dia-
meter) and covered with a glass hood connected with a vacuum pump
to avoid the deposition of particles in the parabolic concentrator (see
Figs. 2 and 4). The presence of high temperature energy source was
expected to reach the bottom of the crucible. However, and as observed
when removing the sample from the crucible, the sufficient temperature
was only reached in a depth of approximately 2 cm, below that point
the material remained unreacted.

3. Results

Five experiments were carried out with the same mixture. As fore-
casted, carbon was burnt during the heating as fumes were released in
all experiments (the decomposition of calcium carbonate also generated
fumes), as well as because the final product was completely white at the
end of the experiments. Apart from the measurements of the thermo-
couples, visual observation allowed to see a molten phase during the
experiments (see Fig. 5).

The parameters for each experiment are shown in Table 3. The
power in each sample was controlled through the shutter opening,
considering the average incident radiation in each experiment. Differ-
ences with respect to the average incident radiation value were not
higher than + 10% in all experiments. The parameter time was con-
trolled as we mentioned using a thermocouple located 2 cm below the
surface of treatment as showed in Fig. 4.

Samples were analyzed by means of x-ray diffraction in powder. X-
ray diffraction measurement conditions are indicated in previous sec-
tions. Results are show in Figs. 8-12.

Results from the x-ray diffraction are consistent with information
collected in Fig. 3. As expected, treated samples mainly comprise
Ca02Al,03 and CaO6Al,05. The presence of CaO-Al,O5; and Al,O3 are
related with the presence of areas both impoverished and enriched in
alumina, respectively. In Table 4, we can see the quantitative analysis
of the crystalline components (discounting amorphous phases) in mass
percent. Unchecked peaks belong to impurities. The presence of un-
reacted starting materials (Al,O3, CaCO3 and CaO) is expected in the
sample as the material located approximately 20 mm below the surface
remained unreacted. The presence of > 0.5% SiO, could lead to the
presence of gehlenite (2Ca0-Al,05:Si0,), while the presence of ferrites
would lead to the formation of 4Ca0-Al,O3Fe;O5; or 2CaO-Fe,Os.
However, main peaks in x-ray diffraction patterns belong to calcium
aluminate cements, the presence of these impurities is expected from
the chemical initial analysis and would cover the points unmarked in
the x-ray diffraction patterns.

Except for the sample CA2, CaO-2Al,03 is the main phase in all
samples, as expected. The presence of CaO-6Al,03 is in consonance with
the amount of alumina added in the process and with the binary phase
diagram showed in Fig. 3. The Al,0O5 detected could come from either a
high temperature process or unreacted material. On its behalf,
CaO-Al,03 could come from zones impoverished in Al,O3. According to
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Table 3

Conditions under what the experiments were carried out.
Sample  Shutter Average incident radiation Power (kJ/  Time

opening (W/m?) s) (min)

CAl 70 916 0.962 18
CA2 60 901 0.811 15
CA4 100 885 1.328 30
CA5 100 856 1.284 30
CA6 60 914 0.823 22

the results, the presence of calcium aluminate compounds (typical from
high alumina refractory cements) is demonstrated, and concentrated
solar energy could be considered in the manufacture of this kind of
refractory cements. The quality of the calcium cement would depend on
the quality of the starting materials. In this case, calcium carbonate and
alumina with significant amounts of aluminum trihydroxide are used as
starting reagents, so the decomposition of these phases should take
place before the reaction among the constituents to form the calcium
aluminates. The utilization of a renewable source of energy is expected
to reduce the environmental impact as either fossil fuels or electricity
are not used in the generation of heat. The costs of producing calcium
aluminate via concentrated solar energy are expected to be reduced if
the costs of producing this material are simplified only to the energy
costs, although this question will be discussed in the next section.

A commercial calcium aluminate was analyzed by using x-ray dif-
fraction technique (Fig. 13) to compare with the calcium aluminate
obtained via concentrated solar energy.

From the analysis, it was checked that commercial calcium alumi-
nate cements are more impure than that that we obtained in the solar
furnace. As we see an important background (noise) in the x-ray dif-
fraction analysis is indicative of that the crystallization was not com-
plete. Identified phases are: mayenite (Ca;sAl;4033), grossite
(CaAl405), alumina (Al,03) and calcium aluminum oxide (CaAl,O,).
This question is reasonable because temperatures involved in the in-
dustrial process (Bensted, 2008, 1500-1600 °C) seem not sufficient for
the complete melting of the lime and alumina, and for the full crys-
tallization of the calcium aluminates (see Fig. 3). In the solar process a
molten phase is obtained, and thus more crystallized phases are

synthsized. Calcium aluminates are clearly observed in the x-ray dif-
fraction diagram in samples synthesized in the solar furnace, in general
with a single type of calcium aluminate and with low quantities of
alumina.

