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Abstract—the present paper investigates the effect of thermal 

cycling on magnetite thermo physical characteristics particularly 

density, heat capacity, thermal diffusivity and thermal 

conductivity. The purpose was to evaluate the stability of the 

TESM and to emphasize its suitability for thermocline energy 

storage for medium temperature. Cycled magnetite was 

characterized and then compared to raw magnetite. Obtained 

results have shown that magnetite is a stable filler material, 

convenient for thermal energy storage. More important, thermal 

cycling impacts positively the studied material, it permits to get 

rid for the impurities present in the raw material. Furthermore, 

thermophysical properties of magnetite increase by applying 

thermal cycling. 

Keywords—magnetite; thermocline energy storage; thermal 

energy storage material; characterization; thermal cycling. 

I.  INTRODUCTION  

Thermal energy storage systems (TES), presented as a key 
factor to improve CSP efficiency and deal with problem of 
solar energy intermittency [1, 2], are commonly classified into 
three principal categories: sensible heat storage (SHS) systems, 
latent heat storage (LHS) systems and thermochemical heat 
storage systems [3, 4, and 5]. 

Thermocline packed-bed single tank concept fall into the 
category of sensible heat storage systems, and seems to draw 
attention recently thanks to its cost effectiveness [6, 7, 8]. 
Regarding this emergent concept, HTF and TESM play an 
important role, in this context and to the present time, quartzite 
[9, 10, 11 and 12] and concrete [12, 13, 14 and 15] have been 
presented as the most convenient filler material for thermal 
energy storage. These TESM; by fulfilling the criteria 
addressed by the international energy agency [16] such as: low 
commercial cost, large thermal capacity and stability up to 
1000°C, etc; have been widely used in the most CSP facilities 
emerged to date. These materials were distinguished for their 
thermophysical properties, their mechanical stability and also 
by being compatible with the most heat transfer fluids 
commonly used in the CSP applications.  

However, magnetite has been lately attracted researchers‟ 
attention and thereby; it has been presented as a promising 

filler material for thermocline energy storage i.e. the 
experimental characterization of magnetite up to 1000°C was 
performed by Grosu et al. [17, 18]. The most relevant 
thermophysical, mechanical and structural and chemical 
properties was determined and discussed under static 
experimental conditions.  Through this work, the 
characterization is extended to the case of thermal cycling, 
where the chemical and structural composition as well as the 
thermophysical properties including: density, thermal heat 
capacity, thermal diffusivity, and thermal conductivity are 
analyzed under the effect of repetitive thermal cycles. 

The considered material is Magnetite. It was supplied by 
LKAB minerals company (Sweden) and was characterized 
using two essentials samples geometries. The used samples are 
illustrated in Fig. 1. The first geometry was a pebble with a 
volume of approximately 8 cm3. Before thermal cycling the 
pebbles were cut in half in order to facilitate further the SEM-
EDX analysis. The second one was a square sample of 
approximately 1 cm3, prepared by cutting for further LFA 
analysis For the XRD analysis pebbles were crushed to obtain 
fine powder. Thermal cycling was realized using resistant 
“Nabetertherm” furnace under air atmosphere. Overall, 101 
cycles were applied to magnetite samples in the 300°C - 700°C 
temperature range in order to emphasize the effect of thermal 
cycling once used in thermocline energy storage process. 
Numerous techniques were used to ensure this characterization. 

 

 
 

Fig.  1.  Visual aspect of samples used for magnetite characterization 
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II. EXPERIMENTAL CHARACTERIZATION OF MAGNETITE 

UNDER THERMAL CYCLING 

The characterization of magnetite under cycling was made 
based on numerous techniques including SEM, XRD, DSC, 
etc. Thereafter, the used techniques are presented as well as 
their specifications.  

A.  Scanning Electron Microscopy (SEM) 

This technique makes it possible to examine the 
microstructural and morphology of the given sample. In this 
study, polished half spherical sample of the studied materials 
are imaged by means of a Quanta 200 FEG SEM, operated in 
high vacuum mode at 30 kV and with a BSE detector (BSED). 
More than this, EDX analyses are carried out in order to obtain 
chemical compositional maps of the different observed sample 
zones. [18, 20] 

B. X-ray powder Diffraction (XRD) 

This technique was useful to analyze any structural 
modifications of magnetite after cycling.  Bruker D8 Advance 
X-ray diffractometer equipped with a LYNXEYE detector 
using CuKa radiation (λ=1.5418 Å) and θ-2θ geometry was 
applied.  

