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Abstract 16 

In this study two phase change materials (PCMs) mixed with sand were evaluated for distributed latent heat thermal 17 

energy storage (LHTES) coupled with a novel Flat-Panel ground heat exchanger (GHE) for shallow geothermal 18 

applications. N-Octadecane and a commercial paraffin-based PCM were mixed (30% v/v) separately with sand, which 19 

is commonly used as backfilling material for GHE. Both two mixtures underwent 16 thermal cycles and specimen’s 20 

temperatures and their variation over time were analyzed to evaluate phase change stability and supercooling. Grain size 21 

laser diffraction and pore analysis were performed together with optical microscopy, environmental scanning electron 22 

microscopy coupled with X-Ray spectrometry (ESEM-EDS) and Fourier transform infrared spectroscopy (FTIR) 23 

analysis to evaluate PCMs-sand dynamic interaction over time and temperature. Results shown that sand addition 24 

halves n-Octadecane phase change time, although leading to a limited supercooling equal to 1 °C. Sand addition to 25 

commercial PCM leaded to a similar increasing in heat transfer, however in absence of supercooling phenomena. These 26 

performances were constant through 16 thermal cycles. Therefore, PCMs mixing in sand as mixture for GHEs 27 

backfilling material can be considered a strategy to enhance thermal storage of backfilling material, by increasing the 28 

underground thermal energy storage and then the exploitation carried out by shallow geothermal applications.  29 

Keywords:  Energy storage, backfilling sand, Flat-Panel ground heat exchanger, paraffin, n-Octadecane, building 30 

Abbreviations 
S Dry sand (type of sand: washed sand) 
O n-Octadecane 
A28 A28 paraffin wax 
OS n-Octadecane-dry sand  mix 
AS A28 paraffin wax-dry sand mix 
 31 
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1. Introduction  32 

In 2015 the 30 % of global energy use and 28 % of CO2 energy-related emissions were due to buildings technology [1]. 33 

Therefore, the European Energy Performance of Buildings Directive (EPBD) has established the need to decrease 34 

energy consumption and greenhouse gas emissions of buildings [2,3]. Despite efforts, such as improvements in building 35 

envelope performance and reduction of fossil fuel-based heating systems, buildings’ energy efficiency is far to be  36 

environmentally sustainable [4]. In this context, the employment of more efficient technologies like Thermal Energy 37 

Storage (TES) coupled with Phase Change Materials (PCM) is a great opportunity. Although, sensible heat is currently 38 

the most employed type of TES, due to the fact that the thermal energy storage is reached through water temperature 39 

increase, latent heat TES (LHTES) allows the energy to be stored at a constant temperature and greater density [5–8]. 40 

This result is obtained through the choice of well-tailored phase change materials (PCMs), considering solid-liquid 41 

transition. Usually LHTES energy /volume ratio is between 5 and 14 times greater than sensible heat TES ratio, and this 42 

allows the size reduction of heating/cooling storage systems in buildings [8,9]. LHTES is realized through active or 43 

passive methods, depending on electric devices eventually employed [10]. Passive LHTES applications in buildings 44 

usually take in account PCMs addition and integration into building materials or elements such as concrete walls [11], 45 

insulating mortars [12], windows shutters [13]. Previous studied demonstrated that the incorporation of PCMs in 46 

construction elements potentially has positive environmental effects, even considering production, construction, and 47 

especially disposal burdens mainly linked to the non-biodegradability [14,15]. Among LHTES active applications, heat 48 

pumps coupling is the most interesting one in terms of high efficiency, as it is suitable for household heating and 49 

cooling, and environmental impact, reducing fossil fuel employment [16–19]. However, theirs performance depend 50 

widely on climatic and environmental conditions, therefore, several studies investigated heat pumps-LHTES integration 51 

with renewable energy systems (RES), e.g. photovoltaic modules and/or ground-based heat exchangers, which are also 52 

called ground coupled heat pumps (GCHP) [20–23]. Among GCHP, closed loop architectures, in which the heat 53 

working fluid circulates in a closed system developing in a borehole called Ground Heat Exchanger (GHE) and 54 