4. Discussion

Calcium aluminates have two main applications, as binders and as
mineral reagents. As binders, the properties required for calcium alu-
minates are resistance to corrosion, abrasion and heat combined with
rapid hardening. As reagent, calcium aluminates are used in trapping
molten metal impurities in metallurgical treatments (iron and steel
industry, foundry).

Solar energy has been used in obtaining calcium aluminates
(Abdurakhmanov et al., 2012) to be used as light generating material.
Our process follows a different line from that proposed by
Abdurakhmanov et al., 2012. The objective in our case was studying the
synthesis of calcium aluminates to be used as binders or reagents in the
metallurgical industry, while Abdurakhmanov et al., 2012 proposed the
synthesis of light-generating material from calcium aluminate. In this
section, we will discuss the advantages and disadvantages of the pos-
sible industrial process to be used in the production of calcium alumi-
nate cements.

The first step in the production of calcium aluminates via con-
centrated solar energy is ensuring a suitable supply of high quality raw
materials. These raw materials should provide a final product with low
level of impurities, for instance, high alumina cements (the group to
where calcium aluminate cements belong) should present maximum
amounts of Nay0, SiO,, Fe,O3 and MgO of 0.3, 0.3, 0.2 and 0.4%, re-
spectively. These requirements are met by using high quality materials.
In the case of the alumina, this product is available in the market with
low level of impurities. In the experiments described in this paper,
commercial alumina with the quality to be used in the Halt-Hérault
process to produce aluminum was used. Metallurgical aluminas are
characterized by their low level of impurities, typical values in the
chemical analysis are according to Sancho et al., 2000: 50-100 ppm
Si, 100-200ppm Fe, 3500-4000ppm Na, 200-300ppm Ca,
50-100 ppm Ga, 5-80 ppm Zn, 15-20 ppm Ti, 5-10 ppm V, 5-10 ppm P
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and 1-5 ppm Mn. In the case of the lime, Meier et al., 2005a suggested a
process to produce high purity lime via solar to be used in the chemical
and pharmaceutical industries. Meier et al., 2004, Meier et al., 2005b
and Meier et al., 2006 designed a kiln furnace heated indirectly by
means of a system of rotatory tubes. Meier et al., 2006 used a 15 kW
solar furnace. 1.5-2h were required until stationary conditions were
reached, after that the treatment lasted 30 min (1200-1400 K), with
rotation speeds between 8 and 18rpm, being the feeding rate of
36-136 g/min and particle size between 2 and 3 mm. Meier et al., 2006
observed a calcination rate of 98.2% and CaO productivity of 64.2 g/
min when the temperature was 1395 K. They observed a reduction of
CO, emissions by 20% in a state-of-the-art lime plant and up to 40% in
a conventional cement plant. Meier et al., 2005a observed that for a
solar calcination plant the cost of solar produced lime ranged in 2004
between: 128 and 157 $/ton for 25 MWy, solar plant; 137 and 170
$/ton for 5 MWy, solar plant; and, 169 and 198 $/ton for 1 MWy, solar
plant. These values are approximately twice the selling price of con-
ventional lime in 2004 (60 $/ton). Lime could be supplied as CaO, using
for instance the process proposed by Meier et al., or as calcium car-
bonate directly as we did in our case. Using calcium carbonate instead
of calcium oxide (II) avoids one step, and thus the costs of installation
associated to the production of lime.

Regarding the type of solar installation, it is necessary to consider
that there are limitations with respect to the temperatures that are
possible to attain with one or other technologies. Cylindrical solar
concentrators could be useful with the objective of operating in con-
tinuous. Heat would be supplied in a tube located at the focal line being
fed the material on one side and collected on the opposite side (Fig. 14).
However, this technology is limited by the temperatures that are pos-
sible to reach. According to Alarcon-Villamil et al. (2013) maximum
temperatures reached by using the cylindrical solar concentrator are
limited to 400°C, and according to Jesko, 2008 to the range
150-500 °C. It would be necessary to use parabolic concentrators as
higher concentrations and thus higher powers can be reached (similar
to that showed in Fig. 2, but with a design that could allow treating
bigger quantities than in our experiments), and they can track the sun
with the heliostats. In the case of parabolic concentrators, the solar
furnace could operate as a conventional submerged arc electric furnace,

playing the concentrated solar beam a role similar to that of the elec-
trode in the electric furnace (point heating), but with heating rates
significantly higher.