Data were collected at room temperature between 25° and 
80° in 2θ with a step size of 0.02°C and counting time of 8 s 
per step. The EVA program was used to determine the phase 
composition of the material [21, 22]. 

C.  Densitometry 

Density of the studied material was determined by means of 
Archimed method with water. Detailed protocol is available in 
reference. [17, 19, 21, 23] 

D. Differential Scanning Calorimetry(DSC) 

DSC is remains a compelling technique used in thermal 
characterization [24, 25]. It permits the direct measurement of 
thermal capacity (Cp) [18]. Measurements of cycled magnetite 
were taken applying 10 C.min-1 dynamic heating rate between 
40°C and 500°C under nitrogen atmosphere with a flow of 50 
ml/min.  

The study was performed under controlled room conditions 
by using aluminum crucibles containing 70 mg of cycled 
magnetite; experiments were carried out by using DSC Q2500 
device. 

E. Laser Flash Apparatus (LFA) 

Thermal diffusivity of cycled magnetite was measured from 
30°C to 800°C under argon atmosphere with a flow of 
50ml/min. The square pieces described above were used for 
this technique.  

The samples were coated with graphite to ensure irradiation 
absorbance and enhance emissivity. To conduct this test 
holders samples (10×10×2.95mm) were used in a laser flash 
apparatus (LFA457 NanoFlash from Netzsch).  Thermal 
conductivity was obtained using the following equation 
λ=αρCp. [21, 22], where ρ is density. 

III. CYCLED MAGNETITE CHARACTERIZATION RESULTS 

This section concerns results obtained through cycled 
magnetite characterization. It focuses on geochemical 
composition, thermal and thermophysical properties of cycled 
magnetite. A comparison between raw magnetite and cycled 
magnetite is hence established.  

A. Geochemical composition: 

Through this analysis the filler material stability is 
examined. Raw magnetite and cycled magnetite have similar 
chemical composition, which was previously presented [18]. 
Both samples are mostly formed by Fe with some inclusions of 
Mg, Al, C and Si, which can be seen from SEM-EDX analysis 
presented on Fig. 2.  

The sample after cycling does not demonstrate any 
significant morphological differences, apart from rare localized 
formation of dendritic structures which signifies the formation 
of Hematite phase.   

The XRD analysis (Fig. 3.) shows the presence of 
crystalline phases of hematite Fe2O3, magnetite Fe3O4 and 
siderite CFeO3. No significant differences were observed after 
the cycling suggesting stability of the material. 

 

Fig.  2.  SEM-EDX analysis of a) raw Magnetite and b) cycled Magnetite  

 

Fig. 3.  Experimental X-ray powder diffraction profile of raw magnetite and 

cycled magnetite 

B. Density 

TABLE I summarizes the principal density measurement 
results from dry mass, suspended mass and saturated mass of 
samples. It is found that the bulk density of raw and cycled 
magnetite is 4962kg/m3 and 5081kg/m, respectively.  
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As can be deduced, density of magnetite has increased by 
2.4 % after thermal cycling.  

Such a slight density variation is within the uncertainty 
brought of some inhomogeneity of natural material and perhaps 
some sample oxidation from Magnetite Fe3 O4 to Hematite α-
Fe2O3. Additionally, one should not exclude the possibility of 
decomposition of some organic impurities in raw natural 
material after the cycling.  

