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ABSTRACT 
Including calcium sulfoaluminate (CSA) cement associated phases in clinker can provide a useful approach 
to compensate for a lack of consistency in raw material compositions, such as high alumina contents in 
clays and shales as well as high sulfur levels in fuels. Furthermore, there are key advantages when 
comparing CSA clinker product with Ordinary Portland cement (OPC) clinker, such as lower clinkering 
temperatures and limestone requirements which lower process CO2 emissions; it seems natural to explore 
the production of ye’elimite containing clinkers. Here, a production technique that utilizes sulfur as both a 
raw material and source of fuel was used to produce CSA clinker product. Low-cost high-alumina clays 
were used as the primary source of aluminum oxide and supplemented with bauxite to reach the target 
required to stabilize ye’elimite. A series of pilot-scale production trials were performed where the rotary 
kiln process conditions were optimized to produce belite-calcium ye’elimite ferrite (BYF) clinkers via a 
gas-to-solid mass transfer of gaseous sulfur. The composition of the produced clinker varied between 35–
40 wt.% ye’elimite, 40–45 wt.% belite, and up to 5 wt.% anhydrite respectively. Samples from the obtained 
clinker were then blended with supplementary anhydrite to study the effect of the molar ratio of calcium 
sulfate to ye’elimite on hydration kinetics and strength development. An improvement in the compressive 
strength relative to OPC was reported after 1 and 2 days, while after 7 days (and beyond) comparable values 
were reached. Overall, the BYF clinker produced at pilot scale exhibited promising hydration and durability 
performance, where a large majority of the anhydrous phases were consumed after 182 days. In brief, the 
developed sulfurous fuel combustion technique was demonstrated to be a feasible and promising approach 
for the production of BYF clinker formulations with superior performance relative to OPC. 
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1. Introduction 

The inclusion of ye’elimite in the place of alite as the primary early age strength component of cement 
formulations can reduce CO2 emissions of clinker production by 25-35% when compared to OPC (Hanein 
et al., 2018; Olivier, 2016). The most popular ye'elimite-based clinker formulations are Calcium 
Sulfoaluminate (CS̅A) and Belite-Ye’elimite-Ferrite (BYF), although other formulations such as alite-
ye’elimite cements do also exist. However, a common challenge observed when producing these clinker 
formulations is the difficulty of maintaining the stability of its mineralogical composition and, thus 
evidently the consistency of the resultant product quality. This is due to the fact that, at the low SO2 partial 
pressures present in kiln atmospheres, SO2 volatilisation from the clinker bed occurs as a result of the partial 
decomposition of the sulfate phases. Consequently, a production technique was developed wherein BYF or 
CSA clinker could be produced using sulfur as a fuel, that contributes towards the heat required for the 
production process and sequesters the SO3 necessary for the formation the ye’elimite phase (Al Horr et al., 
2017). The combustion of sulfur offers several advantages in terms of process and quality control of sulfate 
phases, as it creates a protective atmosphere that prevents sulfur volatilization and subsequent 
decomposition of ye’elimite. The use of this reactive atmosphere can even replace the solid sulfate provided 
by the gypsum/anhydrite typically found in raw mixes used for CSA production (Hanein et al., 2016). In 
previously reported pilot production trials, the produced clinkers exhibited a problematic fast-setting 
behavior. This fast-setting behavior was hypothesized to be due to the presence of calcium sulfate 
crystallites, which were formed as a result of SOx and free lime combining in the last cooling stage of the 
kiln (Jen et al., 2017). This paper presents the follow-on pilot-scale trials which were conducted with the 
aim of preventing the previous observed false setting behaviour with a modified production method which 
targeted lower SO2 partial pressures in the kiln environment. The pilot scale trials were conducted as an 
optimisation exercise focused on refining the developed requirements of the production technique while 
producing the required amount of clinker product for subsequent analyses which characterization, analysis 
of hydration behaviour, as well as physical, mechanical, and durability studies. 