By using the HSC 5.1 energetic requirements were calculated con-
sidering different situations:

— Using calcium oxide (II) as starting material or using calcium car-
bonate as starting material.
— Producing Ca0-2A1,03 (2AC) or producing CaO- Al,O3 (AC).

Results are displayed in Table 5.

In situations A and B, supplying calcium oxide (II) is necessary (CO»
emissions and energy consumptions would be associated to this addi-
tional process). In situations C and D, calcium carbonate is used, and
CO,, associated to the decomposition of the calcium carbonate would be
released to the atmosphere, and energy requirements would be higher
because of the energy requirements for the limestone decomposition
reaction.

Now we will consider two situations: a plant producing 1000 tons of
calcium aluminates (CA) yearly and a plant producing 10,000 tons of
calcium aluminate yearly. We will use information provided by Flamant
et al. (1999) and Meier et al. (2005a) to estimate the energy require-
ments in the case of using concentrated solar energy. We assume a plant
operating 2677 h/year as Meier et al. (2005a). According to Flamant
et al. (1999), for a solar furnace the overall efficiency (optical) reaches
the 60%. We assume an efficiency in the process of the 45% (the same
as in Meier et al. (2005a) for the kiln furnace). Under these conditions,
the power input required would be in the case of a 1000 t CA/year and
10,000 t CA/year that showed in Tables 6 and 7.

The production of calcium aluminates is not excessively important
in quantities worldwide, so plants for 1000 t CA/year or 10,000t CA/
year could be sufficient to supply enough product for the market.

Now, we are going to compare the CO, emissions of the solar pro-
cess and the electric process (electric furnace). According to the IEA
(International Energy Agency) carbon dioxide emissions for electricity
in Europe are 0.4537 kg CO,/kWh. In the case of the electric furnace we
assume an efficiency of 60% to calculate the theoretical energy re-
quirements. Considering the situations described in Table 5, the energy
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Table 4
Quantitative analysis of the crystalline components (mass percent).
CAl CA2 CA4 CAS5 CA6
Ca0-2A1,05 90.5 + 0.7 15.8 = 0.7 62.7 = 09 59.6 = 1.0 85.3 0.8
Al,03 9.6 = 1.2 27.4 = 0.4 119 = 2.0
Ca0-6Al,03 56.8 = 0.4 374 £ 1.6 243 = 1.8 14.7 1.6
Ca0-Al,O3 42 = 21
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Fig. 13. X-ray diffraction diagram for a commercial calcium aluminate.
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Table 5

Energy required to produce 1 t of calcium aluminate. Conditions Tipitia1 = 25 °C
and Tgpar = 1600 °C.

Situation A Ca0 + Al,O; Ca0-2A1,03 472kWht ™! 2AC
Situation B Ca0 + Al,O; Ca0-Al,0; 447 kWht ™! AC
Situation C CaCo; + AlLO, Ca0-2A1,03 751 kWht ™! 2AC
Situation D CaCOj; + Al,O; Ca0-Al,0; 907 kWht ™! AC

requirements for the solar process presented in Table 6 and the energy
requirements in the electric furnace (efficiency of 60%), the CO,
emissions for both the electric furnace and the solar via are collected in
Table 8.

In this way, CO, emissions would be significantly reduced in the
event of using concentrated solar energy if compared with the electric
furnace. In situations C and D, CO, emissions belong to the calcination
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Table 6

Power requirements for a plant producing 1000 t CA/year.

Initial (theoretical)

Energy (1000t CA/
year)
Optical + Process

Power (1000t CA/
year)
Optical + Process

Situation A
Situation B
Situation C
Situation D

472 kWht ™! 2AC
447 kWht ™! AC
751 kWht ™! 2AC
907 kWht~ ' AC

1748 kWht ™! 2AC
1656 kWh't ™! AC
2781 kWht~! 2AC
3359 kWht~! AC

653 kW
619 kW
1039 kw
1255 kw

Table 7
Power requirements for a plant producing 10,000 t CA/year.