TABLE I  DENSITY MEASUREMENT RESULT FOR DRY 

MASS, SUSPENDED MASS AND SATURATED MASS OF 

MAGNETITE 

Temperature (°C) 21,9 

Average dry mass (g) 17,05 

Average suspended mass (g) 13,595 

Average saturated mass (g) 16,95 

Average bulk density raw magnetite 

(kg/m3) 

4962 

Average bulk density cycled magnetite 

(kg/m3) 

5081 

Theoretical density cycled magnetite 

(kg/m3) 

4945 

C. Capacity 

Capacity (Cp) remains one of the most relevant 
thermophysical properties for a TESM. Raw and cycled 
magnetite heat capacity variation for different temperatures 
between 50°C and 500°C are respectively plotted in Fig. 4. As 
can be seen, specific heat for raw magnetite depend 
significantly on the temperature and varies according to the 
range of temperature considered here from 0.64J/g.K to 1.01 
J/g.K with an correspondent average value of 0.825 J/g.K. 
Whereas, for cycled magnetite, it ranges from 0.74 J/g.K to 
1.03 J/g.K with an correspondent average of 0.885 J/gK. We 
can firstly deduce a significant difference between raw 
magnetite and cycled magnetite; cycled magnetite present 
higher values than raw magnetite.  

Moreover, capacity has a notable dependence to 
temperature; as can be confirmed by the literature [20] and 
demonstrated trough DSC results, this property increases with 
the temperature. Taking into account the structural and 
elemental analysis presented above, the difference between the 
heat capacity of the raw and the cycled magnetite can be 
devoted to the decomposition of some impurities, which was 
demonstrated before [18].  

This result is very important because it shows that 
according to the heat capacity, the magnetite performance for 
thermocline storage applications can be increased over the time 
and then, the aging effect after several cycles of use cannot 
make degrading this thermal storage property [18]. 

 
Fig. 4. Measured Heat capacity of raw and cycled magnetite versus 

temperature 

D. Thermal diffusivity: 

Fig. 5. presents the thermal diffusivity versus temperature 
ranged between 50°C and 550°C for both raw and cycled 
magnetite. The obtained diffusivity is varying between 1.40 
mm2/s at room temperature and 0.30 mm2/s at 550°C. As can 
be seen, for the magnetite, no significant difference can be 
detected between magnetite before and after cycling, 
suggesting that Magnetite to Hematite transformation was 
limited upon thermal cycling. On the other hand, thermal 
diffusivity decreases with the increase of temperature. This 
tendency is in a good agreement with literature for other TESM 
[26].  

 

Fig. 5. Measured thermal diffusivity of raw magnetite and cycled magnetite 

E. Thermal conductivity:  

Thermal conductivity is defined as the ability of the 
material to conduct heat. In this study thermal conductivity is 
calculated indirectly based on thermal diffusivity and heat 
capacity measurement using the relation λ=αρCp.  

Results of thermal conductivity for raw magnetite and 
cycled magnetite are provided in Fig. 6. The value for raw 
magnetite is ranged between 2.5W/m°C and 4W/m°C with an 
average value of 3.25W/m°C. Whereas, it varies between 2 
W/m°C and 7 W/m°C for cycled magnetite with an average 
value of 4.5 W/m°C. As we can observe, thermal conductivity 
has the same trend as thermal diffusivity. More important, 
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cycled magnetite conductivity is significantly higher than raw 
magnetite for temperatures lower than 350°C, for higher 
temperatures, no significant difference can be observed.  

 
Fig. 6.  Measured thermal diffusivity of raw magnetite and cycled magnetite 

 

Hence, we can deduce that applying thermal cycling to raw 
magnetite leads to a noticeable enhancement of this parameter. 
It can be explained by magnetite oxidation to hematite, which 
has no significant effect on the heat capacity, but rather 
pronounced effect on the thermal conductivity. Particularly, the 
predominance of hematite which has a high thermal 
conductivity increases the thermal conductivity of the cycled 
magnetite [18]. This increase in thermal conductivity can be 
very profitable in terms of improving heat exchange inside the 
TESM particle to obtain a homogeneous particle temperature 
and then to improve the heat exchange between the HTF and 
the TESM.  

IV. CONCLUSION 

Through this paper, magnetite under cycling, as a new 
thermal energy storage material candidate, has been subject to 
an experimental characterization. This characterization was 
addressed in the frame of SIROCCO project and has involved: 
characterization of cycled magnetite, cycling effect on 
magnetite properties and thermal and thermophysical 
characteristics of the TESM. 

After 101 thermal cycles, an experimental characterization 
of magnetite was performed in terms of suitability for 
thermocline energy storage and cycled magnetite was 
compared to raw magnetite. Hence, thermal and 
thermophysical properties mainly density, heat capacity and 
conductivity of the TESM have been discussed.  