separated from the ground, are generally preferred. In fact, GHE doesn’t depend on groundwater availability and 55 

quality, and doesn’t suffer from critical issues like corrosive agents, scaling or bacterial contents [24]. Nevertheless, the 56 

depth of the borehole could arise some critical issues: greater depth (80-120 m) are strongly influenced by soil thermal 57 

imbalance due to heat extraction, low thermal conductivity of the ground which leads to a soil temperature decrease in 58 

few years, and high drilling and installation costs [25,26]. Thereafter, horizontal GHEs that works in the shallow ground 59 

are favorable even if they need a greater soil surface for heat exchanger installation in order to overcome the lower 60 

thermal performance, due to soil temperature seasonal variations [27]. A possible further solution is to increase the 61 
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ground thermal conductivity to promote its heat storage and transfer capacity by adding backfilling materials around 62 

GHEs tube systems [28].  63 

Most used backfilling materials are cement-based grouts, bentonite clay and sand, but between them, sand represents 64 

the cheapest material with higher thermal conductivity, which is usually around 1.3 W/m K, while bentonite thermal 65 

conductivity is around 0.7 W/m [29,30]. Although thermal conductivity has great relevance, to further enhance GHEs 66 

performance heat storage capacity of backfilling material must be considered too. Therefore, LHTES technology must 67 

be studied as a possible way to reach both these goals. Several studies investigated solution to overcome PCMs low 68 

thermal conductivity, through encapsulation or conductive solid filler addition (e.g. graphite, carbon fiber, nickel or 69 

copper) [31]. In this context organic PCMs, and among them paraffins, should be considered as additive to GHEs 70 

backfilling material, due to the fact that their melting and crystallization involves a large amount of latent heat [32–34]. 71 

In fact, paraffins are characterized by high reliability through phase change cycles, chemical stability, limited 72 

supercooling, absence of incongruent melting and relative low cost, when compared with other materials for similar 73 

application, while theirs major drawback is the extremely low thermal conductivity, which is usually between 0.1 and 74 

0.3 W/m K [35,36].  75 

Thereafter, as first innovative aspect of the present study, direct mixing of backfilling sand and paraffin was tested as a 76 

promising option to enhance the heat storage capacity of the former and thermal conductivity of the latter. In addition, 77 

to overcome the great soil surface needed and relative digging cost for horizontal GHEs, a novel Flat-Panel GHE 78 

architecture was considered [37], since its flat shape easily allows the backfilling into the installation trench. In fact, 79 

previous studies demonstrated that the addition of PCMs in the backfill sand would raise also the amount of heat stored 80 

in the area around the GHE, avoiding loss of thermal conductivity due to dispersion in soil [38]. In this context, the 81 

present study focuses on the interactions of two different organic PCMs, n-Octadecane paraffin and a paraffin-based 82 

commercial PCM, mixed with silica sand, combined to a flat shape representing the Flat-Panel GHE architecture. The 83 

comparison, through two sequentially groups of tests, was done in order to estimate the differences in terms of thermal 84 

performances and materials morphology between the two PCMs but also to evaluate their interactions with backfilling 85 

material undergoing to several heating/cooling cycles.  86 

 87 

2. Materials and Methods 88 

Two experiments, so called Vials and Sand-box, with different procedures, were carried out with the aim of 89 

investigating the thermal behavior of PCMs - sand mixtures and their possible integration of PCMs with sand, 90 
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respectively. Two organic PCMs were used for the experiments (Table 1). n-Octadecane paraffin (C18H38, 99%, CAS: 91 

593-45-3) was purchased from Alpha Aesar, commercial grade paraffin wax PCM A28 was provided by PCM Products 92 

Ltd (UK). Both PCMs have phase change temperatures at 28 °C [39–41]. Dry sand (S) was used in the composition of 93 

the mixture-samples for the experiments. 94 

 95 

Table 1. PCMs properties 96 

PCM 
Melting Point 

(°C) 
Density 
(kg/m3) 

Latent Heat 
(kJ/kg) 

Specific Heat 
Capacity (kJ/kg K) 

Thermal Conductivity 
(W/m K) 

