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Abstract 
Cement manufacture is one of the most raw materials- and energy-intensive 
industrial processes; moreover, its contribution to global anthropogenic CO2 
emission is estimated as high as 6%. Most of energy requirement and CO2 
generation are mainly associated with limestone calcination (LC). The use of solar 
energy as non-carbogenic renewable source for LC was evaluated in this paper; to 
this end, a directly irradiated fluidised bed (FB) reactor has been employed as 
limestone precalciner upstream of a cement clinker production kiln. LC was carried 
out at 940°C in an atmosphere containing about 70% CO2. The experimental 
activity was devoted to assess the reactivity of calcinated lime toward the main 
clay components for the Portland clinker (PCl) production process, as compared to 
lime from ordinary calcination. Portland cements (obtained by mixing PCls with 
5% natural gypsum) were hydrated for periods ranging from 2 to 28 days 
(water/cement mass ratio=0.5). Parameters as lime saturation factor, burnability, 
clinker phase composition and cement pastes hydration behaviour were assessed.  
 
Introduction 
Cement production is a highly raw-materials as well as energy-intensive 
manufacturing process and represents one of the World’s largest industrial sources 
of CO2 emission [1]. Portland cement is the most extensively employed binder 
obtained by mixing Portland Clinker (PCl) with a few percent of calcium sulphates 
(mostly natural gypsum, NG); PCl is obtained by heating the “raw meal” (a mix of 
about 80% of limestone and clay) in a two-step process, namely preheating-
calcination and clinkerization, respectively carried out in a stationary apparatus (up 
to 800°–1000°C) and in a rotary kiln (up to 1400°–1500°C). About 0.87 kg of CO2, 
coming from limestone thermal decomposition (around 60% of the total CO2 
emission) and fuel combustion, are released per each kg of PCl produced [2]. The 

Mario
Font monospazio
X6



JOINT MEETING 
THE GERMAN AND ITALIAN SECTIONS 
OF THE COMBUSTION INSTITUTE  SORRENTO, ITALY –  2018 

theoretical heat requirement for PCl manufacture is mainly associated with 
limestone calcination (LC) [3]. The use of a non-carbogenic renewable energy 
source for LC could significantly reduce the fuel consumption and provide 
substantial advantages on both economic and environmental aspects of the process. 
Solar energy is one of the most important renewable sources of energy. High-
temperature thermal energy is efficiently provided by Concentrating Solar Power 
(CSP); it is a technology employing optical sun-tracking mirrors to focus and 
concentrate solar energy onto a receiver. The use of directly irradiated Fluidised 
Bed (FB) as solar receiver/reactor has been widely investigated [4-5]. FB systems 
feature very favourable thermal properties and provide an ideal environment for 
gas–solid chemical reactions. However, the bed surface overheating induced by 
highly concentrated solar radiation could affect the performance of the system due 
to bed solids sintering and/or degradation [6]. In this paper, the use of a directly 
irradiated FB reactor as limestone precalciner upstream of a clinker production kiln 
has been investigated; a commercial Italian limestone (FL), calcined in a directly 
irradiated solar FB (SFB) reactor, was used together with commercial clay (CL) as 
kiln feed components (mixture S) for PCl manufacture. A binary mixture (mixture 
R) composed by FL and CL was employed as reference term. 
 
Experimental 
The experimental apparatus used in the present study (Figure 1, left) consists of a 
FB reactor with both the internal bed diameter and height equal to roughly 0.1 m.  

  
Figure 1. Outline of the experimental apparatus (solar FB) and its ancillary equipment 

(left). Time series of bed and surface temperature measured during a calcination run (right). 

The freeboard is conically shaped with a transparent window on the top. The SFB 
surface is exposed to a 12 kWel simulated solar furnace made by an array of three 
short arc Xe-lamps coupled with elliptical reflectors. The peak flux and the total 
power on the FB surface are equal to about 3000 kW·m–2 and 3.2 kWth, 
respectively. Two semi-cylindrical radiant heaters heat and insulate the reaction 
chamber. Two mass flow controllers supply the air and CO2 required for the reactor 
operation; two K-type thermocouples measure the FB inner temperatures while an 
IR camera is used to measure the reactor surface temperature. Table 1 reports the  
density and size range of both an Italian silica sand (SS), acting essentially as 
thermal flywheel, and FL employed for the tests.  
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Table 1. Main physical parameters for SS and FL. 
Material Particle density, kg m–3 Size range, µm 𝒖𝒎𝒎𝒕  @ 950°C *, m⋅s–1 

SS 2600 850–1000 0.27 
FL 2200 420–590 0.07 

*ut
mf (the theoretical values of minimum fluidisation velocity) evaluated according to the Wen&Yu equation  