From the obtained results for the TESM, the following 
conclusions can be extracted: 

 Magnetite demonstrates an excellent thermo-physical 
properties, thereby, it can be considered as a 
beneficial TESM for thermocline energy storage; 

 Thermal cycling has a positive impact on magnetite 
characteristics, for medium temperature range of 
thermocline energy storage i.e. it allows to get rid 
from impurities present in the natural rock and also 
permits to enhance its properties. 

Nevertheless, it is important to bear in mind that this 
material was supplied by „LKAB Minerals Company, Sweden‟ 
and that other suppliers are available such us: „Martin and 
Robson magnetite, South Africa‟, „Panjiva, India‟, etc. which 
may slightly affect the obtained results.  

ACKNOWLEDGMENT 

The authors acknowledge the financial support of IRESEN 
(Morocco) and KIC InnoEnergy in the framework of 
SIROCCO-MAGHRENOV project. The authors express their 
sincere thanks the CIC energigune research center, particularly 
the Thermal Energy Storage group.   

 

REFERENCES 

[1] Vijayakumar G, Kummert M, Klein SA, Beckman W A,Analysis of 
short-term solar radiation data. Sol Energy 2005; 79:495-504. 

[2] Guruprasad Alva,  Lingkun Liu,  Xiang Huang, Guiyin Fang, Thermal 
energy storage materials and systems for solar energy applications, 
Renewable and Sustainable Energy Reviews 2017; 68: 693-706. 

[3] J. Xu, R. Z, Wang, Y. Li, A review of available technologies for 
seasonal thermal energy storage, Sol.Energy 103 (2014) 610-638. 

[4] C. Barreneche, A.I. Fernandez, L.F. Cabeza, R. Cuypers, 
Thermophysical characterization and thermal cycling of two TCM : 
CaCl2 and zeolite, Appl. Energy 139 (2015) 726-730. 

[5] I. Dincer, S, Dost, A perspective on thermal energy storage systems for 
solar energy applications, International Journal of Energy research, 
(1996)  Volume20, Issue6, June 1996, 547-557. 

[6] Meseret Tesfay and Meyyappan Venkatesan,Simulation of thermocline 
thermal energy storage system using C, International Journal of 
Innovation and Applied Studies ISSN 2028-9324 Vol. 3 No. 2 June 
2013, pp. 354-364. 

[7] Albert Graells Vilella,“Analysis of heat storage with a thermocline tank 
for concentrated solar plants,Proposal of a simulation model and design 
of an alternative storage system for AndaSol I solar plant”, Sabanci 
University Industrial Engineering Spring semester 2014. 

[8] Antoni, G., et.al, “State of art on high temperature thermal energy 
storage for power generation part 1-Concepts, materials and 
modellization”, Renewable and Sustainable Energy Reviews, 14 (2010) 
31–55, 2010. 

[9] Modi, A., & Perez-Segarra, C. D. (2014). Thermocline thermal storage 
systems for concentrated solar power plants: One-dimensional numerical 
model and comparative analysis. Solar Energy, 100, 84-93. 
DOI:10.1016/j.solener.2013.11.033. 

[10] J.E. Pacheco, S.K. Showalter, W.j. kolb, Development of a molten-Salt 
thermocline thermal storage system for parabolic trough plants, J; Solar 
Energy Eng. 124 (2002) 153-159 

[11] J.-F. Hoffmann, T. Fasquelle, V. Goetz, X. Py. A thermocline thermal 
energy storage system with filler materials for concentrated solar power 
plants: Experimental data and numerical model sensitivity to different 
experimental tank scales. Applied Thermal Engineering 100 (2016) 753–
761. 

[12] J.-F. Hoffmann, T. Fasquelle, V. Goetz, X. Py, Experimental and 
Numerical Investigation of a Thermocline Thermal Energy Storage 
Tank, Applied Thermal Engineering (2016), doi: 
http://dx.doi.org/10.1016/j.applthermaleng.2016.12.053. 

[13] Brad M. Brown, Matt N. Strasser, R. Paneer Selvam. Development of a 
structured thermocline thermal energy storage system, Department of 
Civil Engineering 4190 Bell Engineering Center Fayetteville, Arkansas, 
USA. 