2. Methodology 

The trial details are included in Table 1. The BYF clinkers produced in the pilot trials were analyzed using 
X-ray diffractometry (XRD) and X-Ray Fluorescence Spectrometry (XRF) to analyze the composition of 
the different phases via Rietveld refinement before being compared against thermodynamic predictions. 
The clinker samples were then mixed with different amounts of anhydrite (calcium sulfate/ye’elimite molar 
ratios = M-ratio) and hydrated with water with a w/c ratio of 0.5 and 1 to study the hydration behavior and 
of cement pastes through isothermal calorimetry. Mortar samples were also prepared as mortar and tested 
for their compressive and flexural strengths at ages up to 182 days. 

Table 1: Raw feed design (left), target clinker composition (middle), and the kiln configuration (right). 

Raw Feed w/w  Target clinker w/w  Pilot kiln Configuration 
Limestone 47.07%  Ca4Al6SO16 40.00%  Length  7.4 m 
Bauxite 7.32%  Ca2SiO4 48.88%  Inner diameter  0.3 m 
Clay 25.53%  Ferrite 11.13%  Refractory thickness  5 cm 
Gypsum 20.17%     Steel thickness  5 mm 

Total 100.00%  Total 100.00%  Inclination 1° RPM 1.8 

3. Results and Discussion 

Figure 1 presents the operating conditions of the kiln along with the clinker analysis on an hourly basis. 
There was a mechanical issue with the sulfur feeder during the trial, which lead to some issues with SO2 
partial pressure that affected composition, but otherwise the kiln smoothly operated, and product was 
collected throughout the green marked times in Figure 1. The average overall composition the produced 
BYF clinker is given in Table 2. 
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Table 2: Average phase composition of the BYF clinker produced, as determined by Rietveld refinement. 

Phase C4A3$ C2S C3A C12A7 CA C4AF C5S2$ C2AS C C$ CT 
Wt% 36.8 40.9 1.9 2.6 0.3 2.5 2.8 5.7 0.1 5.1 1.3 

 
 

 
Figure 1: Aligned plots for the measured hot zone temperatures, the SO2 concentration in the kiln gas exit, XRF and 

XRD data for the obtained hourly samples, and thermodynamic predictions (bottom). 
 

Upon hydration of the obtained pilot clinker product, its setting and hydration behaviour was initially 
analysed with the use of varying additions of anhydrite. Higher w/c ratio had significant effect on hydration 
of different clinkers where it noticeably shortened the induction period, increased the heat flow, and 
shortened the width of main peak. This behaviour contradicted PC, where higher w/c ratio increase the 
induction period due to a decrease in pH of pore solution (Danielson, 1962). The compressive and flexural 
strengths of the pilot clinker (as mortar prisms) were also tested (Figure 2). The results clearly demonstrate 
that BYF mortars had a significantly higher compressive strength than Portland cement in the first two days 
due to the rapid hydration of ye’elimite. The flexural strength of BYF mortar was only better than PC in 
the first 24 hrs, after that Portland cement outperformed the BYF mortars. This could be associated with 
the formation of some microstructural damages due to micro-expansion at later ages (Chen et al., 2012). 
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Figure 2: Compressive and b) flexural strength of EN 196-1 standard mortar prisms. 

3. Conclusions 

BYF clinker was successfully produced through the sequestration of sulfur from kiln combustion gas into 
clinker at operating temperatures around 1250°C, and previous fast-setting issues have been overcome. The 
positive outcome of this trial also illustrates that the use of computational thermodynamics in designing 
and creating formulations can greatly improve the development of processes. It was demonstrated that the 
necessary amount of sulfur needed to produce clinkers containing ye'elimite can be provided through the 
burning sulfur containing fuel or from sulfate such as calcium sulfate. The pilot scale trial was able to 
produce BYF clinkers with about 37% ye’elimite, 41% belite and some residual phases. Moreover, the 
addition of anhydrite had a retardation effect on the main hydration peak. The produced BYF clinkers 
demonstrated improved mechanical properties compared to Portland cement, especially in the first two 
days. Overall, BYF obtained from novel SO2 containing conditions technology displayed promising 
superior properties when compared to Portland cement. 
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