C18H38 28 776 241 2.0 0.33 

A28 28 789 265 2.2 0.21 

 97 

 98 

2.1 Vials Test 99 

The thermal behaviors in time-temperature graphs of n-Octadecane (O), A28 and of their mixtures with dry sand, OS 100 

and AS respectively, were observed. Melting and freezing tests, supercooling and performance stability through thermal 101 

cycles were evaluated in a temperature range between 23 and 33 °C (ΔT=10 °C). Analysis tests were performed using 102 

“Falcon” vials (V= 55 ml) dipped into a Thermo Scientific Haake A25/AC200 water bath circulator. In order to prepare 103 

OS and AS samples, sand and PCMs were mixed separately by manual mixing. Proportion among PCMs and sand was 104 

30:100 in volume considering the average porosity of the sand. The PCMs mass ration between pure and mixture 105 

samples was about 1:4. The monitoring was carried out by using K-type thermocouples (ZA9020-FS, Almemo) 106 

connected to a data logger Almemo 710, (AHLBORN) with a resolution of 0.1 K and a linearization accuracy of ±0.05 K 107 

±0.05% of the measured value. One thermocouple was centered inside each vial and a third thermocouple was dipped 108 

directly into water as reference (Figure 1). 109 

 110 
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Figure 1. Falcon vials and reference in the cryostat bath 111 

Initially, two consecutive melting-solidification cycles were obtained considering a condition of high thermal stress 112 

applied to the O and OS samples since they were brought instantly from Tmin = 23 °C to Tmax = 33 °C and vice versa, i.e. 113 

without gradual heating and cooling processes. For OS and AS, 16 solid-liquid-solid phase transition cycles were 114 

performed, following a programmed temperature ramp of 5 steps (Figure 2) in order to observe their thermal behavior 115 

over a relatively long period. Even for O and A28 samples one melting/solidification cycle was observed with a 116 

programmed temperature ramp as shown in Figure 2, in which the duration in minute is indicated for each step of the 117 

two different ramps.  118 

 119 

 

Step 
O-A28 OS-AS 

T(°C) Time (min) T(°C) Time (min) 

1 23 35 23 35 

2 23-33 12 23-33 12 

3 33 120 33 20 

4 33-23 12 33-23 12 

5 23 130 35 35 
 

Figure 2. Programmed temperature ramps for O-A28 and OS-AS tests. 120 
 121 
 122 

2.2 Sand-box test 123 

Consequently, to Vials test results, A28 and AS were tested into a sand-box to better simulate realistic conditions of the 124 

mixture near the Flat-Panel GHE, with the purpose of consider direct mixing as a possible concrete solution for 125 

underground thermal energy storage (UTES). The experiment consists in comparing the thermal behavior of the same 126 

mass of pure PCM inside a container and its direct mixing with sand, under the same boundary conditions (Figure 3). 127 

The tests were carried out by heating and cooling samples in the same temperature range 23-33 °C. The tests were 128 

executed in a room at constant temperature around to 23 °C. The PCM was laid horizontally inside a sand-box in 129 

contact with a square thermal plate, an electrical resistance operating as a thermal source, placed at a fixed depth of 4 130 

cm from the surface of the sand. A multi-range DC power supply PSW 80-27, GWInstek was connected to the electrical 131 

resistance inside the square plate in order to manage voltage and current and therefore the thermal power. Regarding 132 
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A28 sample, 14.8 g of PCM was set inside a rectangular polycarbonate container with the same thermal conductivity 133 

value of the PCM [42].  134 

   
 

Figure 3. A28 inside the polycarbonate container (left), thermal plate placed inside sand (middle), and AS placed inside 135 
sand (right) 136 

 137 

AS sample was prepared considering the average porosity of the sand and a mass equivalence of the PCM in reference 138 

to the mass of A28 inside the polycarbonate container. The mixture was in direct contact with the underside of the 139 

square thermal plate and with the sand on the other sides. Moreover, for both tests the condition of equivalent heat 140 

exchange surface was respected, hence the mixture was molded in order to have a shape and a contact surface (31.2 141 

cm2) with the thermal source similar to the one of the containers (Figure 3). Furthermore, a reference test was 142 

performed considering the sand-box without PCM. For the purposes of the tests, significant values of the masses, 143 

volumes, dimensions of the materials and instruments are listed in Table 2.  144 

 145 

Table 2. Masses, volumes and dimensions of the materials and instruments used in the experiment. 146 