[14] H. Singh, R.P. saini, A review on packed bed solar energy storage 
systems, Renew. Sustain. Energy. 14 (3) (2010) 1059-1069. 

[15] The engineering ToolBox, Tools and Basic Information for Engineering 
and Design of Technical Applications. 
http://www.engineeringtoolbox.com (accessed 2016). 

Atlantis Highlights in Engineering, volume 4

84

https://onlinelibrary.wiley.com/toc/1099114x/20/6
http://dx.doi.org/10.1016/j.applthermaleng.2016.12.053
http://www.engineeringtoolbox.com/


 

[16] A. Meffre, “Matériaux de stockage thermique haute température issus de 
la valorisation, de matières premières secondaires inorganiques”,Thèse 
de doctorat, Université dePerpignan Via Domitia (2013). 

[17] K.A.R. Ismail, R. Stuginsky Jr., A parametric study on possible fixed 
bed models for pcm and sensible heat storage, Appl. Therm. Eng. 19 
(1999) 757-788. 

[18] Yaroslav Grosu, Abdessamad Faik, Iñigo Ortega-Fernández, Bruno 
D'Aguanno, Natural Magnetite for thermal energy storage:Excellent 
thermophysical properties, reversible latent heat transition and 
controlled thermal conductivity, Solar Energy materials & Solar Cells 
161 (2017) 170-176. 

[19] Yaroslav Grosu, Iñigo Ortega-Fernández, Luis Gonzalez-Frenandez, 
Udayashankar Nithiyanantham, Yousra Filali Baba, Ahmed AL Mers, 
Abdessamad Faik. Natural and by-product materials for thermocline-
based thermal energy storage system at CSP plant: Structural and 
thermophysical properties, Applied Thermal Engineering 136 (2018) 
185-193. 

[20] Iñigo Ortega Fernández, CIC ENERGIGUNE. High temperature packed 
bed thermal energy storage systems based on low cost materials, 
UNIVERSIDAD DEL PAÍS VASCO EUSKAL HERRIKO 
UNIBERTSITATEA ESCUELA DE INGENIERÍA DE BILBAO 
BILBOKO INGENIARITZA ESKOLA, (2017). 

[21] Günther E, Hiebler S, Mehling H, Redlich R.,Enthalpy of phase change 
materials as a function of temperature: required accuracy and suitable 
measurement methods, Int J Thermophys 2009; 30(4):1257–69, 
http://dx.doi.org/10.1007/s10765-009-0641z. 

[22] Barreneche C, Solé A, Miró L, Martorell I, Fernández AI, Cabeza 
LF,Study on differential scanning calorimetry analysis with two 
operation modes and organic and inorganic phase change material 
(PCM), Thermochim Acta 2013; 553:23–6. 
http://dx.doi.org/10.1016/j.tca.2012.11.027. 

[23] M. Hänchen, S. Brückner, A. Steinfeld, High-temperature thermal 
storage using a packed bed of rocks – heat transfer analysis and 
experimental validation, Appl. Therm. Eng. 31 (2011) 1798–1806, 
http://dx.doi.org/10.1016/j.applthermaleng.2010.10.034. 

[24] D.W. Waples, J.S. Waples, A review and evaluation of specific heat 
capacities of rocks, minerals, and subsurface fluids. Part 1: minerals and 
nonporous rocks, Nat. Resour. Res.13 (2004) 97–122, 
http://dx.doi.org/10.1023/B:NARR.0000032647.41046.e7. 

[25] Y. Noda, K. Naito, Thermal conductivity and diffusivity of MnxFe3-
xO4 (0<x<1.5) from 200 K to 700K, 5 (1978) 11-18. 

[26] B.S. Hemingway, Thermodynamic properties for bunsenite, NiO, 
Magnetite, Fe3O4, and hematite Fe2O3, with comments on selected 
oxygen buffer reactions, Am.Mineral. 75 (1990) 781-790. 

 
 

Atlantis Highlights in Engineering, volume 4

85

http://dx.doi.org/10.1007/s10765-009-0641z
http://dx.doi.org/10.1016/j.tca.2012.11.027
http://dx.doi.org/10.1016/j.applthermaleng.2010.10.034
http://dx.doi.org/10.1023/B:NARR.0000032647.41046.e7