LC was performed at about 940°C with inlet CO2 concentration close to 70%v and 
fluidising gas velocity equal to 0.6 m⋅s–1. FB reactor was initially charged with SS 
(about 730g) and heated up to 850°C. Once reached the pre-set conditions, FL 
(120g) was fed to the reactor and the solar simulator was switched on. LC was 
prolonged for nearly 20 min; later on, solar simulator was switched off and FB 
reactor was air cooled to about 20°C to recover the calcined material (SL), used as 
substitute for FL in mixture S. The major oxides of FL, SL and CL were 
determined by X-ray fluorescence (XRF) analysis and are indicated in Table 1 
together with the loss on ignition (l.o.i.) values. R and S mixtures were conceived 
to obtain two PCls having the same Lime Saturation Factor [3], LSF, value: 

𝐿𝐿𝐿 = 𝐶𝐶𝐶
(2.8∙𝑆𝑆𝐶2+1.65∙𝐴𝐴2𝐶3+0.35∙𝐹𝐹2𝐶3)       (1) 

where CaO, SiO2, Al2O3 and Fe2O3 are the mass fractions of the respective oxides. 
LSF controls the ratio 3CaO·SiO2 to 2CaO·SiO2 in PCls, namely the main 
mineralogical constituents responsible for the technological behavior of hydrated 
cements. As in modern clinkers LSF values are generally comprised in the range 
0.92–0.98, a LSF value equal to 0.93 was here considered.  
The burnability of a raw mix for Portland cement manufacture represents the 
ability of CaO, derived from limestone calcination, to react in the kiln with SiO2, 
Al2O3 and Fe2O3 contained in the clayish material to give the clinker. According to 
a fixed heating cycle, burnability can be evaluated by the amount of unreacted CaO 
(free lime) present after a given treatment duration [7]; thus, the test adopted in this 
investigation, aimed at obtaining a Burnability Index (BI) for both R and S 
mixtures, was based on the following thermal treatment: (a) first step at 105°C for 
120 min; (b) second step at 600°C for 30 min; (c) third step at the final temperature 
(1350°, 1400°, 1450° or 1500°C) for 15 min. BI is given by the following formula:   

𝐵𝐵 = 3.73(𝐴+𝐵+2𝐶+3𝐷)
(𝐴−𝐷)0.25                   (2) 

where A, B, C and D are the free lime contents (mass %) in the products burnt at 
1350°, 1400°, 1450° and 1500°C, respectively. A relatively low BI value reveals 
good burnability; more precisely, BI values lower than 60 indicate a very 
satisfactory behaviour. The free CaO concentration in PCls was measured by the 
Franke method [8]. The clinkers obtained at 1500°C from both R and S mixtures 
(CliR15 and CliS15) were in part characterized by XRF and X-ray diffraction (XRD) 
analyses, in part mixed with 5% NG and ground in laboratory mill to pass 90 
micron-sieve in order to prepare two Portland cements (CEMR and CEMS). Both 
cements were paste hydrated (water/cement ratio, 0.5 by mass) from 2 to 28 days. 
XRF, XRD and differential thermal-thermogravimetric, DT-TG, analyses were 
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utilized for (i) the chemical analysis of FL, SL, CL and NG as well as the synthetic 
clinkers, (ii) the mineralogical characterization of CliR15 and CliS15 and (iii) the 
evaluation of the hydration behaviour of CEMR and CEMS, respectively.  
 
Results and discussion  
Figure 1 (right) reports the temperature/time series obtained during the solar 
calcination test. The blue and red curves refer to the “down“ and “up“ 
temperatures, respectively; the black curve refers to the upper surface temperature 
averaged over the whole FB surface, and the orange circles and the cyan squares 
refer to a circular area of about 25 mm diameter centered on the FB surface and to 
the hot spots detected by the IR camera, respectively. The “hot-spot” function of 
the IR camera shows, for each time instant, the temperature of the pixel size (1 mm 
diameter) circular area, found on the FB surface, owning the maximum 
temperature value. The temperature averaged over the whole FB surface (black 
curve) exhibits indeed a mean value of 984°±15°C corresponding to a mean over-
temperature value of roughly 45°C as regards to the temperatures of the bulk bed. 
The mean temperatures and the related standard deviations are 1008°±25°C for the 
central area and 1020°±34°C for the hot spots. However, peak temperatures ≥ 
1100°C have been detected on the FB surface. The steep decrease in all the 
temperature values observable at about 100 s is due to the feeding of FL sample. 
From Table 2 it can be seen that FL is very rich in CaCO3 while the solar process 
was successful in achieving almost complete LC (l.o.i.=5% against 43% found for 
FL sample). These results were confirmed by XRD analysis.  