 Dimension 
(cm) 

Heat transfer surface 
(cm2) 

Volume 
(cm3) 

Density 
(g/cm3) 

Mass 
(g) 

Thermal plate 12x12x0.2 144    
Sand-Box 38x38x32 1444 46.2·103 1.625 75∙103 

Polycarbonate container 7.8x4x0.8 31.2 18.7  5.10 
A28 in container    0.789 14.8 

AS 7.8x4x1.7 31.2 53.0  101 
A28 in AS    0.789 14.8 

S in AS   53.0 1.625 86.2 
 147 

 148 

For installation needs, two different types of thermocouples connected to a data logger Almemo 710 (AHLBORN) and 149 

installed at a certain depth inside the sand-box were used. According to a better wiring flexibility and strength, K-type 150 

thermocouples (ZA9020-FS, Almemo) were installed at the lower side of the setup and never removed, whilst T-type 151 
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(ZA9021-FST, Almemo) were laid at upper side and removed every test. As reported in their data sheet (Almemo 152 

measuring instruments), both probes have a resolution of 0.1 K and a linearization accuracy of ±0.05 K ±0.05% of the 153 

measured value; however, T-type operates in a measuring range -200/+400 °C, while K-type -200/+1370 °C. 154 

To check that the different type of thermocouples would not have affected the measured data, an experimental 155 

comparison was carried out by putting them into the thermal bath and monitoring for four cycles programmed in the 156 

temperature range of the PCM melting point (23-33°C). The maximum temperature difference was verified to be equal 157 

to 0.3K, therefore within the accuracy of both types, and always the T-type 0.2-0.3K warmer than the K-type. As a 158 

consequence, the accuracy has to be considered of the same range. 159 

In Figure 4 are schematically represented the cross-section for A28 and AS tests. All thermocouples (K-type: green 160 

dots, T-type: red dots) were positioned at the same depths for all tests and defined by a letter in alphabet order starting 161 

from the deepest one. Taking into account the distance from sand-PCM interface, A, B, C and D is laid far 5, 3, 2 and 1 162 

cm respectively. For A28 inside container the thermocouple E is located at the sand-PCM interface, while for AS test is 163 

1 cm inside the mixture. Finally, F is between the square thermal plate and PCM, H 2 cm above the square thermal 164 

plate, and I at the sand surface. 165 

 166 

 167 

Figure 4. Cross-section of the sand-box containing A28 inside polycarbonate container (left) and AS (right) 168 

 169 

The thermal plate provided a thermal power of ~ 2.9 W (I= 1.46 A, V=1.95 V). This power combined with the large 170 

mass of sand-box was able to maintain the heating plate at temperature of ~ 34 °C for the entire duration of the heating 171 

process (about 21 hours), thus allowing the solid-liquid phase change of the PCM. At the end of the heating process the 172 

DC power supply was turned off, triggering the relaxation of the system to the room temperature (23°C), and starting 173 
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the cooling process and consequently the solidification of the PCM (about 8 hours). The entire duration of the 174 

measurement cycle was of 29 hours, approximately.  175 

2.3 Materials Characterizations 176 

Structure of sand and mixtures was evaluated by semi-quantitative energy dispersive X-ray spectrometry (X-EDS, 
177 

Oxford INCA-350) at room temperature. In addition, Fourier Transform Infrared Spectroscopy in ATR mode (FTIR 
178 

Vertex 70, Bruker) was employed  to collect information about chemical compositions and bonds reactivity. The FTIR-
179 

ATR spectra were obtained in the range of 600–4000 cm−1, with 4 cm−1 resolution and 30 scans at room temperature (25 
180 