Initial (theoretical) Energy (10,000t CA/
year)

Optical + Process

Power (10,000t CA/
year)
Optical + Process

Situation A 472 kWht™! 2AC 1748 kWht ™! 2AC 6530 kW
Situation B 447 kWht~! AC 1656 kWht ™! AC 6190 kW
Situation C 751 kWht~! 2AC 2781 kWht ™! 2AC 10,390 kW
Situation D 907 kWht™! AC 3359 kWht ™! AC 12,550 kW

Table 8
CO,, estimated emissions for both the electric and solar processes.

Energy solar Energy electric kg CO,/t AC or t 2AC

furnace
Optical + Process Electricity Solar
Situation A 1748 kWht™! 2AC 786 kWh't™* 2AC  356.6 -
Situation B 1656 kWht™! AC 745 kWht~! AC 338 -
Situation C 2781 kWht~! 2AC 1251 kWht ™! 2AC 767 169
Situation D 3359 kWht ' AC 1512 kWht ' AC 964 278

of the calcium carbonate.

Some other considerations should be taken into account in the de-
sign of the process. Due to the specific characteristics of the heat
transfer in a solar furnace, sun radiation energy is found in a small
surface section where it is possible to reach 1040-1650 W - cm ~ 2. This
question propitiates a heat energy transfer in cents of second to a
charge that presents a thermal diffusivity of L2- T~

a(I? TV = A
Cpp
where 4 is the thermal conductivity, c, is the specific heat, and p the
density of the materials affected by the radiation. This parameter,
thermal diffusivity, can be an instrument of interest for the design of a
solar furnace, where the load could reach the molten state in a few
seconds and then displacing the load at speed, v, as a function of the
thickness, ¢, affected by the radiation that causes the melting:

a=vt

This question is related with the formation of a crust of reacted
material in a depth of approximately 20 mm in height, while below this
layer the material remains unreacted. The presence of unreacted ma-
terial is related with the capacity of the heat to reach the lower zones of
the crucible through diffusion mechanisms. It is expected that with a
higher power the heat would reach a higher depth, and the volume of
material treated would be significantly larger. If the heat does not reach
the whole volume of material in our experiments during the time while
they were held under the concentrated solar beam, it is assumed that
once the thermal equilibrium was reached and reactions took place, the
remaining time calcium aluminates were kept at high temperature and
the rest of the heat is re-emitted through the radiation heat transfer
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mechanism. According to the volume of material treated, the time re-
quired to heat the initial materials up to the reaction temperature is
shorter and the process could take not more than 15 min. In this way,
the temperature for the process should be controlled with other kind of
mechanisms that could indicate the temperature of the molten phase
and once the reaction temperature was reached, the process could be
finished. In this moment, new non-treated material could be displaced
to a point below the focal point through a continuous system of buckets,
or discontinuously by treating the material in a crucible and then
pouring it and loading new material in the crucible.

Even when the initial investment to produce the calcium aluminates
would be important, it is expected that once installed, production costs
would be significantly lower in the case of the concentrated solar en-
ergy if compared with the production through the conventional process
(considering only the cost of providing energy for the process, ac-
cording to Gonzdlez and Flamant (2014), using concentrated solar
thermal could reduce a 40% the costs in the cement industries). How-
ever, several questions arise when exploring (apart from that men-
tioned throughout the paper) the production of calcium aluminates via
concentrated solar energy: the location of sun better conditions usually
far from the main consumption centers (transportation costs) or the
appearance of new taxes to renewable energies.

5. Conclusions

In the present work, the feasibility of obtaining calcium aluminates
by using concentrated solar energy was investigated. The pursued cal-
cium aluminate cement compounds were obtained. The basic con-
cluding remarks can be summarized as follows:

— Ca0-2Al,03 is obtained as expected, being the main phase in cal-
cium aluminate refractory cements together with CaO-6Al,0s.

— The obtaining of CaO-2A1,03 and Ca0O-6Al,03 through concentrated
solar energy power offers a new field of application of solar energy.
The advantages regarding the conventional methods for obtaining
this refractory cement are: the avoiding of contaminants added to
the product through conventional fossil fuels; the environmental
improvements (CO, emissions would be reduced); and the economic
questions. Moreover, it is possible to say that refractory calcium
aluminate cement is a high added value product that can makes
interesting concentrated solar energy as power source for its ob-
taining.
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