Table 2. Chemical composition for FL, SL, CL and NG mass %. 
 CaO SiO2 Al2O3 Fe2O3 K2O MgO SO3 l.o.i.a Total 

FL 54.40 1.20 0.47 0.10 0.15 0.31 0.24 42.90 99.77 
SL 90.17 1.99 0.78 0.17 0.25 0.46 0.35 5.35 99.52 
CL 12.20 54.60 10.05 3.70 2.18 0.78 0.56 14.30 98.47 
NG 32.10 1.05 0.46 0.41 - 0.27 43.10 21.90 99.29 

aLoss on ignition at 950°C, according to EN 196-2 Standard for cements. 

CL is very rich in silica while CaO and Al2O3 were revealed as secondary 
components; as also stated by DT–TG analysis l.o.i. was equal to about 14%. 
Application of Eq. (1), for LSF=0.93, was satisfied using the following mass 
proportions: R mixture (74.25% FL, rest CL); S mixture (63.50% SL, rest CL). For 
both series the free lime concentration in the synthetic clinkers decreased with the 
increase of heating temperature (CaO reacts more and more as temperature 
increases); moreover, satisfactory BI values (calculated according to Eq. (2)) of 
20.93 (S-case) and 30.42 (R-case) were obtained. XRF analysis was also carried 
out on clinkers generated at 1500°C (Table 3). The potential concentration of the 
four clinkers main mineralogical phases (3CaO·SiO2, 2CaO·SiO2, 3CaO·Al2O3, 
and 4CaO·Al2O3·Fe2O3) was determined according to the Bogue’s formulae [9]. 
From Table 3 (indicating also the phase composition for CliR15 and CliS15 together 
with typical values for industrial PCls) it can be observed that there are no 
significant differences between the two clinkers, whose composition lies in the  
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Table 3. Chemical and phase composition for CliR15, CliS15 and common clinkers, mass %.  
 CliR15 CliS15 Common clinkers 

Chemical composition 
CaO 67.34 67.11 62.0–68.0 
SiO2 22.38 22.57 21.0–23.0 
Al2O3 5.94 5.65 5.5–6.2 
Fe2O3 2.38 2.47 2.2–3.0 
MgO 1.18 1.23 1.1–1.5 
SO3 1.52 1.82 1.3–2.0 

 Phase compositiona  
3CaO·SiO2 60.78 60.35 58.0–65.0 
2CaO·SiO2 18.35 19.36 13.0–20.0 
3CaO·Al2O3 11.72 10.82 9.0–12.0 

4CaO·Al2O3·Fe2O3 7.25 7.54 7.0–9.0 
aAccording to Bogue’s formulae. 

 

indicated ranges for commercial materials. The similarity in the mineralogical 
composition between the traditional and solar clinker has been also confirmed by 
the XRD patterns (Figure 3). Both cements exhibited a similar hydration behaviour 

  
Figure 3. XRD patterns for CliR15 (left) and CliS15 (right) obtained at 1500°C. Key to 

symbols: &=3CaO·SiO2; $=2CaO·SiO2; @=3CaO·Al2O3;  ^=4CaO·Al2O3·Fe2O3. 

(Figure 4) in terms of development of the main hydration products, namely calcium 
silicate hydrates (CSH), ettringite (E), monosulphate (M), and calcium hydroxide, 
CH, (which also underwent partial carbonation, CaCO3=C). It is recalled here that: 
 

  
Figure 4. DT curves for CEMR (left) and CEMS (right), hydrated for 2 to 28 days. 

(CSH=calcium silicate hydrates; E=ettringite; M=monosulphate; CH=Ca(OH)2; C=CaCO3). 
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i) CSH are the main hydration products of calcium silicates present in the PCls (a 
process that gives CH as by-product); ii) E can be formed through the hydration of 
calcium aluminates (CA) with calcium sulphates; iii) M can be regarded as the 
decomposition product of E. 

Conclusions 
The use of concentrated solar power as non-carbogenic renewable energy source 
for limestone calcination in the cement manufacture can allow significant 
advantages from both economic and environmental points of view. The use of a 
directly irradiated fluidised bed (FB) reactor represents a practical and robust 
method to accomplish solar-driven calcination (SDC) of limestone. Laboratory 
burnability tests revealed that the use of solar CaO in raw meal for Portland clinker 
does not bring about a reduction in its burnability easiness when compared with a 
reference non-solar raw meal. A strong similarity in mineralogical composition and 
hydration behaviour of the related Portland cements was observed. On the whole, 
the technical feasibility of SDC of limestone in a FB to produce lime usable in the 
cement clinker production has been demonstrated.  
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