°C). The thermal behavior of each sample was measured using DSC analysis (TA instruments, 2010 DSC) performed in 
181 

air at the heating rate of 1°C/min. The DSC measurements were carried out on ca. 40 mg of sample in an aluminum 
182 

crucible. The error on such a measurement is equal to the sensitivity of the instrument (1°C). Morphology was 
183 

investigated through environmental scanning electron microscopy (ESEM, Quanta 200) and grain size laser diffraction 
184 

(Mastersizer 2000 Hydro, Malvern Instruments) in distilled water to investigate grains dimension and their distribution 
185 

in pure sand and sand-PCMs mixtures. All the grain size measurements were performed after sonication to avoid 
186 

aggregates formation and the curves reported are the average of a total of 10 measurement for each sample, instrument 
187 

sensibility is equal to 1 μm. Pore distribution and its variations between samples were evaluated through mercury 
188 

intrusion pore measurement (Autopore IV 9500, Micromeritics) at room temperature employing a mercury filling 
189 

pression equal to 1.51 psia, and an equilibration time of 10 s. The values obtained are representative of the average of 5 
190 

measurement on the same sample, instrument sensibility is equal to 3.6 μm. Physical properties investigation was 
191 

carried out at room temperature through optical microscopy (M125C, Leica) and absolute density measurement through 
192 

helium pycnometer (Accupyc II 1330, Micromeritics) having instrument sensibility of 0.0001 g/cm3. Each reported 
193 

value is the average of a set of 10 measurements on the same sample.  
194 

 
195 

3. Results and Discussion 196 

3.1 Dry sand (S) characterization 197 

As shown in Figure 5 sand (S) presents great variability in grain size moving from 250 to 700 µm. Despite this, d0.5 of 198 

the gaussian distribution is near to 358.9 µm, that can be considered as representative of a large amount of grains, 199 

considering the strong symmetry of the grain size distribution. The grain size analysis is confirmed through optical 200 

(Figure 6a) and ESEM observation (Figure 6b). Pore size measurement, through mercury intrusion, highlights that the 201 
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majority of pores has a size between 26 and 30 µm (Figure 7), and the absolute density measured through Helium 202 

pycnometer detected a density equal to 2.7251 ± 0.0008 g/cm3 (Figure 8). 203 

 204 

Figure 5. Particle size distribution of sand (S) and mixtures after Vials test 205 

 206 

 207 
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 208 

Figure 6. Microscopies before and after Vials test: a) S under optical observation at 35X, b) S under ESEM observation 209 
at 100X, c) AS under optical observation at 35X, d) AS under ESEM observation at 100X, e) OS under optical 210 

observation at 35X f) OS under ESEM observation at 100X.  211 

 212 
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 213 

Figure 7. Pore size measurement performed on S, AS and OS after Vials Test 214 

 215 

 216 

Figure 8. Absolute densities after Vials Test (Error bars are reported but too small to be visible)  217 

 218 

As expected, EDS (Figure 9) and FTIR (Figure 10) techniques detected a great variability of the semi-quantitative 219 

chemical composition with the presence of local areas enriched in metal. This is consistent with the technical grade of S 220 

and confirmed through optical microscopy observation. X-EDS analysis (Figure 9) performed in three different regions 221 

of the grains has highlighted the presence of silicon (around 80 wt %) and aluminum (around 19.4 wt %),  two elements 222 

typically in great quantity into silica sands, with local spots enriched in calcium (around 80 wt %) and iron (around 223 

20%). These results are consistent with FTIR analysis (Figure 10): silicon presence is confirmed by the broad peak with 224 

a maximum around 1000-990 cm-1 that corresponds to Si-O-Si and Si-O stretching bonds, but also by the peak at 776 225 
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cm-1 [43]. Finally, the sharp peaks at 716 cm-1 correspond to C-O bonds indicating a possible inclusion of organic 226 

content [44]. 227 

 228 

 a) 

 

 

 
b) c) 

 

 

 

 
 229 

Figure 9. EDS spectra of S that highlight the presence of different elements in different regions of interest of the sample  230 

 231 
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 232 

Figure 10. FTIR spectra after Vials Test analysis 233 

3.2 Vials test analysis 234 

Considering the two consecutive heating/cooling cycles test for O and OS samples (Figure 11a) the phase change time 235 

ratio between the two samples is estimated from the ratio ∆t2/∆t1 measured taking as reference the trace of the bath and 236 

the time values. References of O and OS have been taken traces at a temperature of 30.5 °C (Figure 11b), chosen as 237 

intermediate value between the melting point of the PCM and the maximum working temperature (T = 33°C). This time 238 

ratio is about 1:8 while the PCM mass ratio is 1:4. Therefore, the phase change is not only related to the mass of the 239 

PCM but is also influenced by the mass of the sand which provides a significant contribution to the celerity of heat 240 

transfer thanks to its high thermal conductivity and heat capacity compared to the PCM ones.  241 

 

Figure 11. a) Overlap between two phase transition cycles. b) ∆t phase transitions comparison during the heating 242 
process. 243 

In Figure 12a, it can be observed that the overall temperature trends of A28 and O is quite similar, and supercooling is 244 

never evident, according to their chemical nature. Moreover, the phase change is well highlighted by a horizontal trend 245 

around 28°C. In Figure 12b and 12c the comparison between the first and the sixteenth thermal cycles for OS and AS 246 
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show how sand affects functionally the PCMs. The difference in masses between O, A28 and OS, AS samples is 247 

substantial, nevertheless the sand greatly enhances the thermal conductivity of the mixture. OS showed a slight 248 

supercooling (∼1°C) during the solidification process, which is not shown by O (Figure12a); therefore, it has to be 249 

correlated to the PCM-sand interaction. The same is observed in AS test, albeit in a not evident way as the supercooling 250 

is barely noticeable probably due to the different chemical composition. Despite having both a paraffin nature, O has a 251 

defined composition (n-Octadecane, 99%) while A28 is a commercial grade paraffin wax and its composition is not 252 

specified in the datasheet, although it may be assumed to be an organic eutectic. The reason why the supercooling 253 

phenomenon was observed only in the mixture samples is not yet well cleared, and consequently it will be the subject of 254 

further studies. 255 

 

  

  

Figure 12. Temperature cycle overlaps: O-A28 (a), 1st and 16th OS (b), 1st and 16th AS (c), and OS-AS (d).  256 

 257 

 258 

 259 
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3.3 Comparison among S, and S- PCM mixtures after Vials Test 260 

The increasing thermal cycles number affected PCM-sand mixtures structural properties in different ways. For first, 261 

grain size measurement (Figure 5) detected a reduction with respect to S. Bimodal gaussian curves represent AS and OS 262 

samples strongly moving the average grain size to lower dimension with respect to S. Almost 25 % of particles of OS 263 

mixture has diameters lower than 120 µm, while for AS sample the percentage under 120 µm is near to 47 %. Again, 264 

this data is confirmed by the optical microscopy and ESEM analysis (Figure 6) that shows particles with dimensions 265 

from 50 to 700 µm for AS (Figure 6c and 6d), quite similar to OS (Figure 6e and 6f) showing particles from 30 to 600 266 

µm. This result is due to the friction of the particles during the thermal cycles, considering that PCM melting and 267 

freezing affect the volume among sand particles, and thereafter the total volume of the mixtures. OS and AS, show also 268 

a pore size decrease respect to S, but while OS sample shows a general drop in the range from 30 µm to less than 1 µm, 269 

AS is characterized by generation of smaller pores in a narrow range between 7 and 9 µm (Figure 7). Again, pores 270 

reduction indicates that a mechanical action among particle occurs, breaking the greater pores, leading to a reduction of 271 

the grain size, and leaving only lower pores that are probably less easy to break, because better surrounded by the grain 272 

structure. This action also effects the volume among particle that can be seen in relevant decreasing moving from S to 273 

OS or AS (Figure 7). In fact, in this figure each curve is divided in two parts, the first from the origin to the flat section, 274 

regarding the interparticle volume, whereas the second attributed to the open porosity. The reduction of interparticle 275 

volume is certainly due to PCM addition to sand that during melting-freezing cycles (or solid-liquid transitions) is able 276 

to occupy this volume, adapting to different space geometry. Physical properties of samples were influenced by cycle 277 

number as well, in particular an absolute density decreasing can be observed for AS and OS, with respect to S, leading 278 

to an absolute density which is almost the same for OS and AS (respectively 2.0571 ± 0.0004 and 2.1220 ± 0.0002 279 

g/cm3). Absolute density decreasing is certainly due to PCM addition that has in general lower density with respect to 280 

sand. In addition, PCMs’ action leads to a fragmentation of sand grains and consequently to an increase of sample total 281 

volume. As shown from optical microscopy and ESEM (Figure 6), n-Octadecane and A28 cover sand’s grain with a 282 

thin film. It is interesting to observe with the optical microscope that this layer seems to reflect light, and difference 283 

among A28 and n-Octadecane can be detected. In particular, OS samples shows phase separation between sand and n-284 

Octadecane, whose clusters are visible in Figure 6e. AS instead shows no phase separation and A28 is located mainly in 285 

the contact points between grains (Figure 6c). These differences can be connected with the different response in terms 286 

of thermal cycling measurement leading to AS samples the more promising results in terms of thermal conductivity by 287 

enhancing a stronger physical connection with sand. Thereafter, also some consideration about the structure of the 288 

mixtures have been made through FTIR technique to investigate difference among OS and AS samples and related to 289 
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PCMs addition as shown in Figure 10. For samples AS, and OS, the band in the range 3500-3000 cm-1 is due to –OH 290 

bond stretching vibration [45,46], the broad band indicates that there are different bonding states of OH groups, 291 

meaning that there is as strong and broad bonding due to hydroxyl group among paraffins and sand after thermal 292 

cycling [43]. This band is one of the principals for OS sample. In strong similarity the sharp peak at 1470 is due to C-H 293 

bond detriment. Thereafter connection between PCMs and sand are mainly driven by C-H bonds reduction and -OH 294 

bond increasing. For sample AS three sharp peaks at 2953, 2913 and 2848 cm1, can be detected, which correspond 295 

respectively to asymmetric –CH3, asymmetric –CH2– and symmetric –CH2– bonds stretching vibration [46]. These 296 

peaks are mainly not present for OS indicating that –(CH)n- groups are not relevant for n-Octadecane-sand mixture. 297 

Whereas for OS, the broad peak at 1652 cm-1 is due to the stretching of aliphatic (alkene) C=C bond [43]. Difference 298 

among OS and AS samples have been detected and thereafter different type of bonding can be attributed to the different 299 

behavior of OS and AS mixtures.  300 

 301 

 302 

Figure 13. DSC analysis of A28, AS and OS samples 303 

Finally, a thermal analysis (DSC) has been conducted on pure A28, AS and OS samples as reported in Figure 13. This 304 

analysis shows that melting temperature for pure A28 (exothermic peak) is completely consistent with the data obtained 305 

from the supplier (Table 1) and is equal to 28 °C. Mixture of A28 with sand (AS) lead to a slight increase of the melting 306 
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temperature, near to 30°C and to a decreasing of the latent heat (area below the exothermic peak) as expected, due to the 307 

fact that sand is added to a PCM. A very different behavior con be observed for OS samples when compared to AS, 308 

with a further increasing of the melting temperature, near to 31 °C and a reduction of the latent heat, as results of a 309 

lower and broader exothermic peak. This result is consistent with the fact that C18H38 latent heat is lower than A28 one 310 

(Table 1).  311 

3.4 Sand-box test analysis 312 

Consequently, to Vials test results, demonstrating good thermal performance avoiding supercooling effect,  A28 and its 313 

mixture with sand were chosen for further analysis through sand-box. From A28 and AS tests in sand-box, it was 314 

possible to analyses how the heat transfer occurs in sand under the same boundary conditions (heating power, 315 

environmental temperature, …), but with different ways of PCM coupling. Figure 13 shows three normalized 316 

temperature graphs respectively of the polycarbonate container filled with A28, AS and pure sand (reference case), by 317 

using equivalent thermocouples for a more direct and prompter comparison (A, B, C, D, F, H). The Y axis reports 318 

normalized temperature values obtained by considering the respective ∆T between the temperature values actually 319 

measured by the thermocouples shown in the graphs and their initial value of the test. Normalization is proposed in 320 

order to fix some temperature discrepancies of about 0.8-1.2°C of the initial temperatures measured by the 321 

thermocouples at the starting of the heating/cooling cycle, which occurred between the three tests and referable to 322 

environmental room temperature. Indeed, the starting temperature of the tests coincides with the room temperature, 323 

which during the various days reserved for the completion of the 3 cycles underwent slight variations that influenced 324 

the initial temperatures detected by the thermocouples between one test and the others. Regarding the thermocouples F 325 

(PCM-Source interface) it should be noted that for both tests concerning the PCM their behavior is temporally 326 

comparable and related to the PCM effect. The temperature measured by the thermocouple H show a higher value for 327 

A28 in polycarbonate, therefore the latter creates a higher thermal resistance due to the lower thermal conductivity of 328 

pure PCM A28 with respect to the AS blend. Furthermore, this is also depicted by the thermocouples positioned deeper 329 

in the sand (A, B, C, D). When testing A28 inside container the temperatures detected by these sensors are lower than 330 

the analogue ones for the AS test. Indeed, the thermal source exchanges more heat upward than downward, and this 331 

explains why the thermocouples H reaches higher temperature values as well. On the other hand, AS case allows to 332 

improve the heat transfer, drastically decreasing the thermal resistance of pure PCM with the higher thermal 333 

conductivity of the sand. This behavior could be further justified by the shorter duration of the phase transitions during 334 

heating/cooling processes, because of the same PCM mass, the different time in melting should be related to a different 335 

heat flux occurring in the domain, higher downward than upward for AS with respect to A28 inside container. In AS 336 
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graph it can be noticed the same slight supercooling phenomenon already monitored during the Vial-test (Figure 12c), 337 

probably due to an interaction between sand and A28 to be furtherly deepen. 338 

 

   

Figure 14. Comparison of the temperature time trends detected by the A, B, C, D, F, H thermocouples for the three 
tests: A28 (left), AS (middle), and S (right) 

 339 

4. Conclusions 340 

In this work, the employment of two organic PCMs, n-Octadecane and commercial paraffin A28, mixed with common 341 

silica sand was evaluated to perform distributed LHTES coupled with a novel shape of shallow ground GHE (so called 342 

Flat-Panel). Melting and freezing rates of pure PCMs and PCM-sand mixtures were compared, while their variation 343 

with phase change cycles number was evaluated too. By testing in thermal bath (Vial test), it was noted that the 344 

presence of the sand promotes the celerity of the heat transfer phenomenon, since a sample with a mass ratio of 3/4 of 345 

sand and 1/4 of PCM needed around 11’ for melting unlike almost 90’ for the sample with 4/4 of PCM. These 346 

enhancements remain constant with increasing thermal cycles number, while physical properties change, in particular a 347 

reduction in grain (from 358 μm to below 120 μm)  and pore size (from 30 μm to below 1 μm) was detected and 348 

attributed to mechanical friction among particles. For the same reason, a decrease in absolute density was highlighted (-349 

3 %), while sand and PCMs composition remained constant through cycles. Commercial PCM A28, resulting the more 350 

interesting after Vials test, was further tested in more realistic conditions (Sand-box test), with the same PCM mass and 351 

conditions. In this set-up, the direct mixing case (PCM & sand) increased the filed temperature below the heating plate 352 

of more than 1 K, when compared to the case in which the same mass of PCM was constrained inside a container. 353 
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Despite changes in structural and physical properties of the mixtures, thermal performances remained constant through 354 

cycles, demonstrating the feasibility of direct mixing of silica sand and organic PCMs for distributed LHTES coupled 355 

with shallow ground GHE.  356 
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Highlights 

• Paraffin-sand mixtures are PCMs suitable for LHTES coupled with shallow ground GHE. 
• Paraffins’ PCM thermal diffusivity is enhanced by sand addition (30:100). 
• Thermal cycling over Paraffin-sand mixtures lead to sand grain size decreasing. 
• Different chemical bonding occurs among pure and commercial paraffins. 
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